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ABSTRACT
OF THE DISSERTATION OF

Ahmad Hassan Kourani for Doctor of Philosophy
Major: Mechanical Engineering

Title: Marine Locomotion: A Tethered UAV—Buoy with an Integrated Control
System

Unmanned aerial vehicles (UAVs) are reaching offshore. In this thesis, the novel
problem of a marine locomotive quadrotor UAV, which manipulates the surge ve-
locity of a floating buoy by means of a cable, is formulated. The proposed robotic
system can have a variety of novel applications for UAVs where their high speed
and maneuverability, as well as their ease of deployment and wide field of vision,
give them a superior advantage. In addition, the major limitation of limited
flight time of quadrotor UAVs is typically addressed through an umbilical power
cable, which naturally integrates with the proposed system. A detailed high-
fidelity dynamic model is presented for the buoy, UAV, and water environment,
in a simplified two-dimensional planar case and in the full scale three-dimensional
case. Furthermore, a Directional Surge Velocity Control System (DSVCS) is pro-
posed to allow both the free movement of the UAV around the buoy when the
cable is slack, and the manipulation of the buoy’s surge velocity when the cable
is taut. Using a spherical coordinates system centered at the buoy, the control
system commands the UAV to apply forces on the buoy at specific azimuth and
elevation angles via the tether, which yields a more appropriate realization of
the control problem as compared to the Cartesian coordinates, where the tradi-
tional z-, y-, and z-coordinates do not intuitively describe the tether’s tension
and orientation. The proposed robotic system and controller offer a new method
of interaction and collaboration between UAVs and marine systems from a loco-
motion perspective. The system is validated in virtual high-fidelity simulation
environments (MATLAB /Simulink ® and ROS-Gazebo), which were specifically
developed for this work, while considering various settings, operating conditions,
and wave scenarios.



On the control systems side, a practical guideline is proposed for designing
and tuning adaptive backstepping control systems by leveraging the similarity
with PID control laws for a class of second-order nonlinear systems. A complete
set of mathematical formulations, visual aids, and a well-structured algorithm are
provided to exploit the benefits of the established link. This aims at facilitating
the adoption and dissemination of advanced nonlinear control laws, namely adap-
tive backstepping and its variants, in more real-life and industrial applications
while benefiting from the legacy of PID tuning rules. Furthermore, the proposed
guideline allows for upgrading primitive PID controllers to more advanced non-
linear control system, and assessing their stability margins using the provided
algorithm without much added complexity. The adaptive backstepping control
law is formulated as a two degrees-of-freedom control law that combines the sum
of a feedback PID control component and a feedforward model compensation
component. The relationship between backstepping and PID gains is provided
in the form of a third-order polynomial, and a simplified second-order one, with
practical tuning guidelines. The paper culminates with devising an algorithm
to design and tune backstepping gains based on the established PID similarity.
The proposed control law and tuning methodology are validated on a quadrotor
unmanned aerial vehicle (UAV) system in both numerical simulations as well as
experimentally on a physical quadrotor UAV platform.
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CHAPTER 1

INTRODUCTION

Aerial drones are finding their way into different sectors of the industry, includ-
ing construction [3,4], agriculture |5], package delivery |6], inspection and mainte-
nance |7], to name a few, in which drones not only independently fly in the air, but
also physically interact with the environment. In terms of activities, unmanned
aerial vehicles (UAVs) can move slung payloads in solo [8] or cooperatively [9] for
transportation tasks, they can interact and collaborate with unmanned ground
vehicles (UGVs), and they can be equipped with robotic manipulators to achieve
different geometric configurations [10] or to cooperatively manipulate other ob-
jects [3,11,12].

A common medium for UAVs to interact with their environment is through
a tether [13,14], as it can have a variety of interesting applications including the
transmission of power, forces, and data. Tethered UAVs were studied for stability
and control while maintaining positive cable tension in [15]. The numerous ap-
plications of UAV raise the challenge to customize the control algorithm to best
fit each application, and to upgrade them with more features to withstand the
conditions imposed by these applications.

1.1 Offshore UAVs

Aerial drones are well-suited for applications that meet the 4D criteria: dull,
dirty, distant, and dangerous [16]. As such, the offshore oil industry and offshore
wind-farms are excellent candidates for their adoption, given the potential of
drones to become the go-to technology in assets inspection and infrastructure
maintenance [16]. For example, traditional offshore solutions such as inspecting
offshore wind-farms entail moving a vessel, which is expensive and requires a
human crew, unlike the deployment of drones that can significantly save cost and
time |7]. UAVs can also perform sensing jobs, place sensors, and perform on-site
repairs and maintenance [7|. Furthermore, offshore applications of UAVs make
it more likely for aviation authorities to permit their utilization, since they are
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deployed faraway from human populations [17].

1.2 Limitations of offshore UAVs

Due to their limited power capacity and flight time, the interaction of UAVs
with the marine environment is still in its early stages. Current uses are mainly
limited to information gathering such as transmitting visual feedback to human
operators, targeting the locations of floating objects for their retrieval [18|, and
generating and transmitting full area maps and path-planning for other agents
to perform rescue missions [19]. Physical interaction is limited to low-power
applications such as landing assistance on a rocking ship [20], power-feeding the
UAV through a cable [21,22], and sensing jobs [23].

1.3 UAVs vs USVs

Although unmanned surface vehicles (USVs) are naturally-suited robots in marine
environments, UAVs can outperform them in certain aspects that make it more
practical to adopt UAV-based marine solutions and applications. First, UAVs are
advantageous over USVs in terms of their field of vision (bird’s-eye view), ease
of deployment, and maneuverability, all of which give UAVs the advantage while
performing tasks in unstructured and hard-to-reach areas, and tasks that require
precision and quick deployment. In addition, UAVs are especially advantageous
in rivers since they can follow shorter paths above land and avoid in-water ob-
stacles and waterfalls. Furthermore, it is more challenging to deploy and retrieve
USVs since they require direct access to the water surface, whereas multirotor
UAV’s benefit from their vertical takeoff and landing (VTOL) capabilities to be
independently deployed from anywhere. This fact highlights the advantage that
UAVs have in addressing the issue of the limited and expensive free-space on off-
shore structures, vehicles, and coastal strips that stand to benefit from deploying
aerial robotic system solutions.

1.4 UAV-USV Teams

Teams of unmanned aerial vehicles (UAVs) and unmanned surface vehicles (USVs)
harness the advantages of each vehicle to form a superior robotic system. To face
challenges brought by flood disasters [24], marine oil spill events |25, 26], search
and rescue [27,28|, monitoring and patrol [29], and water surface cleanup [30],
amongst others, heterogeneous UAV-USV systems have been employed.

The advantages of combining UAVs and USVs have been explored in literature
[24, 31] based on their complementary abilities. UAVs are advantageous given
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their wide field of vision and bird’s-eye view, higher maneuverability, flexibility,
and ease of deployment; on the other hand, USVs are advantageous in their
durability, extended running time, and large load-carrying capacity. For instance,
to deal with flooding disasters, the advantage of a UAV’s wide-angle view of the
environment, including the visual horizon, was combined with the long cruising
ability of a USV to overcome their individual shortcomings, thus allowing the
creation of a system with higher efficiency and lower risk in Search and Rescue
(SAR) operations [24].

UAVs and USVs can form a dexterous robotic team in the marine environ-
ment, as evidenced by the various applications considered in the literature. A
heterogeneous robotic swarm was considered in [28], where UAVs are used to
generate and transmit path-planning information in addition to full area maps
for USV agents to perform rescue missions. Further cooperation between the
two vehicle systems can be achieved via additional sensing and control schemes,
among which is the aerial visual tracking of the USV. One control solution for
robust visual tracking was proposed in [29], and going further, even visual pose
estimation of the USV is made possible using the UAV’s on-board camera as
proposed in [27]. If they get within close proximity, UAVs can perform coor-
dinated trajectory tracking of USVs as in [32], and they can target-track them
to prioritize the camera tilt over the UAV’s motion while maintaining continu-
ous monitoring of the USV [33|. Physical interaction is another aspect of the
heterogeneous UAV-USV system. For instance, the USV can serve as a landing
platform for the UAV [34], and power transmission from a USV to a UAV can be
achieved through an umbilical power cable [21].

1.5 Tethered UAVs

In addition to using robotic manipulators, a UAV can interact with its envi-
ronment via a tether [13,14], as it is flexible, extendable, light-weight, and can
transmit tensile forces. Recently, there have been several advances and studies
on the tethered UAV problem. A tethered power system for UAVs was proposed
in [22] and is now commercially available [35]. Such a system can be optimized to
suit the special case of a continuously oscillating marine power station as studied
in [21]. A tethered UAV is also useful in information transmission. For instance,
it plays a keys role in the emergency marine communication network proposed
in [36], where it takes off from the communication support ship to secure a wide
network coverage, while being fed with bandwidth and power to sustain its lo-
cation. To address the challenge presented by wind gusts in the open marine
environment, which can affect the stability of tethered systems, few works can
be found on the effect of wind disturbances on the tether and the UAV’s stabil-
ity [13], and on the tether vibration [37]. To simplify the analysis of the tether
dynamics, the system was modeled as a multi-element body in [38].
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Beyond the use of a tether for power or information transmission, it can
transmit tensile forces whereby a UAV can control the magnitude and direction
of the link/tether force, which was proven to be a set of differentially flat outputs
of tethered UAV systems in [39]. A practical example of force transmission is
found in [40], where the transportation of a payload is cooperatively performed
by a team of UAVs, which was made possible through calculation of the required
wrench set. The clever use of a tether even allowed a single UAV to lift a heavy
object after hooking itself at high ground then activating its on-board winch [41].

1.6 Power Solutions for UAVs

1.6.1 Power over Tether

From the above literature survey and discussion, it is evident that having an
integrated system that incorporates an umbilical power cable can open the door
in front of a whole new level of UAV marine applications [35]. An analogous
system was investigated in [42], in which an unmanned ground vehicle carries the
power source while following a tethered UAV. Furthermore, an optimal length and
tension design of a cable that links a UAV and USV was provided in [21]. The op-
timization problem minimizes both fouling (cable entanglement or jamming) and
excessive downforce on the UAV during dynamic heaves, which boosts the power
capacity of the UAV and simultaneously optimizes the dynamic performance of
the coupled system. In addition, the employment of USVs as a landing platform
has been studied in the literature; for instance, a coupled UAV—USYV system was
proposed in [43], where the USV is equipped with an expendable landing deck for
additional safety, and the system serves as a foundation for further collaborative
tasks.

1.6.2 Hybrid-Electric Propulsion

Another option to address the power limitation of multirotor UAVs is hybrid-
electric propulsion, where UAVs can benefit from extended flight time due the
high power density of fuel compared to lithium-ion batteries [44]. For instance,
a fuel cell weighs 3.5 times less than a lithium-ion battery of the same energy
capacity, which results in extended flight time in real-life testing [45]. The concep-
tual design of a hybrid-electric propulsion system for small UAVs was proposed
in [46], which has found its way into several applications such as the GAIA 160MP
heavy-lift drone that successfully completed a 100 km flight across sea [47,48], the
PERIMETER 8 [49], and the Quaternium [50].
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1.7 Control of Complex Robotic Systems

It is desired to keep a controller simple, yet effective, even when dealing with com-
plex robotic systems. The effectiveness and simple architecture of proportional-
integral-derivative (PID) control systems has lead to their wide adoption in real-
world industrial applications [51]. Furthermore, PID controllers can be tuned
intuitively based on basic concepts that relate system performance characteristics
to each one of its three gains [52], or systematically following certain equivalence-
based gain selection and tuning techniques [53,54|, amongst other methods. How-
ever, PID controllers suffer from their inability to address the needs of increased
precision and complexity of advanced nonlinear systems due to their oversimplifi-
cation amongst other issues [55|, which lead to the continuous evolution of other
control system designs.

The stability and tuning of PID controllers are critical aspects of their de-
ployment. To automate the tuning process of control systems, several self-tuning
methods have been proposed by relying on Lyapunov’s stability theory, such as
designing self-tuning PID controllers for a class of linear and nonlinear PID con-
trol systems [51,56]. A set of PID gains that guarantee stability was determined
for single-input single-output (SISO) systems in [57], by considering the system’s
minimum-phase property and Lyapunov stability theory. Furthermore, the track-
ing problem for second-order nonlinear time-invariant systems was studied in [58]
to arrive at a PID controller design based on dynamic linearization models, where
stability was again proven based on Lyapunov’s stability theory.

Still, PID controllers cannot meet the requirements of complex real-life sys-
tems and applications, thus more advanced control system designs continued to
evolve [59]. However, the complexity and required deep theoretical knowledge of
advanced control systems, among-which is backstepping control that is a common
method when dealing with nonlinear systems [60], presented a challenge towards
their wide adoption. Backstepping control has numerous variants that evolved
to achieve additional desired characteristics on top of its basic asymptotic stabil-
ity [60] and exponential stability [61]. Complex backstepping-based controllers
suffer from an intricate tuning process that is required to achieve the desirable
system performance. For that, optimal tuning methods have been proposed,
such as the particle swarm optimization (PSO) technique [62], but such methods
require exact knowledge of the system’s parameters, which is not always feasible.

1.8 Thesis Statement

Leveraging the technological advances in UAVs technology in terms of robustness,
accuracy, operational cost, and lately, power efficiency, and motivated by appli-
cations requiring fast action with minimal water surface disruption (e.g., [26]),
we are proposing the employment of a quadrotor UAV to manipulate a passive
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floating object via a cable, whereby the quadrotor performs the function of a
locomotive. Aside from hybrid-electric propulsion, the umbilical power line so-
lution naturally integrates into this system, where the cable can be used for
both force and power transmission, thus adding another option to address the
power limitation of UAVs. The hereby proposed problem generalizes the fixed-
point tether described in [14]| to a moving-frame tether, namely planar motion
in the horizontal and vertical directions, and is subject to additional constraints
such as maintaining contact with the water surface. The formulated problem
and proposed solution pave the way in front of numerous UAV—USV interaction
applications, some of which are described next.

The proposed marine locomotive UAV system can be used in coordination
with nearby ships and marine structures to increase their maneuverability and
decrease their response time, as well as nearshore and other water surfaces such
as rivers and across waterfalls. The proposed system can help in performing a
variety of tasks including rescue operations, floating objects recovery, building
and inspecting marine structures, water samples collection, delicately placing
and relocating marine sensors and buoys with minimal water surface disruption,
fishing activities, and water surface clean-up efforts, to name a few. In this
context, we are motivated by the marine application in [26], which proposed
a sensor for measuring oil slick thickness during marine oil spill events. The
proposed sensor is fixed to a floating buoy that is pulled by another vessel to
skim the water surface. One main challenge in the proposed solution lies in the
vessel’s motion ahead of the sensor, which tends to disturb the oil layer and thus
reduces the measurement’s accuracy. Note that while USV-based solutions offer
extended mission time, the proposed hybrid system offers a faster response with
an aerial view that provides additional critical information about the mission,
such as the tethered UAV system described in [63] that is used to visually detect
and localize oil spills.

To address the control problem of this robotic system, we propose a special
Surge Velocity Control System (SVCS). The SVCS is based on a control structure
named Integrated Control System (ICS) design. The ICS is a robust adaptive
backstepping control system design in an inner- and outer-loop configuration that
employs the estimates of the model parameters within the control design problem
for enhanced robustness using a model-based simplified estimation law. We note
that even though perfectly accurate parameter estimation cannot be achieved,
the close approximation of the system parameters provided by the simplified es-
timation law is considered valuable for the control system, since it increases the
robustness bounds and simplifies the tuning process. We also formulate the inte-
grated control and estimation system in a compact two-degrees-of-freedom form,
which has a PID feedback component and a feedforward model compensation
component, then draw the similarity link between the backstepping controller
gains and the PID gains. This proposition opens the door for researchers to use
well-established PID tuning rules to tackle the problem of tuning Lyapunov-based
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adaptive backstepping controllers.

1.9 Contributions

This dissertation offers technical contributions to two scientific fields: marine
robotics and control systems. In marine robotics, first, the novel problem of
the marine locomotive UAV is formulated, which paves the way for further re-
search into the interaction between UAVs and the marine environment. Second,
the system is defined in a sea/ocean environment that accounts for the pres-
ence of gravity waves and surface current, which naturally extends to wave-free
water mediums. Third, the buoy and quadrotor UAV coupled dynamics are
modelled with high fidelity using the Lagrangian formulation with appropriate
constraints for the tethered UAV—buoy system. Fourth, the attainable equi-
librium states are derived with a proper definition of the system’s operational
limits and constraints in terms of cable tension, water surface contact, and buoy
velocity. Fifth, we design and validate a buoy surge velocity control system,
supervised by a state machine that switches between operational modes, which
results in accurate tracking performance even in the presence of disturbing waves,
water currents, and feedback noise, while reducing the system’s energy consump-
tion by maintaining a constant UAV altitude [64|. The controller relies on polar
coordinates with respect to the buoy’s reference frame to realize correlated track-
ing, which outperforms traditional Cartesian-based and unsupervised UAV-only
velocity controllers that do not lend themselves well to this application. The
system is first presented in the two-dimensional (2D) vertical plane to facilitate
the understanding of its complex elements and dynamics, then presented in the
full-scale three-dimensional (3D) space for real life application. Lastly, we make
available a physics engine that can be used for simulating tethered UAV —buoy
locomotives via a custom-built simulator!.

On the control systems front, we present a compact formulation of the adap-
tive backstepping control law, which consists of two components: PID feedback
and feedforward model compensation, for a class of second-order nonlinear sys-
tems, which cover a wide spectrum of real-life practical systems [65]. The practi-
cality of this work lies in the unique link that it establishes between backstepping
controller gains and the PID gains, whereby tuning the adaptive backstepping
gains can be achieved by standard PID tuning rules (e.g., Ziegler—Nichols). The
contributions are presented in details in the introductory sections of each chapter.

lgithub.com/AUBVRL/Marine-Locomotive-UAV
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1.10 Thesis Structure

This dissertation is comprised of three chapters in addition to the introductory
and concluding chapters. In Chapter 2, the two-dimensional (2D) problem of the
tethered UAV —buoy system is introduced, with elaboration on multiple aspects
of the system including, detailed modeling, buoy oscillation behavior, surge ve-
locity controller design with state-machine supervision, simulation, and practical
considerations. The purpose of the 2D model is to motivate and facilitate the
understanding of this complex robotic system, while establishing general con-
cepts and descriptions with minimal complexity. After the establishment of the
basic 2D-model, the extended full-scale three-dimensional version of the tethered
UAV—buoy system is presented in Chapter 3. This chapter describes the water
environment in a more realistic way, and presents the models of UAV and the
buoy as 6-Degrees-of-Freedom (DOF) rigid bodies. In addition the controller is
extended to allow directional surge velocity control in the horizontal plane. In
Chapter 4, the theory of the used ICS for tethered UAV—buoy system is pre-
sented in detail, and the findings on the PID and backstepping gains similarity
are elaborated. Finally Chapter 5 concludes the dissertation and provides an
outlook into future work.
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CHAPTER 2

TWO DIMENSIONAL MARINE
LOCOMOTIVE UAV

2.1 Introduction

For simplicity and clarity purposes before leaping into the the three-dimensional
(3D) space, this chapter presents the two-dimensional (2D) planar model of the
tethered UAV —buoy system, and it is structured as follows. A detailed descrip-
tion of the tethered UAV—buoy system dynamical model is presented in Sec-
tion 2.2. The designed control system is detailed in Section 2.3. Section 2.4
presents numerical simulation results that demonstrate the validity of the de-
rived system model and the effectiveness of the designed controller. Section 2.5
discusses some practical considerations for the implementation of the proposed
system, and finally Section 2.6 concludes this chapter and paves the way in front
of the 3D system that is the subject of next chapter.

2.2 System Modeling

The dynamic model of the tethered UAV—buoy system requires the integration
of multiple domains including the fluid medium; the dynamics of the floating
buoy, the UAV, and the cable; and the combined system of rigid bodies. In this
chapter, we introduce the required subsystems to formulate the problem on hand.

2.2.1 Preliminaries

This section introduces some of the critical notations that are used throughout
the paper. We let the set of positive-real numbers {x € R|z > 0} be denoted as
R-0, and the set of non-negative real numbers {x € R|z > 0} be denoted as Rx.
Also, let s,, ce, and t, respectively be the sine, cosine, and tangent functions for
some angle (o). In addition, let || - || denote the Ly norm. Finally, note that the
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Figure 2.1: Planar model of a quadrotor UAV pulling a floating buoy through a
tether.

symbol u refers to velocity’s x-component entities, whereas the symbol u refers
to control effort entities.

2.2.2 Problem Definition

Consider the two-dimensional (2D) space in the water vertical plane where the
problem is set up as shown in Fig. 2.1, and let W = {z, 2z} represent the inertial
frame of reference whose origin, Oy, is at the local mean sea level horizontal line.
Considering the tethered UAV—buoy system depicted in Fig. 2.1, the buoy is
physically connected to the UAV by means of a cable of length [ € R, forming
an angle o € (0,7) with the positive z-axis, which is defined as the elevation
angle. Let r, = [1p,2,]7 € R? and r, = [y, 2,)T € R? respectively be the
coordinates of the buoy’s center of mass, (Oy,), and that of the UAV, (O,), in W;
for ease of use, we set V' := 1}, to depict the buoy’s horizontal velocity. Let By, and
B, be the body-fixed reference frames of the buoy at O, and of the quadrotor
at Oy, respectively. The floating buoy has a volume Y}, € Ry, a bounded mass
mp € (0, pwYp), and a moment of inertia J;, € Ry in By; the quadrotor UAV
has a mass m, and a moment of inertia J, € R.q in B,. Also let the orientation,
measured clockwise, of By, and B, with respect to VW be described by the angles
0, and 0, € (—m, 7], respectively. Let Vi, = [up, w,]T € R? and €, € R be the
linear and angular velocities of the buoy in By, respectively. Furthermore, let the
translational rotation matrix from any body frame to VW be described as:

R, = [“ _S‘] . (2.1)

Both the buoy and the UAV are subject to gravitational acceleration, g, and
cable tension, T',€ R>,. Moreover, the buoy is subjected to hydrostatic and
hydrodynamic forces that are described later, and the UAV propulsion can be
simplified to only include the total thrust u; € R, and a single torque that

22



induces a pitch motion uz € R since the motion of the system is restricted under
the scope of this work to the vertical plane. Considering the relatively faster
response of the UAV actuators as compared to the UAV itself, their dynamics
are neglected in modeling.

Remark 1. The scope of this work covers the manipulation of a floating buoy,
thus the buoy’s average density should not exceed the density of water, which is
achieved with the constraint my, € (0, pyYp).

Assumption 1. The cable is inextensible; it is attached to the buoy’s center of
mass at one end and to the UAV’s center of mass at the other via revolute joints
to prevent moment transmission; and for relatively small systems considered in
this work, it can be of negligible mass. Considerations for heavy cables (slung
payload) are provided in Section 2.5.

2.2.3 Polar Coordinates

We let W = {r', o/} be a rectilinear moving polar frame fixed to O),, shown in
Fig. 2.1; this frame does not rotate, and it is parallel to the inertial frame W.
The position of the UAV in W with respect to W' is defined as: r = r, — 1}, € R?,
and we let its coordinates in W’ be r’ = {r, a}, such that:

r=|r|], a = atan2(z, — 2p, Ty — Tp). (2.2)

We also let the rates vector, 1/, be:

Ty [T @ 9
o] me s o
where R] is the transformation matrix that rotates vectors in W to W', and we
finally let the acceleration vector, i be:

i —ra?
ra 4+ 2ra

/.

Zu — <b

=R} F“ B "?b] . (2.4)

2.2.4 Water Medium Model

The water medium under consideration here is the sea/ocean, where the main
aspects of interest are gravity waves and water surface current.

Gravity Wave Model

Assumption 2. In the considered problem environment, the water depth is as-
sumed to be much larger than the wavelength of gravity waves, which are as-
sumed to be of moderate height. This permits adopting linear wave theory in this
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work [66]. In addition, the wave direction is limited to be in the vertical (z-z)
plane.

Based on Assumption 2, the water elevation variation, (, at time ¢ and hori-
zontal position x due to gravity waves is statistically described as:

N
= Z A, sin(wpt — dykyx + 0,), (2.5)

where A,, wy, k, € Rso, d,, € {—1,1}, and o, € (—m, 7] are respectively the
wave amplitude, circular frequency, wave number, wave direction coefficient, and
random phase angle of wave component number n € S, with S, = {1 < n <
N|N € N}. Furthermore, based on Assumption 2, the wave number in deep
water is given by the dispersion relation as k, = w?/g. The horizontal and
vertical fluid particles” wave-induced velocities can be prescribed as [66]:

(x,2,t) anA e’ sin(w,t — dpkpz + 0,),
(2.6)
(x,z,t) anA e’ cos(wpt — dpkpx + 0y).

where w, relates to the wave period, T, via w, = 27/T,. We note that lin-
ear wave theory is not applicable near breaking waves, which usually develop
nearshore and in undeveloped seas with strong winds (white horses).

Finally, the water surface plane at point {z,(} has a tilt angle in pitch with
respect to the inertial frame, which is calculated by differentiating (2.5) with
respect to x:

N
Oy (x,t) = atan< Z —Andyky, cos(wpt — dykpxy, + an)). (2.7)

Water Current

For brevity purposes, a simple yet comprehensive model of the water current is
adopted. The water surface current, acting in the horizontal z-direction, is given
as:

Ue = Us + Uy, (2.8)

where u; € R is the lumped sum of different water current components, and us € R
is the component generated from Stokes drift [67]. The Stokes drift velocity is
one component that emerges from nonlinear wave theory, and is defined as the
average transport velocity of a wave over one period:

N
= dp Adwnkne®. (2.9)
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2.2.5 Buoy’s Dynamic Model

A floating buoy is subjected to different types of forces, with the main ones being
radiation, damping, and restoration forces. These forces substantially depend
on the immersed volume of the buoy, Y, € [0, Y], which is a function of the
buoy’s elevation, defined as Ah = ((zp,t) — 2,(t). The buoyancy force in W,
Fy = [0, pwgYim]T, and the cable’s tension in W', T} = [T, 0|7, are assumed to
be applied at O,. The radiation forces consist of the added mass and added
damping. In this section, a detailed description of the buoy model is presented
after introducing the following assumptions.

Assumption 3. The axes of the buoy’s body frame coincide with its principle

axes of inertia, which is a common practice to simplify the modeling of marine
vehicles [67].

Assumption 4. The water-buoy friction dominates the energy dissipation in the
system, and the system is assumed to operate under moderate weather conditions,
thus enerqy losses due to air drag are neglected.

Considering the buoy dynamics in By, with the state vector, vy, = [uy, wp, 2],
and applying Newton’s second law of motion yields:

Wb + Covy, + Dy, + Gy = 7, (2.10)

where Mj, Cj, and D} € R3*3 are respectively the buoy’s inertia, Coriolis,
and damping matrices expressed in By; the relative velocity vector is defined as
D = U — [Ue + UyCh, — Wy S, , WyCh, + UySa,,0]T; Gi, € R? is the gravitational
forces and moments vector; and 77, € R? includes external forces and moments.

The inertia matrix is M; = diag(my, + a11, my, + ass, Jy + ass), where ayq, ass,
and as; € R are the surge, heave, and pitch rate components of the generalized
added mass matrix. The added mass can be described as the amount of fluid that
is accelerated with the body, and can be written as a function of the buoy’s mass
and moment of inertia. Furthermore, for low frequency motion, a;; ~ 0.05my,,
and agz ~ my, [67]. Given M, the Coriolis matrix is calculated as follows:

0 0 (mb + agg)wb
C{) = 0 0 —(mb + an)ub . (211)
—ag3wy 11U 0

The total damping term of the buoy in By, is expressed as:
» = Dp + Ds + Dw, (2.12)

where Dp = diag(by1, b33, b55) € R3*® is the radiation induced poten-
tial damping matrix with surge, heave, and pitch components, and Dg =
diag(Ds 1, Ds 2, Ds3) € R**3 is the skin friction matrix, calculated as:

1

Dg,; = Cs,iAwt§Pw\l9b,i

. i=1,2, (2.13)
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where Cys; € R is a constant, Ay € R> is the buoy’s wetted area, and Dg 3 €
Rsg. Dw € R**3 is the wave drift damping matrix, which will be dropped
from (2.12) since its effect is already included in the Stokes drift velocity in (2.9).
Assuming that the buoy, with a mean immersed height hyy,, vertically oscillates in
the {x, 2} plane at w, 3 € R, such that w, 3 < 0.21/g/him, which is practical for
the problem on hand, we have b33 ~ 2myw, 3. Moreover, the potential damping
coefficients in the horizontal plane vanish at both limits 0 and oo of the oscillation
frequency, thus the potential damping in the z-direction is by; = 0 [67].

Referring to Assumption 1, the buoy dynamics in (2.10) can be expressed in
W with the state vector, ny, = [z, 21, Op]T, as:

Myij, + Cpmp, + Dumy, + Gy, = 71, (2.14)

where My, Cp, and Dy € R3*3 are respectively the buoy’s inertia, Coriolis,
and damping matrices expressed in W; the relative velocity vector is defined as
N, = [77b 15T, 2,77b 3T = My — [ue + Uy, Wy, 0]T; Gy, and 7, are respectively the
vectors of the buoy’s gravitational and other external forces and moments in W
expressed as:

Gb = [07 myg, O]Ta Tp = [Tcaa Pw8 Yim +T30m Frs]Ta (215)

where Fig = f,50, is the pitch restoring moment with f, € R being the buoy’s
pitch restoring moment coefficient. We also define:

M, = (Rg)™MR,
D, = (R, )'DR; ", (2.16)

. Lo .
Comp == 5 M,
where M, = 1] (OM,,/0m,) [67). An explicit description of My, and Dy, is given
by:

M{)Ilce +Mb2289; S29b(Mbé22 My, 11)/2 0
M, = 520b(Mb,220 My11)/2 My, sq, ‘[’)‘Mb 22C7, 9 : (2.17)
b,33

where My ;;, i = 1,2,3 are elements of the buoy inertia matrix in By,, Mj,. The
buoy’s damping matrix in the inertial frame VWV is defined as:

D}/anceb + Dy, 2230b S20, (D} 00 — D1 11)/2 0
D, = 320b(Db,22 D{>11>/2 D{>1153b+Db2209b 0 ) (2.18)
0 0 {3,33
where Dy ;;, i = 1,2,3 are elements of the buoy damping matrix in By, Dj. We
also let My, ;;, Dy,j, and Cy 45, 4,5 = 1,2,3 be elements of My, Dy, and Cy,
respectively.
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2.2.6 UAV’s Dynamic Model

We let the UAV’s thrust vector in the Cartesian frame, fuc = [u,u.]T, be
calculated as:

Juc =R, fu, (2.19)

with its elements being explicitly represented as:

Uz = U159, (2 20)
u, = uicy,. .

In the polar frame, the UAV’s thrust vector, f,p = [u;, u,]7, is expressed as:

uwP — R] u
f N a.f ,C (221)
= RLRG\J .fu7
with its elements being explicitly represented as:
U = U1Said,,
1P (2.22)
Uy = U1Ca+0,-
The tether’s tension on the UAV expressed in W', T\, = [—T,0]T, is applied

at O,. Finally, the local wind speed that disturbs the UAV’s motion is defined
in W as Uyq = [tywa, 0] .

Referring to Assumption 1, and applying Newton’s second law of motion on
the UAV quadrotor system in W with the state vector, n, = [z, 2y, 047, yields:

Mufiy + Dutjy + Gy = T, (2.23)

where M, = diag(my, my, Jy) € ]R?;XO?’ and D, = diag(Dy1, Dua, Du3) € R%?’
are the UAV’s inertia and damping friction matrices, respectively; the UAV’s
relative velocity vector is 7~'7u = [ﬁu’l,ﬁu’g,ﬁu’gr = Ny — [Uwa,0,0]T; and G, and
T, € R3? are vectors of the UAV’s gravitational and other external forces and
moments in W, respectively, expressed as:

G, = [0,mug,0]", 7y = [uy — Tco,u, — TS, us)T. (2.24)
The damping matrix element of interest, D, 1, is approximated as:

I -
Du,l = Ou,lAEs,l §pa|7’lu,1

, (2.25)

where C; € Ry is a constant, A}j&1 € R is the UAV’s cross-sectional area

across the {zy}-plane, and p, is the air density. For more details on the quadrotor
UAV model, see [68].
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Figure 2.2: Depiction of the UAV—buoy system in violation of three constraints:
(a) slack cable, (b) hanging buoy, and (c) ‘fly-over’ phenomenon.

2.2.7 System Constraints

In order to fully define the marine locomotive problem as a coupled UAV—buoy
system, specific constraints are required and are presented hereafter, with their
violations depicted in Fig. 2.2.

Taut-Cable Constraint

This section introduces the resulting coupled dynamics of the UAV —buoy system,
which is achieved when the tether links the two bodies and holds positive tension,
i.e. with a taut-cable constraint that is opposite to what is shown in Fig. 2.2a.

Definition 1. Based on Assumption 1, the cable remains taut, i.e. it maintains
tension, at time t if v(t) = l. The taut-cable condition is expressed as:

T >0, (2.26)

under which the UAV—buoy system is labeled as ‘coupled’, otherwise it is labeled
as ‘decoupled’. If the cable is considered extensible, then the taut cable constraint
is achieved for 0 < r(t) — 1 < €, where € is the cable’s elastic stretching length.

With Assumption 1 and the taut-cable condition in (2.26), we have r = [,
and the polar coordinates of the UAV can be defined with respect to the buoy’s
center of mass, Oy, as:

Ty = Tp + lcy, Zu = 2p + 1S4, (2.27)
and its velocity can be obtained as:
Ty = I, — (I84)0, Za=%p + (ley) (2.28)

No Buoy-Hanging Constraint

The buoy is required to remain at the water surface level at all times, that is, the
UAV must not lift the buoy into the air by means of the cable tension alone, as
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shown in Fig. 2.2b. This constraint can be forced by limiting the allowed cable
tension by the following inequality, deduced from (2.14) and (2.15) as:

T < mpg/Sa- (2.29)

As noted in Remark 1, the buoy floats by itself, which means that no minimum
cable tension is required to maintain the buoy at the water surface.

No ‘Fly-Over’ Constraint

The buoy is required to remain in contact with the water surface at all times,
that is, the UAV must not force it to ‘fly-over’ the waves, as in Fig. 2.2c, when it
encounters them within a specific frequency range. This constraint is described
as:

Yim > 0, (2.30)

which guarantees keeping the buoy partially immersed at all times. ‘Fly-over’
is a phenomenon that marks the flight of a planing hull over the waves level,
thus losing contact with the water surface [69]. This phenomenon appears when
the wave encounter frequency is near the resonant frequency of the hull, and is
related to its Froude number [70].

To detect the occurrence of this phenomenon, the following analysis is pre-
sented. If the discontinuity in the buoyant force is neglected, the buoy’s heave
dynamics can be simplified and expressed as a second-order transfer function with
natural frequency, wy, and damping ratio, up, deduced from (2.14) as:

PwBAL, 5 Dy, 33
Wp = et e’ Hb =
b+ ass 2\/(mb + a33)pngES73
where A, 5 is the mean horizontal cross-sectional area of the buoy at the water

surface level. We also define w, ,, the wave encounter frequency for the n'* wave
component, as [66]:

, (2.31)

2
Won =y — Y ne s (2.32)
g

The ‘fly-over’ phenomenon occurs at an exciting frequency where the increase in
oscillations amplitude due to dynamic magnification, Ahump, exceeds the mean

immersed height of the buoy, hi,, that is:

N

1 _

Ahay 1= ZAH< 2 - 1) > Toim, (2.33)
n \/(1 —@2)" + (2w

where @, = we,/wp. Further elaboration on the implications of this condition on

the system modeling and performance requires knowledge of the buoy character-

istics in terms of shape and weight, as well as wave characteristics in terms of
height and wave length, which are presented in Section 2.4.
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Conflict of Constraints

Given the constraints in (2.26) and (2.29), and the cable tension at equilibrium
that can be determined from (2.14), as to be detailed in Section 2.3.1, as T' =
Dy, 11V;/ca, we consider the case when:

M8/ S0 < Db,ll‘Z‘/caa

in which both the taut-cable constraint and the no buoy-hanging constraints
conflict with each other, which simplifies to:

Dy11Vita -

1. 2.34
mpg ( )

The inequality in (2.34) restricts the design and application of the marine loco-
motive UAV system, since it can be interpreted as not being suitable for large
buoy velocity-to-weight ratios.

Another constraint conflict might arise if the cable is very heavy, which results
in slacking at the middle of the cable and disparate nonzero tension at each
extremity of the cable. To check if a conflict exists, the tension at equilibrium
can be calculated by applying the methodology described in [21] for any relative
UAV—buoy position and cable weight, which is then compared to the resulting
minimal tension at the buoy side with constraint (2.29).

2.2.8 The Tethered UAV-Buoy System Model

The formulation of the tethered UAV—buoy system, in its coupled form, is ob-
tained via the Euler-Lagrange formulation, while incorporating the results of Sec-
tions 2.2.5, 2.2.6, and 2.2.7. The Lagrangian function is obtained from the kinetic
(K(q,q) € R>p) and potential (U(q) € R) energies as L(q,q) = K(q,q) —U(q),
where ¢ = [z, 21, @, 0,,0,]T € R® is the generalized coordinates vector. The
motion equations of the UAV—buoy system can then be derived as:

d (0L oL 0P

dt<8q> oq Fag T (2.35)
where 7 € R® is the external forces vector; P € R is a power function that
captures dissipative forces, such that 2—7; := Dgq, where D is the global damping
matrix that can be formulated based on (2.16) without including a wind-induced
component per Assumption 4; and ¢ is defined as:

q = [‘/;elaz.b - ww>a79uaéb]T- (236)
To facilitate the derivation of the Euler-Lagrange equations, the kinetic energy
of the system is expressed as the sum of that of the buoy and that of the UAV:
1

N L S
K= 54"™Mgq = S My, + 50iMut, (2.37)
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where M is the global inertia matrix of the UAV—buoy system, which can be
formulated by referring to (2.28) and using the elements of My, and M,. The
system’s potential energy and external forces and moments vector can be formu-
lated based on (2.15) and (2.24) as:

U= mug('zb + lSa) + mp& b,

2.38
T = [ux: u, + PwgYim, luom us, fpSOu]T' ( )

Finally, the following equations of motion that result from Euler-Lagrange
formulation (2.35) are obtained:

MG+ Cqg+Dg+G =, (2.39)

where Cq := %Mq is the Coriolis matrix with M = qT%—l\;, and the global vector
of gravity forces G is:

_ o _

G: 9

[0, (my, + my)g, My glca, 0,0]T. (2.40)
Assumption 5. Based on assumption 4, the air effect on the tether element is
neglected.

Assumption 6. Since floating objects are stable by design, we can safely consider
that the buoy’s pitch dynamics are damped and stable, that is: Dyss # 0 and
fp < 0. As a result, the buoy is assumed to remain tangent to the water surface
at all times.

With Assumption 6 and the dominance of waves with relatively long wave
period and moderate wave height, the time derivative of the buoy pitch angle, 0.,
is small and thus its effect can be neglected in M, which yields a Coriolis matrix
that is a function of « only.

With constraints (2.26) and (2.30) satisfied, the dynamic model equations in
the coupled form are given by:

(My11 +my)@y + My 125 + D11 Veel + Dya2p

—myl(cal® + 8400 = g, (241a)

(My29 +my) 2y + My o131, + Dyoséy + Dot Vie (2.41b)
—Ml(8a02 — Cad) + (My + M — Py Vim)g = Us,

Mul?d + myl(—8adp + cap) + mug(lc) = lug, (2.41¢)

Jufy = us, (2.41d)

My, 336y + Dy.336, = fose, , (2.41¢)

where %, 1= ﬁbyg. The UAV’s position and velocity vectors can then be obtained
from (2.27) and (2.28), respectively.
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Remark 2. If the taut-cable constraint (2.26) is not satisfied, the system in (2.41)
decouples into (2.14) and (2.23) with T = 0, and the polar states t', ¥, and ¥’ are
calculated from (2.2), (2.3), and (2.4), respectively. On the other hand, if the fly-
over constraint (2.30) is not satisfied, the buoy’s inertia matriz in (2.17) reduces
to My, = diag(my, my, Jy), the buoy’s damping matriz Dy, in (2.18) reduces to a
null matriz, and f, becomes zero.

2.3 Control System Design

The control system design problem is defined as manipulating the surge velocity
of the buoy, V, to track a desired reference and to maintain the UAV’s elevation,
Zu, at a constant level, while ensuring that the dynamics of the UAV —buoy system
remain stable and contact between the buoy and water is maintained.

2.3.1 Attainable Setpoints

The control objective is to attain a steady-state mean velocity of the buoy, (1),
and mean UAV’s elevation, (Z,), such that lim_.o(3 [ zu(t)dt, 1 [V (t)dt) =
(Zu, V). Next, we seek to find the set of other system states, namely, 6, and
Yim, and control inputs, u; and ug, that will achieve the control objective. Other
nonzero mean system variables in a steady-state surge motion are: T, Db,n, and
Dy 1. Note that the bar sign (®) refers to the mean values of the variables at
equilibrium, Y, implicitly represents Zz,,, and the buoy’s pitch angle, 6, is not
considered in the setpoint analysis per Assumption 6.

Definition 2. Under specific sea conditions, namely u. and ((A,,w,) with
n € S,, and certain safety margins er(ue, () > 0 for the cable’s tension, which
guarantees the coupled state of the system; and ey € (0, 1) for the buoy’s immersed
volume, to ensure a minimum buoy immersion that is suitable to the desired sys-
tem application; the set of admissible configurations consists of the equilibrium
points (V, Yim, @, 0y), such that:

T = T(‘Zel; 65) > €r, Yim = \?im(‘_/rela @) > €y Y, (242)
where Vg =V — u,.

Assumption 7. The equilibrium state is analyzed under the no-wave condition:
A, =0 withn € S, that is, Uy = Wy = 0.

Theorem 1. Consider the system described in (2.41), subject to constraints
(2.26) and (2.30), and the margins specified in (2.42); by Assumptions 6 and
7, the set of attainable equilibrium states is the union of all (V, Yin,&,0,) that
satisfy:

ey ( Db,nvrelca )

0. (Viel, @) = atan — 2.43
( : ) My &Ca + Db,ll‘/;elso? ( )
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and the steady-state thrust value and immersed volume are calculated as:

any R, ifa=12
T iy (2.44a)
Dy 11Vzel/ 6, otherwise,
. it ifa=1
Yim =13 " v WD . 5 herwi (2.44b)
o owe \b11ta — b2t | otherwise.

Given Yim, we can solve for z, per specific buoy geometry. In addition, the cable
tension at equilibrium is a function of Vie and &, and expressed as:

7= ] R, ifa=3
Dy, 11Viel/Ca, otherwise.

(2.45)

Proof. The dynamic equilibrium of system (2.41) is attained when &, = %, =
éu = 911 = éb = éb = & = & = 0, and since we are considering surface motion
of the buoy along with Assumption 7, we additionally have 2, = 0. Thus, we
conclude that u; = uy, and uz = w3 := 0, and by substituting in (2.41), we get:

Db,ll‘_/rel — 185, =0, (2.46a)
Dy 21Viel + (M + my)g — Wi¢g, — (pwYim)g = 0, (2.46b)
MugCa — UiCs4a, = 0. (2.46¢)

04 (Vier, @) in (2.43) is obtained by rearranging and dividing (2.46a) by (2.46¢); in
the case when a # 5, 41 can be subsequently obtained from (2.46a). As for Yip,
it can be obtained after substituting for u; from (2.44a) and for 6, from (2.43) in
(2.46b). Finally, the cable tension at equilibrium can be obtained from the first
row of (2.14) by canceling the zero-valued states. Note that when a = 7, the
system of equations (2.46) has a solution only if Vg = 6, = 0, while 4; can be
any R, that respects the system constraints, and can be chosen to manipulate

Yim based on the first case of (2.44b). O

Now we seek to define the set of possible attainable steady-state velocities, Sy,
under Assumption 7, that satisfy the safety margins specified in (2.42). The cable
tension at equilibrium, T, can be obtained from (2.45); then we can determine
the minimum absolute surface velocity, V', under a specific sea state, i.e. current
and waves, that guarantees the taut-cable condition. In addition, the maximum
absolute limit of Sy is attained from (2.42) and (2.44b). Finally, we get Sy =

S¢m U Sy, such that:

a u W ta e
SVp:<€‘T—C |, (T T = Evpu)g "’%Luc),lfozéI
Dy 11 Dy 11 2 (2.47)
(1, + M — €vpy) gty €rca LT '
S—n:< _ “—|—uc,7—+uc>,1f0z>—.
v Dy, 11 Dy 11 2
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Remark 3. In practice, the mazimum attainable absolute velocity can be limited
by the UAV’s mazimum thrust, which can be derived from (2.43) and (2.44a), and
the tether’s yield strength. It is also noted that the motion across waves of various
characteristics may alter the velocity bounds as to be discussed in Section 2.4.2.
In addition, the violation of the buoy’s velocity upper bound can be alternatively
prevented by referring to constraint (2.29) and the cable tension calculation from
(2.23), and limiting the UAV’s mazimum thrust such that:

1 - tm
uy < ML= m)e (2.48)

taseu

where €, € [0,1) is a safety margin that represents a fraction of the buoy’s mass,
and accounts for the unmodeled dynamic forces affecting the buoy’s heave motion
that might violate the system constraints in (2.29) and (2.30).

2.3.2 Operational Modes and State Machine

To achieve acceleration and deceleration motions, the UAV —buoy system is re-
quired to manipulate the cable tension, switch between coupled and decoupled
states, and achieve bidirectional velocity control; hence, the UAV must change
its positioning with respect to the buoy back and forth. Thus, the locomotive
UAV control system is to be designed to operate in both position control and
velocity control modes, which necessitates the use of a state machine to achieve
an autonomous performance of the UAV—buoy system. Note that a cable can
only transmit tensile forces, thus allowing only pulling actions.

Next, we provide the required definitions to describe the system states, present
a complete cycle of the system’s operational states to achieve the control objec-
tives, and we introduce a state machine that allows the execution of appropriate
commands.

Operational Modes

Definition 3. The UAV’s location with respect to the buoy is assigned one of the
following two configurations:

o We call ‘front’ the configuration at which the UAV is positioned to the front
of the buoy, i.e. a € (0,%).

o We call ‘rear’ the configuration at which the UAV is positioned to the rear
of the buoy, i.e. a € (5, ).

We let T be the reference radial position of the UAV with respect to the buoy.
The UAV—buoy system can be in one out of four operational modes shown in
Fig. 2.3:
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(©) (d)

Figure 2.3: UAV—buoy system operational states in the locomotion task: (a)
free UAV motion around the buoy within the cable limit, used in initializing
the system, (b) ready to pull forward (or backward), the UAV is in the right
position to generate tension in the cable when asked to do so, (c) switching
UAV’s positioning between front and rear, while following the trajectory marked
in dashed blue to avoid cable entanglement, and (d) coupled and pulling forward
(or backward) to manipulate the buoy surge velocity.

(a)

(b)

We call ‘free’ the mode during which the UAV is allowed to move freely
around the buoy, while r < [.

We call ‘ready to pull’ the mode during which the UAV is commanded
to maintain a specific elevation (z,), and a reference standby radius, ry,
which is slightly less than the cable length [ to consume any cable slack.
The elevation angle is « if the configuration is ‘front” and (7 — ayp) if the
configuration is ‘rear’.

We call ‘repositioning’ the mode during which the UAV moves from one side
of the buoy to the other (fore/aft), travels a total arc of (m — 2ay), while
maintaining a constant reference radius with respect to the buoy, T = ry,,
until it returns to the initial elevation, Zz,.

We call ‘pulling’ the mode during which the UAV is performing a pulling
action on the buoy with a reference elevation, z,, and radius, r = [. The
resulting elevation angle is o if the configuration is ‘front’ and (7 — af)) if
the configuration is ‘rear’.

State Machine

The UAV—buoy system is supervised by a state machine that governs switching
between different control modes and commanded actions. Fig. 2.4 illustrates a
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Figure 2.4: Demonstrative diagram showing the modes’ transition behavior and
the buoy’s velocity tracking performance during a theoretical scenario. The doted
boundary lines govern the actions of the state machine.

typical velocity profile, with a hypothetical tracking performance, and threshold
lines that govern the state machine actions to showcase the state switching mech-
anism. Let the threshold levels be denoted by p; and ps for the top two lines, and
n; and ny for the bottom two lines. The first and second velocity error thresholds
are denoted by €,1 and €9 respectively.

The proposed state machine benefits from the threshold velocity lines to
choose the suitable mode of action as described in Definition 3, in a way that
respects the system dynamics and insures the system safety [71], with a pseudo-
code provided in Algorithm 1.

2.3.3 Controller Design

The control system of the tethered UAV —buoy system consists of an outer-loop
and an inner-loop controller in a cascaded structure. The outer-loop controller
has two functions: 1) it controls the UAV’s relative position when the system
mode is ‘free’, ‘ready to pull’, or ‘repositioning’ by controlling r and «, with
setpoint (Zy0,To); and 2) it controls the buoy’s velocity when the system mode is
‘pulling’, by regulating the elevation angle, o, and the cable tension, 7', which are
two flat outputs of the coupled system [39], with setpoint (Z,0, Vo). On the other
hand, the inner-loop controller controls and stabilizes the UAV’s pitch angle, 6,.
The proposed controller (SVCS) incorporates the state machine in Section 2.3.2,
and it is designed based on polar coordinates. The SVCS architecture is presented
in Fig. 2.5, which can be summarized as follows:

e A setpoint is defined and the state machine returns the system mode.

e A preprocessing unit generates 1) an elevation angle & that accounts for
the actual buoy elevation variation, 2) a reference radial distance 1, 3) a
smoothed reference velocity V', and 4) an estimate for the required cable

A

tension, T, to compensate for water drag, if applicable.
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Algorithm 1 State machine for the locomotive UAV’s control system

Input: V, V, configuration

Output: MODE

Initialization :

MODE <« ‘free’

LOOP Process

if (V <V — eq) and configuration == ‘front’ then
MODE < ‘pulling’

else if (V >V + ey1) and configuration == ‘front’ then
MODE < ‘ready to pull’

else if (V >V + ey) and configuration == ‘front’ then
MODE <« ‘repositioning’

else if (V >V + ey1) and configuration == ‘rear’ then
MODE <= ‘pulling’

else if (V <V — ey,) and configuration == ‘rear’ then
MODE < ‘ready to pull’

. else if (V <V — eyp) and configuration == ‘rear’ then

MODFE <= ‘repositioning’

: end if

: return MODFE

e i ol e
B~ w Y = O

37



ISclpoim Zw To T I~>I Preprocessing a f V 1. |

SVCS 1] y
( Outer-Loop h State Machine Zb
—
(radial: relative D T u, Tethered
position) ull_’..,y.[. ccoupling > UAV-Buoy
éé? (UAV thrust)

. PR Al eu C
manipulation) 2 u
Inner-Loop i
(tangential: UAV % (UAV attitude)

( % % %
—
=
o©
j=d
B
o
=
S
<
£
=

elevation) al

') Buoy-Water
X

Interaction

Figure 2.5: Architecture of the Surge Velocity Control System (SVCS) for the
tethered UAV—buoy system.

e The outer-loop controller generates radial and tangential components of the
desired force that is needed for cable tension control, uy, in case of velocity
control or simply radial force, uP, in case of position control (radial), and the
elevation angle control, u, (tangential). Note that the switching between
u? and u) is governed by the operational mode of the system such that:

= (1~ G(s))uf + fuy, (2.49)

where G(s) is the transfer function of a low-pass filter, and f,; € {0,1} is
the ‘pulling” mode flag.

e The outer-loop controller outputs are decoupled into a command total
thrust, u;, and a desired pitch angle, 6,,..

e Finally, the inner-loop attitude controller stabilizes the pitch angle of the
UAV and produces the moment command input, us.

Reference Signals and Velocity Setpoint

It is desired for the UAV to maintain the same altitude during operation in or-
der to respect aviation safety margins and save energy by reducing unnecessary
vertical motion [64]. The cable length and nominal elevation angle are chosen
accordingly. However, due to the vertical oscillatory motion of the buoy in accor-
dance with the encountered waves, we must actively provide the controller with
suitable elevation angle, @, to hold the desired UAV elevation, which is computed

| a = asin((2, — 2)/1). (2.50)

Note that the preprocessing unit outputs the supplementary angle of @, i.e. & <
T — @, if the system configuration is ‘rear’. Furthermore, the velocity setpoint,
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Vo, and the radial position, Ty, are smoothed by second-order and fourth-order
low-pass filters, respectively, in order to respect the system dynamics in terms of
buoy—water friction and the UAV’s maximum thrust, thus preventing excessive
coupling and decoupling of the system [39]. Finally, in order to improve the
performance of the state machine, V is sent to the controller only when the UAV
is ready to enter the ‘pulling’ mode.

UAV-Buoy Relative Position Control Law

To design the relative position control law, we must refer to the UAV dynamics
in W where the states of interest are explicitly expressed. By differentiating r
twice then multiplying it by m,, we get:

Myt = myly — Mylp. (2.51)

Referring to Definition 1, we must have r(¢) = [ for the system to be coupled,
that is t = = 0. Thus, by referring to (2.4),  reduces to the form:

i =R, [—@2] . (2.52)

Referring to (2.23), and combining it with (2.51), then projecting along the radial
and tangential directions of (2.52) by means of RT, we can write the equations

(o %}

of motion of the UAV in W in the polar coordinates notation as:

my(f — 182) = my(—inca — 2pSa) — MugSa + 1y — T, (2.53)
My (2 4 2rid) = myr(ZpSa — 2pCa) — MuglCq + Tq. '

Consider the UAV —buoy’s relative position dynamics in (2.53) for the generic
case, i.e. nonzero tension, and the UAV’s attitude dynamics in (2.23), with
states vector X; = [r, «, 0,]T and X, = [1, &, QH]T, and control input vector
U = [uP, u,, u3]T, and subject to unknown external disturbances like wind gusts,
gravity waves, and water currents. Note that the relation between u? and u,
was given in (2.49). When represented as a nonlinear second-order time-varying
system, the state space form is described as:

Xl = X27
. (2.54)
X, =H+®0 +bU + 9,
where b = diag(my, myr, Jy)~" is the input-multiplied matrix, ® =
[—1/(muca), 0, 0] is the regressor vector, ® = T' is the parameters vector;

d = [0y, 0q, g7 is the vector of lumped system disturbances and modeling errors
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across each channel, where 6 = [5r, Sa, Sg]T is its estimate; and H € R? denotes
the nonlinear and gravitational terms vector defined as:

162 — ¥pCa — ZhSa — S5a
H = | (=24 + T80 — 2bCa — &Ca)/T

0

Assumption 8. The modeling errors and external disturbances and their deriva-
tives are bounded.

Assumption 9. The lumped error vector & is constant or slowly varying during
a finite time interval, that is: limy, <¢<t, 0q, Or, 0g = 0.

Let 6, . be the desired UAV pitch angle to be generated by the outer-loop
controller along with the total thrust command, u;, which are calculated as:

up = \/u? +u2, O = g — a — arctan(ug, u;). (2.55)

Let Oyc = Oum tanh(@{ljc / 9u7m) be a smooth and bounded version of ¢; ., with
Oum € (0,7) being the absolute upper limit of the UAV’s attitude angle. The
reference state vector to be followed is defined as X; = [r, @, 6,]T. Let the state
error vector be defined as:

e :Xl—Xl. (256)
The proposed control law including the radial and tangential thrust com-

ponents for the outer-loop UAV’s relative position controller, and the UAV’s
pitching torque, is defined as [72]:

U:b_l[—kpel—kIE{—kDé1+):(1—H—‘p®L

2.57
é{:el+kf1é1, ( )

where kp, kp, k;, and k; € Riff are controller gains that are defined next.

Theorem 2. Consider the UAV—buoy’s relative position dynamics in (2.53), and
the state space representation of the system in (2.54). Suppose that Assumptions
8 and 9 hold true; the control law in (2.55) and (2.57) generates the total thrust,
wy, and the UAV’s desired pitch angle, 0., that can stabilize the system, and
reduce the tracking error to zero in finite time for a set of gains ki, ko, and
Yy € R%?’, such that kp = I3 + kiko, k; = vk, kp = k1 + ko, with I3 being the
identity matriz. If Assumption 9 does not hold, the tracking error reduces to a
small region neighboring the origin in finite time.

Proof. The backstepping control design, involving two steps, is employed, and
the Lyapunov function V; = %e{el is proposed. Its derivative is expressed as:

V) = elé;. Since é; does not explicitly include a control input, we continue the
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control design process for a second step. The virtual control input to stabilize
e, is defined as: ¥ = X — kje;. Next, we define the virtual rates error as:
€y = X1 - 7.

By defining a second Lyapunov function:

1 1 1- <
Vo = Ee{el + 56;62 + 55“)/_16,

where & = 8 — 8, then by differentiating and combining it with V;, we get:
VQ = e{él + e;ég + ST’Yil(AS

A

—el(ey—kie)) +el(H +bU + PO+ —Y)+ ™y '6.

Next, we choose the control inputs and the lumped modeling and disturbances
errors’ update rates such that V, becomes negative semi-definite:

U:b_1<—H—‘I)@—S—FT—el—erg), 3:762, (258)

and we get V, = —elkie; — elksey. Thus, the asymptotic convergence of Vs, to
zero can be obtained via Barbalat’s lemma under Assumption 9. If strong wind
and wave disturbances exist, meaning the violation of Assumption 9, the control
law will still achieve stability and finite tracking error, which can be reduced
by increasing the controller gains up to a level that overcomes the disturbances
mismatch effect on V,. Finally, by substituting Y and e, in (2.58), and setting
el := §(yky)™*, the PID-like control law in (2.57) is obtained. O

Buoy Surge Velocity Control Law

If the cable is taut, its length becomes constant and 1 and ¥ can be set to zero.
The UAV’s motion equations in YW in polar coordinates notation become:

—mylé® = my(—Fpce — ZbSa) — My Sa +ur — T,
(=doca = Zosa) = Mug (2.59)

mul?d = myl(Zp5a — 2pCa) — Muglcy + lug,.

Consider the UAV dynamics in W', while following the polar coordinates
notation as presented in (2.59) and (2.53), and let the buoy’s velocity error be
defined as ey = V — V. The buoy velocity model can be expressed in the generic
case, i.e. variable radial position, as:

V = Hy, — T/(myca) + 1) /(myca), (2.60)

where Hy = (ra? — ¥ — 2,54 — €54)/Ca- A control law can be designed for the

surge velocity in a similar fashion as described in Section 2.3.3, with a difference
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that only one step is required in the backstepping process. The resulting control
law is given by:

u;’ :Tc+muca(—Hv+‘7—kpveV —k;[ve{/), 6{/ = ey, (261)

where kpy and kpy € Ry are controller gains. The results of Theorem 2 relative
to stability and tracking apply.

Remark 4. Cable tension can be either directly measured (e.g. load cell) to
improve the tracking performance and the system’s overall safety, or it can be
estimated via an observer design based on cable disturbance estimation methods.
However, this internal force, T, and its estimate, T, should not be confused with
the term T, used in the control law (2.61), and representing the required tensile
force to manipulate the buoy. One simple realization is obtained based on (2.45),
such that: )

TC = Db71170V/Ca, (262)

where Dy 110 = CS,lAwt,O%pw|V|; with Ay o being the zero-tension whetted area,
and Cs; being the surge skin friction coefficient at V', which yields a fair, yet not
very accurate, estimate. However, the proposed controller can compensate for the
estimation error as will be proven next. For a sample cable tension estimation
based on disturbance observation, readers are referred to [73].

Remark 5. Practically, robust performance of the proposed control laws is guar-
anteed by choosing large-enough ko gains for a wide operating range, even if
Assumption 9 is violated [74].

2.3.4 Parameter Estimation

Let V.q := 77710,1 =V — u. — uy represent the buoy—water relative surge velocity.
If the condition in (2.26) holds, the cable tension is expressed as:

(Mb,nfib + My 1220 4+ Dp11Veel + Do12mba
T = +Ch11%p + C'b,m?l‘b) /Ca, oo — | > €, (2.63)

1€, — Myu8 — u"u as _% > Cay
(u;c g—muzy)/s la | <e

where €, € R>( is a constant that prevents singularity in a small region near a =
5. The cable tension can be determined from the first row of the buoy dynamics
in (2.14), so that its expression is more relevant to the coupled UAV —buoy system
since it shows a direct link with V., which yields the first case of (2.63). However,
this form is not applicable near the vertical cable configuration (o = 7/2) due to
singularity, thus the actual cable tension, T, is computed via (2.23), which yields
the second case of (2.63).
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Table 2.1: Tethered UAV—buoy model parameters

Parameter Value Unit Parameter Value Unit
Iy, 0.8 m My 1.8 kg

hy, 0.25 m Ju 0.03 kg m?
my, 12.5 kg 6 um /4 rad
aiq 0.625 kg { 7 m

ass 12.5 kg €T 5) N

bi1 0 Ns/m | e 0.05 -

b33 27.5 Ns/m | €, 0.1 -

Vs 1.787x107¢ m?/s | py 1000 kg/m?
g 9.81 m/s? | pa 1.22 kg/m?

2.4 Simulations

In this section, we provide simulation results that demonstrate the fidelity of
the tethered UAV —buoy system model and the performance of the designed con-
troller. We first define the settings and parameters used for the devised simulation
scenarios, which include various operating conditions to validate the proposed
system. To challenge the control law’s performance towards real-life implemen-
tation, the tethered UAV—buoy system model is incorporated in the simulator
developed in this work, while including deviation from the described model used
by the control law, including the UAV’s propellers motor dynamics, wind gusts,
and non-exact state feedback.

2.4.1 Simulation Settings

To validate the proposed UAV —buoy system with the designed SVCS, a series of
simulations is performed in the MATLAB Simulink ® environment. We consider
a mini-quadrotor UAV and a small-sized simplified homogeneous cuboid buoy
with the dimensions and parameters listed in Table 2.1. We note that manipu-
lating small-sized buoys, nets, debris, and surface sensors are few applications of
this baseline configuration, which make it practical to implement and deploy the
hereby marine locomotive UAV system. More details on the system components
sizing are provided later in Section 2.5.2. The quadrotor UAV motor dynamics
are modeled as a first-order low-pass filter with a time constant 7, = 0.05s,
and its total thrust and pitch torque are bounded such that |Jui|| < 160N, and
|luz]] < 11.2Nm. The mass of the buoy is chosen such that the buoy is one quarter
immersed under no external loads based on the balance between the gravitational
and buoyancy forces, that is my := py Y}, /4. The buoy’s immersed volume is
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then defined as:

Y if Ah > 1,
Yim (AR) =<0 if Ah < -2, (2.64)
Yu/2 + lbhyAh  otherwise,

The wetted area is calculated as:

Al hy, if Ah > e
Ay (AR) =<0 if Ah < =2, (2.65)
lyhy + 2lb(%b + Ah) otherwise.

The resulting added mass and damping are calculated as described in Sec-
tion 2.2.5, and their values are presented in Table 2.1. The buoy’s skin fric-
tion coefficients in its body x- and z-directions can be estimated as Cg; =
0.075/(log;y Re — 2)%, where Re = % € Ry is the Reynolds number, limited
to turbulent flows (Re > 10°), with v, being the water’s kinematic viscosity |75].
To detect the coupling state of the system (coupled / decoupled), we rely on the
tension estimation in the second case of (2.63).

To properly evaluate the performance of the proposed SVCS design, a
Cartesian-based nominal controller (CBNC) that uses a PID control law in its
outer-loop, and without supervision of a state-machine, is implemented for bench-
marking purposes. It consists of a velocity (Z) controller and an elevation (z) con-
troller, with gains kP,CBNC’ = dzag(?, 3), k[,C’BNC = dzag(12, 1), and kD,CBNC =
diag(5, 2), respectively. The SVCS gains are selected as ki = diag(16.9, 4.6, 7.5),
ko = diag(2.6, 2.4, 2.5), v = diag(0.5, 0.3, 0.3), kpy = 25, and kpy = 12.

The feedback signals are assumed to be available from sensor measurements
and estimations, and are modeled as follows: the UAV’s pose is virtually ob-
tained from an on-board Global Positioning System / Inertial Navigation System
(GPS/INS) module, and the elevation angle and the radial distance are virtually
obtained from a stereo camera system. In simulation, this is mimicked by aug-
menting the feedback states by a filtered Gaussian noise with the corresponding
state-of-the-art accuracy of each sensor before being used by the controller. With
mav(e) denoting the mean absolute value of the estimation error of entity (e),
we set mav(Z,) = 0.02m = mav(Z,) = 0.02m, mav(d,) = 0.5°, mav(@) = 0.16°,
and mav(T) = 0.02m. Subsequently, the buoy’s states are determined from (2.2),
(2.3), and (2.4). More details on state estimation is given in Section 2.5.1.

2.4.2 Velocity Bounds

The constraints’ bounds (er, €y, and ¢,,) presented in Table 2.1 are mainly
based on the expected buoy—water relative velocity, in addition to the buoy’s
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Figure 2.6: Buoy’s heave dynamic amplification, Ahampn, under excitation of
different fully-developed single wave components {A,,T,} of the sets A =
{0.27,0.61,1.2,1.5,3.3} /2m, and T = {3,4,5,5.7,8}s. The mean buoy’s im-
mersed height, hiyy,, draws the boundary dome for the ‘fly-over’-free region.

shape, weight, and skin friction. A possible command velocity range of Sy =
(—19.0,—3.1) U (2.1,18.0)ms™" is calculated from (2.47) under no-wave condi-
tion (Assumption 7).

In the presence of waves, the feasible working velocity with no violation of
constraint (2.30) reduces from above, and can be quantified by referring to (2.33)
and (2.44b) as follows. We solve for Y, to get hiy, then find Ah,p,, for some
(V,&), under different wave conditions. Fig. 2.6 provides the buoy’s heave dy-
namic amplification results under excitation of a single fully-developed wave com-
ponent [76], with & = 45° and u. = 0. To have a unified representation of hiy,
the Stokes drift effect is neglected in calculating V. The natural frequency of
the buoy, calculated from (2.31), is wy, = 8.9rads™!.

Fig. 2.6 can be interpreted as follows: for a given sea condition with wave
amplitude and period {A,,T,}, the buoy hops over the waves (‘fly-over’ con-
dition) when its horizontal (forward or backward) velocity, V/, falls outside the
shaded area (dome) formed by the hjy, curve, for a given Al (colored plots
corresponding to various wave amplitudes and periods). Sample zones, where the
buoy ‘fly-over’ condition does not occur, are marked on top of the figure as Sf{n.
The comprehensive results captured by Fig. 2.6 show that the system operation is
direction-dependent, and they also serve as a reference for predicting the perfor-
mance of the buoy in terms of heave oscillation and ‘fly-over’ phenomenon under
different wave conditions, ranging from high-frequency low-amplitude waves to
low-frequency high-amplitude ones, and even for superposition of various waves,
as will be demonstrated in the subsequent sections. We note that the above anal-
ysis is provided for a buoy of known characteristics (Table 2.1), and serves as a
guideline for the system performance.
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2.4.3 Simulation Scenarios

We validate the fidelity of the derived system model and evaluate the performance
of the designed controller in five cases: C1, C2, C3, C4, and C5. All cases include
a wind gust of uwq = —3ms~! and a water current component u; = —0.5ms™!
(except for C5). The scenarios are described as follows:

e C1: wind gust and water current only.

e (C2: wind gust, water current, and moderate waves with two wave compo-
nents (N = 2), such that: A; = 0.135m, d; = 1, T; = 3s, and 07 = T,
Ay =0.75m, dy =1, Ty =5.78, and oo = 0.

e C3: high-frequency small-amplitude waves (head-seas), with A; = 0.135m,
dy =—1,T; =3s, and o, = 0.

e C4: high-amplitude low-frequency waves (head-seas), with A; = 1.65m,
d1 = —]_, T1 = 7S, and g1 = 0.

e C5: buoy motion damping in the presence of a wind gust and strong water
current of u; = —5ms'.

Note that the wave components definitions in each scenario is independent from
the other scenarios. Sample visual illustrations of the environments in C1 and
C2 are given in Fig. 2.7, which are generated via the custom-built simulator that
we specifically developed to serve as a physics engine and provide live animations
for tethered UAV—buoy locomotives. In both cases, C1 and C2, the buoy is
commanded to accelerate to reach an inertial velocity V' = 5ms~!, after which
it gradually decelerates to O0ms~! then to —4ms~!. The desired reference mean
sea level altitude is z, = 5.0m, which corresponds to a mean elevation angle
of ay = 45°. The system is initiated in the decoupled state, and its velocity
is initiated to be equivalent to the zero-time water velocity via (2.6) and (2.8).
Based on Assumption 2.39, the buoy’s pitch angle is set as 6, = 0,,.

While cases C1 and C2 provide a baseline evaluation of the proposed robotic
system and its controller, cases C3, C4, and C5 challenge its performance in
extreme cases, i.e. under fast oscillations (C3), high amplitude undulations (C4),
and large water current speeds (C5). A low-slope ramp velocity input (V' = 0.25¢)
is applied in C3 and C4 to carefully capture the performance of the system at
different velocities, and head-seas are considered to emphasize and validate the
universality of the buoy’s dynamic heave performance captured in Fig. 2.6. In
C5, the system is applied in a river-like environment, with an objective to fix
the buoy’s location with respect to the riverbank as the river streams at a high
velocity. Two initial conditions are considered: 1) buoy with zero initial velocity,
and 2) buoy that is initially moving at the water current speed. Note that even
though the SVCS is not a position controller, C5 validates its application to such
cases.
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Case 1: gust and current only Case 2: gust, current and waves
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Figure 2.7: Sample screenshots from animations of two simulation scenarios (C1
and C2) in true scale. Animations are generated via a custom-built simulator
that is specifically developed to serve as a physics engine for tethered UAV —buoy
locomotives.

2.4.4 Simulation Results and Discussion

The simulation results for C1 and C2 are shown in Fig. 2.8a and Fig. 2.8b, re-
spectively. In both cases, the quadrotor UAV equipped with the SVCS is able to
pull the buoy at the desired velocities (V') without overshoot, with minimal fluc-
tuations in velocity (V') and elevation (z,), while not violating constraint (2.30)
as indicated by the immersed volume plot (Yiy, /Y1), and without unnecessarily
decoupling the system (as seen in the r subplot). The resulting commands to
the UAV, uy. and wus., are bounded and free of high-frequency chattering. On
the other hand, the Cartesian-based controller without state machine supervision
(CBNC) results in significantly larger velocity (V') and elevation (z,) fluctuations,
reaching up to 2ms~! and 2.2 m, respectively, in the wavy environment (C2).

The proposed controller adjusts the elevation angle, «, while the buoy el-
evation, z,, changes — driven by the contour-following behaviour of the buoy
under long waves excitation — to prevent unnecessary UAV vertical motion (z,)
as evident in Fig. 2.8b. The adjustments are such that & varies in response to
changes in the buoy’s elevation, z,,, which is proportional to the wave encounter
frequency. It is also observed that the elevation angle («) and pitch angle (6,)
are smooth and stable, and exhibit small tracking error for the SVCS. We note
that the reference UAV pitch angle, 6,., for the CBNC is not plotted for figure
clarity purposes, since both systems possess the same inner-loop controller, in
addition to the fact that CBNC has no reference elevation angle, &, and radial
position, T.

The SVCS-controlled UAV achieves the desired surge velocity of the buoy by
adjusting the cable tension, T', in an appropriate and relatively smooth manner as
seen in (7). Contrarily, the CBNC has no direct control of the cable tension and
the radial position of the UAV, which leads to repeated large input pulses that
deteriorate the transient performance. Finally, it is observed that the change in
the immersed volume of the buoy greatly depends on the encounter frequency. It
is also noticed that the buoy remains in contact with the water surface ((Yim/Yb))
for both controllers.
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Table 2.2: Tracking Error and Consumed Energy

V', mean tracking | z,, mean tracking | Total consumed
Case error (m/s) error (m) energy (kJ)

CBNC SVCS | CBNC SVCS | CBNC  SVCS
C1 0.36 0.05 0.28 0.03 111.8 58.9
C2 0.61 0.06 0.43 0.06 93.4 61.2

To quantify the performance of the two controllers, the trajectory tracking
errors of V' and z,, and the energy consumed by the UAV (calculated per [77])
are reported in Table 2.2. The SVCS results in an average reduction in the
tracking error of 88 % and in energy consumption of 42 % versus the CBNC.

Remark 6. Expressing the SVCS in polar coordinates yields a correlated control
performance, which means that each control channel, (u, and u, ), independently
affects one control parameter (o or V). However, this is not the case for the
Cartesian-based controller (CBNC), where each of the ©- and z-control channels
has a dual effect on each control parameter, which results in a degraded perfor-
mance.

In summary, the CBNC does not cope with the introduction of waves to pre-
vent them from disturbing the system in an unpredictable manner, nor it respects
the system configuration, whereas the SVCS shows its disturbance-rejection prop-
erty in significantly attenuating the waves’ effect even without knowing their char-
acteristics. All of the above factors, combined, justify the design of the relatively
complex SVCS for the proposed marine locomotive UAV system.

The performance of the SVCS-equipped locomotive system against high-
frequency and high-amplitude waves are shown in Fig. 2.9a and Fig. 2.9b, re-
spectively. The first separation of the buoy from the water surface occurs at
t=2lsand V =5ms'in C3, and t = 41s and V = 11ms~! in C4, which are
marked by the yellow strips in their respective subplots. The tracking accuracy
in V' and z, demonstrates that the proposed SVCS performs well in the consid-
ered extreme scenarios, as long as they are within the working zones established
in Fig. 2.6. Beyond these zones, i.e. after the instances marked by the yellow
strips in Fig. 2.9, the buoy ‘fly-over’ deteriorates the system performance, which
manifests as jumps of the buoy above the waves as exhibited in the z subplot.

The validation of the system in missions that require damping the buoy’s
motion under strong water current conditions is shown in Fig. 2.10. We notice
that the SVCS is able to achieve the desired objective of fixing the buoy’s location
with respect to the riverbank as the river streams at a high velocity, with minimal
error. The SVCS is superior to the CBNC in terms of both tracking performance
and stability, where CBNC cannot prevent the quadrotor from crashing in C5.1,
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Figure 2.9: Simulation scenarios C3 (high-frequency small-amplitude waves) and
C4 (high-amplitude low-frequency waves) to illustrate the SVCS performance
against extreme sea conditions. The yellow strips mark the first buoy—water

separation (‘fly-over’) in each case.
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Figure 2.10: Simulation scenario C5 (buoy’s motion damping against strong cur-
rents) to compare the SVCS and CBNC performance against extreme current
conditions. The blue strip marks the crash of the CBNC-controlled UAV.

which is marked by the blue strips in Fig. 2.10(a). It is also observed that the
CBNC system does not not respect the cable length constraint, which may lead
to jamming and/or fooling of the cable.

2.4.5 Extended Simulations

For further validation of the system, we present a series of simulations that vary
a) the sizing of the system components (UAV, buoy, and cable) and b) the waves
environment. Let Si represent the physical system index where i = {1,2,3, 4},
and let Ej represent the environment index where j = {1,2,3}, the variations
are captured as follows:

(a) System size variants (UAV, buoy, and cable):

1. Baseline mini-quadrotor and a small-sized buoy, as described in Ta-
ble 2.1, with cable length [ = 7m (S1) and [ = 12m (S2).

2. Medium-sized system with the GAIA-160 multirotor [47]| that has the
following characteristics: m, = 19.5kg, and J, = 1.52kgm?; and
a medium-sized buoy of the following characteristics: h;, = 0.3m,
Ib = 1.5m, and my, = 33.75kg; with cable lengths of [ = 15m (S3)
and [ = 20m (S4).

(b) Wave environment variants:
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Here, we consider the same environment as C2, but with different combi-
nations of wave components, such that:

El. (N =2), Ay =0.305m, d; =1, Ty = 4s, and 0y = m; Ay = 0.6m,
d2:17T2:5S, andO'QIO.

E2. (N =2), A; = 0.305m, d; = 1, T, = 45, and 0y = m; Ay = 1.65m,
d2:1,T2:8S, and 0'220.

E3. (N =2), Ay =06m, d =1, Ty =558, and 07 = m; Ay = 1.65m,
dy =1, Ty =8s, and g9 = 0.

For brevity purposes, only the velocity tracking error of the extended simulation
validation is reported in Table 2.3, albeit the full state results of the medium-
sized system are given in Fig. 2.11. Failed cases, which entail the UAV’s height
dropping below the water surface level, are designated with the letter ‘F’ in
Table 2.3, and the remaining simulation scenarios resulted in stable tracking
performance that is similar to Fig. 2.8. The complete set of simulation data and
results can be found in the project’s online repository.

From Table 2.3, it is noticed that the baseline system is only able to handle
the wave environment K1, and fails to deal with the high amplitude waves of E2
and E3. The performance is enhanced by using a longer cable, as seen from the
results of S2 and S4, as compared to S1 and S3, respectively. Furthermore, the
medium-sized system with a longer cable achieves better performance in terms
of tracking velocity, as seen by comparing S3 and S4 to S1 and S2, respectively.
Additionally, Fig. 2.11 demonstrates a better performance of S4 in the high-
amplitude wave environment E3, as can be seen from the «, r, and z, subplots.
We can also notice smaller spikes in thrust, u;., and tension, 7', when a longer
cable is used (S4), which is due to lower variations in the elevation angle, .

The extended simulations demonstrate that the UAV—buoy system can be
sized to fit specific physical environmental constraints. For instance, a longer
cable allows the system to handle higher amplitude waves, but at the expense of
increased cable weight and higher flying altitudes.

2.5 Practical Considerations

For the proposed system to lend itself well to physical implementation, we target
in this Section critical aspects that are essential to experimentally validate the
proposed system, in preparation for its deployment in real-life.

2.5.1 States Estimation

The SVCS requires the following states for feedback: r, 1, T, «, &, 6, 0., V,
Ip, and Z,. Unlike most applications of the tethered UAV problem, the tether
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Figure 2.11: States and control inputs for the medium-sized system described in
S3 and S4, with SVCS, under the wave conditions described in E3.
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Table 2.3: Velocity tracking error (cm/s) of the extended simulations. ‘F’ refers
to failed cases.

E1l E2 E3
Case | Ay, =0.30obm A;=0300m A;=0.6m
As =0.6m A, =1.656m A;=1.65m

S1 14.9 F F

S2 15.2 22.1 23.1
S3 14.4 21.0 17.7
S4 20.7 18.7 16.6

of the UAV—buoy system is not anchored to a fixed point as in [14, 39, 78|;
furthermore, knowing that the system is allowed to decouple, resulting in a slack
cable, observer-based methods that target system state estimation in the taut-
cable case, as in [71], cannot be solely employed for state feedback. However, since
the UAV—buoy system works above the water surface, it is practical to assume
that GPS coverage is available, which allows for UAV pose estimation in the
inertial frame using a GPS sensor and an inertial measurement unit (IMU) that
is equipped with a magnetometer [71]. We also note that if the system is designed
to operate in the vicinity of a marine structure, Real-Time Kinematic (RTK) GPS
solutions can also be utilized to attain more accurate inertial state estimation [79].
To solve the state estimation problem when the cable is slack, the UAV can be
equipped with a stereo camera to detect and estimate the buoy location in the
camera frame using special-purpose algorithms [80, 81|, from which the UAV’s
relative radial coordinates to the buoy (r and «), and the buoy’s velocity (V)
can be estimated [82]. We note that a monocular camera can provide adequate
accuracy for the control problem on hand only if the buoy’s dimensions are known
a priori [83]. As for laser-baser sensory equipment, they are susceptible to sun
rays exposure and water surface refraction, which deems them unsuitable for
such applications. Last but not least, using encoders placed on the UAV can
help with measuring the cable’s length and elevation angle in the taut-cable case,
and a force sensor (e.g. load cell) allows measurement of the cable’s tension [71],
thus providing the control system with additional information to improve its
performance.

2.5.2 Power Considerations

To make the system more energy efficient, it can be designed to allow the UAV
to land on the buoy, or to float directly on the water surface, during long standby
periods [43]. Several multirotor platforms with extended flight times have been
designed using hybrid-electric technology 84|, which answers the possible need for
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large power of the hereby proposed system. Another alternative to further extend
the work-time of the system is to integrate an umbilical power cable within the
tether, which is commercially available and integrated with mutirotor UAVs [35].
Furthermore, using an umbilical power line with power banks stationed on the
buoy can be more efficient than increasing the on-board power capacity of the
UAV under specific conditions related to system design and mission requirements.
Also, a small relative buoy—water velocity and a streamlined buoy shape can
result in better energy efficiency.

We note that in case of large umbilical power transmission cables, their mass
cannot be neglected and must be compensated for in the control law of the coupled
dynamics model as in [12] and [85]; and in the decoupled form, the UAV controller
should be modified to compensate for the cable mass as in [86]. For illustration
purposes, in the example presented in this work, a 7m long 1000 W power cable
weighs less than 0.5 kg, which adds to the main tensile wire of similar weight to
get a total of about 1kg.

To get a better assessment of the power and energy needs, we present a basic
and practical power solution for the proposed tethered UAV—buoy system. To
address the system’s power requirement, the buoy can be equipped with a gasoline
power generator with a fuel tank [87| or a battery power bank [88]|. Assuming an
average UAV thrust of 40 N and a flight time of 30 min, the required energy would
be about 5 MJ as per [77|, which can be supplied either by 0.15L of gasoline or
9kg of Li-Po batteries. Note that a small 1000 W generator with its accessories
weighs about 3kg [87]. Given the dimensions and overall weight of the baseline
buoy with specifications given in Table 2.1, the generator-based solution can easily
fit within the buoy, while the Li-Po batteries-based solution cannot. Finally, we
note that the choice of a suitable power solution is naturally application-specific.

2.5.3 Platform

The locomotive UAV system can be deployed from ships and marine structures.
It can be an independent system, and if designed and equipped to work au-
tonomously, it can link itself to the target floating object using an on-board
cable and perform manipulation afterward. Such designs have higher mobility,
easier deployability, and independence from potentially-bulky buoys.

2.5.4 Extension to 3D Space

This subsection defines the problem of the tethered UAV—buoy problem with
reasonable assumptions that limit the representation of the system to the 2D
vertical space, which facilitates the understanding of the problem. The extension
of this work to the 3D space is attainable, given that the proposed system is
a combination of currently available technologies that have been employed in
various real-life applications, which include hybrid UAVs [84], tethered UAVs

25



[13,22,89], umbilical power cables to UAVs [35, 88|, integration of the umbilical
power cable to USVs [21,63], visual pose stabilization of tethered UAVs [90], and
finally extended oversea multirotor UAV flight [48].

On the dynamic modeling and control system design side, we note that in
the 3D space, the wave and current models should be modified to be multi-
directional [66, 67|, which induce lateral disturbances on the system that the
controller needs to be upgraded to account for. From a motion perspective, the
UAV could experience new patterns of motion in 3D space, other than moving
backward and forward, to compensate for sideways disturbances and follow curved
trajectories. Last but not least, the 2D polar coordinates used in the system
definition and control law derivation need to be extended to the 3D space as done
in [71,91], which merely increases the mathematical complexity of the problem.

2.6 Conclusion

The novel problem of a marine locomotive UAV system is defined, in which
a quadrotor UAV is tethered to a floating buoy to control its surge velocity.
The system dynamics are separately modeled for each subsystem including the
water medium, the buoy, and the UAV, then combined via the Euler-Lagrange
formulation. The attainable setpoints and constraints of the proposed system are
defined, then a precision motion control system (SVCS) is designed to manipulate
the surge velocity of the buoy within certain limits, which require maintaining
the cable in a taut state and keeping the buoy in contact with the water surface.
A simulation environment is defined, and the proposed SVCS is validated and
compared to a nominal Cartesian-based UAV controller, while showing superior
tracking performance and disturbance rejection in various wave, surface current,
and wind conditions.

The proposed system paves the way in front of a wide variety of novel marine
applications for multirotor UAVs, where their high speed and maneuverability,
as well as their ease of deployment and wide field of vision, give them a superior
advantage. It best suits applications that require remote and fast manipulation
with minimal water surface disruption.
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CHAPTER 3

THREE DIMENSIONAL MARINE
LOCOMOTIVE UAV

3.1 Introduction

The 2D-planar model of the tethered UAV—buoy system that was proposed in
Chapter 2 presented a thorough analysis of the subsystem’s dynamics and the
systems’ stability, the effect of waves, the proposed working bounds, steady-state
values of the system states, and several practical considerations for implementing
the system [31]. However, the 2D tethered UAV —buoy model does not capture
the complete dynamics of the real system. For instance, the 2D model has limited
representations of the Euler angles of both the UAV and the buoy, it does not
encompass composite waves and currents with varying directions, and it does not
allow the system to follow trajectories that are in the the three-dimensional (3D)
space. In addition, the orientation of the buoy is not captured in the 2D-planar
model, which can deviate from the actual direction of the tether. Furthermore,
the Surge Velocity Control System (SVCS) designed in Chapter 2 does not include
the tether’s azimuth angle within its controlled state variables, thus the controller
is unable to provide directional manipulation of the buoy in the horizontal plane if
deployed on a 3D model. Therefore, for real-world applications, it is necessary to
extend the 2D planar model of the tethered UAV —buoy system to the 3D space,
so that it includes all position and orientation states of the UAV, the buoy, and
the tether, as well as the surface water model.

The contributions of this chapter are presented next. First, we extend the
model of the 2D-planar tethered UAV—buoy system dynamics to the 3D space
by incorporating the full six degrees-of-freedom (6-DOF) rigid-body model for
each of the UAV and buoy, and a 2-DOF model of the tether, to arrive at a
11-DOF dynamical model that allows for a more realistic representation of the
system’s physics. Second, the ocean/sea environment is modeled to include not
only the surface water current, but also the full effect of oscillating gravity waves,
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even in the vertical direction. Third, a rigorous mathematical derivation of the
composite system is presented through the Lagrangian formulation, while defining
the required conditions and constraints to regulate the system’s motion. Fourth, a
spherical coordinates-based dual controller is designed to allow the free movement
of the UAV around the buoy while the tether is slack, and to manipulate the
buoy’s surge velocity while the tether is taut. This controller allows the UAV to
apply directional tension through the tether on the buoy so that it can trigger
motion in all directions of the water surface.

The remainder of this Chapter is organized as follows. Section 3.2 presents
a multi-physics description of the 3D tethered UAV—buoy system components
and the water environment. Section 3.3 introduces the control system design
for controlling the relative UAV—buoy position and the buoy’s surge velocity.
Comprehensive numerical co-simulation results of the derived system model and
designed control system are presented in Section 3.4. Section 3.5 concludes the
chapter and identifies future development tracks.

3.2 System Modeling

The heterogeneous marine robotic system of a tethered UAV—buoy system has
multi-physics elements, which must be integrated with a proper definition of the
marine environment that it operates in. This section defines the system compo-
nents and their interconnection including the water environment, the USV /buoy,
the tether, and the UAV, and it finally culminates with the coupled dynamical
model of the tethered UAV—buoy system.

3.2.1 Preliminaries

Before defining the problem, we briefly specify general notations to support the
model derivation process. For some angle (o), we let c,, se, and t, respectively
be the cosine, sine, and tangent functions. Also, we define R, to be the set
of positive-real numbers such that {x € R | > 0}, and R to be the set of
non-negative real numbers such that {x € R | x > 0}.

3.2.2 Problem Definition

Consider the 3D space above the water surface in which the problem is defined
as shown in Fig. 3.1. Let O; be the origin of the inertial frame of reference,
W = {z,y, 2}, located at the horizontal plane of the local mean sea level. Let r, =
{Zu, Yu, 2u} € R® and 1, = {xp, yp, 2} € R? be the coordinates of the quadrotor
UAV’s center of mass, (O,), and that of the buoy, (Oy), in W, respectively.
Let B, and B, be the body-fixed reference frames of the UAV at O,, and of
the buoy at O, respectively. The UAV is physically connected to the buoy by
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Wave proﬁle\v

Figure 3.1: Three-dimensional model of a tethered quadrotor UAV —buoy system
with tensile force interaction in a marine environment.

means of an inextensible massless cable of length [ € R.(, and the connections
to the cable are modeled as two frictionless revolute joints. The quadrotor UAV
has a mass m, and a moment of inertia tensor J, = diag(Juzz, Juyy: Juzz) €
Rio in B,. Let the floating buoy have a volume Y, € R.y, a bounded mass
my € (0, pw Y1), with py, being the water density, and a moment of inertia tensor
Jv = diag(Jozas Joyy, Jo2z) € R3, in By, Also, let the orientation of B, and
By, with respect to W be described by the Euler angles B, = [¢y, 04, %,]T and
By = [¢n, O, Yp]T € (—m, 73, respectively. Let Vi = [uy, vy, w,]T € R® and Q, =
[Pu, Gu, 7o]T € R? be the UAV’s linear and angular velocities in By, respectively;
and let Vi, = [uy, vy, wp]T € R? and @y, = [py, @, )T € R? be the buoy’s linear
and angular velocities in By, respectively. Furthermore, let the translational
velocity transformation matrix from any body frame, B,, to W be described as:

COsCipa — ShaS0aSths  “ChaSthe  S04Cihe T 5¢4Co4Sips
Rl,. == CG. S'l,z)o + S¢o 800 Cw. C(]Socdfo 80. Sw. - S¢o ceoc’d)o 9 (31)
- c¢. 89. s¢. C(b. Cg.

and the rotational velocity transformation matrix from W to any body frame be
described as:
o 0 —Cou50,
R27. == O 1 S¢. . (32)
So 0 CieCl,

We also define the rotation matrix about the vertical z-axis only (yaw) from one
body frame, B,, to WV as:

Cw. _81/10 0
Rz.: Sibe Cipy 0] . (33)
0 0 1



Both the UAV and the buoy are subject to cable tension, 7' € R, and to
gravitational acceleration, g. The tensile force is applied on the tether hinge in
each platform located at distances, rguy and rguyp, for the UAV and the buoy,
measured in their individual body frames, respectively. Moreover, the UAV’s
propulsion is described by the input vector u, = [u;,us,u3, us]T € R?* including
the thrust force vector f, = [0,0,u|T € R2,, and three torques that induce a
rotational motion about each of the body frame axes such that 7, = [ug, uz, w7 €
R3. The dynamics of the UAV actuators (motor propellers) are neglected in the
modeling given that their response time is considerably smaller than that of the
UAV (> 10X). Finally, the buoy is subjected to hydrodynamic and hydrostatic
forces that are subsequently described.

3.2.3 Spherical Coordinates

The spherical coordinates system for the tethered UAV—buoy system, W', is
illustrated in Fig. 3.2. The Cartesian position of the UAV in W with respect
to W is defined as: T = [Trel; Yrels Zrel]T = T — 1y, € R3, where the subscript
(rel) denotes ‘relative.” We let its spherical coordinates in W', r = [r,0,0]T, be
represented by the triplet {r,a, ¢} with unit vectors {&,,&,,€,}, such that the
elevation angle a € [—7/2,7/2] is defined between r and the horizontal plane,
and the azimuth angle ¢ € (—m, 7| is defined between the projection of r on the
{z,y} plane and the positive z-axis, which is mathematically represented as:

_ 2 2 2
r= xrel + yrel + Zrel’

o= atan(zrel/ x?el + y?el)’ (34)

© = atan2(Yyel, Trel)-

To transform vectors from spherical to Cartesian coordinates, two consecutive
rotations are needed such that:

CaCp —SaCp —Sy
RS2C = RgoRa = |[CaSp —TSaSe Cp ) (35)
S Co 0

where R, and R,, are defined in C.1 and C.2, by which the Cartesian coordinates
can be retrieved from the spherical coordinates such that:

Trel = RSQCr7 (36)
which expands to:
ICaCy
Trel = |TCaSy | - (3.7)
I'Sq
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Figure 3.2: Unit vectors in spherical coordinates system: {r,«, p}. The system

is left-handed, with r > 0, a € (=%, 3], and ¢ € (=7, 7].

Conversely, the spherical coordinates can be retrieved from the Cartesian coor-
dinates such that:
r= RCQSrreh (38)

where Reas = Ry
Hence, the UAV’s inertial coordinates can be obtained from the buoy’s inertial
coordinates and the relative spherical coordinates as follows:

r, =rp+ ngcr. (39)
Similarly, the UAV’s velocity and acceleration vectors are calculated via:

f'u = f'b + ngci‘, (310&)
r, =1, + Rgoct, (3.10b)

where 1 and 1 are explicitly given in C.4.

3.2.4 Water Medium Model

Consider the water medium of an ocean/sea environment, as visually depicted in
Fig. 3.3, with two main elements that are detailed next: the water surface current
and gravity waves.

Gravity Wave Model

Assuming a large water depth compared to the wavelength of gravity waves, at
time ¢ and horizontal position {x,y}, the water elevation variation, ¢, due to
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Figure 3.3: Water medium model elements and description, including: wave char-
acteristics, wave velocity, floating object orientation, immersed height, Stokes-
drift current, and lumped water surface current.

gravity waves is described statistically as [66]:

N
C(x,y,t) = Z A, sin ( — kp cos Py w — knysin ), w + wnt + an), (3.11)

where A,, k,, w, € Rsg, ¥, and 0, € (—m, 7] are respectively the wave
amplitude, wave number, circular frequency, wave propagation angle with respect
to the inertial frame’s z-axis, and random phase angle of wave component number
ne S, withS, ={1 <n <N | NeN}, and N being the total number of
active wave components. Furthermore, referring to the dispersion relation in
deep water, the wave number is given as k, = w?/g. The wave-induced velocity
vector of the fluid particles in W, Uy, = [ty, vy, wy]T € R3, has its components
described as [66]:

uw(z,y,2,t) = ZnN W A e ® sin(—k,z cos ty, w — kpy Sin iy, o + Wit + 0,) 08 Py,
(T, Yy, 2,t) = Ziv wn A sin(—k,z cos P, w — kny sin o + wnt + 0,) siny, o,
Wy (z,y, 2, t) = ZnN wnAne*n? cos(—k,z cos Py — kpy sin iy, o + wnt + 0,),

(3.12)

where w, relates to the wave period, T, via w, = 27/T,,.

Finally, the water surface plane at point {x,y,(} has tilt angles in roll and
pitch with respect to the inertial frame, which are calculated by differentiating
(3.11) with respect to x and y, respectively:

Ow(z,y,t) = atan < ij — Ak, SIn ), cos(wnt — kp@ cOS Py — kpysin iy, + O‘n)> ,

Ow(z,y,t) = atan ( Zg —Apky, €08 Yy, v cos(wyt — kp@ co8 Yy v — kpysin iy, . + an)> .
(3.13)
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Water Current

The water surface current acts in the {x,y} (horizontal) plane of W, such that
U, = [uc, v, 0]T € R3 and is given as:

U =U, + U, (3.14)

where U = [ug, v5,0]T € R? is generated from Stokes drift [67], with its compo-
nents in the inertial frame, YV, defined as:

N
us(z) = Z oS P A2 0w, k27
" (3.15)

N
vs(2) = Z sin wn,WAiwnkne%"z,
n

and Uj = [uy, v}, 0]7 € R3 is the resulting sum of other water current components,
determined as follows:

w = Ujcos iy,

) (3.16)
v = U sin 4y,

where U; and 1)y are the average velocity and direction of the current in W,
respectively.

3.2.5 Buoy’s Dynamic Model

Various types of forces affect the buoy’s motion, with a major contribution
from restoration, damping, and radiation forces. These forces substantially de-
pend on the immersed volume of the buoy, Yi, € [0,Yy], which is a func-
tion of the buoy’s elevation, defined as Ah = ((xp,yp,t) — zp,. Let the vector
from the buoy’s center of gravity to its center of buoyancy in W be defined
as rgs = [TaB, YaB, 2¢]T € R?, where the buoyancy force is applied such that
Fg = [0;0; pwgYim]. Additionally, let the tether hinge location with respect to the
buoy’s center of gravity be defined in By, as raup = [Taub, Yamb, 2aup)T € R3; as
seen in Fig. 3.1, where the cable tension is applied to the buoy in W', such that
T, = [T,0,0]T.

Assumption 10. The water-buoy friction dominates the air-buoy friction, thus
we neglect the air drag on the buoy.

Consider the buoy dynamics in B, and let its state vector be v, = [V 1; Vo),
where vy, = V4, and vy, = wy,. Applying Newton'’s second law of motion gives:

63



where M}, D}, and C; € R%¢ are respectively the buoy’s inertia, damping,
and Coriolis matrices expressed in By; 1, = [P1p; Do) is the relative veloc-
ity vector, with 1y, = vy, — (Uy + RLWUS + RszUl)’ and Do), = lay,; the
gravitational forces and moments vector are included in Gi € RS and the
external forces and moments are captured in 7, € RS The inertia matrix
expands as My = [M], Os; O3, M5, ], where Os € R**® is the null matrix,
M, = mpdiag(1,1,1) +ayp, My, = Jy, + agp, with ayy, = diag(an, ag, ass)
and as), = diag(au,ass, ass) € R**® being the generalized added mass ma-
trices. The Coriolis matrix, which depends on Mj, is calculated as C| =

/ Nal / .
[037 Cl2,ba 21,b C2,b]> where:

0 (my, + agz)wy,  —(my, + agz)vy
,12,b = /21,b = | —(myp + ass)wy 0 (my, + ar1)up
(my + az)vy,  —(my, + ann)uy, 0
(3.18)
0 (Jzz,b)rb _(Jyy,b)qb
/2,b = _(JZZ7b)rb 0 (Jarx,b)pb
(‘]yy,b)Qb _(Jxx,b)pb 0
The buoy’s total damping in B}, is expressed as:
= Dp + Dg + Dw, (3.19)

where the generalized radiation-induced potential damping matrix is expanded
as DP = [b17b,03;03,b17b] € R6X6, with bl,b = di&g(bll,bgg,bgg) and b27b =
diag(baa, bss, bes), and Dg = diag(Ds 1, ..., Ds ) € R%*% is the skin friction matrix,
calculated as:

1 - )
DS,@' = OS,iAwt§pw‘V1,b,i‘ s 1= {17 27 3}7 (32())

where Cs; € Ry is the drag coefficient, Ay € R is the wetted area of the
buoy, and Ds 46 € R>( can be approximated by considering the moments effect
of Dg;_3 over the buoy’s surface. The effect of the wave drift damping matrix,
Dw € R**3 is already included in the Stokes drift velocity in (3.15), thus it will
be dropped from (3.19).

The buoy dynamics in (3.17) are expressed in W with the state vector, n, =

[71,; M2,5] Where 11, = 1y, and 1y, = By, as:
Mb'ﬁb —+ Cbﬁb + Db’f’]b + Gb = Th, (321)

where My, Dy, and C, € R%*® are the buoy’s inertia, damping, and Coriolis
matrices, respectlvely, expressed in W; 1, = [771 b M9 b] is the relative velocity

vector, with 9, 1= [, U, 26T = =" — (Uy + U.); Gy, and 7, are respectively
the vectors of the gravitational and external forces and moments on the buoy in
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W given by:
Gb = [Oa Oa mpg, 07 Oa O]Ta

Th = [T1b; Tob),
T = Reoc T + F (3.22)
= [Ty, TCaSp, TS + pw&Yim],

Top = rap X Fp + (Ripranp) X (ReacTh).
We also define:
M, = RyM| R, ',
D, = R,DiR; ", (3.23)

) 1. .
Cymp, = EMb"?b,

Where Rb = [Rl,b> 03; 03, R;’é], Mb = ng(ﬁMb/anb) [67] Finally, we let Mb,ija
Ch,ij, and Dy, 4,7 = {1,...,6} be elements of My, Cy,, and Dy, respectively.

3.2.6 UAV’s Dynamic Model

We let the UAV’s thrust vector in the Cartesian frame, f,c = [u,,u,,u.]T, be
calculated as:

fu,C = Rl,ufm (324)

with its elements being explicitly represented as:

W, = (89, Cpy + S6uCou St )
Uy = 1 (56,59, — S6uC0uCin)> (3.25)

w. = i (cs,0,).

In the spherical frame, the UAV’s thrust vector, fus = [u;, Ua, u,]7, is expressed
as:

Jus = Reasfuc, (3.26)

with the element u,, u,, and u, being explicitly represented in C.5.

The tether’s tension on the UAV expressed in W/, T! = [T, 0,0]T, is applied
at location reuuy = [TGHu, YeHuws ZGHu)T € R? in B,, representing the distance
from the UAV’s center of gravity to its tether hinge. Finally, the local wind
speed that disturbs the UAV’s motion is defined in W as Uyq = [twd, Vwa, 0]T -

The quadrotor UAV system dynamics in W are obtained from Newton’s sec-
ond law of motion with the state vector n, = [11.4; M2}, where 1;, = r, and
Mou = By, yields:

Ml,uﬁl,u + Cl,u'fh,u + Dl,u';h,u + Gl,u =Tiu + 61,ua

) . . (3.27)
M2,un2,u + CZ,uTIZ,u + D2,un2,u + G2,u = T2u + 62,ua
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where:

Ml,u = mudia’g<17 17 1)7 Dl,u = R'l,UDll uR’.{u7
Cl,unl,u = 037 Gl,u = [Oa Ovmug]Ta

and

M2,u = JuR2,U7 D2,u - D/27UR2,H7 G2,u - [07 07 O]Ta

a:R'2,u i a:Rf2,u ) .
a¢u ¢u+ aeu 0u>n2,u-

D, = diag(Dy,1, Dug, Dy3) and Dy, = diag(Dya, Dys, Dug) € RSX?’ are the
UAV’s translational and rotational damplng friction matrices, respectlvely The
relative velocity vectors of the UAV are 7y, = [Zs Y, 2T = = My — Uyq in

CQ,uﬁu = Qu X (JuQu> + Ju(

translation and n27u = [(ﬁm u,wu] = 7Jo, in rotation. 7, and 7, € R? are
vectors of other external forces in YW and moments in B, of the UAV | respectively,
and they include the rotors’ thrust and tether tension effects, expressed as:

Tin = fuc + RsacT,

u, — T'cqcy,
= |uy, —Tcys, |,
—Ts,

Tou = Tu =+ (rGH,u> X (RLuRSQ(jTU/l). (328)

The damping matrix elements, D, ;, i € {1,...,3}, are approximated as:

D, = Cy Al pa il » (3.29)

CS, 1 2
where C; € Ry is a drag coefficient, A%, € R5( is the UAV’s cross-sectional
area in the respective plane, p, is the air density and f/uﬂ- is the UAV-wind relative
velocity in the respective body frame axis. The adopted model captures the major
elements required to represent the quadrotor in a tethered UAV—buoy system
with slow-to-moderate dynamics, thus acrobatic maneuvers and their influence
on the system dynamics are not considered. For more details on the quadrotor

UAV model, readers can refer to [68].

Cs,1

3.2.7 System Constraints

In this section, we generalise the system’s 2D constraints presented in [31] to the
3D space. These constraints help establish the bounds and operating conditions
for when the coupled model of the tethered UAV—buoy system is applicable.
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Taut-Cable Constraint

Since the cable is assumed inextensible, it remains under tension (taut) at time
t if r(t) = [, which is equivalent to:

T > 0. (3.30)

We label the tethered UAV—buoy system as ‘coupled’ when (3.30) is satisfied,
and ‘decoupled’ otherwise.

No Buoy-Hanging Constraint

To keep the buoy floating on top of the water surface, the vertical tension compo-
nent transmitted from the UAV through the tether must not exceed the weight
of the buoy, otherwise it will be lifted into the air and the system will reduce to
a UAV with a slung payload. This is prescribed by:

T < mpg/Sa, (3.31)

as deduced from (3.21) and (3.22) at steady-state.

No ‘Fly-Over’ Constraint

‘Fly-over’ occurs when the buoy starts hopping over wave crests [69]. This phe-
nomenon is avoided if:

Yim > 0, (3.32)

which means that the buoy remains partially immersed at all times. The ‘fly-over’
phenomenon is related to the total surface velocity of the buoy, described as:

a2 a2
V =\/up + v, (3.33)

Yy = arctan(vy /uyp),

where V' and vy are its magnitude and direction in the horizontal plane, respec-
tively. Next, we define the wave encounter frequency for the n'* wave component,
Wen, a8 [66]:

2

wrV

Wen = Wn — ——Cypy by, T E Shp. (3.34)

g :
The excitation of the buoy’s heave dynamics at we, induces ‘fly-over’ if it ap-
proaches the heave’s natural frequency, as interpreted in [31].
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3.2.8 The Tethered UAV—-Buoy System Model

In a coupled form, the tethered UAV—buoy system dynamics can be formulated
by referring to the Euler-Lagrange formulation, which leverages the results in
Sections 3.2.3, 3.2.5, 3.2.6, and 3.2.7. First, we define the Lagrangian function as
L(gq,q) =K(q,q) —U(q), where K(q, q) € R>o and U(q) € R are the kinetic and
potential energies of the system, with ¢ = [z, yv, 2b, @, ©, Pu, Ou, Y, Pv, b, Yp]T €
R!! being the generalized coordinates vector. The equations of motion of the
UAV —buoy system are obtained via:

d (0L oL OP
(=)= 2 3.35
dt(@cj) oq "og =T (3:35)
where 7 € R'" is the external forces and moments vector. Per Assumption 10, let
D be the global damping matrix formulated based on (3.23) without including a
wind-induced component, and the dissipative forces are captured by the power
function, P € R, such that g—g := Dgq. q is defined as:

4= q — [te + Uy, Ve + Uy, Wy, 0,0,0,0,0,0,0, 0] (3.36)
- [xb — Ue — uw,@)b — Ve — 'Uw>z.b - ww>d>¢>¢uaéua¢u7¢b79b7¢b]T- .

If tether is assumed to have a negligible mass, the coupled system’s kinetic
energy is obtained as the sum of the individual energies of the UAV and the buoy
as follows:

1. : 1, . 1. .

K =54™q := 5nMunu + 5niMumy, (3.37)
where the global inertia matrix of the UAV—buoy system, M, is formulated by
using the elements of M, and M, as described in (C.8). Next, the potential
energy of the system can be formulated by referring to (3.22) and (3.2.6) as:

U =mpgzy + mug(zp + 1s4). (3.38)

The details of the Euler-Lagrange formulation in (3.35) are detailed in Ap-
pendix D, which finally leads to the following equations of motion:

MG+ Cqg+Dqg+G =, (3.39)

where C represents the global Coriolis matrix, and G is the global vector of
gravity forces and moments.

Assumption 11. The design of a stable buoy is beyond the scope of this work,
and only buoys with inherited stability are considered. Thus, we assume that the
buoy’s center of buoyancy always lies above its center of gravity, and that the
roll and pitch dynamics of the buoy are damped and stable, which indicates that
Dy g > 0 and Dy 55 > 0. Thus, we assume that the buoy remains tangent to the
water surface.
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With Assumption 11 and the dominance of waves with relatively long periods
and moderate heights, the time derivatives of the buoy’s roll and pitch angles, (éb
and 6y, are small and thus their effects can be neglected in M.

Since the tether joints are considered revolute and frictionless, there is no
coupling between the tether’s rotational motion and the UAV and buoy’s rota-
tional dynamics, whereas their translational dynamics are coupled through (3.9).
Additionally, as can be deduced by inspecting the elements of (3.35), the UAV
and buoy’s rotational dynamics are independent of each other, and can still be
described by the dynamic models of their individual systems in (3.27) and (3.21),
respectively. This is further elaborated in Appendix D. Given this, the tethered
UAV—buoy system coupled dynamics can be represented by the first fives states:
Tb, Yb, 2b, @, and ¢, which are independent of other rigid body orientation states
that concern either the UAV’s or the buoy’s dynamics alone. Hereafter, we limit
the representation of the coupled system to the first five state variables mentioned
above, while the UAV and buoy’s rotational dynamics can still be described by
M2 0 (3.27) and mgy, in (3.21), respectively. The inertia matrix for the coupled
system is explicitly represented as M;_5 = [My; My; M3; My; Ms|, where:

My = [My11 +my Myia Mpiz —mylsec, —mylcas,),

My = [Myo1 Mpaos+my Mpas —mylses, mylcacy),

Mz = |Mys1 Myss Mpgs+ma mulcy 0} ) (3.40)
M, = -—mulsacw —MulSas, Mylce myl? 0] :
M; = -—mulcass,, mylcac, 0 0 mul2ci} .
The Coriolis matrix is explicitly represented as:
-O 0 0 —caCpolr + 25,5, —cacwgb-
0 0 0 —casptt — 25,00 —CaSpp
Cl_5 = mul 000 —Sad 0 s (341)
000 0 [sacap
0 00 —2l54Cap 0
and the damping matrix is explicitly represented as:
Dyi1 Dyi2 Dpiz 00
Dyo1 Dyaa Dpaz 0 0
Dy 5= |Dy31 Dpze Dpzz 0 0 (3.42)
0 0 0O 00
0 0 0 00

Additionally, the gravitation force vector and external forces and torques vector
are explicitly represented as:

G175 = [07 07 (mb + mu)g7 My glCa, 0]T7 (343>
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and
T1-5 = [u:m uy7 u,, luaa lu(p]T7 (344)

respectively. If constraints (3.30) and (3.32) are satisfied, the coupled form of the
dynamic model equations is given by:

(My11 + mu)dy + My 1o + My 135, + Dy + Dy iadn + Dy sy

=Myl (CaCpl® = 2505,00 + CaCpp® + SaCpli + CaSpP) = Uy, (3.45)
My 21@b + (My,22 + ma) i + My 23, + Dy o1db + Db oot + Db a3 (3.45D)
—mul(cas¢d2 + 284Co0p + CaSpp” + SaS,0 — cacgocﬁ) =u,,
My 313, + My 328, + (M, 33 + my) 2 +“Db,31$7b + Dy 399 + Dp 332 (3.450)

—Mul<3ad2 - Caa> + (mu +my — prim>g = Uz,

Mul(—8aCoit, — SaSpih + Caih + [8aca®®) + mul®d + mug(lcs) = lua,
(3.45d)

Myl (—CaSu@h + CaCplly — 18aCatip) + mulc g = lu,. (3.45€)

After solving the above differential equations, the UAV’s position and velocity
vectors can then be computed from (C.6) and (C.8), respectively. We note that
if the tether’s weight is to be considered, the tethered system’s model should be
updated as per [85].

3.3 Control System Design

The control system design problem is defined as manipulating the surge velocity
of the buoy, up, to track a desired reference, while orienting the cable in the
desired elevation angle, «, and azimuth angle, ¢. This allows for applying a
tension force in any required direction, while tracking the desired surge velocity.
As an extension to the Surge Velocity Control System (SVCS) presented in [31],
which was designed to only control w;, and «, the controller will be dubbed herein
as Directional Surge Velocity Control System (DSVCS), given that it adds the
pulling force direction (azimuth angle, () to its controlled states.

We note that solely controlling these states via setpoint tracking does not
yield inertial velocity tracking. For example, external forces that result in sway
motion (in the direction of the buoy’s body-fixed y-axis) are not rejected by the
controller. That said, the controller with the reduced states can be equipped with
a path planner, which can apply lateral tension by choosing a specific azimuth
angle to counter the external forces in the sway direction. Such an architecture
would give the system the ability to track reference trajectories in the inertial
frame, but this is beyond the scope of this work, thus we stick with the design of
the DSVCS.
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3.3.1 Operational Modes and State Machine

To complement the surge velocity controller, a UAV—buoy relative position con-
troller is required to control the radial distance of the UAV in W', r, instead of wuy,.
Both controllers are part of the DSVCS. In [92], a state machine was proposed
to allow the system to switch between the coupled and decoupled states by al-
ternating between the two controllers. In addition, the state machine can trigger
a change in the positioning of the UAV with respect to the buoy between front
and rear to change the pulling direction. Contrarily, in the 3D problem of this
work, we only consider the forward motion of the buoy, while the velocity vector
steering will be handled by changing the cable’s azimuth angle. The purpose of
the state machine is to allow the system to smoothly couple and decouple when
requested by the controller, which will be sufficient to achieve the goals of the
controller in this work. For that, we adopt the same state-machine of [92], with
the exclusion of the ‘repositioning’ maneuver trigger part.

3.3.2 Controller Design

With the inner-loop/outer-loop cascaded structure shown in Fig. 3.4, the DSVCS
allows tracking of the states up, «, and ¢ by orienting and scaling the UAV’s
thrust vector. The setpoint for the controller is (@, Zuo, Po) in the buoy’s surge
velocity control mode, and (T, Zyo, @o) in the UAV’s relative position mode. A
prepocessing unit then generates the resulting & based on z,9, and a smoothed
signal for the tracking setpoints g, To, and ¢y. When the control mode changes,
a fast and smooth transition function handles the switching between the two
control laws [31].

The resulting force vector with its three components along e,, €,, and e, is
transformed to the inertial frame to determine the desired UAV’s thrust vector
magnitude and orientation. At this point, the problem reverts to a basic UAV
thrust decoupling problem, where the resulting thrust vector magnitude and tilt
angles can be easily computed, as shown later, while the yaw angle remains free
to set. Since the UAV is expected to maintain visual tracking of the buoy, the
controller sets the desired yaw angle to equal the tether’s azimuth angle.

In summary, and as shown in Fig. 3.5, the proposed DSVCS can control
three main variables: 1) the relative position between the UAV and the buoy
(outer-loop), 2) the buoy’s surge velocity (outer-loop), and 3) the UAV’s attitude
(inner-loop). A state machine selects which of the two outer-loop controllers to
activate based on the coupling between the UAV and buoy.

Reference Signals and Velocity Setpoint

The UAV’s desired motion during a buoy manipulation task is limited to a hori-
zontal plane of constant elevation (Z,0), which reduces the UAV’s power consump-
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Figure 3.4: Architecture of the proposed Directional Surge Velocity Control Sys-
tem (DSVCS) for the tethered UAV—buoy system.

tion [64] and results in safer and more predictable paths. This can be achieved
by computing the resulting reference elevation angle, «, based on the desired
reference elevation, z,, as:

a = asin((2, — 2)/1). (3.46)

The azimuth angle is chosen to set the pulling direction, and the UAV’s yaw
angle can be independently manipulated without affecting the other states; here,
we set it equal to azimuth angle in order to keep the UAV directed forward while
an onboard camera can still point towards the buoy at all times:

P = @. (3.47)

Note that the steady-state velocity vector of the buoy in the horizontal plane
of W, 9y, does not necessarily point in the same direction as ¢, since the buoy
is free to slide sideways, such that:

Yy = @+ ey, (3.48)

where €, is an error angle that is related to the sideslip angle of the buoy, 3,. Fi-
nally, the radial position, Ty, and the velocity setpoint, uyg, are smoothed by low-
pass filters of fourth- and second-order, respectively, which results in a smoother
performance due to respecting the system dynamics [39].

UAV-Buoy Relative Position Control Law (Outer-Loop)

To design the relative position control law, we must refer to the UAV dynamics
in W where the states of interest are explicitly expressed. If we reorder the
realization of ¥, in (3.10b) and multiply both sides by m,, we get:

mui" = chs(muf‘u) — mu(Rczsf‘b). (349)
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The first right-hand side term of (3.49) can be seen as the mapping of the trans-
lational terms of (3.27) into W’ (kinetics), and the second one can be seen as
the mapping of the buoy’s linear accelerations into W (kinematics). Expanding

(3.49) yields:

2 2 .2 . . .
—rc,p ) =u — 1 —mugSq — mu(cacwxb + CaSplp + sazb),

my(f — ré
2. i 2 N .. .. ..
My (176 4 2rT6 + 1754,C %) = Ty — MuGrCa — Ml (—SaCpln — SaSulb + CaZb)s
2 . .. 9 .. . .
My (1°Ca + 2r¢ai — 2r75,00p) = 1y, — My (—Spa + Colip)-

(3.50)

Consider the case of nonzero tension for the relative position dynamics of
the UAV—buoy system’s in (3.50), with states vectors X; = [r, a, |7 and
X, = [f, &, ¢]7, control input vector U = [u,, ua, u,]T, subject to unknown
external disturbances including water currents, gravity waves, and wind gusts.
The equations of motion in the kinetic form are expressed as:

My Xae = Hye + ®acOuc + ba U + g, (3.51)

where the subscript (dc) refers to the decoupled dynamics, X=X 1, the inertia
matrix Mg, = mudiag(1l, 1% 1r%c,), the parameter vector @4, = T, the regressor
vector ®g. = [—1;0;0], and bg. = diag(1,r,r). dq. represents the vector of lumped
modeling errors and disturbances, and the vector Hg. = [Hac1; Hac2; Hac 3] rep-
resents all of the nonlinear Euler, Coriolis, centrifugal, and gravitational forces
and moments, and is given by:

. 2 2 .2 . . .
Hae1 = my (167 + 1€, 9" — CoCplt, — CaSyllh — SaZb — 85a);
Haeo = myI(—21¢ — 1540”4 SaCpilh, + SaSplib — CaZb — 8Ca),

Hges = myr(—2t¢c, + 2r66ps, + Spdn — Cuijh)-

The state-space model in (3.51) is formulated as the following time-varying
second-order nonlinear system:

Xl = X27

. (3.52)
X,=H+®O + bU + 9,

where

b= Mgclbdca P = Mgcl‘I’dc, 0= 9d07
6 = M6, H =M H,..

Assumption 12. The external disturbances and modeling errors are bounded
along with their derivatives.
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Assumption 13. The tethered UAV—buoy system is expected to be deployed in
relatively calm weather conditions, thus we can state that the lumped error vector
4 is constant or slowly varying during a finite time interval, that is:
lim 0y, 4,0, ~ 0.
t1<t<to

Let X, = [I, @, ¢|7 be the reference state vector, and e; = X; — X, be
the respective state error vector. The UAV’s relative position (outer-loop) is
controlled by a backstepping control law, which includes the thrust components
(radial, elevation, and azimuth) in spherical coordinates, and it is given by [72]:

U=0b"[-kpes — kie] —kpé, + X, — H — ®0)],

N
€ = ey,

(3.53)

where kp, k7, and kp € R%:} are controller gains that are defined next, and <)
is the estimate of ©.

Theorem 3. Consider the state-space representation in (3.52) of the
UAV—buoy’s relative position dynamics in (8.50). If Assumption 12 holds true,
the control law in (3.53) generates the thrust vector element in W', {u;, us, Uy},
that can stabilize the outer-loop dynamics of the system and reduce the tracking
error to a small region neighboring the origin in finite time for a set of gains kq,
ko, and~y € R%g, such that kp = Is+kiko+y, k; = vk, and kp = ky+ks, with
I3 being the identity matriz. Additionally, if Assumption 13 holds, the tracking

error vanishes to zero in finite time.

Proof. We employ the backstepping control design, which involves two steps. Let
Vi = %e{el be the first candidate Lyapunov function, and let V; = ele; be its
time derivative. We proceed to a second step as €; does not include an explicit
control input. To stabilize e;, we define a virtual control input as ¥ = X — ke,
followed by a virtual rates error as: ey = X, —-7.

We then define a second Lyapunov function as:

1 1 1~ <
VQ = 56{61 + 58;62 + §6T’7 15,

with & = § — 0, then we differentiate it to obtain:

Vo =elé; +eléy + 0Ty 1o
=el(es — kiey) + e} (H + dO +bU + 6§ — T) + 377—15'
Finally, the control inputs vector and the update rates of the lumped disturbances

and modeling errors are chosen to satisfy the negative semi-definiteness condition
of Vs, as:

U=b'(—H-0-20+7T e, —kse),

6 = e,

(3.54)
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which results in V, = —elkie; — elkoey. Via Barbalat’s lemma with Assump-
tion 13, the asymptotic convergence of Vs, to zero is guaranteed. Note that if
Assumption 13 is violated by the presence of strong wave disturbances or wind
gusts, stability and finite tracking error are still achieved by increasing the con-
troller gains, such that they overcome the disturbances mismatch effect on Vs.
Finally, the control law in the PID-like form in (3.53) is obtained by substituting
e; and Y in (3.54), then setting el := §(yk;) . O

Buoy Surge Velocity Control Law (Outer-Loop)

If the cable is taut, its length becomes constant and 1 and ¥ can be set to zero.
Substituting [ for r in (3.50) yields the UAV’s motion equations in W’ in spherical
coordinates notation:

mu(_ld2 - lci()bQ) = Uy — Mu8Sa — T — mu(cacgaib + Cozsgogb + Saéb)a
My (126 4 50C0?) = luq — muglca — Myl (—=8aCu@h — SaSulb + CaZb), (3.55)

mu(lPcap — 21%8,60) = lu, — myl(—8,3h + Cuiib),

In order to control the buoy’s surge velocity, uy, it must be explicitly expressed in
(3.55). The buoy’s acceleration in the body frame is described as: 1, = R 71 b
When waves with relatively long periods and moderate heights are dominant,
the resulting buoy’s roll and pitch angles are small and cannot be used by the
controller unless a proper measurement technique is available for the UAV. On the
other hand, the USV /buoy heading can be visually estimated with good accuracy
as was demonstrated in [27]. For this reason, we limit the transformation of
R;, to yaw only, such that 2,5, ~ R] 7ji1,. Hence, &}, and §, in (3.55) can be
transformed into 4, and 7}, accordingly.

Consider the UAV dynamics in W’ in the coupled case, while following the
spherical coordinates notation as presented in (3.55). By choosing the state vector
X = [up, a, |7, we can rewrite (3.55) in the kinetic form as:

M Xep = Hep + @,Ocp + by U’ + O, (3.56)

where the subscript (cp) refers to the coupled dynamics, ch = X/, the control
vector U’ = U, the parameter vector ®., = T, the regressor vector ®., =
[—1;0;0], and b, = diag(1,1,1). &, represents the vector of lumped modeling
errors and disturbances, the inertia matrix is expressed as:

Ca(CpCy, +5p53,) 00
Mep = my | =lsa(cpcy, + Spsp,) 2 0 |,

—U(SpCypy, — CoSy,) 0 1Py

and the vector H, = [Hep1; Hepo; Heps] represents all of the nonlinear Euler,
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Coriolis, centrifugal, and gravitational forces and moments, with:

Hcp,l = My (ldz + lCinQ — Sab — &Sa t+ Ca(c<p3¢b - S‘PCQPb)i}b)’
Hcp,2 = mul< - l5a0a¢2 — CaZb — 8Ca — Sa(%swb - chwbﬁ)b)»

Heps = mul (2l0upsa — (SpSy, 4 CpCyp, )0n).

The state-space model in (3.56) is formulated as a time-varying second-order

nonlinear system as:
X! =X,
Lo (3.57)
X, =H +®'0'+bU"+7,

where

b'=M_ b, ® =M, © =06,
6 =M_'é.,, H =M_ H,,.

The outer-loop velocity controller manipulates the state vector X7, and a control
law for the surge velocity can be designed in a similar fashion as described in
Section 3.3.2, with a difference that only one step is required in the backstepping
process for the state uy,. Let X| = [y, @, |7 be the reference state vector and
e, = X| — X! be the respective state vector error. The control law is defined as:

U' =b"'[ - kpe| — kjel — kpé) + X{' — H' — ¥'0'], (3.58)
é{l = ella

where X{* = [i, &, §]; Kjp = diag(0,1 + K Kb o + 7y 1+ Ky kb + L), k) =

diag(Yuy, Vok1,a, Vok10), kp = k| + ky, with ki = diag(0, k, ,, 3#,), 1o and

1o € Rog, Ky € R?%?, and v = diag(Va, > Vor V) € R?%?, are controller gains

that are defined next; and ©’ is the estimate of ©'.

Theorem 4. Consider the state-space representation in (3.57) of the
UAV—buoy’s relative position dynamics in (3.55) when the system is coupled.
If Assumption 12 holds true, the control law in (3.58) generates the thrust vector
elements in the spherical reference frame u;, u,, and u,, that can stabilize the
outer-loop dynamics of the system, and reduce the tracking error to a small re-
gion neighboring the origin in finite time for a set of gains k|, kb, and v € RES?,
defined in a similar way to their counterparts in Theorem 3. Additionally, if As-
sumption 13 holds, the tracking error is reduced to zero in finite time.

Proof. We employ the backstepping control design, which involves one step for the
uy, state, and two steps for the o and ¢ states. To keep a compact representation
of the proof in vector form, the buoy velocity states are tackled in the second

76



step. First, the Lyapunov function V| = %ei + %efo is proposed, and let its
derivative be expressed as V{ = €q€q T €ut,. We proceed to a second step in the
control design process for the states’ rates given that é, and é, do not include
an explicit control input. To stabilize e;, we define a virtual control input as:
Y = X[ — kje}, where k| = diag(0, K o, K ;) and X = [y, @, §|T. Next, we
define the rates error as: e, = X| — Y’. Note that the rates error of the buoy
velocity’s z-component simply reduces to €5 ; = uy, — .
Here, we define a second Lyapunov function as:
1 1 1 J <
I 2 — .2 PPN TSIt 1S
V, = 26a+26‘p—|—2€262+ 2(5 ¥,

with 6’ = 6’ — &, then we differentiate to have:
V= eqéq + epb, + e) ey + 8T8
= ea(e/2,2 - kll,aea) + 6@(6/2,3 - ki,(pe@)
—|—6/2T(b/UI+H/ + q)/é/_i_ 5 — -r/) _i_S/T,Y/—lS/'

Finally, the control inputs vector and the update rates of the lumped disturbances
and modeling errors are chosen to satisfy the negative semi-definiteness of V), as:

U=b"1(-90 -H —§+7Y — e —kse)),

Y 11 ’ (359)
0 =~'e;, e =1[0,eq, e,
where the tuning gain k% € R3*? is a diagonal matrix, and we get V} = —ki o€ —
ki el — e khel. O

UAV’s Attitude Controller (Inner-Loop)

Let ¢y and 6, be the desired roll and pitch angles of the UAV, respectively,
which can be obtained from the outputs of the outer-loop controller along with the
UAV’s total thrust command, u; .. The transformation from thrust components
in spherical coordinates to the UAV’s thrust and tilt angles is performed by
referring to (3.25) and (3.26) in two steps. We let the command thrust vector
in the world frame, W, be Uc,. = [y, Uy, Usc]T = Ry1[0,0,u; )7, and in the
spherical frame, W', be Ug ¢ = [Uyc, Un,c, Upc]T = ReoasUc.

In the first step, given the force commands in the spherical frame generated
from the outer-loop controller, Us ., we calculate Uc . = RgocUs ¢, which expands
to:

Ugc = Caccpur,c - Sacgpua,c - Sgpucp,cv

)

Uyc = CaSpUlrc — SaSepUa,c + Colyp e (360)

Uy c = Salrec + Calg c-
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In the second step, we calculate ¢, and 6, given that Uc. = Ry 1[0,0,u;]T,
which expands to:
uCU,C = ulyc(sau,cc¢u,c + Sd)u,cceu,cswu,c)’
uy,c = ulyc(seu,cs¢u,c - S(]Su,ccau,ccwu,c)? (361)
Uz = ul,c(ctbu,cct‘)u,c)'

With mathematical manipulation, we get the following relationships:

_ 2 2 2
Ule = \/uac,c + uy,c + uz,c’

Pue = arctan(uy ¢Sy, — Uy.cCyy)/Uszc,

e = arcsin(uy cCy, + Uy Sy, )/ Ul

Let ¢, . = Gum tanh(qbuvc/qﬁu,m) and 0, . = Oum tanh(9u7c/9u7m) be smooth and
bounded versions of ¢, and 6., where ¢, and 0, € (0, g) are the absolute
upper limits of the UAV’s roll and pitch angles, respectively. The UAV’s yaw
dynamics can be be controlled independently of the buoy’s manipulation.
Consider the UAV’s rotational dynamics in (3.27) with state vectors X =
(b, Ou, 1T and X = [gbm 0., @Z}u]T, and control input vector U” = [ug, us, u4lT,
subject to unknown external disturbances like wind gusts. The equations of

motion in the kinetic form is expressed as:

MurXur = Hur + i)ur('-)ur + burU” + 5ur> (363)

(3.62)

where the subscript (ur) refers to the UAV’s rotational dynamics, X, = X7,
the inertia matrix My, = Msy,, the parameter vector @,, = T', the regres-
sor vector @, = (rgmu) X (R}, Rsac[—1;0;0]), and by, = diag(1,1,1). &y
represents the vector of lumped modeling errors and disturbances, and H,, =
—Coumon — D27u77727u represents all the nonlinear Coriolis, centrifugal, and damp-
ing moments. The state-space model in (3.63) is formulated as the following

time-varying second-order nonlinear system:
X—// — X
1 — 29
X// — H" + d'Q" + y'U" + 5" (364)
2 Y

where

b = M;rlbur’ ®" = Mgrlq)ura 0" = G)um
8" = M8, H" = M H,,.
Let X/ = [pu, 04, 14T be the reference state vector, and e/ = X; — X/ be

the respective state error vector. The proposed control law that stabilizes the
UAV’s rotational dynamics is defined as:

" /—1 n_n " _ni no-n v " 1! AN
U"=b""[ - kje| — kje!' — k},e] + X{ — H — "0"],

nl N
€ =€y,

(3.65)
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Figure 3.5: Detailed control map of the DSVCS for the tethered UAV—buoy
system showing the two outer-loop (position/velocity) controllers and the inner-
loop (attitude) controller.

where k%, kY, and kY, € R?$® are controller gains, and ©” is the estimate of

©". Equivalent outcomes of Theorem 3 are applicable for the UAV’s inner-loop
controller, and can be proved by replicating the procedure of Theorem 3’s proof,
which is omitted for brevity.

3.3.3 Parameter Estimation

If the taut-cable condition in (3.30) holds, the following realization of the cable
tension is given:

((my + ann)i, + Dy yun) [ (C4,CaCo + 8y,Casp), o =5 > €

T =
(muwu + mug(c¢u69u) - ul)/(cwucacw + Squa&p), ‘Oz B %‘ < €a;

(3.66)

where €, € Rs( is a constant that prevents singularity in a small region near
a = . The cable tension expression in (3.66) can be determined from the sum of
the first and second rows of the buoy dynamics in (3.21), which shows a direct link
with uy, for the first case. The singularity near the vertical cable configuration
(v = 7/2) is handled by the UAV dynamics in (3.27) to compute the actual cable
tension, T, as in the second case of (3.66). To get an estimate T of T, as required
by the control laws of the DSVCS, (3.66) should be used. Here, we note that
even if T is inaccurate, the controller is able to compensate for the tension effect
based on its integral term action.

3.4 Simulations

This section presents numerical simulations for validating the 3D tethered
UAV—buoy robotic system model, and for evaluating the performance of the
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Table 3.1: Three-dimensional tethered UAV —buoy system model parameters

Par.  Value Unit | Par.  Value Unit
Iy, 0.8 m My 5.0 kg

hy, 0.25 m Ju diag(0.16,0.16,0.22) kg m?
my 12.5 kg Gum /4 rad

Jo  diag(0.07,0.21,021)  kgm? | Oy  7/4 rad

a;  diag(0.625,19.6,12.5) kg l 7 m

a  diag(0.065,0.068,0.105) kg C.  [0.2,0.2,0.2] _

b; diag(0,0,27.5) Ns/m | AL [0.08,0.08,0.1] m?

b diag(0,0,0) Ns/m | py 1000 kg/m3
g 9.81 m/s®> | pa 1.22 kg /m?
rcup 0.4 0;0] m reaa  [0;0;0] m

proposed control system in allowing the UAV to manipulate the buoy in the hori-
zontal plane as well as the tether’s elevation and azimuth angles. We validate the
system in realistic environmental and operating conditions including wind, waves,
and water current. To increase the model’s fidelity, the UAV model includes the
motor and propeller dynamics, and the controller uses non-exact feedback signals
(e.g. noise and bias), which simulate measured outputs based on state-of-the-art
navigation sensors [31].

3.4.1 Simulation Settings

The validation of the proposed system is carried in the MATLAB Simulink ®
simulation environment. The system includes a medium-sized quadrotor UAV
tethered to a small buoy having a boat-like shape to enable self-alignment along
the pulling direction. The parameters of the system are included in Table 3.1.
The UAV’s thrust-to-weight ratio is considered about 2.5, which gives a maximum
thrust of about 120 N. The motor’s model is considered a low-pass filter of the
first-order with a time constant 7, = 0.05s. The buoy’s immersed volume, wetted
area, and skin friction coefficients are calculated as per [31]. Additionally, the
added mass and damping are calculated based on the strip theory for surface
vessels at low oscillating frequencies with their values presented in Table 3.1 [67].

We note that a Cartesian-based PID controller was tested in [31] to check
whether it can control the tethered system, however, it resulted in unsatisfactory
performance relative to instability. Hence, in this work, only the DSVCS is im-
plemented and validated. The controller gains are set to kp = diag(45, 9.6, 9.6),
k; = diag(9, 5.6, 5.6), kp = diag(19.5, 1.6, 1.6), kl» = diag(25, 9.6, 9.6),
kK, = diag(12, 5.6, 5.6), k), = diag(0, 1.6, 1.6), k%, = diag(10, 10, 30), k} =
diag(0.2, 0.2, 0.6), kY, = diag(5, 5, 15).
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The controller is fed with conditioned virtual measurements of the required
feedback signals. We assume that the UAV is equipped with a Global Position-
ing System / Inertial Navigation System (GPS/INS) system and a stereo camera,
which enable measuring the UAV’s pose and its position in the spherical frame.
Before being used by the controller in simulation, we apply sensor characteris-
tics (bias, linearity, resolution, and accuracy, noise), on the actual signals that
correspond to typical state-of-the-art sensing technologies. For an entity (o), we
denote the mean absolute value of its estimation error by mav(e), and we set
mav(¢,) = mav(f,) = mav(¢y,) = 0.5°, mav(Z,) = mav(f,) = mav(Z,) = 0.02m,
mav (i) = 5°, mav(@) = mav(p) = 0.16°, and mav(¥) = 0.02m. Subsequently,
we use (3.9) and (3.10) to obtain the buoy’s translational states.

3.4.2 Simulation Scenarios

The designed controller’s performance and the fidelity of the derived system
model are validated with different simulation scenarios. We first simulate two
cases that include constant water current, wind gust, and moderate waves. To
further validate the system in additional conditions, we offer extended simulation
scenarios (in Section 3.4.4) by varying the water current direction, the wave com-
ponents in the water environment, and other system parameters such as buoy
size and cable length.

The first two cases, Cl1 and C2, both include a wind gust of U,q =
[—5,0,0]ms™! and a water current component with Uy = 1ms~! and v = wrad.
The two scenarios include:

e C1: water current and wind gust only.

e (C2: water current, wind gust, and moderate waves with one wave compo-
nents (N = 1), such that: Ay =0.75m, ¢;, =0, Ty =5.7s, and oy = 7.

In both cases, the UAV is initially hovering around the buoy, it then positions
itself in a location that is suitable to start pulling the buoy at mean elevation, Zz,,
of 5.0 m, which corresponds to a mean elevation angle of ag = 45°. In the first
stage, the UAV pulls the buoy until it reaches a surge velocity of @i, = 5ms~—!. In
the second stage, the UAV gradually steers the buoy by commanding an azimuth
angle @ that increases from 0 to 360°, thus completing a full rotation. The
resulting profile is shown in Fig. 3.7.

The buoy has an initial velocity that matches its surrounding water as cal-
culated via (3.12) and (3.14); by referring to Assumption 3.39, we assume that
buoy stays tangent to the water surface, such that:

be = ¢Wa

3.67
eb = ewu ( )

while its yaw dynamics are governed by (3.17).
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Figure 3.6: States and control inputs of the directional surge velocity control
system (DSVCS) for simulation scenarios C1 (a) and C2 (b).

3.4.3 Simulation Results and Discussion

The simulation results for C1 and C2 are shown in Fig. 3.6a (left) and Fig. 3.6b
(right), respectively. Stable and accurate performance is noticed in both cases,
where the UAV is able to successfully drive the buoy at the desired velocity (uy,),
while maintaining good tracking of the reference elevation («) and azimuth ()
angles. As seen in the (r) subplot, the UAV first positions itself near the pulling
location, it then enters the pulling state by making the cable taut during the
entire duration of the buoy’s manipulation between [12,100]s. Since there are
no ambient waves in C1, there is no apparent fluctuation in the buoy’s vertical
position (z,), immersed volume (Y3,), and elevation angle («); contrarily, the
waves in C2 induce fluctuations in these three states. It is noted that the UAV
keeps a level flight in both cases, as seen in the (z,) subplot in Fig. 3.6a-b.
The UAV is commanded to remain oriented forward during the entire maneuver,
which induces large pitch angles () to counteract disturbances, the roll angle
(¢y) remains near-constant, and the yaw angle (1,) smoothly follows the azimuth
angle of the cable (¢) in order to complete a full rotation during the course of the
motion trajectory. The full rotation in azimuth () causes the buoy to encounter
the waves in different directions, where the frequency of encounter is low during
the initial phase ([20, 40] s) due to following seas, and when the buoy turns around
([50,60]s) the encounter frequency becomes high due to head seas. The cable
tension, seen in the (T') subplot, increases with velocity when the frequency of
encounter with waves is high, and when the rate of change of the azimuth angle
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is high. The proposed controller can compensate for the estimation error in 7'
through its integral term and quick performance. Finally, we note that the thrust
and torques inputs (u(1,27374)c) are bounded and stable.

Even though the DSVCS achieves good tracking of the desired surge and
azimuth states, it does not necessarily translate into identical trajectories in the
world frame. This is demonstrated in Fig. 3.7, which shows the planar trajectory
of the buoy for cases C1 and C2. It is seen that the two trajectories do not
coincide, even though the results of Fig. 3.6 showed good tracking with no steady-
state errors. It is it also noticed that the final direction of the trajectory is not
exactly at zero as seen in the ‘xy’ subplot of Fig. 3.7, even though the final
azimuth angle is zero. This can be understood by observing the non-zero sway
velocity, vy, in the ‘Vel.” subplot of Fig. 3.7. We also notice that the sway velocity
of the buoy, v}, can be as large as its surge velocity, uy,, which results in a larger
absolute surface velocity of the buoy, V. Finally, we note that the buoy is prone
to having a nonzero side-slip angle, [, as seen in Fig. 3.7, given that it does
not have any constraint on its planar dynamics. At the start of the simulation
(< 17s) when the cable is slack, the side-slip angle points to a backward motion
(B, = 180°) since u, ~ —1ms™! and v, ~ 0ms~! due to the initial water current
velocity.

As mentioned in Chapter 3.3, the above demonstration motivates the need for
a higher level path planner in the event that the buoy is required to track trajecto-
ries in the inertial frame. That said, the obtained simulation results demonstrate
the effectiveness of the DSVCS in controlling the buoy’s surge velocity, uy,, and
the direction of the pulling force by manipulating the azimuth (¢) and elevation
(cv) angles. This provides the system with the ability to move forward and steer
as a locomotive, which also lays the foundation for designing a path planner in
the inertial frame.

3.4.4 Extended Simulations

To further validate the system performance in different conditions, we offer ad-
ditional simulation scenarios by varying the water current direction, the wave
components in the water environment, and well as changing the system param-
eters (buoy size and tether length). The physical system index is referred to
as Si where i = {1,2}, and the environment index is referred to as Ej where
j =1{1,...,7}. Hence, we introduce the following system variations:

(a) System size variants (buoy and cable):

S1. Same system presented in Section 3.4.1, except for the cable length:
[ =10m (S1), and my, = 16 kg.

S2. Same system as (S1) except for cable length: [ = 15m (S2).
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Figure 3.7: The buoy’s location (top), velocity (middle), and side-slip angle (bot-
tom) during the locomotion task in C1 (a) and C2 (b).
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(b) Wave environment variants:

E1. No waves, no current.
E2. No waves, with water current U, = 1ms™!, ). = —7/2rad.

E3. Same current as E2, with two wave components (N = 2): A =
[0.135,0.305| m, T = [3,4]s, ¢y = [0,0]rad, and o = [0, 0] rad.

E4. No waves, with water current U, = 1ms™!, ¢, = 7/2rad.

E5. Same current as E4, with two wave components (N = 2): A =
[0.305,0.6] m, T = [4,5]s, ¢y = [0,0] rad, and o = [0, 0] rad.

E6. No waves, with water current U, = 1ms™ !, 1, = Orad.

E7. Same current as E6, with a single high-amplitude wave components
(N=1) A=[1.65]m, T = [8]s, ¢y, = [0]rad, and o = [0] rad.

The UAV is commanded to drive the buoy at @i, = 3ms~!

turns by going from ¢ = 0 to ¢ = 67 with a constant slope.

Fig. 3.8 shows the resulting trajectories of the simulation in environments
E1 through E7, where system S1 is adopted with E1 through E5, and S2 is
adopted with E6 and E7. From E1, we notice that without wave and current
disturbances, the system can follow a circular trajectory by simply commanding
a constant velocity and azimuth angle with a constant ramp. If water current
exists, the buoy drifts towards the direction of the current as seen in E2, E4, and
E6. When the system is deployed in wavy seas, additional drift may occur due
to the waves’ Stokes-drift effect, which increases with wave height, as seen by
comparing the additional drift between E3 (lowest deviation with respect to the
current-only case), E5, and E7 (highest deviation with respect to the current-only
case), whereas the oscillating component of the waves’ velocity tends to cancel
out near the end. Finally, we see that the system is able to deal with relatively
large waves and reject their respective disturbances, as observed in E7.

In all cases, tracking of the controlled states is achieved with small steady-state
errors, which is practical for applications that do not require precision motion
control. One room for improvement can be achieving better trajectory tracking
in the world frame, which is sub-optimal due to the fact that the DSVCS has
no direct effect on the buoy’s sway velocity, and thus it cannot trace repetitive
trajectories in the world frame. Again, if tracking trajectories in the world frame
is desired for certain applications, that can be achieved by employing a high level
path planner by means of commanding appropriate combinations of wu;, and o,
which is not within the scope of this current work.

while making three
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Figure 3.8: Trajectory and main states tracking for variants of the tethered
UAV —buoy system in different environments: (a) E1, (b) E2 and E3, (¢) E4 and
E5, (d) E6 and E7. In all case, [ = 10m except in E6 and E7 where [ = 15m.

3.5 Conclusion

This chapter extended the 2D marine locomotive UAV problem, realized as a
tethered quadrotor UAV—buoy system, to the 3D space to enable the UAV to
steer the buoy in the horizontal plane, and not being restricted to forward and
backward motion only [93]. The buoy and the UAV were considered as 6-DOF
rigid bodies, and their dynamics were derived with a proper definition of all ef-
fective forces and moments on the system. A detailed derivation of the coupled
system dynamics was included to serve as a reference for the rigorous mathemat-
ical formulation and modeling of the heterogeneous multi-physics robotic system
under consideration, which features high order, nonlinear, and coupled dynam-
ics. Finally, the control problem for applying a tensile force via the tether with
specific magnitude and direction was solved through the proposed DSVCS, which
was realized by controlling the buoy’s surge velocity and the tether’s orientation.

Future work naturally flows into designing a path planner to control the buoy’s
location in the world frame, and studying the effects of the tether and the buoy’s
tilt dynamics on the system.
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CHAPTER 4

A PRACTICAL GUIDELINE FOR
DESIGNING AND TUNING
ADAPTIVE BACKSTEPPING
CONTROLLERS FOR A CLASS OF
SECOND-ORDER SYSTEMS BASED
ON PID SIMILARITY

4.1 INTRODUCTION

In this chapter, we motivate and introduce the backstepping-based Integrated
Control System (ICS) used in the control of the tethered UAV—buoy system,
and we show the advantages of employing such a controller.

4.1.1 Backstepping-PID Similarity

A similarity in the formulation of backstepping-based control laws with the PID
control law has been established. For instance, backstepping control with integral
action was used to design a robust adaptive PID controller for linear systems
in [56]. The previous formulation was later modified in [94] by incorporating the
integral action within the first backstepping error, and it was shown that the
regulation poles can be placed at any stable location. Later, various forms of
the backstepping method with integral action were applied in [95] to a class of
nonlinear second-order systems, where the resulting control law was formulated as
a feedback PID plus feedforward terms, and the characteristics of each form were
compared, albeit without making the connection of the designs to the resultant
closed-loop pole locations and overall system performance. Later works on this
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subject were mostly application-based. For instance, a backstepping-based PID
controller was designed in [96] for a quadrotor UAV system, where the form
proposed by [94] was generalized to include nonlinear terms. In addition, the
developed backstepping analysis tools were employed to design a robust PID
controller with guaranteed performance in [97], yet it was only applied to the
linearized version of a quadrotor’s inner-loop controller. Last but not least, an
explicit PID-based tuning guideline of backstepping controllers was proposed for
a class of second order nonlinear systems in [72].

4.1.2 Motivation

The motivation of this work lies in the need for control systems that are easy to
design and deploy based on PID control laws, yet advanced enough to deal with
uncertainties and disturbances. Even though some prior works have established
a link between the backstepping design method and PID control, the similarity
remains underappreciated and has not been fully exploited, as evidenced by the
fact that the general implicit form of backstepping control design still dominates
newly published works in the related literature. On the other hand, a select few
robotic applications benefited from the PID representation of the backstepping
method to achieve easier controller tuning with guaranteed closed-loop system
stability [31,54,72,85,96,97].

4.1.3 Contribution

This work formulates the similarity between the gains of PID and adaptive back-
stepping controllers in a form that may enable easier and wider adoption of
this nonlinear control method. Here, we emphasize that the scope of this work
focuses on establishing an original formulation of the link between existing con-
trol techniques, not on providing a new or superior control system design. We
present a compact formulation of the adaptive backstepping control law, which
consists of two components: PID feedback and feedforward model compensation,
for a class of second-order nonlinear systems, which cover a wide spectrum of
real-life practical systems [65]. The practicality of this work lies in the unique
link that it establishes between backstepping controller gains and the PID gains,
whereby tuning the adaptive backstepping gains can be achieved by standard
PID tuning rules (e.g., Ziegler—Nichols). We also make available on GitHub the
relevant scripts that are needed to compute the gains and plot the various re-
lationships between the backstepping and PID gains. Furthermore, the hereby
presented formulation provides insight into the contents of the virtual backstep-
ping commands, which allows for a more prudent employment of filters, thus
reducing excessive time-delays. Moreover, we note that a manual tuning process
may prove useful and superior since it is based on intuitive understanding of the
control law, whereas optimization-based techniques typically require complex or
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non-intuitive efforts, as well as knowledge of exact system parameters, which is
not always feasible [62].

This work offers a unique representation of the similarity between the PID
gains structure and the adaptive backstepping gains of a class of nonlinear second-
order systems subject to uncertainties, and features multiple advantages. First,
we represent the similarity to the PID gains with the minimal number of param-
eters (three) as compared to the representations in [94, 96| that use four param-
eters. Second, we use a minimum number of dependencies between the adaptive
backstepping gains and the PID gains (one multiplication and one summation)
as compared to [56,94], which use up to two multiplications and two summations.
Third, this work offers a unique and explicit analysis of the implications on this
similarity in terms of gains selection and stability, powered by clear and easy-to-
follow guidelines in the form of tables, charts, and algorithm. Fourth, we provide
a survey on the formulations of the backstepping-PID structure similarity, which
makes it easier to choose the suitable method and directly apply it to the systems
at hand. These differences are substantiated in a comparative table that is later
provided to compare this work to similar works in the literature (Table 4.1).

4.1.4 Structure

This chapter starts with defining the problem under consideration in Section 4.2.
A baseline controller is presented in Section 4.3, followed by its reformulation
into the proposed form in Section 4.4, which also provides the tuning guidelines
after establishing the similarity link to PID control. The proposed methodology
is validated in Section 4.5 on a quadrotor UAV system in numerical simulations
as well as in experimentation. Finally, the work is summarized in Section 4.6 and
suggestions on future work are provided.

4.2 Problem Formulation

In this section, we introduce the general form of second-order systems, which
are amongst the most popular and practical system models, and that may ben-
efit from the nonlinear control law in the PID-feedback plus feedforward-model-
compensation form presented in this work.

4.2.1 Preliminaries

Notations that facilitate the formulations developed in this paper are first pro-
vided here. The set of positive-real numbers {x € R | = > 0}, and the set of
non-negative real numbers {x € R | & > 0}, are respectively denoted by R,
and R>(. The mean absolute value of a signal (-) is denoted by M AV (-), and its
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Ly norm is denoted by ||-||. Also, for an angle (e), the cosine, sine, and tangent
functions are denoted by c,, Se, and t,, respectively.

In addition, for an estimate & of € [Ty, Tmax] and a signal (), let the
projection function, Proj,(-), be defined as [74]:

0 if Z=am, and - <0
Proj,(-) =<0 if & = Tyax and - > 0 (4.1)

otherwise.

4.2.2 Problem Formulation

Let X1 = [z1,...,x,])T and Xy = [&1,...,%,]T represent the state vectors of a
second-order nonlinear time-varying system, and let U = [uy, ..., u,|T € R™ rep-
resent the control input vector, where n € NT. The system is represented as:

Xl = X?v

) _ _ _ 4.2

Xy =g(X, )U + ¢(X)0(1) + f(X) + A1), 2
where X = {X1, X,}; g € R™™ is the input-multiplied unknown nonlinear
functions; @ € R’ represents the vector of unknown linear system parameters with
[ € NT; ¢ € R is the known nonlinear regressors matrix; f € R” is the vector
of known nonlinear functions; and vector A = [Ay,...,A,]T € R™ represents
the external disturbances and unmodeled system nonlinearities. The controller
objective is described by following the reference command X14(t) = [714, .-, Zna] -

Assumption 14. [t is assumed that X is bounded, which implies that the func-
tions g, ¢, and f are bounded along with their first- and second-order derivatives
with respect to Xs.

Assumption 15. X4(t) is smooth and bounded up to the second order.

Assumption 16. The unmodeled nonlinearities and external disturbances term
m A, and the parametric uncertainties in @ and g are restricted to bounded sets
such that:

1Al < A,
Jij,min S 9ij S Jij,max;, Zy] = ]-7 w1, (43>
ei,min < 91 < Qi,maxy 1= 17 ”'7l7

where A is a positive constant, and 0; and gi; represent the elements of @ and g,
respectively.

With Assumptions 14, 15 and 16, we ensure that the states and signals in the
considered system are bounded.
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Remark 7. As a case-study for validating the hereby proposed algorithm, we con-
sider multirotor UAVs, which can be modelled (after proper reduction) as second-
order time-varying systems that fit the model presented in (4.2). This work offers
a contribution for this type of systems, without claiming generalization to other
system types.

4.3 Adaptive Backstepping Control System De-
sign

In this chapter, we design an adaptive backstepping control law for the second-
order nonlinear time-varying system defined in Section 4.2.2 in two steps with
virtual inputs. The control law incorporates a model-based parameter estima-
tion scheme and a robust feedback component to improve its transient response,
steady-state accuracy, and robustness. This section serves as an overview of the
adaptive backstepping control system design process leading to the similarity
with PID control laws.

4.3.1 Parameter Estimation Law

The achievement of desirable tracking performance depends on the knowledge of
the system parameters, which cannot be guaranteed using the nominal values of
0(t) and g(X,t). Hence, the control law should employ their estimates, é(t) and
g(1), instead of their unknown (true) values. The parameter estimation algorithm
relies on a recursive least squares (RLS) adaptation law with projection mapping
to provide a model-based estimation of the system’s unknown parameters, which
tend to be faster and more accurate than error-based estimates. Since this is
outside the scope of this paper, readers are referred to [98,99| for details on
the RLS estimator design. The parameter estimation vector includes 8 and the
linear combination of unknown parameters in the term g(X,#)U. Note that g is
conditioned to remain invertible.

4.3.2 Controller Design

In this section, and for the sake of notation simplicity and compactness, we do
not explicitly express the in-brackets vector dependencies, that we use g instead
of g(x,t). Hence, the error dynamics vector is given by:

e = X1 - de. (44)

Two steps are required in the backstepping control design process for second-
order systems. In the first step, we propose a candidate Lyapunov function, Vi,
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based on the error dynamics, and its derivative V;, to be:

1
V), = —eley,
O RS (4.5)

Vl = e{él = e{(Xl — X1d>,

where e; can be stabilized by employing a virtual control input, e € R", that
substitutes X7, as follows: _
o = de — k:lel, (46)

where k; € RZ§" is a diagonal matrix. In step two of the backstepping controller
design, we define the second error term relating the state vector derivative to the
virtual input as follows:

ex = Xo — o (4.7)

The error dynamics are obtained by differentiating (4.7) and substituting X,
from (4.2):
es=f+¢d0+gU + A — a, (4.8)

which explicitly includes the control input vector U. However, due to the variable
system parameters and the presence of unknown external disturbances, (4.8) is
expressed in the following form:

éy=Ff+¢0+gU+d— a, (4.9)

where d = [dy,...,d,]T lumps the errors in modeling and estimation with the
external disturbances. The term d is split into two components: one for low-
frequency signals, d., and the other for high-frequency signals, d* [98|:

d:=d.+d" =—gU — ¢0 + A, (4.10)
Whereg:g—gandé:é—e.

Remark 8. The system disturbances and uncertainties are bounded as per As-
sumption 16, such that||d|| < d, with d € Rsg. Additionally, vector A includes
both disturbances and unmodeled nonlinearities, thus it can be split as per (4.10)
into low-frequency and high-frequency terms: the low-frequency terms can be com-
pensated for via an integrator, or they can be included in a parameter estimation
scheme if they were structured; and high-frequency terms are handled by a robust
control component [74] as shown next.

Finally, the proposed nominal control law possesses the form:

1 : _ (4.11)



where € € Ry is a design parameter that influences the error attenuation level,
steady-state accuracy, and transient response of the tracking error; and h is any
smooth function that guaranties the following [61]:

h 2 [ @18umax — Ouinll + U || gmeax — Guuial +[| A (4.12)

Projg (-) = [Proj;  (-1),..., Proj; (-»)]7, and v € RLG" is a diagonal matrix that
adjusts the adaptation rate. Note that Proj;(-) limits cic to the set Qg 2 {cic :
—d < d. < d}.

Assumption 17. It is safe to assume that d. =0 gwen that d. includes low-
frequency signals only.

Theorem 5. Consider the system model described in (4.2) that is subject to
unknown disturbances, and whose fidelity is affected by unmodeled nonlinearities
and parametric uncertainties. Also, let Assumptions 14, 15, 16, and 17 hold true.
The stability of this system and the boundedness of its signals are guaranteed by
the control law (4.11), with o defined in (4.6) and ey defined in (4.7), for some
gains ki and ko [72].

Proof. We start by defining the augmented candidate Lyapunov function, Vs,
differentiating it once with respect to time, then substituting d from (4.10) and
U from (4.11) into (4.9) to obtain:

1 1 1
Vg = 56{61 + 5612-62 + 5
Vy = —elkie; — eJkoes + cil’y‘lcic

+el(d. — d, + d* +u,),

di~'d.,
(4.13)

where JC = cic —d., and dc = 0 per Assumption 17. By substituting Eic from
(4.11) in (4.13), we get: Vo = —elk,e; — elkse, + €](d* + u,). In addition, two
robust performance conditions are to be satisfied by the robust feedback term,
u,, such that [100]:

.
eyu; <0,

. (4.14)

el(u, —d.+d") <e,
which is achieved by choosing w, as described in (4.11), and robust performance
under the prescribed conditions can be guaranteed [100]. This results in V, be-
ing negative semi-definite, thus stability in Lyapunov’s sense is concluded. It
can also be shown that Vs, is lower bounded and that Vg is uniformly continu-
ous by Assumptions 14 and 16; therefore, by Barbalat’s lemma, the asymptotic
convergence of Vs to zero is obtained [101]. O
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4.4 From Backstepping to PID Fom

In this section, we formulate the backstepping control law in a PID feedback plus
feedforward form that has two degrees-of-freedom (2-DOF), then we present a
visualization of the obtained relations with ample discussion and practical tips to
design and tune the controller gains, which justifies the adoption of the proposed
form of the control law. Finally, we relate the backstepping gains to the location
of the closed-loop system poles.

4.4.1 Expressing the Backstepping Control Law in PID
Form

First, we seek to reformulate and simplify the control law while maintaining its
practical results. In practice, a large-enough positive constant, ks, can produce
robust performance that is similar to that of the nonlinear robust gain, ﬁhz, in

(4.11), such that:

1
k2707ii > nr_h‘Qa i = 17 ey T, (415)
4e

where n, > 1 is a constant multiplier. This causes the effect of u, to be similar

to that of the linear term —kse,. Thus, by choosing the elements of matrix ks
to be greater than some positive constants (ks Ry ko), robust performance
can be guaranteed within a large-enough and practical operating range [74,102].
With this modification, the control law (4.11) is approximated as U = U’, where
U’ approximates the effect of the nonlinear robust term, u,, by the high gain
feedback term, —kses, and can be reformulated by substituting (4.4), (4.6), and
(4.7) into (4.11):

U' =g [(de — ki) - ¢é —f-e— k2(X1 - (de —kiei)) — Cic]

= Q_l [ _ (klkg + In)el — (kl + kg)él — Cic — ql')é — f + de}, (4 16)

where é; = X; — X1q and I, € R™™ is the identity matrix. Thus, (4.16) is
now expressed as a 2-DOF controller with a feedforward model compensation
component and a feedback PID component, designated as the Integrated Control

System (ICS):

U,:g_l[—kpel—kIeIl_kDél_QSé_f—i_de]’

4.17
611 = PI‘OjeI1 (61 + kil_lél), ( )
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where €] = [ €]dt and the bounds of the projection function vary accordingly as
per (4.1) by a factor (vk;)™!, and

kp = kiky + I,
ki = vk, (4.18)
kp = k1 + ko.

The control law (4.17), with its six terms, can now be seen as a combination
of an error-based PID feedback component with gains kp, ki, and kp that are
included in the first three terms, and a feedforward component based on model
compensation desired accelerations that are included in the last three terms.

When operating in the nominal region, it is safe to assume that saturation of
the integral term does not occur, which permits bypassing the projection function
representation, so that after integrating the term k;'é;, the control law in (4.17)
and the control gains in (4.18) undergo the following modifications:

-1
€, =e€,

(4.19)
k)p = klkz + v+ In

Let the diagonal elements of an arbitrary single row of matrices kp, ki, kp,
ki, ko, and v be represented by kp, ki, kp, k1, ko, and 7, respectively. By solving
the following third-order equation, which is derived from the definition of kp in
(4.19) and that of k; and kp in (4.18), for some desired values of kp, ki, and kp,
we can determine the set of equivalent ki, ko, and 7 gains as follows:

k3 + (—kD)k‘% + (kp — Dk — k1 =0,
]{32 = kD — l{?h (420)
Y = kl/kl,

where the solution is valid only when k; and ks are positive and real. To examine
the behavior of (4.20), we present a sample solution with respect to kp for kp = 5
and k; = 1 in Fig. 4.1(a), and with respect to kp for kp = 5 and k; = 1 in
Fig. 4.1(b). Note that the solutions for k; (red), k2 (green), and + (blue) in each
subplot is divided into three subsets, based on their change of direction at the
inflection points, as indicated by their line style (Subset #1-solid, Subset #2-
dashed, and Subset #3-dotted) to simplify the analysis and arrive at practical
recommendations:

1. Subset #1 (solid lines) has a parabola-like shape for k; and k5 in Fig. 4.1(a),
and a hyperbola-like shape in Fig. 4.1(b), which result in a wide range of
variation for these two gains and thus offers more leverage in tuning them
to meet the system’s stability and performance requirements. On the other
hand, the value and variation of 4 are minimal (near zero) as compared to

Subsets #2 and #3.
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Figure 4.1: Coupled backstepping gains, k1, ko, and =, for specific kp, kp, and ki
values: (a) at constant kp and (b) at constant kp. Three solution subsets exist:
Subset #1 - solid lines, Subset #2 - dashed lines, and Subset #3 - dotted lines.

2. Subset #2 (dashed lines) corresponds to the smallest domain of the solu-
tion space and features large variation of all three parameters (k, k2, and
7). The strong dependencies amongst the parameters, combined with their
large variations in this relatively small subset, make it difficult and imprac-
tical to interpret the relationship between the backstepping and PID gains
within Subset #2. In fact, any formulated relationship is of a limited merit
since it encompasses a very small domain of coupled kp and kp values.

3. Subset #3 (dotted lines) is characterized by large v values and a narrow
tuning range (nearly constant) for both k; (near zero) and ks, as compared
to Subsets #1 and #2, which limits the ability to meet the stability and
performance requirements of the system.

Based on the above analysis of Fig. 4.1, it is prudent to only consider the first
subset of the solution of (4.20) given its low dependency on ~, high dependency
on k; and ks, and the relatively larger tuning range to achieve the desired system
stability and performance requirements. The recommendation to adopt Subset
#1 is further justified in Section 4.4.4.

Remark 9. The differentiated term €y typically requires filtration in order to
reduce the signal’s noise level. However, €1 is implicitly embedded within o and
ey of the control law (4.11), whereas the PID-like form of the control law in (4.17)
explicitly shows it, which makes it easier to design an appropriate filter with
minimal time delay and information loss that may arise form excessive filtration

of & and ey [103].

Remark 10. By inspecting (4.18), (4.19), and (4.20), we see that ki and ko can
be used interchangeably. This is achieved by solving for ko first instead of ky as
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was done in (4.20):

k3 + (—kp)ks + (kp — 1)ky — ky = 0,
kl = kD — k’g, (421)
voi= k’l/(k?D — kl)

Note that the results in (4.21) are identical to those in (4.20), with the only
exception being that ki and ko values have been switched. This can be proven by
substituting the interchanged values of ki and ko into the definition kp in (4.18)
and the definition kp in (4.19), where the same exact control law in (4.17) can

be obtained by setting:
]CI = ’Y(l{?D — kl) (422)

Remark 11. As seen in Fig. 4.1, ki is larger than ke in the gains solution
subset of interest (#1), in which ky can have very small values. However, based
on Remark 10, ko can be the larger gain in the {ki,ks} solution set, thus the
condition for large enough ko gain to overtake the effect of the robust gain (ﬁfﬂ)
remains valid.

Remark 12. The gain ks’s upper bound is governed with respect to the system’s
sensitivity to noise, and its robust effect is bounded by the maximum control input,
thus, the condition in (4.15) has a practical limitation.

4.4.2 Comparison to Other Formulations

To help differentiate this work and to validate the proposed PID-like adaptive
backstepping control law, Table 4.1 is provided to summarize previous works that
are found in the literature dealing with the backstepping-PID gains similarity. We
note that in order to get a clear comparison and arrive at a better interpretation
of the results, the notations of the original formulations were mathematically
manipulated to show that the various efforts lead to similar relationships, albeit
with minor differences. Note that in the PID gains column, the gains k;, ¢ =
{1,2, 3} refer to the Lyapunov function gains, the gains ¢, and ¢; relate to the
integral action within the control law, and the other parameters relate to the
system model.

In this work, the similarity formulation to the PID gains is simpler in the
sense that it is established based on three parameters only as shown in Table 4.1,
whereas the integral backstepping representations in [96] use four parameters
(k1,ka, ce, and ¢;) and two additional model-dependent constants (ag and aq) in
[94], respectively. Furthermore, the number of dependencies between the adaptive
backstepping gains and the PID gains in this work is also minimal, where we use
only one multiplication and one summation as compared to |56, 94|, which use
up to two multiplications and two summations. Therefore, an advantage of the
formulation presented in this work over other representations lies in the fact that
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Table 4.1: Backstepping-PID

relationships in the literature

Reference Control method System type Control law PID gains
Minimal phase U(?) — kp = kiks + k3(k1 + k2)
Backstepping linear system: X L +2 —a s
[56] with G(s) = X)) = B() %E(s) 0
integral action _ U(S? +b0A<S) +A(S)Y (S) kl = k1k2k3 + kl + kih
T sPtarstag B(s)"¢ kp = k1 + ko + k3 — a1.
kp = kiks + (ki + k
u= 3 (—kpe P ]22 o (k1 + k2)
Second-order 0 . +Ce — ag,
[94] Backstepping system: —k1 ] edt — kpé . c
& = bou(t) — a1 — apx ’ . .. k1 = klei + ceCi,
+apxrq + a1rq + xd) i 4 k Lo g
D — K1 2 c. 41
u=gy " (—kpe—Fki [edt
o (ke . _I / kp = kagi 'k + g7 '
Nonlinear mechanical —kplr2 — g7 (414 — f1)] T
[95] Integral systems of degree 2: Lot [f g ] Lot - ¥ ) +91,
Backstepping 1 = f1(z1) + g1(z1)z2 L UL ot 1=2) ki = k:)gl_l(fi-
iz = f2(2) +92(@)u+b | oy = g7l (—¢; [edt — ke . . o
. D = ko.
—f1+414)
kp = kiko + %(kl + kg)
Quadrotor rotational o . 5
[96] Integral subsystem: u=g (—kp@ - klj edt +ce,
Backstepping 1 = xo _kDé + yd _ f) kI — k1k2ﬂ + CoCi,
G2 = f +gu ' ce TG
kp = k1 + ko + %:
i kp: k1k2+k3 m,
Nonlinear Quadsrslt)zrslrtc;:Flonal U= gil(ikr’e — ki f edt ( )/ ’
[97] . . Y . k= (k1k3)/mg7
Backstepping 1 = xo —k‘Dé + ild)
@2 = f 4+ gu kp = (mky + k2)/mg.
A class of nonlinear ko = kiks 1.
systems of degree 2: u = _1(—k e—k fedt P the +y 4 1
. Integral . g P 1
This work Backstepping T1] = T2 . . ~ ky = ’}’kl,
iy = f(Z) + &(2)0(t) —kpé + 214 — f — ¢09) b — b+ b
+9(Z, t)u + A(t) D = k1 + k2.

it provides a simpler method to design and tune backstepping controllers based
on PID laws and tuning rules, which makes it more practical and easier to adopt
in real-life applications.

4.4.3 Implementation of the Backstepping-PID Gains Re-
lationship

An implementation of (4.20) for four preset values of k; (k;=0,1,2,4) is shown in
Fig. 4.2, where Fig. 4.2(a) on the left shows the backstepping gains, k; and ko, as
a function of kp with a constant kp condition, and Fig. 4.2(b) on the right shows
the gains as a function of kp with a constant kp condition. For every streamline
marking a constant kp or kp, the black asterisks mark the intersections of the
ki1 and ko curves as applicable, which correspond to the maximum kp value in
Fig. 4.2(a) and the minimum kp value in Fig. 4.2(b). Note that 7 is not plotted
on the same figure in order to maintain a clear and legible representation of
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Figure 4.2: Coupled backstepping gains, k; and ko, as a function of kp and kp
at constant ky values (k;=0,1,2,4 corresponding to four rows). The left column in
(a) shows the backstepping gains at constant kp and kj, and the right column in
(b) shows the backstepping gains at constant kp and ki.
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the analysis results, noting that it can be directly calculated from (4.20) and is
perceived as a scaled version of the inverse of k; for each corresponding plot.

The significance of the above results lies in making the design and tuning
process of the backstepping-based ICS gains easier by allowing the application
of well-established PID tuning rules. Additionally, by excluding the unfeasible
PID gains that result in non-positive or non-real k; and ky roots, the tuning
interval is tightened. Furthermore, the formulation provides insight into both
the traditional stability perspective as well as the performance perspective of the
adaptive backstepping control law.

Tuning each one of the gains k; and ko has a dual effect on both kp and
kp, as illustrated in Fig. 4.2, yet it does not influence the system performance
directly as typically expected from tuning PID gains, which can make the tuning
process cumbersome and not straightforward. For instance, increasing any of the
backstepping gains k; and ks will also result in an increase in both kp and kp
simultaneously, and similarly, tuning v affects both kp and k;.

Remark 13. To provide a more detailed analysis, we introduce the following
notes to guide the tuning process based on the results obtained in Fig. 4.2:

o For a giwen value of kp, the kp value that attains the desired performance
and stability margin can be obtained from Fig. 4.2(a).

e For a given value of kp, the kp value that attains the desired performance
and stability margin can be obtained from Fig. 4.2(b).

o As the value of ki increases, the shape of the solutions starts to deviate from
the uniform parabola and hyperbola contours.

o Since ki and ko must be positive per Lyapunov stability requirements, a
streamline stops when one of its two branches reaches the abscissa.

e The dual point (asterisk) can be the optimal solution in terms of stability,
for some preset values of kp or kp.

o kp linearly relates to the sum of ki and ko, which manifests in Fig. 4.2(b)
as all solution sets (k1 and k) are below the identity line (unity slope), and
their sum is equal to it (ky + ke = 1). As such, one can promptly compute
the value of ky in Fig. 4.2(b) for any given ki based on (4.20).

e While other solutions besides the ones presented in Fig. 4.2 may exist (as
per Fig. 4.1), they are disregarded due to their irrelevance to this work.
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4.4.4 Simplified Backstepping-PID Relationships

If (4.20) has a weak dependence on 7, then by referring to (4.19) and (4.20), the
following inequality holds:

klk’g +1>> kl/kly (423)
and (4.20) can be simplified into the following second-order form:

kiQ + (_kD)kLQ + (k’p - — 1) = O,
k’l = max{k‘lyg},
k'Q = Hlin{]ﬁ’g},

4.24
v = ki/ky, ( )

such that: kj > 0.
As a rule of thumb, the condition in (4.23) holds if:
kp > 10 /{ZI/]CD.

Hence, the general solution of the second order polynomial, k2, is given by:

k12 = o5 + \/(]%))2 — (kp —y—1). (4.25)
Note that k; and ko are directly obtained from solving the polynomial in (4.24),
unlike in (4.20) where only k; is obtained. To further analyze (4.24) and determine
the behavior of k5 when kp and kp vary, the following analysis based on conic
representation is introduced.

The general second-order equation of conics is of the form:

R1X2 + KoX1Xo + KaXa + KaX1 + KXo + kg = 0. (4.26)

where x; and xo € R are the variables of the equation, and x; € R, i = {1,...,6}
are constants [104]. If k2 # 0, then the principle axes of the conic incur a
counterclockwise rotation 9 with respect to x;, such that:

K1 — K3

cot 20 = . (4.27)
)

Conic Representation with Constant kp

If (4.24) is solved for specific kp values, as in Fig. 4.2(a), we obtain:

X1 :=kig, Xe:=kp—7, K :=1 ke :=0,

k3 =0, k4 = —kp, ks =1, Kg:=—1.



Noticing that x; # 0 and k1k3 = 0, we conclude that (4.24) becomes a horizontal
parabola that relates k; 5 to kp in the form:

= (22 41) = (- 22)",

Vp = {(%3)2 +1, %3},

(4.28)

where V,, is the parabola’s vertex.

Conic Representation with Constant kp

Similarly, (4.24) can be solved for preset kp values, as in Fig. 4.2(b), to relate
k1 9 to kp, that is:

X1 = k12, Xo:=kp, K1 =1, Ky:i=—1,

kg =0, ke =0, k5:=0, rRg:=kp—7—1.

Noticing that ko # 0, the rotation angle of the conic axes is calculated from (4.27)
to be ¥, = 5. We can then substitute x; = xjcg, — X559, and xp = X} 59, + X5y,
in (4.24), where x| and %}, are the principle axes of the rotated conic, to obtain:
xg x5 .
a? b2 (4.29)
VD = {acﬁha aSﬁ},}?

which represent a rotated horizontal hyperbola, with Vp being the hyperbola’s

_  [2(kp—y—1) _  [2(kp—y=1)
Vertex, a = %, and b = %

However, the function of k; o with respect to kp is interpreted easier when it
has the same form as (4.24), since we seek solutions for a single value of kp one
at a time. The double roots occur at Vp, such that:

bz{2x/kp—v—1,\/kp—v—1}. (4.30)

Interpretation

The resultant plots of the parabola and hyperbola formulations in (4.28) and
(4.29) are shown in Fig. 4.3, which can be used to promptly and clearly inter-
pret the relationship between the backstepping and the PID gains, while mainly
benefiting from the vertices’ locations. For instance, starting from an initial com-
bination of k1 and ks, one can easily find the corresponding kp, kp, and k; gains
using Fig. 4.3; at the same time, one can navigate along the curves to arrive
at the desired PID gains while keeping an eye on the resulting k; and k, gains.
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Figure 4.3: Coupled backstepping gains, k; and ks, in the simplified form, for
specific kp, ki, and kp values at constant kp in (a) on the left, and at constant kp
in (b) on the right. The colored regions in red and green represent the sets of all
feasible k; and ko combinations, respectively. The blue line marks the boundary
between the two regions, and the grey region represents the set of unfeasible
solutions. The colored stars mark the boundaries of the solution set.
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Table 4.2: PD Gains Tuning Intervals and Effect on Backstepping Gains

(kp = Vmin (kP — ¥)max kD min kD, max
Constant kp 1 (22)2 +1 - - N
Constant kp - - 2Vkp —y—1 00 —
k1 min k1, max k2 min k2 max
Constant kp kTD kp 0 %D
Constant kp kp—v—1 00 0 kp—vy—1

Note that the feasible k; and ks solutions are marked in red and green colors,
respectively, while the unfeasible region is marked in grey.

To maximize the benefits of Fig. 4.3, we provide an explicit interpretation of
its results:

e For some preset kp, the maximum (kp — «) value can be deduced from

(4.28) as:
kp\2
(kp - V)max = <7) + 1, (431)
which corresponds to the last real solution (two identical roots) of (4.28):
k
kLQ - 7D

e For some preset (kp —+), the minimum kp value can be approximated from

(4.30) as:
kpmin = 2v/kp — 7 — 1, (4.32)

which corresponds to the first real solution (two identical roots) of (4.24):
k1,2 = Vkp—7—1

e If it is desired to increase kp while maintaining a constant kp, k1 should be
decreased while &k should be increased.

e If it is desired to increase kp while maintaining a constant kp, k; should be
increased while k&, should be decreased.

A summary of stable tuning intervals of the PID gains as well as the backstep-
ping gains intervals is presented in Table 4.2, which serves as a practical guide
for the tuning process concerning the gains and stability bounds. In addition, a
summary of the influence of tuning the PID gains on the backstepping gains, as
well as their effect on the system performance is presented in Table 4.3.
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Table 4.3: Effects of Tuning PID Gains [2] and their Influence on the Backstep-
ping Gains

Gain variation k; ks 7y Speed Stability Overshoot
kp increases - + + + — +
k1 increases - 4+ 4+ — + +
kp increases + - - + + —

Remark 14. Unlike the PID gains, a single backstepping gain variation, i.e. ky,
ko, or 7y, does not result in a unified effect on the system performance as per
Table 4.3, which can be verified by referring to (4.18) and (4.19).

By combining the results of Fig. 4.3 and Table 4.3, and starting from an
initial system performance, we can specify the desired performance modification,
i.e. speed, stability, or overshoot, then decide on the PID gains tuning direction
based on Table 4.3, then by referring to Fig. 4.3, the effect on the backstepping
gains can be directly assessed.

Given the above discussion, and by perceiving the seemingly complex control
law in (4.11) as a PID feedback plus feedforward terms as in (4.17), the ambigu-
ity can be clarified by a direct visual interpretation that can be obtained from
Fig. 4.3, thus reducing any complexity concerns that are typically associated with
adopting nonlinear control laws.

4.4.5 From Backstepping to Pole Placement

After substituting (4.17) and (4.19) in (4.8), the resulting error dynamics of the
system become:

Ei(s° + 8% (k1 + ko) + s(kiks + v+ 1) + (vk1)) = D, (4.33)

where s is the Laplace operator, and E; and D are the Laplace transforms of e;
and A, respectively. In the PID representation, (4.33) becomes:

E1 (83 + 82]{7]) + Sk‘p + k’l) =D. (434)

The error dynamics are expressed in the poles form to show the relationship
between the PID gains and the locations of the closed-loop poles in the s-plane:

Ei((s+p1)(s+p2)(s +ps)) = D,
B (83 + 5% (p1+ P2+ p3) + s(pip2 + pa(pr + p2)) (4.35)

+ <p1p2p3)) =D,
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where p; and p, € C, and p3 € Ry are the roots of (4.35), such that they always
have positive real parts € Ry, for a stable system performance. With a basic
analysis that compares (4.34) to (4.35), the required PID gains for a specific roots
location in the s-plane are obtained as follows:

kp = pipa + p3(p1 + p2),
kr = P1DP2DP3, (4-36)
kp = p1 + p2 + p3.

The resulting PID gains can then be substituted in (4.18) and (4.20) to obtain
the equivalent backstepping gains, if feasible. Furthermore, a visual relationship
can be established between the system error dynamics roots to the backstepping
gains as follows:

kiks + v+ 1 = pip2 + ps(p1 + p2),
Yk1 = p1p2ps, (4.37)
ki + ko = p1 + p2 + ps.

Note that although a simple analytical solution cannot be attained for this prob-
lem, some similarity still exists between the backstepping gains and the error
dynamics roots. For instance, kp and k; include multiplication of the backstep-
ping gains, and kp includes summation of the gains. In addition, one can notice
the stark similarity captured in Table 4.1 between the formulations in [56,94] and
that in [96], relative to the s-plane poles in (4.36). This observation stipulates
that the backstepping gains have a close manifestation as the system closed-loop
poles, when specifically formulated to lend themselves for such analysis.

To provide a clear visual aid that illustrates the above compelling finding,
Fig. 4.4 shows an implementation of the system of equations in (4.36) for the
case when k; = 0, such that the root locus of the error dynamics is drawn in
Fig. 4.4(a) for some constant kp values, and in Fig. 4.4(b) for some constant kp
values. Note that the colored (red, green, and blue) asterisks and stars in Fig. 4.4
correspond to the exact same gains of their counterparts in Fig. 4.3. For instance,
the solution sets at the stars that mark distant values of k; and k5 in Fig. 4.3
correspond to more-damped closed-loop system poles, but with one pole being
closer to the imaginary axis in most cases as per Fig. 4.4. Also, the solution sets
at the asterisks that mark dual (equal) values of k; and k5 in Fig. 4.3 correspond
to less-damped closed-loop system poles, with their real-parts lying in between
the real-part of the sets marked by the stars as per Fig. 4.4. Hence, it can be
stated that moving towards the dual solution of k; and ks in Fig.4.3 (at the
asterisks) during the gains tuning process tends to reduce the damping ratio of
the resultant s-plane poles.

The unique combination of Fig. 4.3 and Fig. 4.4 allows for understanding and
visually expressing the relationship between backstepping gains, the PID gains,
and the poles of the closed-loop system.
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Figure 4.4: Coupled pole locations, p; and ps, for specific kp and kp values at
constant kp in (a) on the left, and at constant k, = kp — v in (b) on the right.
The stars and asterisks mark the same set of the corresponding gains in Fig. 4.3.
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Algorithm 2 Backstepping Gains Tuning Using PID Formulation
Input: kp, kl, kD
Output: £y, ks, v

Initialization :

Calculate ky, ko, v from (4.20)

while stability and performance criteria not satisfied do

1 if (kiks + 1 >> ky/ky) then

2:  Tune (kp — 7) using Table 4.3 and Fig. 4.3(c)

32 Tune kp using Table 4.3 and Fig. 4.3(d)

4:  Tune ki using Table 4.3

5. Find the equivalent k; and ky from Fig. 4.3 or (4.24)
6:  Calculate v from (4.24)

7: else

8:  Tune kp using Table 4.3 and Fig. 4.2(a)

9:  Tune kp using Table 4.3 and Fig. 4.2(b)

10:  Tune ki using Table 4.3 and Fig. 4.2

11:  Find the equivalent ki, ks and v from Fig. 4.2 and (4.20)
12: end if

—_
w

: return ky, ko, vy

4.4.6 Tuning Procedure

After deriving the necessary equations, expressing them in the proper form, and
providing visual aids and practical implementation tips, we consolidate the work
in an algorithm that can be used to tune the gains of a backstepping-based
controller based on the findings of this paper, which is presented in Algorithm 2.
Note that if a primitive PID controller is designed as a baseline to get a first
assessment of the system performance, the obtained PID gains can be plugged
into Algorithm 2 for initialization. It is also possible to calculate the set of PID
gains that satisfy the design specifications given by the pole locations in (4.36).
Finally, the fine-tuning of the gains can be performed to strike a balance between
the performance or stability of the system by referring to Fig. 4.2 and Fig. 4.3.

4.5 Simulation and Experimental Validation

Among various possible applications, a quadrotor UAV platform with variable
payload is adopted to validate the hereby proposed ICS, where a motion control
system is required to achieve good tracking performance of desired trajectories
in the presence of disturbances and changing operating conditions. Collectively
achieving the aforementioned objectives is faced with several challenges including

108



Reference trajectory {Xuq,Xud »Zud}

Attitude planning {%,4, 6,4 -Yud} Thrust  |PWM

\ 4 decoupling
édl U|_3‘ "dl Ue

— Y
Position Parameter Attitude
... State ﬁ
control (estlmatlon control) Ty v estimator| MY
) Elinl |

Controller

Figure 4.5: Control system architecture for a quadrotor UAV.

design complexity, internal and external disturbances, high frequency noise, and
applicability to various quadrotor platforms. To deal with the challenges while
achieving the performance objectives, the controller structure shown in Fig. 4.5
is adopted, which features an inner-loop for attitude control and an outer-loop
for position control, thus the proposed ICS has the advantage of reducing the
complexity of the design and tuning process.

Nonetheless, the main purpose of this validation section is to show the tuning
process for a complex robotic system using the methodology presented in this
work, and not necessarily to show the superiority of the control law. The proposed
algorithm is validated via numerical simulations on a quadrotor UAV’s dynamic
model of high-fidelity, and experimentally on the Quanser QBall-2 quadrotor
platform [105].

4.5.1 Dynamic Model

Consider the system illustrated in Fig. 4.6, where the inertial and body frames
of reference are W and B, respectively. The latter is fixed to the quadrotor’s
centroid, Og. The quadrotor’s mass and inertia tensor relative to Op are re-
spectively m, € Ryy and J, € R3*3. The quadrotor’s center of mass (CoM)
coordinates in B are denoted by Teom = [Teom, Yeoms Zcom]T € R3, its translational
position in W is € = [y, Yu, 2u|7, and its Euler angles vector for roll, pitch, and
yaw motions is 1 = [¢y, Oy, 1u]T.

The motor and propeller dynamics are superficially modelled as a reduced
first-order transfer function, but they are not included in the controller design
process due to their relatively fast dynamics as compared to those of the quadro-
tor’s chassis. The quadrotor’s dynamics are represented by the following model:

mué = —m,G + R Fp + Afa

; (139
Juan = T3 + Tcom X FB + Ana

where R, and Ry, are the translational and rotational transformation matrices
between W and B [106]; G = [0, 0, g]T is the gravitational acceleration vector and
g is the gravity constant; Fg = [0,0, F}]T and 75 = [T}, T», T3]T € R are the total
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force and torque vectors of the rotors in B; the relationship between the motor
speeds and the net thrust and torques is defined as U = I'Q?, and explicitly
expressed as:

Ft Kt Kt Kt Kt W%
Tl | o 0 dK, —KL| |w?
|  |KL —KL 0 0 wil|’ (4.39)
T3 KQ KQ —KQ —KQ wZ

where K and Kq are respectively the rotor constants of thrust and torque,
L is the quadrotor’s arm length, w; is the angular speed of the i** rotor with
i €[1,2,3,4], and Q is the vector of the four rotors’ angular speeds. The control
inputs, w;, are calculated from the above equations using matrix inversion and
square root operations.

The terms, A¢ and A, € R3, respectively denote the external disturbances
and unmodeled nonlinearities (not explicitly shown for brevity purposes), and
they are assumed to be uniformly bounded. For more details on the quadrotor
modeling, readers are referred to |68, 106].

4.5.2 Problem Formulation

The dynamics of the quadrotor are expressed in the form of (4.2) by choosing:

Xl - [xm Yu, Zu, ¢u7 Qua %]T, X2 = [ftua y.ua 73u7 ng ém ¢u]T7
g = [my' I, 05; O3, (J,R,) '],
(4.40)
H, = [0,0.-5,0,0,0", @, = O ®ua) .
[

Au = A{vATlL U= [FW;TB]a ®u = [$comyycom]T;

where the vectors 6, g, and A are the unknown entities in the system, and

O; € R33 is the null matrix. Acrobatic maneuvers are not considered in this
+7

work, and the singular point of ¢, = 5* is not to be reached, which implies that
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g remains Lipschitz continuous. The matrix ¢, € R3*? is defined as:

0 —FtCOH/Ju,rx,O
q)u,2 = Ft/Ju,yy,O _Pjtth)uSGu/Jugx?O ’
0 FtSOu/(c¢u Ju,a:a:,O)

where Jy 220 and Jy 4,0 are the nominal values of J, ;. and J,,,, respectively.
Choosing these nominal values is realistic and practical since the quadrotor’s iner-
tia variation is typically a small fraction of its nominal value, which simplifies the
formulation of the adaptation law. The control input vector for the translational
subsystem is calculated as follows:

804, Cypy T S¢pu COu Sipu
FW = [ S6.5¢u — S¢uCo,Cohy Ft. (441)
C¢u09u

4.5.3 Control Inputs and Reference Signals

The aim of the controller is to achieve trajectory tracking by bring-
ing the state vector, X;, to a desired state vector, Xiq = [€q;m4] =
[Tu.d, Yuds Zud, Puds Oud, Yuda]T, by generating an appropriate control input vector,
Ue = [Fic, The, Toe, T3c|T, denoted by the subscript (e).. The motor’s rotational
speed can be modelled as:

w; = grn(S)wi,c’ (XS [17 27 37 4]7 (442)

where G, (s) is the motor’s transfer function, and w; . is the command rotational
speed that is proportional to the input pulse width modulated (PWM) signal
of each motor. w;. can be obtained form the inverse of the following equation:
U = I'Q2. In practice, the motor dynamics are much faster than those of the
quadrotor, thus G,(s) can be set to one.

By dividing the quadrotor’s motion control system into two subsystems,
namely an inner-loop for attitude control (Euler angles) and an outer-loop for
position control, the complexity of the problem is considerably reduced. The
position controller generates the control signal, [u,,u,,u,], from which the total
thrust command is calculated as:

Fie = (/u +u? +uZ, (4.43)
and the desired attitude angles, ¢, 4 and 6, q, are calculated from (4.41) as follows:

¢u7d = arctan((uxswu — uwau)/uz)7

| (4.44)
Opa = arcsm((ugg%u + uyswu)/FtC)'
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The inner-loop commands in (4.44) are smoothed and bounded by the function:

¢:17d = ¢u,max tanh(¢u,d/¢u,max)>

4.45
{17d = eu,max 1Zanh(eu,d/gu,max)a ( )

where ¢y max and Oy max € (0, 5) are the attitude angles’ upper limit. As a result,
X4 is smooth and bounded. This completes the definition of the desired state
vector, X4, to be tracked by Xj.

Note that the control law in (4.17) and its modification in (4.19) were imple-
mented with the projection function being realised as an integrator, with upper

and lower saturation bounds calculated as d/(vk;) based on Remark 8.

4.5.4 Simulation Model Elements

Simulation Setup

The MATLAB/Simulink® environment is used for validating the proposed con-
trol design and tuning scheme, where a high-fidelity nonlinear dynamic model
powers the flight mission. The model is augmented to include feedback delays,
force and torque disturbances, and induced sensor noise. Estimates of the ac-
tual measurement signals are used in the feedback process, where a Kalman filter
generates smooth signals from raw sensory data, and RLS algorithm provides es-
timates of the parameters my, Ju 2z, Juyy, Juzz: Tcom, and Yeom. An external wind
gust is generated via the method described in [107] to disturb the quadrotor with
a magnitude of 5m/s, which results in a drag force that acts on the quadrotor’s
centroid.

Quadrotor Specifications

The Quanser QBall-2 platform [105] is used as a baseline for the quadrotor’s spec-
ifications. We set: m, = 1.76kg, Jy 4w = Juyy = 0.03kgm?, J, .. = 0.04kgm?,
K; =13N, Kqg = 04Nm, and L = 0.2m. Upon adding a payload, the quadro-
tor’s CoM and moment of inertia (Mol) vary as per [108|, with their main effect
manifesting in the moment arm shift due to pure thrust as expressed in (4.40) by
the term (reom X Fg). The thrust and torques feedback signals are estimated via
a battery drain model due to the unavailability of a motor speed sensor [109].

4.5.5 Testing Scenario

The controller testing scenario consists of the following actions: the quadrotor
first takes-off from the ground while picking up a payload, it executes an oco-
shaped maneuver three times, and then performs landing on top of its starting
position. The payload has a mass m, = 0.2kg and is placed beneath the original
CoM of the quadrotor at coordinates r, = [zp, Yp, 2p] = [0.05,0.05, —=0.1] m in B.
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We set Jupuo0 = Juzu, and Jyy w0 = Juyy, and a wind gust of magnitude 5m/s is
activated at t = 11s.

4.5.6 Tuning Process

The tuning process described in Section 4.4.6 is performed for the outer loop’s
lateral motion subsystems (x, and ¥, components) to serve as a guideline for
utilizing the proposed tuning method. Tuning is based on the PID gains, since
it is intended in this work to move away from the abstract backstepping gains,
and the process is phased as follows:

1. The z, and y, subsystems’ gains are initially set to kp ., = 1.1, kp 5, = 1.1,
and k., = 0. The results are shown in Fig. 4.7(a), where a sluggish
response with undesirable overshoot and steady-state error are obtained.

2. We attempt to improve the overshoot performance and increase the tuning
range of kp , ,,, as we notice from Fig. 4.3(c) that for kp ~ 1, kp is limited to
a small set near unity. The specified objectives are attained by increasing
kpy as per Table 4.3. We choose kp,, = 3. The results are shown
in Fig. 4.7(b), where we notice a significant reduction in the tracking error
and overshoot. But the system’s transient response is still slow in the initial
time interval ¢ = [10, 19]s.

3. Next, we attempt to increase the speed of the system, which by referring to
Table 4.3 can be achieved by increasing kp, ,. By referring to Fig. 4.3(c),
we choose kp ., = 3. The results are shown in Fig. 4.7(c), where we indeed
observe an improved speed of response. But the system still has a steady-
state error that is noticed at the time intervals [0, 10] s and [70, 80] s.

4. Next, we increase the integral gain to eliminate the steady-state error, which
is due to the initial drift of the quadrotor that is induced by the presence of
the eccentric payload. We gradually increase ki, until we find an optimal

value, while maintaining kp , , = kp »y — 7,y constant to reduce unwanted

effects on the previously attained performance. We set ki,, = 4.2. The
results are shown in Fig. 4.7(d), where we notice that the initial drift in
position has been promptly compensated for. Now, we can proceed to the

final stage of fine-tuning the gains.

5. By inspecting Fig. 4.3(b), we see that the overshoot can be improved at the
expense of reducing k3, ,. Thus, we proceed by slightly increasing kp g,
and setting it to kp,, = 4. The results are shown in Fig. 4.7(e), where
we notice that the overshoot has been reduced (e.g. t = {19,39,59}s). At
this stage, the performance is deemed satisfactory and the tuning process
is terminated.
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Figure 4.7: Desired trajectory tracking of the x and y position states (left) and
their corresponding tracking errors (right) of the ICS-controlled quadrotor in each
step of the tuning process executed via numerical simulations.
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Table 4.4: Tuning steps for the x and y subsystems of the quadrotor’s adaptive

backstepping controller starting from the selected PID gains.

MAV
ke ki ko | ki ke v | {lew] +en?

(cm)

I.][11 0o 11] 1 01 0 37
2.1 1 0 3 [297 003 0 25
3.3 0 3] 2 1 0 12
413 42 3 [28 02 15 7
513 42 4 [ 38 02 11 6

The tuned PID gains and their corresponding backstepping counterparts,
which are obtained in each step of the tuning process, are shown in Table 4.4
along with the respective mean absolute error of the tracking signals (MAF).
From the table, it is clearly noticed that predicting the combinations of ki, ko,
and v that yield the desired performance improvement is not a trivial task and
may prove to be very challenging to be determined by control system engineers.
This last result shows the power of exploiting the backstepping and PID gains
relationship to speed-up the manual tuning process. On the other hand, when
a PID controller is employed for controlling a second-order system of the form
shown in (4.2), the relationships shown in Fig. 4.3 can serve as an indicator of
the stability margins of the system.

4.5.7 Simulation Results

The final controller gains are set to ki = diag(3.8,3.8,2.6,30,30,4), ky =
diag(0.2,0.2,0.4,0.3,0.3,1), and v = diag(1.1,1.1,1,0.4,0.4,1) by following the
proposed tuning process in conjunction with the performance results obtained
in Fig. 4.7. The quadrotor planar trajectory is shown in the ‘zy’-subplot of
Fig. 4.8 (top), where the UAV makes three laps in an oco-shape trajectory in the
presence of wind. The quadrotor keeps oriented towards the direction of the tra-
jectory while maintaining a level flight as seen in the ‘heading’ and ‘z,’ subplots
of Fig. 4.8, respectively. Finally, the sinusoidal x- and y-signals that produce the
oo-shape trajectory are shown in the ‘x,’ and ‘y,’ subplots of Fig. 4.8 (bottom
right). Based on a mean absolute error M AV {[e,,, ey, €.} of [3.0,2.7,1.2] cm
in position and M AV {e,, } = 1.5° in heading angle, the ICS’ overall performance
is deemed acceptable.
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Figure 4.8: Trajectory (top) and tracking states (bottom) of the quadrotor in
numerical simulations after fine-tuning the ICS per the hereby proposed Algo-
rithm 2.

4.5.8 Experimental Validation

We first note that since tuning of controllers typically produces gains that yield
sub-optimal performance, the design process is started in the simulation envi-
ronment to prevent physical damage to the quadrotor system. After arriving
at satisfactory simulation results, the experimental validation phase kicks off by
following the same tuning procedure, which further validates the proposed algo-
rithm. In the experimental validation, the ICS is tested on the Quanser QBall-2
platform [105], with specifications that are similar to those presented in Sec-
tion 4.5.4. The flight experiment is conducted inside an indoor testing facility,
where a motion capture system, depicted in Fig. 4.6, provides feedback for the
closed-loop control system.

Experimental Scenario

The quadrotor is loaded with a payload of m, = 0.2kg, placed at coordinates
r, = [0,0,—0.1] m in B, which is beneath its original CoM as shown in Fig. 4.9.
The flight maneuver starts by a vertical take-off, followed by a sideways motion
in the x-y plane during which the carried payload is released midway, and ends
by landing on the ground, as depicted at the top of Fig. 4.10.
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Figure 4.9: Demonstration of the quadrotor platform (Quanser QQBall-2) lifting
a payload inside the UAV testing laboratory.

Controller Tuning

Given the expected inaccuracies between the simulation model and the physical
quadrotor platform, fine-tuning of the obtained gains from the numerical simula-
tions is performed through multiple flight tests using the same proposed tuning
guidelines of Algorithm 2. We refrain from showing the detailed tuning step
to avoid redundancy. The resulting controller gains that were deemed adequate
in terms of performance and robustness are kp = diag(2.7,2.7,7.2,32.2,32.2,6),
ki = diag(1.3,1.3,4.1,5.6,5.6,5.2), and kp = diag(3.7,3.7,4,16.2,16.2,4), which
give the following backstepping gains: k; = diag(3.3,3.3,1.96,14,14,2), ky =
diag(0.4,0.4,2.1,2.2,2.2,2), and v = diag(0.4,0.4,2.1,0.4,0.4,1). Note that the
ratio of change of the PID gains, as compared to those in simulation, is smaller
than that of the backstepping gains. Since the PID gains better represent the
controller’s performance, they should be considered as the starting point for eval-
uating the transition between simulation and experimentation.

Experimental Results

The final tracking performance of the quadrotor is shown at the bottom of
Fig. 4.10, which captures its position in the z-, x-, and y-directions. After ade-
quate fine-tuning, the ICS achieves stable and and accurate tracking performance,
with a mean absolute error M AV {[e,,, €y, €.,]} of [1.3,2.7,1.8] cm in position.
The recorded error in position-hold is minimal in all three directions, even during
lifting the payload off the ground and while dropping it. The quadrotor recov-
ery after the sudden drop of the payload (at ¢ = 18s, marked by the purple
strips at the bottom of Fig. 4.10), is fairly quick, and the quadrotor successfully
and accurately completes its maneuver. The experimental results demonstrate
the efficacy of the adaptive backstepping-based ICS and the practicality of the
proposed tuning algorithm based on the established PID similarity.
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Figure 4.10: 3D trajectory tracking of the ICS-controlled quadrotor in the
payload-drop experiment. The experiment is depicted at the top, and the x,,
Yu, and z, positions and tracking errors are shown at the bottom.
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4.6 Conclusion

In this chapter, we leveraged the rather underutilized similarity between back-
stepping and PID control laws for a class of second-order systems, and developed
it to formulate a specific relationship between the backstepping and PID gains in
the form of a third-order polynomial, which can be further simplified to second-
order under certain conditions. The obtained similarity provides deeper insight
into the tuning of backstepping gains and allows for a better understanding of
the backstepping control law, which can be represented as the sum of a feed-
back PID component and a feedforward model compensation component. We
provided visual and mathematical tools that facilitate the design and tuning of
the backstepping gains in a similar fashion as tuning PID controllers, which ben-
efits from the legacy of well-established PID tuning rules, while maintaining the
original stability perspective of the backstepping gains. This work contributes to
the field of control systems by promoting the adoption of nonlinear Lyapunov-
based integral backstepping controllers, which is achieved by facilitating certain
aspects of the control law design and tuning, and bridging the gap between com-
plexity and practicality. The proposed control scheme and tuning algorithm were
validated numerically on a quadrotor UAV dynamic model of high-fidelity, and
experimentally on a quadrotor platform (Quanser QQBall-2), to showcase the ease
and utility of the proposed tuning process.

Future work entails the extension of the proposed method to other nonlinear
control designs, in addition to backstepping, and to consider higher-order classes
of nonlinear systems.
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CHAPTER 5

CONCLUSIONS AND
RECOMMENDATIONS

This dissertation presented a novel heterogeneous robotic system including a
quadrotor UAV and a floating buoy/USV linked via a tether, named as tethered
UAV—buoy system. The system’s multi-physics dynamics were modeled in detail
for both the coupled and decoupled cases, along with the design of a surge ve-
locity control system for the simplified 2D planar case, and the full scale 3D case
with the addition of the buoy’s steering ability. Detailed analysis was provided
on the system’s constraints, attained steady-state conditions, working limits, and
operational modes. A state machine was designed to manage the switching be-
tween the system’s UAV—buoy relative position control law and the buoy’s surge
velocity control law. The system was validated in numerical simulations using
a specifically designed open-source MATLAB/Simulink model that is coupled
to a Virtual Reality Modelling Language (VRML) simulator, in addition to the
development of an open-source ROS-gazebo package that allows the free space
validation and manipulation of the proposed robotic system.

In addition, an integrated control and estimation system was introduced with
application to quadrotor UAVs to provide robust and adaptive performance,
which is suitable for the marine locomotive UAV problem. The integrated con-
trol law combines an adaptive backstepping controller design with a normalized
recursive least squares estimation algorithm. The resultant backstepping design
was formulated as a two-degrees-of-freedom controller: a feedback component
in a PID-like structure and a feedforward component that provides model com-
pensation. The ICS design uncovers a special relationship between the back-
stepping and PID gains in the form of a third-order polynomial, which can be
further simplified to second-order under certain conditions. The proposed control
and estimation scheme was validated in numerical simulation via a high-fidelity
quadrotor model, where the obtained results demonstrated good tracking perfor-
mance while coping with parametric uncertainties, fast and accurate parameter

120



estimation, and adequate disturbance rejection. The ICS was also tested experi-
mentally on the Quanser QBall-2 quadrotor platform.

5.1 Research Implications

The proposed tethered UAV—buoy system serves the field of marine robotics
by paving the way in front of a wide variety of novel marine applications for
multirotor UAVs, where their high speed and maneuverability, as well as their
ease of deployment and wide field of vision, give them a superior advantage. It
best suits applications that require remote and fast manipulation with minimal
water surface disruption.

This dissertation contributes to the field of control systems by promoting the
adoption of nonlinear Lyapunov-based integral backstepping controllers, which is
achieved by facilitating certain aspects of the control law design and tuning and
bridging the gap between complexity and practicality. The obtained similarity
presented in Chapter 4 between the backstepping and PID gains provides deeper
insight into the tuning of backstepping gains and allows for a better understanding
of the backstepping control law, which can be represented as the sum of a feedback
PID component and a feedforward model compensation component.

5.2 Recommendations for Future Work

Future work may focus on designing a higher level path planner for the tethered
UAV—buoy system to allow tracking trajectories in the inertial frame. Energy
minimization techniques can be employed to improve the performance of the path
planner under different wave and current conditions. Additionally, the buoy’s
stability and shape effects can be studied by introducing additional constraints
to the system, and including additional analysis on the effect of the tether on the
system. Future work also entails building a prototype of the proposed system
and performing experimental validation of the proposed control system. The
rope linking mechanism can be also an interesting aspect of future work, where
the locomotive UAV can be equipped with a hook holding a sensory package,
and once catching the floating buoy can provide the buoy states measurements
required to calculate the system’s spherical states without the need for visual
sensing from the UAV. Last but not least, future work may include the extension
of the proposed ICS algorithm to other nonlinear control design techniques, in
addition to backstepping, and to higher-order classes of nonlinear systems.
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APPENDIX A

BUOY INERTIA AND DAMPING
MATRICES

The buoy’s inertia matrix in the world frame W, My, is symmetric (i.e., M;; =
M;;, for i # j), and has its non-zero elements explicitly given as:

Mb,ll = mp + all(c9bc¢b - S¢b59bswb)2 + a22<c¢b3¢b)2 + a33(89bc¢b + S(bbcebswb)Q’
Mb,22 =mp + a11(69b5wb + 5¢5b59bc’£/1b)2 + a22(c¢bc¢b)2 + a33<59b81/1b - Sfbbcebcwb)Q?
My, g3 = mu, + a1 (g, 50,)* + a2s(s4,)” + ass(cq,ca,)’,

Mz = ani(Co, sy, + 56,56,C0,) (Co,Cp, = 58,50,50,) — a2 (Ch, 5,4,
+ a33(50, Cpy T Sy Con Sun ) (S0, Sy, — S, €Oy Cuy )+

My = — a11(ce, S0, ) (Co,Co, — Sy, S0, Suy,) — @22(Coy, Sy, Sy, )
+ass( Co,c0,)(50,Cp, + S, C0,5u,);

Myos = a11(ce, S0, )(Co, Sy, + Sen, S0y, Con, ) + @22(Cop Cupy Sy,

+ a33(c¢bc9b)(59b3¢b - S¢b09bc¢b)7
Myas = (Joze + aaa) + [(Joz2 + a66) — (Jowe + aaa)] s,

M55 = (Joyy + ass) + [(Joze + a44)39b (Jb,z2z + aaﬁ)cgb}tib,

Myos = (Jb,z2 + ae6) + [(Joae + aaa) — (S22 + age)] 53, /¢,

Mya5 = [(Jope + aaa) — (b 22 + ae6)] S0, Co, oy

M, 46 [(Jb 22+ a66) — (Jowz + a44)} 56,Coy / Coy

My 56 = = [(Joa + aaa)s5, + (Jb,22 + a66)¢5, |t /Cor- (A1)

Similarly, its damping matrix in W, Dy, is symmetric (i.e., D;; = Dy;, for i # j),
and has its non-zero elements explicitly given as:

Db711 = bll(c9bc¢b - 3¢b89b8¢b)2 + b22(6¢b3¢b)2 + b33(39bc¢b + S¢>bc9b$wb)27
Db,22 = bll(CQbSde + Sd)bsabcwb)Q + b22(c¢bc¢b)2 + b33(89b3¢b - 8¢b69bc¢b)27
Di gz = bui(cg,sa,)” + baa(ss,)” + bss(ce,ca,)%,
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Dy1o = bi1(Co, Sy, + S50, Cu, ) (o, Ciry — S50, 5,) + boa(—C5, Sy Cys,)
+ b33(S, Cypy, T S, Cor, S ) (S0, S, — Sy, €Oy Coin )5

Dyas = bii(—cg,50,)(Co,Cp, — 59,50, 5,) + baa(—Co, 55, 56,,)
+ b33 (o, Cop ) (S0, Co, T S CoLSun, )

Dyos = bii(Co,50,)(Co,Sp, + S¢1,50,Cp, ) + b22(Co,Cy, 561,)
+ bss(cy, Ca, ) (S0, 56, — S,C0,Cp, ),

Dy, g4 = byg + [bﬁﬁ - 544] 5§b7

Dy 55 = bss + [baasg, + bescy, |15,

Dy, 66 = bes + [544 - b66] s%b/Cib,

Dyas = [bas — bes | S0, Co, Lo,

Dy, 46 = [b66 - b44} Sebceb/ Coy,»

Dy 56 = — [644s§b + bgﬁcgb}t%/c%.
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APPENDIX B

UAV INERTIA MATRIX

The UAV’s inertial matrix in W is symmetric, with elements explicitly expressed
as:

Mu,ll = My, Mu,22 = My, Mu,33 = My,

My 12 =0, M 13 =0, M, 23 =0,

Myas = Juge + [Juzz — Juws) S5,

Mogs = Jugy + [Tuzess, + Juzacd |12,

My 66 = Ju,z2 + [Ju,:m: - Ju,zz} szu/CZu,

Mouas = [Juze — Juzz] S0.Coutons

My = [Juzz — Juga) $0.Cou/ Cous

M,s56 = — [Ju,msgu + Ju%zcgu}t%/c%. (B.1)
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APPENDIX C

SPHERICAL COORDINATES DETAILS

The spherical coordinates transformation to Cartesian coordinates, Rgac, is made
by two ordered rotations, R, then R,,, where:

Co —So O
R.=10 0o 1], (C.1)
Sy Co O
and: ~ _
cp —S, 0
R,=|s, ¢, 0]. (C.2)
0 0 1

By differentiating r with respect to time, we find the derivatives of the spher-
ical unit vectors to be:
& = 48, + Caply,
60 = —(8, — Sap8,, (C.3)
éw = —CaPl; + SaPeq,
From the definition of the spherical coordinates system and from (C.3), the po-
sition, velocity, and acceleration vectors of O, are given by:
r =re, (C.4a)
I' =16, + I1a€, + IcaPe,, (C.4b)
P = (f—1d® —rc29?)é, + (16 + 206 + 184Ca )0 + (1PCa + 2i¢C, — 2r6ps, )8,
(C.4c)

The components of the UAV’s thrust vector in the spherical frame are explic-
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itly realized from (3.26) as:

W = U1 [CaCy(80,Cpy + 56,C0uS60) T CaS (0.5 — S6uCouCin) + Sa(CouCon)]
Uy = U1 [ — 5aCe(S0,Cn F S6uCouSun) — SaSw(S0.5pn — SpuCo.Cun) + CalCo,Ca,)],
Uy = U1 [ — 5p(56,Cp, + 56,€0,55.) + Co(0,5p, — 56.0.C5.)] -

(C.5)

With the taut-cable condition in (3.30), we have r = [, and the spherical
coordinates of the UAV with respect to the buoy’s center of mass, Oy, reduced
to:

ry, =TrIp _'_RSZC[lyOaO]T? (06)

which expands to:

Ty = Ty, + lCaCy,
Yu = Yb + CaSy, (C.7)

Zy = 2 + IS,
and similarly, its velocity can be obtained as:

r, = 1, + Rgocr, (C.8)
which expands to:

Ty = Ty + (—18acy)d + (=lcasy) @,
Uu = U + (=lsas,)c + (leacy)d, (C.9)
Zu = Zb + (lca)o'z.
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APPENDIX D

EULER-LAGRANGE FORMULATION

The Kinetic energy of the tethered UAV —buoy system, K, includes the rotational
and translational energies of the UAV and that of the buoy while neglecting the
cable’s energy, and is explicitly described as:

K= %{ I (Mp 15y + My 129 + Mp132)
+ Yo (Mp21En + My 2000 + My 23%1)
+ Zo(My 3180 + My 3290 + My, 33%)
+ ng Mb,44¢b + Mb,459b + Mb,46¢b)
+ 0, (M 5400, + My, 550, + My, 5600)
+ i (Mygadhn, + My, 650 + M 660n,)
+ (5 + gy + 2)

+ Gu(My a4 + My 50y + My a60)

+ éu(Mu,Sﬁl(bu + Mu,559u + Mu,56¢u)

+ ¢u(Mu,64¢u + Mu,659u + Mu,66'§bu)}
1

= 5{ i [(Mpa1 + my)dy + My 129n + My 132

+ b [szlj?b + (Myp22 + mu)yp + Mb,232b]
+ & [ My g8 + My so + (Myss + M) 2]
+ my[(16)* + (lcap)?

— 2(lsgcpady) — 2(leaSppiy)

— 2(1805p00) + 2(IcaCo@in) + 2(lcadiy)]
+ C‘bb(Mb,44¢.)b + Mb,459b + Mb,461/.)b>

+ éb(Mb,54(bb + Mb,559b + Mb,567vbb>

+ ¢b(Mb,64<bb + Mb,659b + Mb,66¢b)
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+ (ZSU( u 44¢u + Mu 459 + Mu 46wu)
+ 0 ( u 54¢u + Mu 550 + Mu 56wu>

+ wu( u64¢u + Mu 656 + Mu 66wu)} (Dl)

The kinetic energy is differentiated with respect to each state rate then with
respect to time. Only the buoy’s translational states and tether’s orientation
states are of interest, since the UAV and the buoy’s rotational states feature no
dependencies on other states, which can be seen by inspection of the expanded
IC. Their corresponding results are expressed as:

d (0K . ; :
G (5) = (Mo + )i+ Mg + Moo

. .9 . .9 .
+ Myl (—84Cp0 — CaCL0" — CaSpP — CaCp™ + 25,5,000),

d /0K
dokN s M Vil My g
o7 <6yb> b21Zh + (M 22 + M) s + My 232
+ Myl (—545,0 — co(sw(jc2 + ol — caswgb2 — 254Co0p),
d /0K . . .
—- <87> = My 3121 + My 3206 + (Mp 33 + m04) 2
b
+ Mmyl(Cath — 5462,
d /0K
—_ <_> = My [ZQOJ — lSa(C@i’b + Stpyb) + lcaéb
196
( Cacgoaxb + 8a8¢g0$b Cozscpdyb - Sanpﬁ,byb - Sadzbﬂa
d /0K
7 <%> My [l2 — 250Ca ) + lca(—Spdy + i)
+ 1(Sa 8,0, — CaCpplt, — SaCoOlh — CaSw@yb)]-

(D.2)

The differentiation results of the UAV and buoy’s rotational states are omitted as
they result in similar components to the rotational dynamics already introduced
n (3.27) and (3.21).

The kinetic energy of the system is differentiated with respect to the states,
(g’f’) where the resulting nonzero elements are obtained as:

oK 9 .. .. .. .. ..

B Myl (—=1850Ca™ — CaCulidn, + Sa8,PTL — CaSpllh — SaCePUh — Saltéy),
o)

oK .. . .. ..

% = Myl(50S,0&n — CaCpPEL — SaCpCtl — CaSuPUb)-

(D.3)

Notice that most elements of BK cancels out with elements of < <g_/c>
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The system’s potential energy was given in (3.38), and its external forces and
moments vector can be formulated based on (3.22) and (3.2.6) as:

71 = (80, Co T 56,C0.50.)5

T2 = W1(80, Sy — S6uC0.Cyu )

T3 = U1C¢,Co, T Pw& Y im,

T = Wil = 5aCu(S0,Cpn + SpuCouSun) — SaSw(S0uSupn — SpuCo.Cun) + CalCo,Ca,)],

75 = Wil [ — 5,(50,Cp, + 56,€0,50.) + Co(S0,56, = SpuC0.C0) ] )
D.4

Additionally, we have: 7T5_3 = 72, and 7911 = T2p. The potential energy’s
derivative with respect the states rates then to time is obtained as:

d rou
a (—) — [0,0,0,0,0,0,0,0,0,0,0], (D.5)
dt \on

and its first derivative with respect to states is obtained as:

ou
o 0,0, (mp + my)g, muglca, 0,0,0,0,0,0,0]. (D.6)
n
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APPENDIX E

ROS-GAZEBO SIMULATIONS

For further validation of the tethered UAV —buoy system, a customized model was
developed in the Robot Operating System (ROS) Gazebo environment. Given
that this tool is open-source and widely used by the robotics community world-
wide, having a ROS implementation of the hereby proposed system will facilitate
the accessibility and sustainability of this research topic.

E.1 Terminology

ROS uses its own terminology. The following definitions are provided for the
reader’s reference:

node: a node is a process that performs computation. It is an executable program
that runs inside of the application.

topic: topics are named buses over which nodes exchange messages.

publisher: a ROS publisher is a ROS node that publishes a specific type of ROS
messages over a given ROS topic.

subscriber: a node that subscribes to the topic so that it receives the messages
whenever any message is published to the topic.

launch file: it is an XML file that provides a convenient way to launch multiple
nodes and a master, as well as other initialization requirements such as setting
parameters.

spawn: the action of initializing a robot in the 3D Gazebo world.

E.2 Robot Model

Following standard descriptions of robots in ROS, the tethered UAV—buoy sys-
tem is formed as a chain of joints and links, as illustrated by Fig. E.1. The model
tree is detailed in Table E.1. We start with the buoy object, which is linked to
the tether via a universal joint, where the tether is modeled as a chain of n rigid
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Figure E.1: Sample structure of the links and joint architecture in ROS [1].

Figure E.2: Sample robot model for the tethered UAV —buoy system.

cylinders that are interconnected by means of revolute joints, then comes the
UAV body that is also connected to the tether via a universal joint. Finally, the
rotors are connected to the UAV body via continuous rotary joints. Note that
each universal joint is modeled as one continuous joint in the yaw orientation
followed by a revolute joint in the pitch orientation. We also note that sensory
equipment is not included in the tree. This structure increases the system’s flex-
ibility and modularity. For example, different types of buoy links or UAV links
can be used without affecting the integrity of the system model. Note that the
discretized number of the tether elements and the inertia definition of small links
affect the stability of the model.

A sample robot model is constructed as described in Table E.1, and it is
rendered in Fig. E.2. The buoy is considered of a cuboid shape, the tether is
discretized into five elements, and the quadrotor UAV is selected to be an AR-
drone [110] with increased motor power to deliver more thrust that can propel
the system forward. The supplied library makes the design of the buoy and tether
properties, including the number of discretized tether elements, easier. The UAV
model is based on the RotorS package, which offers a variety of UAV models with
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Table E.1: Links and Joints tree of the tethered UAV—buoy robot

Joint name

Joint type

Parent link

Child link

buoy-z
buoy-y
tether joint 1
tether joint 2

tether joint n
UAV-z
rotor-1 joint
rotor-2 joint
rotor-3 joint
rotor-4 joint

continuous-z
revolute-y
revolute-y
revolute-y

revolute-y

continuous-z
continuous-z
continuous-z
continuous-z
continuous-z

buoy body
buoy pitch link
tether element 1
tether element 2

tether element n
UAV yaw link
UAV body

UAV body

UAV body

UAV body

buoy pitch link

tether element 1
tether element 2
tether element 3

UAV yaw link
UAV body
rotor-1 link
rotor-2 link
rotor-3 link
rotor-4 link

their proper descriptions.

E.3 Simulation Environment

The simulation environment is based on the Gazebo simulator, which generates
physical models of robots in the 3D space. Various ROS packages were used to
build the system model, some packages were readily available and others had to
be modified or developed. To include the UAV robots and their aerodynamics,
we use the RotorS package; to include the water medium and the USV dynamics,
we use the VRX package, and to design the tethered UAV —buoy system with its
controller (DSVC), we develop our own package, which is detailed next.

RotorS: The RotorS package [111] lays the infrastructure for the flying UAV
element in Gazebo, by providing multiple known multirotors with their physical
properties. It also includes the sensors needed for UAV flight and sample con-
trollers that allow direct flight in simulation. From this package, we make use of
the UAV platforms, the odometry sensors, and the inner-loop attitude and thrust
controller.

VRX: The Virtual RobotX (VRX) package [112] was developed in 2019 by
the developers of the Gazebo simulator in order to fill the gap in marine robots
simulation, where there were no available models for USVs, as compared to UAVs
and UGVs. The VRX package defines the dynamic water surfaces environment
with current and wave plugins, and handles the computation of the hydrodynamic
forces that affect any USV object, given a set of predefined hydrodynamics coef-
ficient in the Gazebo simulation environment. Both the VRX package and this
work’s methodologies follow the marine dynamic modeling presented by Fossen
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Figure E.3: Gazebo scene with independently spawned buoy (orange) and UAV
robots in a water environment with a landing pad (black).

in [67]. The wave plugin allows users to set customized wave profiles, and the
integrated Gerstner waves give the simulation environment a realistic sense. The
restoring forces are calculated at discrete locations along the vessel hull.

RotorS + VRX: The first task of modeling the tethered UAV —buoy system
in Gazebo is to build both packages together, and integrate their elements in
the same simulation environment, that is, to deploy a floating buoy robot and
a flying UAV robot in the same 3D environment. This is achieved by proper
package installation and generating one launch file to include all of the simulation
elements. To allow the UAV to properly initialize and start spinning its rotors,
it needs to be laid on a fixed ground, otherwise it would sink in the water. For
that purpose, a small (fixed) floating landing pad is required to be added to
the system model. Note that the UAV link does not need to be equipped with
the hydrodynamics plugin. To obtain sensing data for both the UAV and the
buoy, each should be equipped with an odometry plugin, which is responsible
for publishing the link’s pose and rates. With this data available, the spherical
coordinates can be easily calculated by referring to Section 3.2.3. A sample
simulation environment, with independently spawned buoy and UAV robots, is
shown in Fig. E.3.

tuav-buoy: After establishing the above software infrastructure in Gazebo,
the tethered UAV—buoy system is designed using a custom-built package that
was specifically developed for this work. First, we spawn the tethered robot
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as described in the Robot Model section, and we equip it with one odometry
plugin at the main UAV link and another at the main buoy link. Additionally,
the buoy link is equipped with a hydrodynamics plugin and proper definition of
the hydrodynamic coefficients, Dj and a; . Next, the UAV is equipped with the
designed DSVC system to be enable hovering and pulling actions, and to feed it
with the correct commands and measurements of the buoy states, as is described
next.

E.4 Implementation

Below is a list of elements and generated files that are required to model the
tethered UAV —buoy system in Gazebo, with a brief description of each element’s
function:

e Buoy Gazebo dynamics plugin: the VRX wamv_gazebo_dynamics_plugin
.xacro file is upgraded to have a settable link name instead of the generic
"base link" name, which maks it possible to plug the hydrodynamic plugin
on any link of the robot. Also, the hydrodynamic coefficients are modified
to match those of the selected buoy model.

e buoy physical model file (.xacro): it is a cuboid shape buoy model, equipped
with a hydrodynamics plugin, which can be spawned independently of the
UAV robot. We note that selecting the buoy shape is not arbitrary; for
instance, a buoy with a square-shaped vertical cross-section is not feasible.

e physical tethered UAV—buoy model file (.xacro): it is the main robot defi-
nition file that includes the UAV, the tether, and the buoy links in addition
to their joints. It can be split into multiple .xacro files for convenience. It
also includes the specific system parameters/properties, such as the buoy
mass and tether length. Here, care should be taken with the choice and
naming of the robot base link and its effect on both the RotorS and VRX
packages.

e ocean world file (.xacro): this is the world file that should include
the "ocean waves" model from the VRX package, and the librotors_
gazebo_ros_interface_plugin.so plugin from RotorS. Additionally, one
can optionally include a landing pad for the UAV and other landmarks or
floating objects within the world file.

e spawn ml-uav launch file (.launch): it includes the specific robot parameters
and is responsible for spawning the tethered UAV —buoy system model in
Gazebo. Note that a set of related files needs to be modified to handle the
name change from the basic UAV robot name (e.g. AR-drone) to the new
tethered UAV—buoy robot name (e.g. ml-uav).
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topics name (.h): in addition to the list of topics defined in
default_topics.h by RotorS, the buoy odometry, spherical coordinates,
and the DSVC commands topics need to be defined as well. This is achieved
by adding the topics’ names to the default_topics.h file.

publishers: the additional publishers in the developed ROS package are the
buoy odometry, the DSVC data, the initial spherical position set-point, and
spherical way-point publishers.

subscribers: the developed package adds a subscriber in the controller node
to the buoy odometry topic. Also, since recording the spherical coordinates
data is of interest, one can optionally subscribe a bag file to the DSVC data
topic.

way-points file (.txt): this is a text file that includes the DSVC control
state, plus the reference radial position (m), UAV elevation (m), azimuth
angle (°), and buoy surge velocity (m/s).

startup hovering example (.cpp): the RotorS hovering_example.cpp file
is upgraded to publish a spherical coordinates set-point data instead of a
Cartesian coordinates set-point.

spherical way-point publisher (.cpp): the RotorS waypoint_publisher
_file.cpp is upgraded to publish a series of spherical coordinates and
buoy surge velocity trajectory points, with an indicator of the action type
whether it is a relative position motion or buoy velocity manipulation.

DSV controller (.cpp): the RotorS lee_position_controller.cpp file is
upgraded with the DSV controller function, which is responsible for calcu-
lating the desired and actual spherical coordinates of the UAV, the com-
manded acceleration in the spherical frame, and its transformation into the
world frame.

controller gains file (.yaml): includes the DSVC’s gains.

Controller node: the RotorS lee_position_controller_node.cpp file is
upgraded to use the DSV controller instead of the standard Cartesian po-
sition controller, and to subscribe to the spherical setpoint and waypoints
publishers instead of their Cartesian counterparts. This node also sub-
scribes to the buoy odometry topic, initializes the DSV controller parame-
ters, and publishes the DSV controller data.

main launch file (launch): this file is responsible for initializing all of the
ROS nodes, and it allows the users to choose the world file, the robot and
its spawn location, in addition to the buoy’s link name. The launched nodes
are as follows: 1) Gazebo node with the specified world file and robots to
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spawn, 2) controller node, 3) initial hovering position publisher node, 4)
spherical waypoint publisher node, 5) robot state publisher node, and 6)
joint state publisher node.

After listing and defining the elements and files that are required to model
the tethered UAV—buoy system in Gazebo, a brief description of the working
principle of the developed package is provided. First, the model’s .urdf file is
prepared to include the robot’s description in terms of joints, links, and system
dimensions and parameters. The controller script includes the DSVC control law
presented in (3.53) and (3.58), which is called by the controller node, and it is
responsible for stabilizing the outer-loop dynamics of the system. The signals
required by the controller, namely the waypoints and the odometry messages,
are published by other nodes. The controller node subscribes to these published
signals and delivers them to the DSVC controller function, which in turn returns
the desired inertial acceleration as per (3.60). The predefined RotorS’s inner-loop
controller handles the remaining computations until delivering the commands to
the motors. The launch file should include the followings steps: loading of the
tethered UAV —buoy system model with the proper USV dynamics and odometry
plugins, launching the Gazebo simulator with ocean world including the waves
plugin and a landing pad, spawning the robot such that the buoy link is above
the water surface and the UAV link is above the landing pad, launching the
controller node, and finally launching the initializer hovering node then the way-
point publisher node.

E.5 Simulation Scenario

Since the developed ROS-gazebo package is meant to serve as a multi-purpose
simulation environment, a sample simulation scenario is provided to demonstrate
the functionality and fidelity of the package. Note that the package can be up-
graded /customized with models, scripts, and plugins to fit a user’s needs.

The proposed simulation scenario considers an AR-drone quadrotor with en-
hanced thrust abilities, a buoy with a mass of 10kg, and a tether of length 1.3 m
discretized into five elements. At first, the UAV spawns above the landing pad,
while being physically connected to a floating buoy via the tether. The UAV
then takes off and hovers, while maintaining an initial position in a spherical
coordinates frame that is centered at the buoy. The UAV prepares to enter the
pulling phase by extending the tether to near its maximum length, then it starts
gradually pulling the buoy up to a specified maximum speed. A turning maneu-
ver, which consists of the buoy going straight then turning left, is executed in
order to demonstrate the steering ability of the system, while obtaining adequate
performance, bounded and practical control signals, and realistic values of the
state variables.
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Figure E.4: Gazebo scene for the tethered UAV—buoy system at different mo-
ments during the locomotion task.

E.6 Simulation Results

Preliminary simulation results in the ROS-Gazebo environment are furnished to
merely demonstrate the functionality of the developed ROS packages and the
fidelity of the system’s dynamical model and designed controller. The simulation
results of the devised scenario are shown in Fig. E.4. Notice the different stages
of the simulation maneuver, starting from (a) initial position hold, (b) tether
extension, (c-f) forward pulling (locomotion), (g) steering to the left, and finally
(h-i) decoupling and returning to a spherical position hold.

The tracking performance of the system is shown in Fig. E.5. The planar
(x—y) trajectory of the buoy is shown in the top subplot that captures the buoy’s
forward motion in the z-direction at first, then turning left for the remainder of
the simulation maneuver. The UAV exhibits good spherical position tracking in
r, a, and ¢, as well as adequate buoy surge velocity tracking.

The preliminary ROS-based simualtion results demonstrate the following:

e The various ROS packages that were specifically developed for the proposed
robotic system are functional.

e The UAV—buoy robot is properly defined and it is sensibly influenced by
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Figure E.5: Gazebo simulation tracking results.
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the water environment and tether link forces.

e The proposed control system (DSVC) is implementable using the widely-
used RotorS package for UAV simulation.

e Similar overall performance is obtained as compared with with the MAT-
LAB/Simulink ® model given in Section 3.4.3.

E.7 Future Work

Given that the developed tuav-buoy ROS package is not meant to be a repli-
cate/replacement of the designed MATLAB/Simulink ® model, there is room for
further development, refinement, and additions to the package. For example, the
state machine with its different operating modes can be included, other control
system designs can be implemented, additional system dimensions and configu-
rations can be evaluated, and various buoy shapes and sizes of can be tested.
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APPENDIX F

REPOSITORIES

We make publicly available implementations of the proposed marine locomotive
UAV system and the ICS tuning tools. This is presented by the following open-
source GitHub [113] repositories:

1.

AUBVRL/Primitive-ML-UAV: A MATLAB/Simulink implementation of the
system proposed in "A Tethered Quadrotor UAV-Buoy System for Marine
Locomotion", in ICRA 2021, by A. Kourani and N. Daher (coupled case
only).

. AUBVRL/Marine-Locomotive-UAV: A MATLAB/Simulink implementation

of a robotic system consisting of a quadrotor UAV that pulls a floating
buoy across water. Velocity manipulation of the buoy is allowed through a
tether that links the UAV to the buoy (both coupled and decoupled cases
for the 2D model).

. AUBVRL/3D-Tethered-UAV-buoy: A MATLAB/Simulink implementation

of the tethered UAV-buoy system (3D model).

. AUBVRL/tuav-buoy: A ROS package for simulating the tethered

UAV —buoy system.

. AUBVRL/Tune-Backstepping-Like-PID: Some MATLAB scripts that show

the similarity between the backstepping and the PID gains, and help tune
a backstepping control law in a similar way to PID tuning.
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