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Abstract

In the field of aerial transport, specifically in operations involving quadrotors carrying sus-
pended payloads, two critical stages are the attachment and detachment of the payload. These
procedures are challenging due to various uncertainties inherent in the quadrotor, environmen-
tal variables, and payload swings caused by human or external interactions. These uncertainties
can escalate quickly, posing significant risks to the quadrotor and payload and, crucially, to the
human operator involved in the attachment/detachment process.

Current advanced controllers in this field often need to adequately address these uncertain-
ties, typically treating them as bounded, predictable variables. However, this approach must
be revised to manage the unpredictable nature of payload swings during these critical stages.
To overcome this limitation, our research introduces an innovative adaptive anti-swing con-
troller. This controller uniquely considers uncertainties state-dependently, specifically tailored
to address swing induced by the unpredictable aspects of attaching and detaching suspended
payloads.

In this work, we have conducted a thorough analytical evaluation of the closed-loop stability
of this new system. Additionally, real-time experimental trials have been carried out. The
results from these experiments demonstrate a marked performance improvement compared
to existing state-of-the-art systems. This novel approach shows promise in enhancing safety
and control effectiveness in aerial payload transportation, especially during the vital phases of
payload and unclasping.

vi



Contents

Chapter Page
[ Introduction] . . . . . . . . ... .. 1
(L1 _Aertal Robotics| . . . . . . . . .. 2
(1.2 System Dynamics| . . . . . . ... ... ... ... 3
1.2.1 Reference Frames|. . . . . . . . . . ... .. . 0 L. 3

(1.2.2 Quadrotor Dynamics| . . . . . . ... ... ... ... ... ..., 4

1.3 Control of Quadrotors|. . . . . . . . . . . . . ... 8
(1.3.1 Adaptive Control of Quadrotors with Cable-suspended Payload| . ... 9

(1.3.2  Beyond Payload Clasp and Unclasp: Inflight Interaction with Cable- |

| suspended Payload| . . . . . . ... ... 0 o0 oL 10
(1.3.3  Human-Payload Interaction: In-flight Payload Perturbation| . . . . . . . 11

(.4 Preliminaries| . . . . . . . . . .. 11
(1.4.1 Stability Notions| . . . . . . . ... ... .. ... ... ........ 11

1 ntributions of the Thesisl . . . . . . . .. .. ... oo o 12

(1.6 Organization of the Thests| . . . . . ... ... ... .. ... ... ...... 13
(1.7 Symbols and Notations:|. . . . . . .. ... .. .. ... ... ......... 14

[2 Anti-swing Control of Quadrotors during Human Interaction: An Adaptive Approach| 15
I TIntroductionl . . . . . . . . . . e 15
[2.2  System Dynamics and Problem Formulation| . . . . . . .. .. .. .. ... .. 16
[2.3  Proposed Controller Design(. . . . . . .. .. ... ... ... . 19
2.4 Stability Analysis| . . . . . . ... 23

[3  Experimental Results] . . . . ... ... ... oo 26
[3.0.1 The Experimental Setup| . . . . ... ... ... .. ... ....... 26

2 Parameter Selection] . . ... ... ... ... .. ... ... ... 26

[3.0.3  Experimental Scenario| . . . . .. ... ... ... L. 27

3.04 Resultsand Discussion] . . . . . . . ... ... ... ... 27

4 Conclusion and Future Workl . . . . . . . ... ... oo 30
4.1 Conclusionl . . . .. .. .. 30

2 Futur rKsl .o 30

vii



CONTENTS



List of Figures

ix

Figure Page
[LI A schematic of reference frames)] . . . . . . ... ... ... ... .. ... .. 4
(1.2 A picture of Q450 quadrotor with “°x” configuration.|. . . . . . . ... ... .. 5
(1.3 A schematic representing a quadrotor’s dynamics.| . . . . . .. ... ... ... 6
(1.4 A diagram representing a human interacting with the suspended payload car- |

| ried byaquadrotor] . . . . . ... .. L L 10
(1.5 A 4 stage representation of induced sing in cable suspended payload due to |

| pickup scenario, human interaction, or accidental clasp/unclasp|. . . . . . . .. 11
[2.1  Illustration of a quadrotor system with suspended payload.| . . . ... ... .. 17
[2.2 Proposed control framework| . . . . ... ... oo 0oL 23
[3.1 Quadrotor position tracking error.| . . . . . .. ... L Lo 27
[3.2  Quadrotor attitude tracking error.| . . . . . .. ..o oo 28
[3.3  Stabilization error in payload swing angles o, and o, |. . . . . . .00 0oL 28



List of Tables

Table Page
(1.1  Nomenclature of various symbols and notations used 1n the thesis.| . . . . . . . 14
2.1 Nomenclaturef . . . . . . . . . ... 17
[3.1 Root-Mean-Squared (RMS) error comparison| . . . . . ... ... ....... 29




Chapter 1

Introduction

Robotics, a transformative reality, and a testament of human will to manifest fiction, has
metamorphosed the life of both the common man and the industry. A progression from simple
machinery to sentient agents is being driven by relentless innovation and technological ad-
vancements. In the enthralling realm of robotics, the elegance of machines is matched only by
their steadfast commitment to safety. This is not merely a display of technological prowess but
a critical ballet of intelligent machines that inherently safeguard their human and environmental
counterparts.

Central to this journey is the development of advanced control systems, crucial for reliable
and efficient robots. These systems not only reflect technical ingenuity but also underscore an
important aspect of robotics: a tangible realisation of autonomy.

Humans have long sought ways to extend their capabilities and overcome physical limita-
tions. Robotics presents a solution to this quest, offering the power to handle tasks that are
either too dangerous, too precise, or too tedious for humans. This realization has been a driv-
ing force in the development of robotics, particularly in fields where the power and precision
of robots significantly enhance efficiency and safety.

Then, robots by their very build, target capabilities that surpass human limitations. This
capacity reaps from performative hardware and software design. Unlike humans, who are
subject to fatigue, physical strain, and limitations in precision and strength, robots can be engi-
neered to perform tasks with greater ease, accuracy, and endurance. Similarly, robots, through
software considerations, can be built to perform repeatably, reliably, and safely over extended
periods. Tasks such as lifting heavy objects, executing precise surgical procedures, or enduring
hazardous conditions without degradation in performance, and safe payload transportation.

In robotic systems, the development of control technologies as part of their software design
has played a crucial role. Autonomous vehicles and mobile robots, once figments of imagi-
nation, have become practical realities due to feedback control advancements. These vehicles



are used widely, from research to commercial applications, and come in various forms like
wheeled, marine, and aerial robots. Despite the limited use of aerial and marine robots due
to safety concerns, road vehicles with autopilot features are becoming commonplace, leading

major automobile manufacturers to pivot towards autonomous vehicle technology.

The control of these autonomous systems spans a wide spectrum. High-level control, for
instance, involves selecting optimal trajectories, while low-level control focuses on specific
actuator inputs. These control levels range from strategic path planning to the detailed calcula-
tion of forces and torques required for precise movement and task execution. This hierarchy of
control underscores the robots’ ability to perform complex tasks safely and efficiently, which

are hazardous for humans.

Robotics is a convergence of human aspiration, technological advancement, and an inherent
commitment to safety and efficiency. Developmental advances in Safety Critical Controls en-
sure that the effort is directed towards enhancing human capabilities while safeguarding human

interests.

1.1 Aerial Robotics

Aerial robots exemplify humanity’s quest to transcend physical boundaries, utilizing aerial
transportation to leverage the third dimension for more efficient travel. This advancement
addresses a fundamental challenge in modern transportation, as many autonomous vehicle re-
searchers note: adding an aerial dimension could be a solution to the rapidly increasing prob-
lems of road traffic congestion.

Aerial vehicles are primarily categorized into two types based on their design: fixed-wing
aircraft and rotary-wing quadrotors. The emergence of Unmanned Aerial Vehicles (UAVs)
marks a significant milestone in aerial vehicle applications. UAVs can be either autonomous or
remotely operated, but in both scenarios, control is a critical aspect. This research particularly
focuses on the low-level control of quadrotors, a vital area due to the absence of a braking
mechanism in aerial robots, which makes stability control more crucial than in ground-based

robots, like rovers.

Fixed-wing aircraft, with their mechanically advantageous design, are well-suited for trans-
porting cargo and passengers. They are extensively used for various purposes, including per-
sonal, commercial, research, and defense activities. However, fixed-wing aircraft have limi-
tations: they require runways for takeoff, have a non-holonomic design, and cannot hover in
place. These constraints render them impractical for certain applications like indoor goods



transfer, disaster relief, and surveying, paving the way for the utility of rotary-wing quadrotors
in these scenarios.

1.2 System Dynamics

The main components involved in modeling a robotic system, namely, representing the
model, defining reference frames with state variables, and developing kinematic and dynamic
dynamic equations. Although there are various approaches to modeling dynamics in each of
these sections, the focus will be on the method employed in this work.

1.2.1 Reference Frames

Identifying reference frames is a key aspect in the dynamic modeling process, particularly
for quadrotor applications. Two types of frames are commonly used to simplify the representa-
tion: an inertial frame, which describes the quadrotor’s absolute position and orientation, and
a body-fixed frame, which is used to depict the forces and torques acting on the quadrotor’s
body.

Inertial Frame

The inertial reference frame is defined as a frame in which a body, not influenced by any
net force, remains at rest or moves in a straight line. It’s commonly associated with a ground-
fixed plane, and if we disregard Earth’s movement, this frame can be considered stationary.
Often referred to as the World frame, it is oriented with the X-axis pointing forward, the Z-
axis pointing upwards, and the Y-axis determined by the right-hand rule. The differential
equations used to depict the system’s dynamics are formulated with respect to this inertial
frame reference.

Body-Fixed Frame

The body-fixed frame is attached directly to the quadrotor and adheres to the same axes
convention as the inertial frame. Each frame consists of three orthonormal axes that intersect
at the center-of-mass (CoM). For simplicity, these axes are selected to be the principal axes in
the body-fixed frame, mirroring those in the inertial frame. The forces exerted by the propellers
impact this body-fixed frame. In the case of a quadrotor, the thrust generated by the motors



Figure 1.1: A schematic of reference frames.

results in forces and torques within this frame. Therefore, the quadrotor’s angular velocities
are described in terms of the body-fixed frame.

In Figure the inertial and body-fixed frames are depicted, having their origins at Oy
and Op, respectively. The position vector p represents the relative position of the quadrotor’s
center-of-mass (which is also the origin of the body-fixed frame) in relation to the inertial
frame.

1.2.2 Quadrotor Dynamics

The final aspect of modeling involves formulating the dynamic equations for the system.

In a quadrotor, the forces and torques are generated solely by the propellers’ rotation. Each
propeller exerts an upward force along the Z g axis of the body-frame, and produces two distinct
types of torques: one resulting from the upward force along the X5 and Yp axes, and the
other arising from the propellers’ rotation, creating a torque around the Zg axis. To simplify
the dynamics, the quadrotor is symmetrically designed around the origin in the XYy plane.
Additionally, the Center of Mass (CoM), denoted as Ogp, is aligned with the propeller plane.

The body frame of the quadrotor is structured such that its origin is at the CoM, with the
Xp and Yp axes aligned along two opposite arms (the rods connecting the center to the rotors),
positioned at 45 degrees to either side of an arm. This design comes in two configurations: the



Figure 1.2: A picture of Q450 quadrotor with “x” configuration.

”+” (plus) configuration and the ”x” configuration (as shown in Fig. [I.2). In this discussion,
we focus on the dynamics of the quadrotor in the ”’x” configuration.

When all propellers rotate at the same speed and in the same direction, the torques along
the X and Y axes are neutralized by the opposing propellers. However, the combined torque
around the Zp-axis increases, causing the quadrotor to rotate around this axis while maintain-
ing its position. To balance this, opposite propellers spin in opposite directions, while adjacent
ones rotate in the same direction.

Since the rotors point downwards, the thrust of the quadrotor is directed along the negative
Zp-axis. This thrust propels the quadrotor upward, countering gravity, especially when the
Z p-axis of the body frame aligns with the Zy-axis of the world frame. Movements along the
Xp and Y axes are generated by tilting or rolling the quadrotor. For instance, to pitch forward,
the front motors slow down compared to the rear ones. To roll to the right, the left motors spin
faster than those on the right, and the reverse is true for a left roll. Differences in rotor speeds
can create uneven torques, causing the quadrotor to yaw. To prevent this, the total speeds of
opposite motors are kept equal.

In this study, we adopt a dynamic model for the quadrotor that is widely recognized in
several key works, such as those cited in , , and . This model establishes the connection

between the thrust 7}, the torques 74, 79, 7, and the rotor speeds w;, for: = 1,2, 3, 4.

Ty, Cr Cr Cr Cr w?
Ty _ 0 ZCT 0 —ZCT w% (11)
To —ZCT 0 ICT 0 w§
Ty —CTCM CTOM —CTOM OTOM wZ



Figure 1.3: A schematic representing a quadrotor’s dynamics.

where C'r and C'; are thrust constant and moment constant respectively, and [ is the arm-
length (please refer to Fig[I.3).

In the absence of external disturbances, the quadrotor encounters only a limited set of forces
and torques besides gravity. According to the equations, the control variables are the rotors’
angular velocities. Managing these velocities allows control over the upward thrust, as well as
the roll, pitch, and yaw of the quadrotor. Control of movement in other directions is achieved
indirectly through the manipulation of roll and pitch. Therefore, the quadrotor is an underac-

tuated system, with four control inputs governing its six Degrees of Freedom (DoF).

The primary linear forces influencing the system are the gravitational force, (G, directed
along the negative Zy-axis in the inertial frame, and the thrust, 7}, exerted along the positive
Zp-axis in the body frame. Consequently, the linear dynamics of the system are represented as
shown in reference [1.2]



m ||+ 0| =R"|0 (1.2)

where g represents the acceleration caused by gravity, m is the quadrotor’s total mass, and
R is the rotational matrix employed to convert forces from the inertial frame to the body-fixed
frame. Due to the characteristics of orthonormal matrices, the transpose of R, denoted as RT,
is used to transform vectors from the body frame back to the inertial frame. The rotational
dynamics of the system are described in the following manner.

]a:x " Izz -1

T¢ +— W) = 14,
Wy g
Izzw + (Iyy - I:m)SOQb = Ty, (1.3)

where [ is arm-length of the rotor units; /., [,,, .. are the inertia terms in z,y and z

directions respectively. The rotation matrix R is given by

CﬂJClP chw _Sgo
R = C¢S¢S¢ — ch(z, S1ZJS<PS¢ + C¢C¢ S¢C(p

CpSpCo + SypSp  SypSpCh — CpSp  CyuCy

where, c(,), 5(.) denote cos.), sin.y; m is the mass of the overall system.

In this work, we have used the following quadrotor dynamics.

Myp+G =T,
Mq(a)d + Cq(d)a = Tq (1.4)

with
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(1.5)

where, M, and M, are diagonal matrices that represent the mass and inertia of the quadro-
tor respectively; Cg is the Coriolis matrix containing the cross-coupling terms; p and q are the
position and orientation vectors of the quadrotor in the inertial frame, G is the gravity vector

and 7, and 7T are the force and moment vectors acting on the CoM of the quadrotor.

1.3 Control of Quadrotors

The initial works of quadrotor control were focused on reducing the complexity of the dy-
namics of the quadrotor. The simplest of all is the hovering mode control, where the quadrotor
is assumed to have no disturbances across the Xy and Yy, axes. This type of control can
be used to hover the quadrotor at any given height, and thus, only controlling the altitude of
the quadrotor was sufficient. The earliest of control designs was well-proven Proportional-
Integral-Derivative (PID) controller [4-6].

The evolution of quadrotor control progressed beyond the limited scope of hovering mode,
leading to the development of feedback linearization, also referenced in works like [[7-9]]. This
method is often termed as small-angle variation control, owing to its assumption that variations
in roll and pitch angles are relatively minor. It’s particularly suited for flying modes close to
hovering, and adaptive controllers designed for these conditions are discussed in [10]. While
control based on small-angle approximations is straightforward to implement, it may become
unstable during more dynamic or aggressive flight maneuvers of the quadrotors.

A key advancement in quadrotor control is the introduction of the geometric controller, as
detailed in [1]]. This research presented a partially decoupled dynamic model for the quadrotor
(refer to Chapter 2 for more details) along with a dual-loop control system. The application



of geometric control within the rotation matrices’ manifold makes it highly effective for ex-
ecuting complex maneuvers. Another significant contribution in this field was made by [11]
and their team, who developed a fully decoupled dynamic model for quadrotors. However, this
model remains largely theoretical and requires additional mechanical structures for practical
implementation, such as the tiltrotor mechanism discussed in [12,|13]]. For a comprehensive
overview of current control strategies for autonomous quadrotors, the survey in [[14] is an ex-

cellent resource.

However, the research mentioned above, including the references within, relies signifi-
cantly on precise system modeling and dynamics. In practical scenarios, accurately mod-
eling a quadrotor’s exact dynamics is challenging and often unfeasible due to factors like
non-linearities, imprecise parameter knowledge, uneven mass distribution, and external dis-
turbances. Additionally, when quadrotors are utilized in applications like surveying, manip-
ulation, or transporting payloads, as mentioned in [15-17]], their dynamics can vary due to
changes in the payload. In this thesis, we specifically explore two types of aerial transporta-
tion, addressing the control challenges and solutions associated with each. These two scenarios

are discussed in the following sections:

1.3.1 Adaptive Control of Quadrotors with Cable-suspended Payload

In recent times, there’s been considerable interest in using quadrotors or similar aerial vehi-
cles for delivering payloads in various civilian and military contexts, as discussed in studies like
[18-20]. When it comes to aerial payload transport, the two predominant methods are cable-
suspended (refer to [[16,21-23]]) and gripper-attached (see [11,24-26]). The cable-suspended
approach is often favored for its ability to handle different payload sizes while maintaining the
quadrotor’s nimbleness. This method, however, introduces a greater control challenge due to
the additional unactuated degrees-of-freedom from the payload’s swing angles, adding to the

already underactuated nature of the quadrotor.

Key operations in cable-suspended transportation include attaching and detaching payloads,
often requiring human interaction (as shown in Fig. [[.4)). For the safety of those involved, it’s
crucial that the quadrotor can stabilize itself against the disturbances caused by the payload’s
swing.

Regrettably, as noted in the literature, controlling such a system in the presence of uncer-
tainties (like parametric changes, wind, and rotor downwash) is difficult. The payload’s swing
angles add more unactuated degrees-of-freedom to the quadrotor, making the control of this
underactuated system a complex challenge.



1.3.2 Beyond Payload Clasp and Unclasp: Inflight Interaction with Cable-

suspended Payload

Payload Slung
by Cable

Human Interaction

Figure 1.4: A diagram representing a human interacting with the suspended payload carried by

a quadrotor

In the previous scenario, it is only assumed that the payload will be clasped and unclasped
during the flight. However, in a typical assignment or emergency evacuation, a quadrotor might
be mounted with a cable-suspended payload during hover which may also induce aggressive
swing, if the payload and the quadcopter are at different heights such that the cable holding the
payload is not taut initially, especially in the case where the payload is being picked from high
rises. This will induce unwanted payload swing. Dynamic variations in suspended payload are
orchestrated by these situations. One such orchestration is illustrated by deliberately changing
both the payload swing angle and the height aggressively with a stick. Fig. [I.5]in 4 phases:
(1) in the first phase, the quadrotor hovers in the air with the suspended payload (ii) in the
second phase, the suspended payload is perturbed with a stick; (iii) and in the third phase,
the suspended payload is observed to be displaced far from its initial configuration (iv) In the

10



fourth phase the quadrotor is trying to stabilize the suspended payload. Similar phases can be
observed during a construction scenario.

1.3.3 Human-Payload Interaction: In-flight Payload Perturbation

e

= = : e : dr&torit@iﬁg’-‘
'ﬂ’"guspended Pagyload ~ = _ = . % to Stabilise
pushed Wiulig‘*'"c Suspended Payload = :

Displaced .

= =

Figure 1.5: A 4 stage representation of induced sing in cable suspended payload due to pickup

scenario, human interaction, or accidental clasp/unclasp

Though robust controllers [27-H31] might solve the problem of variation in dynamics to an
extent, they also suffer when bounds of uncertainties are unknown. Hence, an adaptive con-
troller is typically employed to solve these issues [[17,25],32H39]. However, adaptive control
typically requires structural knowledge of the system and cannot handle unmodelled dynamics,
and such prerequisites are difficult to meet in the cases of unknown payload transport. Further,
it is well-known that under a changing dynamics, typically arising during dynamic payload
swing, conventional controllers are not suitable [40-45]]. In addition, to the best of our knowl-
edge, no control solution exists to efficiently dampen the payload swing of a quadrotor in an

adaptive setting. This thesis aims to solve these control challenges.

1.4 Preliminaries

1.4.1 Stability Notions

An autonomous nonlinear system represented by the following dynamic equation

&= fz(t), (0) =0

where z(t) € R" represents the system state vector is said to be stable, the function f attains
an equilibrium at the point z = x., i.e, f(x.) = 0 and f'(z.) = 0.

11



The equilibrium point is said to be:

1.5

Stable, if there exists a bound € > 0,6 > O such that |2(0) —z.| < = |z(t) —z.| <
€, VYVt > 0. Stability makes sure the states starting from close enough to a bound ¢ will

remain within the bound e.

Asymptotically stable, if in addition to being stable, lim;_,, ||z(t)—z.|| = 0. Therefore,
the system not only remains within the bound € but also converges to the equilibrium

point.

Exponentially stable, if in addition with asymptotic stability there exists « > 0,5 >
0,8 > 0 such that ||z(¢) — z.|| < af|z(0) —z.||[e?¢, ¥Vt > 0. Hence, system converges

to the equilibrium at an exponential rate.

Uniformly Ultimately Bound (UUB): The solutions of & = f(x(t)) is said to be uni-
formly ultimately bound with ultimate bound b if 3b > 0, ¢ > 0 and forevery 0 < a < c,
3T = T'(a, b) > 0 such that

llz(t)|] <a = |lz(®)|| <b, Vt>t,+T. (1.6)

Contributions of the Thesis

In this thesis, advancements have been made in the field of adaptive control systems for

quadrotors with suspended payloads, specifically targeting safe human-quadrotor interactions.

The key contributions of this research are summarized as follows:

1.

Development of an Adaptive Anti-Swing Controller: This research introduces an in-
novative adaptive anti-swing controller tailored for human-quadrotor interaction. The
controller is uniquely designed to manage the state-dependent uncertainties inherent in
the dynamics of suspended payloads. This is a critical advancement over existing meth-
ods, as it effectively handles unknown dynamic variations without prior knowledge of

specific uncertainty terms.

. Formulation and Analysis of a Controller for Enhanced Safety and Precision in

Human-Quadrotor Interacting Systems: The proposed control framework signifi-
cantly improves the safety and precision of human-quadrotor interactions, especially
during critical operations like clasping and unclasping of cable-suspended payloads. The
safety aspect is a pivotal focus of this research, addressing a key challenge in the field.

12



3. Experimental Validation of Performance surpassing State-of-the-Art Methods: Com-
parative experimental investigations have demonstrated that the adaptive control ap-
proach developed in this thesis outperforms existing state-of-the-art methods. The con-
troller exhibits a remarkable ability to mitigate undesired payload swings, which is a

testament to its efficacy.

4. Discussion on the Impact on Future Human-Interacting Quadrotor Applications:
The findings and developments from this thesis have significant implications for future
applications in the field of quadrotor technology, especially in scenarios requiring direct
human interaction. The adaptive anti-swing control approach sets a new benchmark for

operational safety and control precision in such contexts.

These contributions represent a valuable addition to the field of adaptive control for quadro-
tors, particularly in the context of human-quadrotor interaction carrying suspended payloads.
The outcomes of this research not only address existing challenges but also pave the way for

future innovations in aerial robotics.

1.6 Organization of the Thesis

The thesis is organized into four chapters. A brief summary of each chapter is mentioned

below.

e Chapter 1: This introductory chapter gives an overview of quadrotors, their dynamic
model and control strategies. It briefly describes the motivation for this research, the
problem orientation, the pertaining gaps in the literature, the main contributions and an

outline of the thesis.

e Chapter 2: This chapter explains a new adaptive anti-swing controller for quadrotors
carrying suspended payloads that can handle payload swing and dampen it. The stabil-
ity of the closed-loop system using the proposed controllers is studied using Lyapunov

theory.

* Chapter 3: In this chapter the proposed controller’s effectiveness is demonstrated through
hardware experiments, showing how it outperformed state-of-the-art controller in terms
of stability, convergence, and robustness to payload swing induced by human interaction.
The performance is compared via error plots and root mean-squared (RMS) error.

* Chapter 4: This chapter concludes the thesis by summarizing the various contributions
brought out by this thesis.

13



1.7 Symbols and Notations:

The symbols and notations used in the following chapters are as shown in Table

R Real line

Rt Real line of positive numbers
R™ Real space of dimension n

R™ Real matrix of dimension n X n
= there exists

\ for all

1 Identity matrix

E > 0(< 0) Positive (negative) definite matrix
)

Amin (2 Minimum eigen value of the matrix =
Amax (2) Maximum eigen value of the matrix 2
||Z]] Euclidean norm of the matrix =
sgn(z) Signum of z = z/||z||

, ozl if |lz]] = @
sat(x, w) Saturation of = =

x/w, otherwise

Table 1.1: Nomenclature of various symbols and notations used in the thesis.
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Chapter 2

Anti-swing Control of Quadrotors during Human

Interaction: An Adaptive Approach

2.1 Introduction

In recent times, the utilization of quadrotor and similar aerial vehicles for payload delivery
has garnered extensive attention in both civilian and military applications. This is evident from
various studies and proposals [18-20]. Among the prevalent methods of payload transport by
these vehicles, namely, cable-suspension [[16,21-23]] and fixed gripper attachment [11,24-26],
the former is often preferred. Its advantage lies in its flexibility, allowing the transportation
of variously sized payloads without compromising quadrotor agility. However, this method
introduces the challenge of stabilizing the additional unactuated degrees-of-freedom due to

payload swing, which adds complexity to the already underactuated quadrotor system.

A critical phase in the cable-suspension method involves the payload’s clasping and un-
clasping, often requiring human interaction (as shown in Fig. (1.4). During these operations,
the quadrotor must be capable of stabilizing itself against disturbances, such as those caused

by payload swings, to ensure human safety.

Controlling a quadrotor in the presence of such uncertainties, including parametric varia-
tions, external forces like wind or rotor downwash, etc., is acknowledged as a complex chal-
lenge in current literature. Many studies have simplified this by considering only a single planar
swing angle [46-49]. However, for realistic payload transportation scenarios, accounting for
both planar swing angles is necessary (refer to Fig. [2.1). While adaptive controllers have been
proposed for dual swing angles [22,50-52]], they often fall short in addressing state-dependent
dynamics unique to quadrotors. These unmodelled forces, such as low-velocity drag, rotor
downwash, or payload-induced coupling forces (discussed later in Remark 2), can lead to un-
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wanted quadrotor movements. These movements, if unchecked, pose risks not only to the
quadrotor and payload but also to the human involved in payload handling, as evidenced by
experimental results in Sect. I'V.

Given these challenges, the thesis argues for a control design that effectively stabilizes pay-
load swing angles in the face of such state-dependent uncertainties. This work addresses a gap
in existing research by presenting a novel solution. The key highlights of this work include:

* An adaptive anti-swing control mechanism that estimates unknown state-dependent dy-

namics and external disturbances without prior knowledge of these factors.
* A comprehensive closed-loop stability analysis employing the Lyapunov approach.

* Real-time experimental validations that demonstrate significant improvements in system
stabilization, particularly against disturbances induced by payload swing, compared to

existing methods.

This research builds upon and extends prior studies by some of the authors [53-55], by incor-
porating unactuated cable-suspended payload dynamics and avoiding acceleration feedback
required in earlier models.

The rest of this chapter is organised as follows: section 2.2 gives the suspended payload
dynamics of the quadrotor while mentioning the assumptions and the properties needed for the
controller formulation. section 2.3 delves into the details of the controller design. Section 2.4

gives the stability analysis of the proposed controller.

2.2 System Dynamics and Problem Formulation

For the quadrotor system with suspended payload as in Fig. [2.1] the associated symbols
and system parameters are defined in Table 2.1} For system modelling, we take the following

standard assumption:
Assumption 1 (/17,50,51, 56])The cable connecting the payload and the quadrotor is at-
tached to the center of mass of the quadrotor and it is massless, inelastic and always taut.

Under the above assumption and employing the Euler-Lagrangian formulation (cf. [S7,58]),

the dynamic model of the composite system can be obtained as

M(q)q + C(g,4)q + G(g) +d = [r, 7, 00]", (2.1a)
7, =R}U, (2.1b)
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Figure 2.1: Illustration of a quadrotor system with suspended payload.

Table 2.1: Nomenclature

[(XBYB ZB] Quadrotor body-fixed coordinate frame
XV YW ZW] Earth-fixed coordinate frame
[z y 2] Quadrotor position in Earth-fixed coordinate frame
[0 0] Quadrotor roll, pitch and yaw angles
iy Payload projection angles in X" Z" plane
vy Payload projection angle in YV Z" plane
M,C ¢ R¥® Mass and Coriolis matrices
G eR® Gravity vector
d € R8 Unknown (state-dependent) dynamics vectors
Tpy Tq € R? Generalized control inputs

where q(t) = | (t), y(t), (1), $(2), 0(2), V(1) @ (t), ay(t)} P 7g(t) = [ua(t), us(t), ua(t)] is
the control inputs for roll, pitch and yaw of the quadrotor; 7, = R} U is the generalized control
input for quadrotor position in Earth-fixed frame, such that U (t) £ [0 0 w (t)] ' being the
force vector in body-fixed frame and R} being the Z — Y — X Euler angle rotation matrix
describing the rotation from the body-fixed coordinate frame to the Earth-fixed frame [/11]]

CpCo  CySeSe — SyCh  CypSaCh + SySe
R%V = |5pCo  SpSeSs T CypCh  SySeCe — CySe | (2.2)

— Sy S¢pCh CoCy
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where c(.y, 5, are abbreviations for cos (-),sin (-) respectively. The term d(q,t) represents
combined effects of external disturbances (e.g., wind, gust) and unmodelled state-dependent
dynamics (e.g., low speed aerodynamic drag forces, rotor downwash, ground reaction distur-
bance). Following the standard properties of Euler-Lagrange systems (cf. [59, Ch. 6]) and of
aerial vehicles (cf. [S0L51], [60, Ch. 3]), we state the following standard system properties:
Property 1: 3¢,g,dy,d, € R* such that ||C(q,q)|| < elldl], ||G(q)|| < g and ||d(¢,t)]| <
do + du|d]]-
Property 2: )M (q) is symmetric and uniformly positive definite. This implies that Juy, o €
R* such that

0<ml, <M(q) < psl,. (2.3)

Consider the decomposition of M as M = M+ AM, where M and AM represent the nominal
and perturbation terms of the mass matrix, respectively. The amount of uncertainty in the

system is framed as an assumption below, which acts as a control challenge:

Assumption 2 (Uncertainty) Only the knowledge of M and an upper bound for AM is avail-

able, while the terms C, G, d and their upper bounds ¢, g, dy and d, are unknown.

Remark 1 (Importance of state-dependent uncertainty) Property 1 highlights that the terms
C and d create forces which directly depends on velocity; furthermore, motion in swing angles
will excite motion in quadrotor via the coupling terms in inertia matrix M (cf. the structure in
[57,58]). Hence, uncertainty in these dynamic terms create state (i.e., velocity, acceleration)-
dependent uncertainty. Crucially, it implies that these uncertainties, when unaddressed, will
create unwanted motion in the system (cf. the system oscillations, drift etc. during the experi-

ments later) leading to potential hazard.
For controller design, as well as for convenience of notation, let us rewrite system as
M@)i+ N(g.di+d= [ 0 o] 24)
where

4= oy Quls Ga =12, 9, 2, &, 0, V], qu = [0, ]
M, Mau] M, € RS¥S M, € ROX?
MZE My, |’ M, € R**? ’
N 2C¢+G =[N, N, N, e R®. N, € R?,
d=[d,, d,), d, € R% d, € R* 7 & [Tp, Tyl

A
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Using these decomposed representations of M, N and d, the system dynamics (2.4)) can further
be represented as

Gu = —M I MT Gy + hy, (2.5a)
Go = M7+ hg, (2.5b)

where h, = M} (N, + d,),
ho 2 MY (N, + dy — Mo MZH(N, + dy,)),
My 2 My — Mg, M MY

Control Objective: Under Assumptions 1-2 and Properties 1-2, to design an adaptive con-
troller to maintain the quadrotor at a desired fixed location (z¢,y?, 2%), while stabilizing the
attitude and payload swing angles (i.e., ¢? = 0% = ¢ = af = o = 0).

The following section solves this control problem along with detailed analysis.

2.3 Proposed Controller Design

Let us define tracking error ¢, = q, — ¢% (¢ is a constant vector [z, y?, 2¢,0,0,0]) and an

auxiliary error variable r as
r 2 Taéa + Taa + Tudu + Tudu, (2.6)

where T, T, € R are positive definite and T,,,I",, € R6*? are full rank user-defined matri-

ces.
Using (2.5a) and (2.5b)), the time derivative of (2.6) yields

7= Tofa + Lata + TuGu + Lugu
= (Yo — TuMIMEN (M + hy) + Toha
+ Tpéq + Tugu
=br+ o+ 5, 2.7)

where b= (T, — Y, MM )M,
0= (To— T M ME )by + Touhy,
S’r é Paéa + FuQu
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The control law is designed as

=0 (=Ar— 8, — A7), AT = pH:—H, (2.8)

where A € RY%6 is a user-defined positive definite matrix; p is the adaptive gain for tackling
uncertainties and will be discussed later. Finally, b (obtained using the nominal M) is the

nominal value of b which satisfies the condition
b~ — Ig|| < E < 1. (2.9)

Remark 2 The value of E can be calculated based on M and the upper bound of AM (cf.

Assumption2)): such condition is quite standard in robotics literature (cf. [59 Ch. 8].
Substituting (2.8) into (2.7) yields
i =—Ar — AT +0— (bb' — I5)Ar, (2.10)

where o £ ¢ — (b~ — I;)(Ar + S,) represents an uncertainty function. From Properties 1
and 2, one can verify

INT| < [IC[llall + |G| < elldl* + 3. 2.11)

Let us define ¢ £ [e” ¢7)7 = [e] ¢T" eI 4717, Then, using the fact ¢ = ¢ (as ¢¢ = 0), Property
1, and the inequalities || Ny[| < |[N|, [[Nal| < [[N1], [|dull < [[dl], [|dal] < ldl], [leal| < lI£]],
Naull < VI Néall < 1€ [gull < 1[€]] in (2.5), the following bound can be obtained:

)

o]l = [l — (b~ — Ig) (Ar + S,)]|
< el + E([|A[[[[r][ + [1S-]]),
< kg + KilIEN + w3 €N (2.12)
with kg £ag + || T ||| M., (g + do) + axdo,
k1 ZE(|[Tal| + [Tull) + (ITulll| M| + ar)dy + as,
Ky 2ac + || Tl M, |le,
a £|(Ta = YoMy Mo || (||M7 + || Mau M),
ay 2[|(Ta = YoMy Moo ||[| M (1 + [ Mau M),
ag ZE||A|[([|Tall + [[Tall + [1Tull + [ITu]),

where the scalars k] € RT, i = 0,1, 2 are unknown as per Assumption 2|
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Using (2.5a)-(2.5b), the payload swing dynamics can be represented as

(.].u = —MJulM;Z;(ja + hu
= =M M (M7'7T + hy) + h. (2.13)

Substituting (2.8) into (2.13)) yields

X1 = X2
X2 = —@WU — @1, (2.14)

where X1 = Quy X2 £ q.m ¥1 £ (quulMg;Lha"f'hu)a v = (_AT_ST_AT)7 w £ (MuiulMg;LMsil)Bil'
A constant full-rank matrix H € R**% can be designed such that

K, 2 HAT,, K, & HAY, (2.15)
are positive definite matrices. Adding and subtracting Hv to (2.14) yields

X1 = X2
X2 = —Kix1 — Kaxo + AT + ¢o, (2.16)

where p; 2 @S, + (H + @w)Ar — @1 — HA(Yoé, + Tae,) acts as uncertainty in the payload

0 1. T
swing dynamics. Taking x = [x7 xI]7, A £ e ;{ and B £ [0 IQ} , one has from
—-K; —K
2.16)
X = Ax + B(wAT + ¢,) (2.17)

where positive definiteness of K, K, guarantees that A is Hurwitz. From Properties 1-2, the

following holds

leall[PBI| < g™ + sy lI€]] + m37[[€] 17, (2.18)
with k5" 2 ag(do + g)||PB|, 55" = asc||PB, ||
k" STl + 1Tl + HHA o]l + [Tal])
+a3d_1—|—a4}||PB||
az 2| Moy Mo, M| (L A+ || Mg, Mo ) + (1M |

as Z(|[H| + [l DIANTal| + [Tal| + [ Tull + [Tul])

and k;* € R*,i =0, 1, 2 are unknown scalars. P > 0 is the solution to the Lyapunov equation
ATP + PA = —(Q for some positive definite matrix ().
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Note that the upper bound structures of ||o|| and ||| in (2.12) and (2.18) respectively, are

state-dependent in nature via £. Accordingly, we design p in (2.8) as

1 A R
p= (1_E)(’<¢o+f<@1H€|l+f€2l\€||2+7), (2.19)
with adaptive laws (i = 0, 1, 2)
ki = (Il + X IDIEN = RBlIxIENN (2.20a)
¥ ==L +mnllEl*) +v, (2.20b)
B>1+(E/(1—- E)), ||PB=|| < B, (2.20¢)
with initial conditions &;(0) > 0, v(0) > 0, (2.20d)

where 71, v € RT are user-defined scalars and E; can be derived from the known upper bound
of AM in Assumption 2} In (2.20), &; is the estimate of max{«x}, x;*}, ¢ = 0,1, 2, while
helps in swing angle and closed-loop system stabilization.

The proposed control framework is depicted via a block-diagram in Fig. [2.2]and, further, is

summarized via Algorithm 1.

Algorithm 1: Design steps of the proposed controller

1 Step 0 (Designing (offline) gain parameters): Define gains Y,,[',, T, ',, A and select

b from .

2 Step 1 (Defining the error variables): Find error e, and compute auxiliary error

variable r with gains defined in Step 0 as in (2.6).

3 Step 2 (Designing adaptive gains): Compute the gain p from (2.19) using the adaptive

laws in (2.20).
4 Step 3 (Computing 7 and U): Compute control input 7 from li and then, U from 7,

as per (2.1b).
5 Step 4 (Control input to system): Finally, apply U and 7, to the quadrotor.

The closed-loop stability result is presented subsequently.

Theorem 1 Under Properties 1-2 and Assumptions the closed-loop trajectories of

employing the proposed controller (2.8), with gain conditions (2.9), and adaptive
laws (2.20) are Uniformly Ultimately Bounded (UUB).
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Figure 2.2: Proposed control framework

Remark 3 (Continuous control law) 7o make the control law continuous and avoid chatter-

ing in practice, At in (2.8) can be modified via smooth sigmoid functions as At = Z
smp 4 gmoid P rPe
with € being a positive scalar. Such modifications only lead to minor modifications in stability

analysis without changing the stability results (cf. [61|]), and hence, repetition is avoided.

2.4 Stability Analysis
From the adaptive law (2.20b)) and initial condition (2.20d), it can be verified that 3y, v €
R* such that
0<y<~t) <7y Vt>0. (2.21)

Stability is analyzed via the Lyapunov function:

2
L 7 L 7 1 s o2
Vzér r+§x PX+§;(’%—"%) "‘57 (2.22)
where k] = max{x}, kI*}.
Using (2.8)), (2.12)) and (2.19), from (2.7) we have
T =T (=Ar — A1+ 0 — (b~ — I;)AT)
2
< —r"Ar — (L= Epllrll + ) w7lIEN I
=0
2
< —r"Ar =Y Rl el + &SN (2.23)

=0
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where we have used the fact that v > 0 from (2.21). Further, using (2.17) and (2.18) we have

1d

1
——x"Px=—=x" "PB(wA
s X FX 5X Qx +x (WAT + )

1
< —§XTQX+PE1HXH + lle2 12 BI[lIx]]

1 i
<Ly @x+z e+ EEHEEE)y @.24)

Using the adaptive laws (2.20a)), (2.20b), and (2.21)) we have

(Ri = &R = Rl IXIDIEN = BAZINNIEN
= &E (Il + IXIDIENT + Ba:E XIS (2.25)

= (el + = < =l + /), (226)

|2 =

where we have used the fact that v > ~ from @ Using @—@, the time derivative
of the Lyapunov function (2.22)) turns out to satisfy

V<= 8u(llrl? + 11x?) = llel* + (v/2) + enllxl

+Zcm B2 + Bk €] X1, 2.27)

where 6, £ min{ A (A), (1/2)Anin(Q)} and ¢ = 1 + 2. From 1D the definition of V'
yields

2
V<l + 11X + D (R + R + =, (2.28)
1=0

[ [

where ), £ max{1, ||P||}. Defining Q £ (6,,/0r), (2.27) is further simplified using (2.2§ -
as

V< —QV — qll¢l* + (v/7) + (@) /3 + el Ix]]

2

+ ) (cki — BT+ Bir;)IENIxI] + QR+ 7). (2.29)

1=0
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Since 5 > 1 by design (2.20¢), it is always possible to split 5 as 8 = [ + [2 + 53 where
B; > 0,1 =1,2,3. Then, the following simplification can be made

C 2 02
BRY + chy+ PR = —Buf — o (m _ —)

28,) 432
BRI\ (Br))?

2 =%\ 2
PPN o0

Using (2.30), the inequality (2.29) becomes

2
V<=V = (Bl Ixl| Y = )7 + £(1IEND, 2.31)
=0

where f(|[£]) £ =y llé]l* + sl I€1° + <2l1€]1* + <ullé]] + <o
63 22 /(48,) + (BR3)*/(48s),
s BRD)? s A (R
U a Y w7
G EQR? + R+ R + (v/7) + (99)/7-

Bolzano’s Theorem and Descartes’ rule of sign change imply that the polynomial f has finite
positive real roots; let + € Rt be the maximum positive real root of f. Since the coefficient
of the highest degree of f is negative as v, € R™, f(||¢]]) < 0 when |[¢]|| > ¢. This was

possible owing to the negative fourth degree term —~,||£||* contributed by +. Define 1; =

max{(Q/61), (2/41)2, (Q/51)3 }. Hence, from , V < —QV when

min {[[x[[, [[€][} = max {¢, 1}
= HXH Z max {[/7 Ll}; (232)

implying that the closed-loop system is UUB and r, q,,, ¢, k;, 7y remain bounded; again, bound-

edness of r, q,, ¢, ensures that e, ¢, are bounded from (2.6).
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Chapter 3

Experimental Results

3.0.1 The Experimental Setup

The proposed controller is tested on a quadrotor setup (Q-450 frame with Turnigy SK3-2826
brushless motors, weighing ~ 1.5 kg), with a payload (~ 0.2 kg) suspended from its center.
Raspberry Pi-4 is used as a processing unit and joystick potentiometer is used to measure swing
angles of payload (cf. [58] for such arrangement). Optitrack motion capture system (at 120
fps) and IMU were used to obtain system pose and state-derivatives were obtained via fusing
these sensor data for the necessary feedback.

To verify the effectiveness of the proposed control law, we compare it with the adaptive
method [50].

3.0.2 Parameter Selection

The following control design parameters are selected for the proposed controller during the
experimentation: Y, = diag{1,1,3,2,2,2}, T, = diag{1,1,2,4,4,4},
T
1002 0 0000

T, = Ty =257, b=diag{1.5,1.5,1.5,0.02,0.02,0.04}, E =
0 0020000

0.3,

ko(0) = £1(0) = R2(0) = 0.01,7(0) = 0.1, A = diag{1.0,1.0,1.2,0.5,0.5,0.2}, ny =
2,771 = 3,772 = 1, CO = 1761 = Q,Cg = 1, ﬁ = 3, Yo = 2,’)/1 = 1,’}/2 = 2, Vv = 0001, e =0.1.
For the adaptive controller [50], the various control parameters are selected as in [50].
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3.0.3 Experimental Scenario

During payload delivery operation via cable-suspended mode, human interacts closely with
the quadrotor while attaching or detaching the payload; during such interaction, payload swing
can happen and if not properly stabilized, such swings can cause safety hazard. We have
created an experimental scenario in an attempt to emulate such phenomenon (cf. Fig. [I.5): in
this scenario, the quadrotor hovers at a given position (z¢ = y? = 0, 2¢ = 1m) and, suddenly,
the payload is pushed by a stick at ¢ = 2s (approx.) to create swing angles. As mentioned
before in Remark 2, the motion in swing angles create state-dependent uncertainty. Therefore,
such an experimental scenario tests the capability of a controller to negotiate state-dependent

disturbances. Additionally, a fan is used to introduce wind disturbance.

3.0.4 Results and Discussion

The performances of the controllers are compared via Figs. and via Table The
red marked zones in Figs. highlight the oscillations caused by the stick.

Position error: x (m)

0.2 ‘ ------ Proposed ---- Adaptive [16]‘
0 [ mon ™ s T s S - TN T g,
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Figure 3.1: Quadrotor position tracking error.

It can be observed that the proposed controller could successfully damp the swing angle
oscillations even with higher initial overshoots compared to the other controllers. Whereas,
in absence of any measure to deal with state-dependent uncertainty, [S0] fails to damp the
oscillations in swing angles leading to sustained oscillations and drift in the quadrotor positions
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Attitude error: ¢ (deg)
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Figure 3.2: Quadrotor attitude tracking error.
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Figure 3.3: Stabilization error in payload swing angles «, and «,.

(cf. Fig. [3.T]after t = 2s). This can cause hazard to human operator. Interestingly, the proposed
scheme without -y is significantly slow in damping the oscillations and suffers from drifting in

quadrotor. This demonstrates the importance of 7 in overall control performance and system
stabilization.
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Table 3.1: Root-Mean-Squared (RMS) error comparison

Controller Position error (m)  Attitude error (deg)
z Yy z ¢ 0 (0
Proposed 0.02 0.06 0.02 3.5 3.1 3.8

Adaptive [50] 0.08 0.08 0.12 14.8 13.05 6.6

Controller Swing angle error (deg)
ap

Proposed 85 6.9

Adaptive [50] 15.1 159

The data presented in Table showcases a comparative analysis of Root-Mean-Squared
(RMS) error performance between the proposed controller and an existing adaptive controller
from the literature [50]. The proposed controller demonstrates superior performance across all
measured parameters. Specifically, in terms of position error (measured in meters), the pro-
posed controller achieves the lowest errors with 0.02 in the « and z axes, and 0.06 in the ¥ axis.
In contrast, the adaptive controller records higher errors of 0.08 in both the = and y axes and
0.12 in the z axis. Similarly, for attitude error (measured in degrees), the proposed controller
maintains lower errors (3.5, 3.1, and 3.8 degrees in ¢, 6, and ) respectively) compared to the
adaptive controller (14.8, 13.05, and 6.6 degrees). Moreover, the proposed controller also ex-
hibits better control in minimizing swing angle errors, with 8.5 degrees in «, and 6.9 degrees
in oy, significantly lower than the 15.1 and 15.9 degrees recorded by the adaptive controller.
These results clearly indicate the enhanced accuracy and efficiency of the proposed controller
in managing both position and orientation aspects of quadrotor control, as well as in reducing

swing angles, which is crucial for operational stability and precision.
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Chapter 4

Conclusion and Future Work

4.1 Conclusion

In this thesis, an adaptive control was proposed for safe human interaction for quadrotors
with suspended payloads.

In summary, this research has introduced and evaluated an effective adaptive anti-swing con-
troller tailored for human-quadrotor interaction during the clasping and unclasping of cable-
suspended payloads. The appropriateness of this solution stems from its unique ability, unlike
existing approaches, to manage unknown state-dependent uncertainties inherent in these dy-
namics. Notably, the designed controller is adept at addressing such uncertainties without
requiring a priori knowledge of their specific terms. Experimental investigations demonstrated
the safety and superior performance of the proposed control framework. In comparison to
state-of-the-art methods, the adaptive solution showcased a remarkable capacity to mitigate
undesired payload swings, signifying its efficacy and potential for enhancing the safety and

precision of human-quadrotor interactions in such scenarios.

4.2 Future Works

* In forthcoming research, it becomes essential to shift from the current emphasis on hov-
ering control to embrace a more comprehensive six degrees-of-freedom framework for
dynamic payload lifting operations. The development of a future controller should capi-
talize on the partially decoupled dynamics, employing a switched mode control strategy

to effectively manage the complexities associated with multidimensional motion.
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* The adaptive controllers devised in this thesis do not address scenarios involving maneu-
vering within specific motion constraints. Consequently, an intriguing avenue for future
research would involve extending the proposed adaptive designs to account for both po-

sition and velocity constraints in the context of quadrotors with suspended payloads.

* Throughout the thesis, the external payloads are considered to be suspended from the
center of mass of the quadrotor platform. The case of payload transportation via a ma-
nipulator could considered in future which brings its own coupling challenges that could
be tackled adaptively.
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