Cooperative Manipulation and Formation Control using Multiple Aerial Vehicles

by
ULUHAN CEM KAYA

Presented to the Faculty of the Graduate School of
The University of Texas at Arlington in Partial Fulfillment
of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT ARLINGTON
December 2023



Copyright (©) by Uluhan Cem Kaya 2023
All Rights Reserved



To my dear family and beloved friends,
and
to all those who have enriched my journey of learning and discovery

- this work is a tribute to the wisdom you’ve generously given.



Acknowledgements

This dissertation marks the end of my PhD journey, a transformative phase
in my life. Its completion would not have been possible without the support and
guidance of many individuals.

First and foremost, I express my deepest gratitude to my advisor, Dr.Kamesh
Subbarao, for his faith in me and invaluable academic guidance. He has truly been
a mentor in every sense, with his patience and support playing a crucial role in my
work. He was always there for us, not just academically but also personally, uplifting,
motivating, and serving as a moral compass guiding us through tough times. I will
definitely miss our lab group meetings and cheerful dinners together. I am deeply
thankful for the warm, supportive, and dynamic environment he created, which has
been instrumental in our growth and success.

[ 'am grateful to my committee members, Dr.Animesh Chakravarthy, Dr.Manfred
Huber, Dr.Alan Bowling, and Dr.Bo Wang, for their academic insights and guidance
all along. Engaging in fun and educational project meetings with Dr. Chakravarthy,
and visiting Dr. Huber’s lab to immerse myself in his profound knowledge and wis-
dom, have significantly broadened my knowledge and perspective. I feel incredibly
fortunate to have been surrounded by such exceptional individuals who have taught
me countless lessons. Additionally, I would like to express my gratitude to Tony
White and Jason White, joint managing partners of Galaxy Unmanned Systems, for
their project support and funding through the AFWERX STTR efforts. Their assis-
tance has been instrumental in my research, enabling me to explore enriching paths

and acquire numerous skills.

v



A special thanks goes to the administrative staff of the Mechanical& Aerospace
Engineering Department, particularly Ayesha, Flora, Wendy, and Lanie, for their
constant support, help and understandings. Their assistance in navigating complex
university processes has been indispensable, making daunting tasks seem manageable
and straightforward.

To my colleagues and friends at the Aerospace Systems Laboratory (ASL) —
Ameya, Saina, Edward (Tsung-Liang), Shobhit, Jinay, Aakarshan, and Suguru —
I owe a debt of gratitude for their collaborative spirit, enriching discussions, and
lasting friendships. My dear friends Rajnish, Baris, and Diganta deserve a special
mention for their endless laughter, encouragement, and reality checks. I am grateful
for your unwavering support and willingness to listen to my rants and ramblings at
any hour of day or night. I also extend my thanks to my colleague, Abhishek, for
his close companionship and assistance in countless occasions helped me in countless
occasions in the latter stages of my journey, and to Dr. Chakravarthy for the access
to the Vicon Lab, which significantly fueled my curiosity. I thank all of you for the
great times we shared together, making this experience enjoyable.

Finally, I owe a huge thanks to my family, who have been a constant source
of encouragement and motivation. The unconditional love and support from my
parents, Yasemin and Cemal, along with my siblings, Dilara and Ulas, have been
the backbone and solid foundation upon which I leaned throughout my journey. A
special mention goes to my nephew, Kuzey Mete, whose birth in my home during
the challenging times of a pandemic brought a unique joy and light into our lives.
His presence has been a cheerful and uplifting influence, leaving a lasting memory
that I will always cherish. In particular, I extend special thanks to my father for his
assistance in designing the CAD models of the simulated vehicles used in this research

and for sharing his invaluable expertise.



This dissertation stands as a testament to the collective effort and kindness of
all of you, and for that, I am eternally grateful.

December 04, 2023

vi



Abstract

Cooperative Manipulation and Formation Control using Multiple Aerial Vehicles

Uluhan Cem Kaya, Ph.D.

The University of Texas at Arlington, 2023

Supervising Professor: Kamesh Subbarao

Recent advancements in autonomous systems have significantly impacted both
academia and industry, opening new research avenues. One of them is the collabora-
tion of multiple systems to achieve a common goal, which is known as a cooperative
system. In the lack of human intelligence, decision making and perception capabilities,
uncrewed autonomous systems could mutually benefit from each other’s capabilities
when they are deployed and utilized together. This research tackles the collaboration
of group of uncrewed aerial systems (UASs) where the constraint on individual vehi-
cles requires a varying level of coordination and cooperation. Such cooperation can
be in the form of a physical support, where the task demands beyond the physical
capabilities of a single system, and in the form of an intelligence level support, where
a better perception, processing, or decision-making capability is needed in general.
The objective of this study is the development and integration of cooperative guidance
and control algorithms for a selected set of UASs and constrained mission scenarios
which include the cooperative aerial payload manipulation task via multi-rotors with
suspension cables and the cooperative formation task utilizing a team of airship and

multi-rotors. Additionally, this research aims to integrate the developed algorithms
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for both individual and cooperative models in high fidelity simulations so that the
effectiveness of multi-agent collaboration can be studied over realistic flight tasks.

The first part of the research focuses on the modeling and simulation of indi-
vidual aerial systems. Systems considered in this research for the case studies include
multi-rotors with a flexible-cable suspended payload and an airship. In this part, the
mathematical models of these systems are derived by employing Euler-Lagrangian and
Newton-Euler methods, respectively. The dynamics of flexible cable model are ana-
lyzed and compared with analytical catenary solutions. Furthermore, to improve the
simulation accuracy, a momentum- and geometrical structure-preserving variational
integrator is implemented for multi-rotors with flexible-cable suspended payload sys-
tems.

In the second part, guidance and control laws are designed for each individual
system to provide attitude stabilization and trajectory tracking. Initially, a game-
theoretic approach based on a linearized system model is investigated for attenuating
the swing of the suspended payload. This approach considers various state feedback
scenarios for the multi-rotor with a slung load system. Building upon the insights
gained from these linear analyses, a catenary shape-informed geometric control ap-
proach is developed for the attitude and trajectory tracking control of this system. For
the airship, both linear and nonlinear control methods are developed. These include
a gain-scheduling based linear quadratic control and a nonlinear dynamic inversion
(NDI) method, respectively. Both approaches are then compared against each other,
focusing on their advantages and implementation ease.

Finally, cooperative guidance and control laws are developed for realistic scenar-
ios with constrained mission objectives, requiring either physical or intelligence-level
cooperation among a group of UASs. Drawing on the catenary analysis of flexible

cables, a cooperative control scenario is constructed. This scenario demonstrates co-
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operation between vehicles for aerial manipulation of a suspended rigid payload using
multi-rotors, where constraints stem from the payload capacity of a single vehicle
and the physical connection of vehicles via flexible cables. Secondly, a leader-follower
communication graph topology is employed in formation control scenarios involving
a team of multi-rotors, highlighting the integration of an extended state observer
(ESO) based total disturbance estimation model. This model significantly enhances
the robustness of the system against external disturbances and unmodeled dynamics.
Finally, we demonstrate the practical application of these studies in an illustrative
scenario where cooperative formation support via UASs is needed in a search-and-
rescue mission. In this scenario, we also utilize an airship to transport and deploy the
multi-rotors to the mission destination where formation tasks are carried out adapt-
ing to various formation shapes and graph topologies. This scenario demands both
physical and information level collaboration for enhanced area coverage, improved
perception, and situational awareness. The constraints here arise from the physical
limitations of individual vehicles (such as size, endurance, payload capacity, and oper-
ating environment) and information-level constraints (like processing power, sensing,
and communication capabilities). This scenario forms a baseline that has practical

applications in real life.
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Chapter 1
Introduction

Current technological advancements favor approaches that utilize multiple dy-
namical systems with various constraints over deploying a single, more advanced, and
complex system in autonomous flight missions. This preference is driven by factors
such as cost-effectiveness, robustness to failures, flexibility, scalability, and specific
mission requirements. Consequently, the use of less advanced multi-vehicle systems,
subject to physical or information-gathering limitations, has become more common.
These constraints often require coordination and collaboration among the systems
to successfully achieve mission objectives. This research delves into the cooperative
behavior of groups of Unmanned Aerial Systems (UAS) vehicles. It focuses on their
physical and information-level cooperation for tasks such as aerial payload manipula-
tion and cooperative formation. The study includes developing corresponding system

models, guidance and control methods, and conducting necessary analyses.

1.1 Objectives of the Research
The objectives of this research are summarized as follows:
1. Development of Mathematical Models: The first objective is to develop
mathematical models for selected aerial systems, specifically a multi-rotor with
a flexible-cable suspended payload and an airship, respectively. To achieve
this, Euler-Lagrangian and Newton-Euler methods are employed for deriving
the equations of motion for each system. Furthermore, this work presents

the analytical solution of catenary equations and compares the precision of



the developed flexible cable model. It also addresses challenges in simulat-
ing highly nonlinear multi-body dynamics, such as those in flexible suspension
cables. To enhance stability and accuracy in simulations, a momentum and
structure-preserving integration method is introduced.

. Synthesis of Controllers for Individual Systems: The second objective
involves synthesizing low-level stabilizing and trajectory tracking controllers for
each system. This includes developing and comparing the effectiveness and
implementation ease of linear and nonlinear controllers. For the multi-rotor
system, a linear quadratic tracker (LQT) and a nonlinear geometric controller
are implemented, while the airship uses gain-scheduling based LQTs and non-
linear dynamic inversion (NDI) controllers. Additionally, various autonomous
guidance laws are implemented for airship autopilot modes, including landing,
take-off, and waypoint navigation.

. Cooperative Control Law Synthesis: The third objective focuses on syn-
thesizing cooperative control laws among multiple UAS vehicles. This involves
constructing various scenarios for groups of vehicles and integrating distributed
cooperative control laws. Scenarios include catenary-informed aerial manipula-
tion of a suspended rigid payload via cooperative multi-rotors and multi-agent
formations among multiple multi-rotors.

. Simulation of Realistic Cooperative Flight Scenarios: The final objective
is to construct and simulate realistic cooperative flight scenarios, such as UAS-
supported search-and-rescue missions. This involves using formation control
among collaborating vehicles while addressing other mission objectives. This
step integrates previous results and algorithms to tackle a practical multi-vehicle

autonomous UAS flight.



Figure 1.1: Tllustration of an aerial payload manipulation mission by cooperative
multi-rotors carrying an emergency bag suspended via cables

1.2 Problem Specification and Requirements

The specifications of cooperative aerial payload manipulation and cooperative
formation problems with required sub-tasks are outlined below by illustrating the
problems over representative mission scenarios that are also reflecting the purpose
and significance of this research work well.

Firstly, Figure 1.1 illustrates an aerial payload manipulation scenario where a
group of multi-rotors are designated to transport an emergency supply via suspen-
sion cables. In this scenario, although the maneuverability of individual vehicles is
constrained due to the physical limits of cable and payload dynamics, the group can
accomplish crucial missions with an increased payload capacity and controllability
while still retaining a certain level of agility which can be especially decisive in time

critical missions.
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Figure 1.2: Aerial payload manipulation task work items

Figure 1.2 outlines the essential components of the aerial payload manipulation
task, divided into three primary categories: modeling, control, and solver design. In
the modeling phase, the process starts with individual elements, like the flexible sus-
pension cable and multi-rotor, and progresses to modeling the entire multi-vehicle
system. Control efforts are similarly divided, encompassing both payload and indi-
vidual multi-rotor trajectory tracking, as well as the overall system formation control.
The solver design addresses the complexities and constraints inherent in accurately
solving the configuration manifold of the system.

Secondly, Figure 1.3 presents a cooperative formation task, where teams of
multi-rotors engage in formation flight while being assisted by the corresponding air-
ships. In this scenario, airships play a dual role: they act as leader nodes providing

reference guidance to their respective multi-rotor team, and as surrogate aircraft,



Figure 1.3: Illustration of a cooperative formation flight mission with teams of multi-
rotors assisted by airships guiding the formations as leader nodes

facilitating the transportation of multi-rotors to the designated destination prior to
the formation mission. This approach significantly enhances operational range and
endurance by leveraging airships for long-distance transport, conserving multi-rotor
energy for critical tasks. The synergy of airships and multi-rotors brings forth an in-
creased payload capacity, providing a platform for comprehensive mission execution,
and ensures improved stability and safety. The utility of this combination extends
across various domains: from extensive area surveillance in environmental research
and border control to critical roles in disaster response and humanitarian aid, where
rapid deployment and supply delivery are paramount. Particularly, in search and
rescue operations, the rapid transportation of multi-rotors to remote locations can be
a game-changer. Agricultural monitoring benefits from the extensive coverage and
detailed data collection, and urban planning and infrastructure inspection access the
ability to conduct large-scale surveys and structural inspections. This innovative in-
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Figure 1.4: Cooperative formation task work items

tegration of airships and multi-rotors not only broadens the scope of aerial operations
but also introduces efficiency and effectiveness for aerial tasks.

Figure 1.4 details the essential components of the cooperative formation task,
categorized into three primary branches. In the modeling phase, attention is given to
creating individual vehicle models for the multi-rotor and airship. The control aspect
involves devising control systems tailored to both individual vehicles and the collective
group formation. Additionally, the team formation benefits from an ESO-based active
disturbance rejection control (ADRC) method for team members to accurately assess
external disturbances like wind and unmodeled dynamics such as rotational dynam-
ics, air drag and parameter uncertainties as total disturbance, which are critical for
mitigating resultant adverse effects of these factors on the formation. Communication
among team members is another crucial element where various graph topologies are

employed to examine its significant influence on formation dynamics. Alongside these



efforts, the development and integration of necessary modules within the simulation

environment, particularly for the formation task, are pursued in parallel.

1.3 Background and Motivation

This section provides a comprehensive overview of the background and relevant
literature related to the key components of this research. It aims to contextualize the
study within the existing body of knowledge and highlight how this work builds upon

and differentiates from prior studies in the field.

1.3.1 Modeling and Simulation of Constrained Aerial Vehicles

This research utilizes two distinct systems: a multi-rotor with a flexible cable-
suspended payload and an airship. When these systems operate independently, with-
out cooperation, they encounter specific physical constraints. The multi-rotor is af-
fected by the dynamics of the attached cable and payload, particularly its swinging
motion. In contrast, the airship faces control-level physical constraints due to its
under-actuated design. Additionally, the slung load system of the multi-rotor strug-
gles with limited knowledge of the cable’s shape and related states in practical appli-
cations. The following subsections provide a summary of existing literature on these

individual systems, highlighting previous research and developments in this field.

1.3.1.1 Mathematical Model of Multi-rotors with a Cable Suspended Payload

The problem of transporting suspended payloads via uncrewed aerial vehicles
has taken considerable amount of attention among researchers for more than two
decades, and even longer if the root of this problem is considered to be the manipu-
lation of a suspended payload. Literature provides numerous work done in this very

topic tackling the problem with various approaches. This field has seen a variety

7



of approaches, with a notable increase in research following the demonstration of
the differential flatness of a multi-rotor with a slung load system in Ref. [1], which
simplified the relationship between the states of the multi-rotor and its load. There
are two main approaches adopted by the researchers to model the multi-rotor with
a slung load system. In the first approach, which has seen more attention due to its
simplicity in the implementation, the suspension cable is considered to be a massless
single rigid link with a payload attached at the end. Refs. [1,2] derive the equations
of motion for the system with this assumption utilizing Lagrange-d’Alembert princi-
ple and Euler-Lagrange mechanics. On the other hand, the second approach adopts
various flexible cable models. One of the early work contributing to the development
of a flexible cable is actually studied the dynamics of a chain pendulum on a planar
cart in Ref. [3], where the chain pendulum is modeled as serially connected rigid links
with individual masses concentrated at their outboard end. Similarly, Refs. [4,5] ex-
tend this work to the aerial manipulation of the flexible cable with serially connected
rigid links suspended under a quad-rotor without an additional payload. Apart from
serially connected rigid link representations of a flexible cable, the other works inves-
tigate the varying length cable models in aerial payload manipulation scenarios. In
Refs. [6,7], the deliberately extendable single massless rigid link cable is modeled for
the payload transportation via a quad-rotor. In Ref. [8], the cable’s flexibility and
elasticity are modeled using springs and dampers to more accurately depict the cable
dynamics for cooperative payload manipulation tasks. In a similar fashion, Ref. [9]
utilizes a spring-damper mechanism to model a single link massless elastic cable sus-
pended under a quad-rotor with a point load attached. In addition to these two
approaches tackling the cable models, several studies have adopted a hybrid model-
ing technique, using cable tautness to determine the treatment of the multi-rotor and

payload as either a single system or separate entities. Refs. [2,10] apply a switching
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between these two models keeping track of tension in the cable calculated from the
payload acceleration and the distance between the multi-rotor and payload. Likewise,
in Ref. [9] non-negative tension constraint is employed to obtain a hybrid model con-
sidering only the simultaneous length of the cable from mass-spring-damper system.
By taking the adopted modeling approaches including hybrid systems into account,
it can be concluded that flexible cable approaches can address the deformations in
cable shape without an explicit analysis of tension force along the cable yielding a
more accurate approximation of actual continuous cable dynamics. However, due to
the complexity of flexible cable models and their highly nonlinear configuration man-
ifolds, the multi-vehicle aerial manipulation scenarios majorly adopt more simplified
models as in the first approach with a single massless rigid link assumption.

The aerial suspended payload manipulation via multi-vehicle cooperation has
also been a productive research avenue that is studied extensively. Several studies,
such as Refs. [11,12], employ simplified models with single massless rigid link cable
and point load assumptions for the cooperative transportation of a common cable
suspended payload via quad-rotors. Slightly improved approaches incorporating the
dynamics of a rigid body payload are also present in the literature as can be seen in
Refs. [13,14]. In addition, despite the challenges in simulation and control method
development processes, Refs. [15,16] utilize the flexible cable model with serially con-
nected rigid links supporting a rectangular rigid payload in their cooperative scheme.

All of these aforementioned studies rely on the simulations of adopted models
under the assumption that the actual behavior of the real system is captured reason-
ably well by the developed dynamical models. Leaving aside the accuracy of models
capturing the underlying physical phenomena, it is known that the majority of nu-
merical integration methods, including the Runge-Kutta based ODE solvers, do not

preserve the symmetries (invariants) and geometrical properties of the system, where
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even slight deviations might substantially affect the overall simulation accuracy, es-
pecially for the systems under consideration here. Inherently, the conclusions drawn
from inaccurate simulations of such complex physical systems may cause unexpected
results in practice. These are particularly important in systems that involve flexible
components, and a simple rigid body assumption does not capture the interactions
between the components accurately. To address described numerical integration inac-
curacies, a special class of geometric integration scheme, called variational integrators
(VI), is introduced in the literature, Ref. [17]. VI approach, instead of discretizing
continuous equations of motion as the most general-purpose integrators do, directly
utilizes the discrete variational principle obtaining the discrete dynamics as a result
of the discrete Hamilton’s principle. Therefore, the derived discrete dynamics ex-
actly preserves the momentum and the symplectic form of the system, as presented
in great detail by Refs. [18,19] and [20]. In addition, Lee and his team in Refs. [21,22]
put forward an enhancement for variational integrators to preserve the geometric
structure of the configuration manifold, which is represented as a Lie group, in rigid-
body problems. Along with the symplecticity and momentum conservation, the exact
preservation of the structure of the manifold ensures an exponentially long-term sta-
bility with a good energy behavior, which makes VI methods an ideal candidate for
the simulation of complex or highly nonlinear systems.

Motivation. It is essential to propose a sufficiently accurate model of cooperative
multi-rotors with a suspended payload system that can closely approximate the actual
dynamical behavior and at the same time, to establish a reliable numerical solver
considering the structure of configuration manifold and geometrical constraints of
the system such that the effect of numerical inaccuracies on the solutions can be

minimized.
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1.3.1.2 Mathematical Model of Airship

Research on airship dynamics modeling has a longstanding history in literature,
though it has received less attention compared to heavier-than-air vehicles, primarily
due to challenges in accurately representing the dynamic forces and moments arising
from interactions between air particles and the non-rigid airship hull, which forms
the aerodynamic properties of airship. One of the foundational works by Lamb in
Ref. [23], introduces the mathematical model of added moment of inertia in terms of
geometrical parameters of a general ellipsoidal shape that is immersed into moving
fluid, where the dynamic displacement of fluid particles due to this immersion causes
an increase in the overall moment of inertia of the body. Following that Munk in
Ref. [24] provides a mathematical method to calculate axial and lateral forces and
moments acting on the airship hull by unifying previous results from Lamb’s work
and the final equations are given as a function of dynamic pressure, angle of attack
and the change in the cross-sectional area of the hull. Later, Ref. [25] improves the
steady-state model based on previous studies by including the effect of fins and the
interaction between airship hull and fins, and it introduces an estimation technique
utilizing the developed model and wind tunnel experimental data to predict the aero-
dynamic coefficients and stability derivatives for the dynamic model. Another work
contributing to the modeling effort is carried out in Ref. [26] where the propulsion
and actuation systems with thrust vectoring and control surfaces are also integrated
with a full 6DOF airship dynamical model. In addition, handling, control mode re-
sponses, and several factors causing non-intuitive effects are discussed in this work,
where further details about these effects can be found in Ref. [27]. The study in
Ref. [28] focuses on the modeling of a high altitude airship in several aspects, also

offering an analytical procedure to obtain aerodynamic coefficients of the airship for
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model derived in Ref. [25] by using only the airship’s sizing and geometry. Similarly,
a comprehensive characterization of the aerodynamic model of a low altitude airship
is carried out in Ref. [29] and the derived aerodynamic model is refined by using
wind tunnel experiments and actual flight tests. Additionally, the effect of varying
mass on the airship dynamics is modeled and studied in Ref. [29]. On the other
hand, Ref. [30] employs an Extended Kalman Filter (EKF) based method to estimate
aerodynamic forces and moments acting on the airship from sensor data and vehicle
model assuming that the aerodynamic model is unknown.

Motivation. For effective guidance and control of autonomous airship systems,
it’s crucial to develop a dynamical model that accurately approximates forces, mo-
ments, and other phenomena, considering the airship’s full flight envelope. This model
is essential for predicting the airship’s behavior under various operational conditions

and enabling precise control and maneuverability.

1.3.2  Guidance and Control Law Design

1.3.2.1 Autonomous Control of a Multi-rotor with Cable Suspended Payload

A multi-rotor with cable suspended slung load constitutes an under-actuated
dynamical system. Arising needs for the aerial payload transportation via UAV sys-
tems require the careful considerations of control strategies to be implemented for
these systems since the unaccounted disturbances resulted from the swing motion of
the payload and cable could destabilize the overall system. In literature, two main
approaches can be found with opposing objectives: one aims to suppress the swinging
of the suspended load, and the other designs motion controllers that accommodate
large swings. The first approach, focusing on swing elimination, often employs active

feedback control and swing-free trajectory generation methods, analogous to overhead

12



crane load manipulation. Ref. [31] employs input shaping feed-forward and robust
delayed feedback controllers to achieve simultaneous minimization of the swing exci-
tation and active damping of the oscillations for helicopter slung load operations. In
Ref. [32], dynamic programming method is utilized to obtain swing-free trajectories
for a quad-rotor carrying suspended load by finding optimal sequence of control inputs
to a quadratic cost function. Also, an adaptive control method is proposed for the
compensation of unbalanced center of gravity shift due to the asymmetric placement
of suspended load on quad-rotor. The passivity based controllers, which exploit a
special structure of certain under-actuated systems, are commonly encountered for
this topic, as well. The work in Ref. [33] introduces a special class of passivity-based
control by modifying Hamiltonian of the system with a desired energy function min-
imizing the swinging of slung load. Further, Ref. [34] compares the swing mitigation
performance of a passivity-based controller and an extended state observer-based ac-
tive disturbance rejection controller (ADRC) for the system’s response to an initially
deflected suspended load scenario. Conversely, in the second approach, instead of
suppressing the payload dynamics, the study aims to leverage it for obtaining more
optimal performance in terms of energy and agility. In Ref. [1], a nonlinear geometric
control approach with an almost global attractiveness is developed to track the de-
sired flat outputs of the system including an arbitrary configuration of desired cable
and payload attitude. This geometric method relies on the fast and accurate tracking
of desired quad-rotor attitude, where it is computed from the geometric interpreta-
tion of commanded force vector and thrust direction of the quad-rotor. Work done in
Ref. [35] provides a variation-based linearization of SO(3) and S? configuration man-
ifolds where the multi-rotor with a suspended load system evolves in the product of
these two manifolds. After linearization, it also develops a finite-time horizon linear

quadratic tracker (LQT) by considering the system as linear time varying (LTV) and
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shows the stable tracking performance of the controller for various scenarios. Another
linear control method with a linear model predictive controller (MPC) is developed
for this system in Ref. [36]. Unlike the previous LQT method, this method can di-
rectly incorporate the limits and saturation on system states, inputs, and outputs
by constructing a convex optimization problem with various constraints, which also
provides robustness to modeling errors. Ref. [10] introduces a trajectory generation
method with obstacle avoidance capability by considering an hybrid quad-rotor and
slung load system model and utilizing a mixed integer quadratic programming for-
mulation to account for convex polygonal obstacles and switching dynamics as well
as the polynomial trajectory constraints in terms of continuity and waypoint states.
In Ref. [37], a navigation through narrow windows for a cable suspended payload via
quad-rotor is experimentally demonstrated successfully, where a pair of optimization
based trajectory generation and a PD trajectory tracking control methods are utilized
while employing an online system identification technique to approximate the param-
eters of a simplified system model. Majority of the studies assume that cable and
payload states are known by the control system, and so, the developed feedback laws
can utilize them to achieve a desired behavior without providing the methodology
for how to obtain these state information. Several studies have tackled the extrac-
tion of slung load information for practical systems such as Refs. [31,38] and [39]
where a downward-facing camera is integrated to estimate the payload position and
velocity using filtering methods and certain constraints of the cable and quad-rotor
geometries.

All of above studies assume a massless rigid single link cable model for their
multi-rotor with suspended load system and develop control laws accordingly. Whereas,
a few works exist in the literature, where either varying length or flexible cable mod-

els are considered as well. Ref. [7] modifies the geometric control method developed
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in Ref. [1] by integrating a pulley mechanism to introduce an additional control ca-
pability on the cable length so that the scenarios, where the multi-rotor with an
adjustable-length cable suspended load system is expected to pass through narrow
windows, can be successfully demonstrated. The work presented in Ref. [4] imple-
ments the geometric control method to stabilize the hover equilibrium condition for
the flexible cable suspended load model carried by a quad-rotor, where the cable con-
sists of a serially connected rigid links with concentrated point loads at the end of
each link. The same system is controlled by a finite time horizon LQR approach in
Ref. [5] as well. Furthermore, in Ref. [40], an adaptive control law compensating the
uncertainty on cable and payload masses is integrated for the same system along with
the geometric attitude control.

Motivation. Various linear and nonlinear control methods have been developed
and integrated for the multi-rotor with slung load system. Among these methods,
the geometric control approaches stand out for majority of the implementations lately
due to its intuitiveness, adaptability, and almost global convergence properties as can

be seen from the several of aforementioned reference studies with versatility.

1.3.2.2  Autonomous Control of Airship

Highly nonlinear and under-actuated dynamics of the airships have to be ad-
dressed by developing appropriate guidance and control systems. Moreover, transi-
tions between low airspeed and aerodynamic flight regimes, which often require the
utilization of additional separate actuation mechanisms, need to be handled by the
control scheme. Literature has numerous work tackling this problem proposing di-
verse linear and nonlinear approaches. Due to their well established methodologies
and design techniques, the solutions employing classical control methods with lin-

earized system models are commonly practiced for airships. One of the early works,
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given in Ref. [41], introduces a robust heading hold autopilot for an airship within
H, control framework. Similarly, Ref. [42] obtains the transfer functions from each
inputs to airship states for certain trim conditions and proposes separate PI designs
with varying design considerations according to specific autopilot modes such as alti-
tude hold, velocity hold, and constant bank. However, the linearization at a specific
trim point can only approximate the behavior of the actual system around this point,
which necessitates the design of corresponding controllers for each trim condition
and transition between them to cover full flight envelope of the airship. Therefore,
several gain scheduling based control methods are developed, such as [43] and [44],
where a single scheduling variable, airspeed and yaw rate states respectively, is used
for smoothly switching between LQR controllers while the airship is being guided
through waypoints. Further, Ref. [45] utilizes a continuous function of both forward
and vertical speed states to adjust scheduling gains. On the other hand, nonlinear
approaches focus on constructing a control scheme satisfying global stability instead
of tackling local flight trim conditions individually. Compared to linear techniques,
nonlinear methods are more flexible and they provide more powerful results since a
better representation of highly complex and nonlinear nature of involved dynamics
are achieved by utilizing actual nonlinear forms instead of linearized versions. One of
the early work implementing a nonlinear control approach based on a backstepping
(BS) method for airship hover stabilization achieving a global asymptotic stability
under the actuator saturations is introduced in Ref. [46]. This reference work also
investigates the robustness of proposed solution to the wind and turbulence distur-
bances during hover where the lateral under-actuation is observed for the airship.
Another commonly used approach with nonlinear dynamic inversion (NDI) method,
also known as feedback linearization where the system’s undesirable nonlinearities

are canceled out and the overall system is replaced with a desired dynamics, is de-
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veloped for an autonomous airship of AURORA project in Ref. [47]. Moreover, the
stability and robustness tests are carried out for various disturbance cases and model
parameter errors, where an insightful analysis of the effect of aerodynamic parame-
ter errors on the control stability is presented. Ref. [48] implements an incremental
NDI method, which aims to reduce the model dependency of the controller by relying
on measurements such as accelerometer data to obtain forces and moments approx-
imately, instead of system model to eliminate the undesirable system dynamics, is
implemented as well. The performance, sensitivity, and robustness comparisons of
LQR based gain scheduling, BS, and NDI methods for the autonomous airship flight
control considering its full flight envelope are given in Ref. [49]. In Ref. [50], the path
following problem of an autonomous airship is tackled by employing a multi-input
multi-output sliding mode control (SMC) technique which is a variable structure
method via switching mechanisms and it yields high robustness to model uncertainty
and external disturbances. Combining the advantages of BS and SMC methods,
Ref. [51] introduces a unified method, BS-SMC, to position control of the airship un-
der parametric uncertainties and disturbances. Similarly, Ref. [52] derives a unified
BS-SMC framework and presents the comparison of these three methods, i.e., BS,
SMC, and BS-SMC. Another method that demonstrates tolerance to model uncer-
tainties and has relatively less complex design with intuitive parameter adjustments
is the fuzzy logic control technique, where Ref. [53] utilizes it to design speed, head-
ing, and altitude controllers for an airship. Apart from previous examples given here,
there are several studies in the literature aiming for the integration of intelligent con-
trol techniques to propose better solutions to challenges in airship control framework.
One of the example work, given in Ref. [54], integrates neural network layers with
an NDI control method to compensate the model uncertainties in the system during

feedback linearization process where the NDI method by itself is known to be highly
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sensitive to the model discrepancies. Another good example to intelligent algorithm
that aims to learn how a controlled airship flies from pilot demonstrations by utiliz-
ing a multi-state multi-action reinforcement learning (RL) method is introduced in
Ref. [55]. In addition, there are other approaches employing the estimation techniques
to minimize the effect of unknown dynamics, parameter uncertainties, and external
disturbances. Ref. [56] integrates a nonlinear disturbance observer, similar to the work
done in Ref. [57], with a backstepping controller to estimate the total disturbance on
the airship including all the factors such as unmodeled dynamics, parameter uncer-
tainty, and external disturbances for a planar path following control problem of an
autonomous airship considering actuator dynamics, saturation, parameter variation,
and wind.

Motivation. Existing control techniques for autonomous airships have distinct
characteristics. While the classical control approaches provide insightful analysis and
a well established design process, the challenges in proposing a controller for full
available motion domain, especially in highly nonlinear flight regimes, significantly
increase the required effort to design such controllers. However, advanced control
methods hold an advantage of applying full nonlinear solutions to the underlying
complex problems globally, which eliminates the partial analysis of the whole system.
Nevertheless, in order to gain a better knowledge of stability and flight characteristics
of the system, linear trim analyses and globally asymptotic control design process can

be used complementarily.
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1.3.3 Cooperative Control of Multiple Aerial Vehicles

1.3.3.1 Cooperative Aerial Manipulation of a Slung Load with Multiple Multi-rotors

Literature on the aerial payload manipulation via multi-rotors tackles this prob-
lem under two categories. In the first one, the solution is proposed by cooperative
grasping and transporting of a rigid payload via aerial vehicles, which essentially
simplifies the overall system to a single composite system with redundant force gen-
eration mechanisms. The other category considers the utilization of suspension cables
to manipulate and transport the payload. Although the latter approach increases the
level of under-actuation and disturbance in the system due to the cable dynamics,
it recovers a portion of individual multi-rotor’s agility comparing to the former cate-
gory where the vehicles rigidly attached to a payload experience an increased inertia
and constraints on the attitude control. The work in Ref. [58] constructs several co-
operative grasping scenarios using quad-rotors rigidly attached to variously oriented
rigid beams and it experiments hover stabilization and trajectory control employing
a weighted pseudo-inverse technique to find the desired force component for each
vehicle. Moreover, since the vehicles are rigidly attached to the payload and all ve-
hicles and payload essentially share the same states, the overall control mechanism
is decentralized in this work. A similar work considering a grasping scenario and
trajectory control is introduced in Ref. [59] where instead of the rigid payload as-
sumption, a flexible payload modeled by an arbitrary number of deformation modes
via harmonic functions between the payload center of gravity and each attachment
position of multi-rotors. On the other hand, there are more diverse studies tackling
payload manipulation problem via suspension cables. Well known parallel manipu-
lators concept that searches for both direct and inverse kinematics solutions to find

desired robot pose and cable attitudes satisfying static payload equilibrium, cable
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tension and kinematic constraints are investigated for an aerial manipulation task
via multiple multi-rotors in Ref. [60,61]. A similar approach without changing cable
lengths, a fly-crane model, is implemented by incorporating an optimization-based
robust full payload pose control technique in [62]. Another work employing kine-
matic relations to derive a feedback control law for the formation of two helicopters
carrying a slung load via flexible cables is given in [63]. This work also integrates
task prioritization through a null space projection method where the tasks are rel-
ative formation control, obstacle avoidance, payload stabilization, and orientation
control. A passivity-based approach for the formation control of an arbitrary number
of multi-rotors suspending a point load via massless rigid links is introduced in [12]
where a graph topology is used to represent the virtual spring forces controlling the
formation, and the payload-induced suspension forces are compensated. In Ref. [64],
a nonlinear uncertainty and disturbance observer is developed to estimate the total
disturbance on the cooperative cable suspended payload system leading to a robust
control method, where overall stability of the system is proven by utilizing Lyapunov’s
direct method and validated by experimental demonstrations. Further, several stud-
ies propose optimization-based approaches, such as the nonlinear model predictive
control (MPC) methods that consider vehicle collision constraints while transporting
a rigid suspended payload with full pose control, developed in Refs. [65,66]. Another
investigation into convex and non-convex optimizations that ensure vehicle separation
and prevent cable crossing by imposing cable angle, tension, and other constraints
is presented in [67], which also showcases hardware demonstrations for indoor and
outdoor environments, demonstrating real-time computational capabilities and some
level of disturbance rejection. Papers extending the geometric control method for
multi-rotors to cooperative payload manipulation tasks are also prevalent in litera-

ture. For instance, Ref. [11] integrates a geometric trajectory tracking control ap-
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proach for cooperating multi-rotors suspending a point load via rigid massless links.
Additionally, the study in [68] models the cooperative payload transportation as a
hybrid system model utilizing switching dynamics due to the tension constraint and
demonstrates the system behavior with a suspended rigid payload in both simulation
and hardware experiments. Refs. [13,14] consider a rigid payload in an aerial manip-
ulation task and apply the pseudo-inverse method to distribute the desired forces and
moments required to control the payload position and attitude via suspension cables.
These studies also make use of a geometric control method to control the trajectory
of individual vehicles while compensating the parallel and orthogonal components
of required forces for adjusting cable tension and attitude. So far, aforementioned
studies assume massless rigid link cables. However, in general, the actual suspension
cable has certain mass and flexibility, and as the cable length increases, the effect
of these properties on the overall system becomes non-negligible. Therefore, in or-
der to propose a better solution to the actual system behavior, the control approach
should also take the cable dynamics into account. Refs. [15,16] incorporate the flexi-
ble suspension cable modeled by serially attached point masses into the cooperative
aerial manipulation of a rigid payload, where a variation based linearization of the
system and equilibrium control inputs along desired trajectories are used along with a
geometric control approach and the developed method is demonstrated in both simu-
lation and hardware demonstration, respectively. Another study employing the same
flexible cable model is given in [69] that addresses the transport of a flexible hose
supported by multiple multi-rotors at specific locations along the hose and it uses
finite-time LQR control method for hover stabilization and trajectory tracking. In
Ref. [8], the cable’s flexibility and elasticity are modeled using springs and dampers
to more accurately depict the cable dynamics for cooperative payload manipulation

tasks. Finally, a more advanced and challenging aerial manipulation scenario with
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the objective of stabilizing the ball location on a plate suspended by cables under
multi-rotors while tracking a desired trajectory is considered in Ref. [70]. This work
utilizes partial feedback linearization to cope with additional degrees of freedom re-
sulting from the integration of a ball constrained on a planar motion on the plate and
a backstepping technique with time scale separation for the control design.
Motivation. The cooperative payload manipulation of a suspended payload is
a complex and highly under-actuated system with a delayed behavior with inherent
oscillations. By taking aforementioned work into account, although flexible cable
approaches can address the deformations in cable shape and resulting dynamical
behavior yielding a more accurate approximation of actual continuous cable dynamics,
it is obvious that the consideration of flexible nature of suspension system introduces
an additional complexity to the system and required control strategies. Therefore,
the effect of flexible cable and suspended load dynamics has not been captured in the
vast majority of these studies due to adopted simplified approaches. Moreover, those
few studies that do incorporate flexible models often investigate the linearized system
behavior, which prevents effectively capturing the actual system behavior. However,
an already existing methodology for representing the flexible cable structure and its
characteristics through catenary formulation can be employed efficiently to capture

the actual behavior of the cable and inform the control system for a faster response.

1.3.3.2 Cooperative Formation of Aerial Vehicles

Multi-agent formation control, a vital aspect of cooperative control theory, finds
wide application ranging from uncrewed aerial vehicles and autonomous underwater
vehicles to robotic swarms. Its primary appeal lies in coordinating autonomous agents
to efficiently achieve collective goals, hence, reducing operational complexity and cost.

This approach, inspired by natural systems like flocks of birds, is versatile in various
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tasks, ranging from search-and-rescue missions to complex military operations, due
to its coordinated and distributed nature.

Consensus protocols are fundamental to multi-agent formation control. They
are algorithms that enable agents to reach an agreement on states or objectives, de-
spite initial condition differences. The basic idea is that each agent updates its state
based on the states of its local neighbors, ensuring that all agents eventually converge
to a common value or a dynamic state. These protocols, inspired by decentralized
decision-making seen in natural phenomena, enhance scalability and robustness com-
pared to centralized control systems. In Ref. [71], focusing on fixed and switching
topologies, the consensus problem in networks of dynamic agents is explored. This
study introduces key results and establishes critical relationships between graph topol-
ogy and formation dynamics.

However, applying the basic principles of multi-agent formation control and
consensus protocols to real-life applications presents certain challenges. These pri-
marily stem from unmodeled vehicle dynamics, parameter uncertainties, and exter-
nal disturbances. In response, there is growing interest in integrating robust control
systems with the consensus protocols of multi-agent systems (MAS). The literature
has developed various approaches to this. Refs. [72, 73] explore H,.-based consen-
sus protocols for MAS with nonlinear dynamics, addressing parameter uncertainties
and external disturbances, and investigating their global convergence. Other works
adopt an adaptive framework. For instance, Ref. [74] integrates a neural-network
based adaptive control technique to the consensus problem for second-order nonlin-
ear dynamical systems with unknown dynamics. A similar approach for the formation
tracking of quad-rotors with unknown parameters and external disturbances is devel-
oped in Ref. [75], where an adaptive backstepping design is integrated for robust

formation in a consensus framework by considering only the translational dynam-
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ics of the quad-rotors, while a separate adaptive disturbance rejection control based
on the same backstepping technique is utilized as active disturbance rejection con-
troller (ADRC) in the rotational dynamics of each agent. Various ADRC techniques,
which are actually employed in numerous occasions in real-life systems, have found
use cases for this topic as well. Techniques based on Disturbance Observer-Based
Control (DOBC) and Extended State Observers (ESO) offer promising solutions to
enhance the resilience of multi-agent formations against such external disturbances
and uncertainties. DOBC focuses on direct disturbance estimation and rejection in
the system. Ref. [76] proposes a DOBC-based ADRC approach for the consensus
of LTT system with a deterministic disturbance using the relative state information
obtained from the neighboring agents. Ref. [77] integrates an ADRC, based on a
higher-order disturbance observer (DO), with an integral SMC for higher-order multi-
agent systems, where numerically tested for a team of hypersonic vehicles in leader-
follower scheme. Likewise, Ref. [78] implements a distributed fixed-time consensus
observer-based robust SMC for aerial formation of quad-rotors. This method is ex-
perimentally tested along with Processor-in-the-loop and ROS/Gazebo simulations.
Ref. [79] conducts a thorough investigation of input delayed consensus and formation,
demonstrating DOBC-based implementations for a multi-agent system with unknown
dynamics, time-varying formation shapes, and external disturbances. This study also
provides an exhaustive analysis of various feedback control methods for both linear
and nonlinear dynamics, such as observer-based, predictor-based, and H,, approaches
for multi-agent consensus and formation. ESO, alternatively, estimates both the sys-
tem states and the combined effect of system uncertainties and external disturbances,
treating them as a total disturbance. This allows for real-time compensation, with its
stability proven in Ref. [80]. In Ref. [81], an ESO-based ADRC method is investigated

for the consensus of general LTT multi-agent systems with unknown external distur-
24



bance and uncertainty, using the estimates of both local agent states and disturbances
in the consensus protocol, also showing tedious proofs of this ESO integrated system.
Ref. [82] extends an ESO-based ADRC method to higher-order uncertain nonlinear
multi-agent systems, where it assumes that there are unmeasurable agent states and
unknown dynamics, and uses the output feedback in consensus protocol, which is
further extended to the uncertain time delayed nonlinear systems in Ref. [83].

The integration of these advanced control methodologies with consensus proto-
cols represents a significant step towards robustifying multi-agent formation control,
ensuring that the coordinated behavior is maintained even under unpredictable envi-
ronmental conditions and system dynamics. The current state of research indicates a
growing convergence between advanced disturbance rejection techniques and multi-
agent formation control.

Motivation. Traditional consensus protocols often rely on accurate models of
the system dynamics and may not account for unmodeled dynamics or external dis-
turbances effectively. Formation control of the aerial system due to highly dynamic
operating environment and complex nature of the vehicles is susceptible to these
effects, such as wind gusts, varying payloads, and other environmental factors. ESO-
based methods’ ability to estimate and compensate for both unmodeled dynamics and
external disturbances in real-time ensures stable and reliable formation control, even
in complex, nonlinear conditions typical to these systems. This approach aligns well
with the decentralized nature of formation control, reducing communication overhead
and enhancing scalability. Unlike other methods, which may rely heavily on accurate
system models or complex control strategies, ESO provides a simpler yet effective
solution for real-time active disturbance rejection control, making it an ideal choice
for dynamic and uncertain operating conditions encountered in cooperative aerial

formations.
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1.4 Contributions of the Research

The major contributions of this research are summarized in this section along

with the regarding publications.

1.4.1 Modeling and Simulation of Constrained Aerial Vehicles
The key contributions of the research in the context of modeling and simulation
of dynamical systems are highlighted as follows:

1. This research provides the catenary shape analysis of a serially connected rigid
links for the continuous suspension cable representation. It is shown that the
analytical catenary equations can be utilized to approximate the steady-state
shape and tension distribution of the suspension cable. From this analysis, a
method is derived that establishes a relationship between the cable parameters,
end-point locations, and the distribution of horizontal and vertical forces along
its length.

2. The research also proposes a momentum and structure-preserving variational
integrator for the long term accurate representation of the actual behavior of the
multi-rotor and flexible suspension cable system. Due to the highly nonlinear
configuration manifold that this system evolves in, conserving the system’s mo-
mentum, manifold structure, and geometrical constraints achieves a long term
stability and accuracy in the time evolution of the solution. Unlike traditional
methods that integrate discretized continuous equations of motion, the vari-
ational integrator approach directly utilizes the discrete variational principle
while obtaining the discrete Hamiltonian representation of the system, which
provides a discrete dynamics as a pair of position and momentum states en-

suring the conservation of momentum in consecutive time steps. Moreover, the
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fulfillment of geometrical constraints is achieved by employing certain Lie group
operations defined in the configuration manifold.
The publication based on the research above is listed below:

e Uluhan C. Kaya and Kamesh Subbarao, “Momentum Preserving Simulation
of Cooperative Multirotors With Flexible-Cable Suspended Payload,” ASME
Journal of Dynamic Systems, Measurement, and Control, Vol. 144, No. 4,

2022, https://doi.org/10.1115/1.4053343 (Reference [84])

1.4.2  Guidance and Control Law Design
The key contributions of the research in the context of designing autonomous
guidance and control laws for individual dynamical systems are highlighted as follows:
1. In this research, we analyzed the effect of available state feedback regarding
the cable states on the swing attenuation of a multi-rotor with a flexible-cable
suspended payload system by utilizing a game theoretic approach. In this ap-
proach, we constructed a quadratic differential game involving two players: the
multi-rotor, aiming to minimize swing, and the suspended payload, represent-
ing the maximizing factor. This game is structured within a Linear-Quadratic-
Tracking (LQT) framework, considering various scenarios of suspension cable
state feedback available to the controller. These scenarios range from full state
knowledge of the cable, to only having information about the relative attitude
of the payload, or having no cable state information at all. The analysis from
this work suggests that the controller with relative attitude information of the
payload with respect to the multi-rotor can result in slower but more stable re-
sponses to disturbances caused by the initial deflection of the cable comparing

to the case with full state knowledge of the cable segments.
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2. Additionally, we introduced a method that incorporates catenary analysis of a
flexible suspension cable into the guidance system of a single multi-rotor with a
slung load. This approach enhances trajectory tracking accuracy by accounting
for the shape and tension force along the flexible cable. It provides boundary
conditions necessary to achieve the desired tension and cable shape, thereby
offering a more refined understanding of the position and tension commands
required by the multi-rotor. This improved knowledge assists in compensating
for the swing dynamics of the cable and the resultant loads encountered in aerial
payload transportation tasks. The method has been implemented in conjunc-
tion with a geometric control approach, further augmenting its effectiveness in
precise trajectory management.

3. In this study, we propose a nonlinear dynamic inversion-based (NDI) approach
for the attitude and trajectory tracking control of a medium-size, low altitude
airship equipped with vertical takeoff and landing (VTOL) capabilities, thanks
to its tiltable motor configuration. The research encompasses the design and
integration of various autonomous guidance laws tailored for specific autopilot
modes, including takeoff, landing, and waypoint navigation missions. Addi-
tionally, we developed a control allocation scheme utilizing the Moore-Penrose
pseudo-inverse. This scheme facilitates transitioning between the airship’s for-
ward flight and hover flight control configurations. Consequently, our work
presents a comprehensive control structure that enables autonomous naviga-
tion of the airship across its entire flight envelope.

The publications based on the research above are listed below:

e Uluhan C. Kaya and Kamesh Subbarao, “Simulation of Autonomous Airship

Operations with Integrated Autopilot Modes for Practical Scenarios,” AIAA

Aviation Forum, Chicago, 1L, June 2022. (Reference [85])
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e Uluhan C. Kaya, Abhishek Kashyap, Kamesh Subbarao, and Animesh Chakravarthy,
“Nonlinear Control of an Autonomous Airship with Collision Avoidance Capa-
bility,” AIAA SciTech Forum, National Harbor, MD, January 2023. (Refer-
ence [86])

e Uluhan C. Kaya and Kamesh Subbarao, “Game Theoretic Approach for Swing
Attenuation of a Multi-Rotor with Suspended Payload System,” (To be sub-

mitted).

1.4.3 Cooperative Control of Multiple Aerial Vehicles
The research primarily contributes to the development of cooperative control
laws in the following significant ways:

1. This research introduces a novel approach to cooperative aerial payload manip-
ulation using multi-rotors, integrating catenary analysis for managing payloads
suspended by flexible cables. The primary contribution is the use of catenary
shape information to guide individual vehicles during trajectory tracking tasks.
Building on our previous findings (referenced in [87]), this study also demon-
strates the robustness of our approach against state uncertainties via Monte
Carlo simulations where each multi-rotor system independently takes noise cor-
rupted states for both payload and itself to implement necessary guidance and
control for stabilization and trajectory tracking. Thus, these results essentially
present a successful implementation of distributed control for the cooperative
aerial payload manipulation task. This study exemplifies the cooperation be-
tween multiple UAS vehicles in physical level.

2. This study introduces the integration of an extended state observer (ESO) based
total disturbance estimation model in cooperative formation control, which sim-

plifies multi-agent system dynamics and enhances robustness against external
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disturbances like wind, air drag, and parameter uncertainties. The research
also investigates the impact of various graph topologies on formation control,
which is crucial for coordinated and complex aerial tasks. A major focus of the
study is on exploring how communication topology, external disturbances, and
the application of ESO influence formation behavior, offering new insights into
the dynamics of multi-agent aerial systems. A pivotal aspect of this work is
the demonstration of its application in realistic scenarios, particularly in search
and rescue missions, where an airship transports and deploys multi-rotors to
the mission area. These multi-rotors then execute the tasks by forming various
formations, adapting to different shapes and topologies, and following diverse
trajectory commands. This practical demonstration underscores the effective-
ness of the developed methods and models in real-world settings. Additionally,
the integration of these algorithms and control systems into a simulation envi-
ronment for formation tasks bridges the gap between theoretical development
and practical application, ensuring operational viability of the proposed solu-
tions in a range of applications, from emergency response to environmental
monitoring.

The publications based on the research above is listed below:

Uluhan C. Kaya and Kamesh Subbarao, “Catenary Guided Cooperative Aerial
Manipulation of a Suspended Payload via Multi-Rotors,” Journal of Guidance,
Control, and Dynamics, 2024. (In Review).

Uluhan C. Kaya and Kamesh Subbarao, “Catenary Guided Cooperative Aerial
Manipulation of a Suspended Payload via Multi-Rotors,” ATAA SciTech Forum,
Orlando, FL, January 2024. (Reference [87]).
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1.5 Outline of the Dissertation

This dissertation is divided into 5 chapters. In Chapter 2, the modeling of
aerial vehicles and their associated subsystems that are employed in this research
are carried out. Chapter 3 presents the development of linear and nonlinear control
strategies for a single multi-rotor with a flexibly suspended payload and airship sys-
tems, respectively. Chapter 4 details the development of control strategies for both
cooperative aerial manipulation and formation tasks involving multiple multi-rotors.
Finally, the overall sumamry and concluding remarks of this dissertation is provided

in Chapter 5.
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Chapter 2
Modeling and Simulation of Constrained Aerial Systems

2.1 Modeling of Dynamical Systems

In this chapter, the modeling of aerial vehicles and their associated subsystems
are carried out. For aerial payload manipulation, the focus is on modeling systems
that include flexible cables, multi-rotors, and a suspended payload. On the other
hand, the cooperative formation scenario employs an airship in conjunction with a

team of multi-rotors.

2.1.1 Flexible Cable Modeling
In this research, the suspension cable is regarded as an inelastic yet flexible
entity. This flexibility is represented by using a series of rigid links connected serially,
which act as cable segments. The flexibility of the cable is achieved by the variations
in the relative attitude of these links, illustrating the cable’s deformation.
The simplifying assumptions for this model is given below.
Assumption 2.1.1.
e Fach cable segment is identical.
e Fach segment has a lumped mass at its geometric center.
o Segments are constrained to prevent any twist motion along the link.
Figure 2.1 illustrates a flexible cable consisting of N links, with one end sup-
ported and a force being applied at the opposite end.
Here, g; € R? corresponds to the unit vector along the i** link through the cable

and it lies on a manifold defined by a product of two spheres S* = {q € R*| ||q|| = 1},
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Figure 2.1: N-link cable supported at one end

which is a part of serially connected 2-sphere manifolds forming the complete cable.
Also, m; = m for (i = 1,2,..,n) is the mass of each link. The overall system evolves
in (S*)" = S* x ... x S? configuration manifold.

The inertial positions of each segment and the final segment are found as follows,
i—1 I
T, = lig; + =q;
; 9+ 54

=1

where [; =1, (i =1,2,..,n) is the length of cable segments.

Lagrangian of this system is obtained below,

1 n ' . n

where e3 = [0 0 1]T is the unit vector along the gravitational acceleration direction

and the mass terms are defined as follows,
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2(n —1 1
My = (%limih)
W 2, Iy, i i =
Mij ==

A2y Iy, it # j, (a = max(i, j)

Kinematic relation between link attitude and angular velocity, w € R?, is de-
fined by
g=wxgq

The variation on states is defined by

6qz = 5@ X g;
0d; =& x q; + & x q;
where &; € R? is an infinitesimal change in segment attitude.

Similarly, applying the variation, infinitesimal work done by the applied force

is found by
oW = f 6w, =1f > dq;
=1

Using Lagrange d’Alembert formulation, we can obtain the minimum action

principle below,

5B = /‘5L+6Wﬂd 0

- Z/ Z 5qz l]q] + 5qz M()zge?) + lf 5qz] (22>
Employing vanishing boundary conditions and integration by parts, the equa-
tions of motion for this system are derived as follows,

uwz q; X Z X w]) + MZ]( wj)qj + MOige3 + l.f) (23)
J=1(#4)
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where the identities, ¢; = w; X q; + w; X (w; X q;) = w; X q; — (w; - w;)q;, q; - w; =0

and q; - q; = 1 are used.

By transforming 2.3 into matrix form, Aw = d,

M, —Mi2q1G> —M1,q1q, | | w1
—M>5192q1 My, —M>,q2q, | | w2
- nlqAnqu _Mn2dnd2 Mnn ] _wn

=

ZTL

Jj=2

n—1
Jj=1

(wj - w;)My;q1q; + G Morges +1q, f

(w]' . Wj)Mnjanj + (jnMOnge?) + lqAnf

2 im1(j2) (Wi - @) Mb;G2q; + G2 Mosges + 14 f

(2.4)

For the cable supported at both ends, f € R? can be computed by the constraint

equations. Figure 2.2 illustrates the constrained cable at the end points such that

their positions are fixed.

Figure 2.2: N-link cable supported at both ends
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The constraint equation is defined below,

9(q) = Z ligi —xn, =0 (2.5)
=1

Using (2.5), the augmented Lagrangian can be obtained by

L, = L(q,q) + A"g(q)

where A € R? is a vector of Lagrangian multipliers corresponding to the constraint
forces.
The variation in the augmented Lagrangian is acquired by
0Lo =Y 0qi- Myg; + »  6qi- Myges+ Y IX-6q;
ij=1 i=1 i=1
Finally, the equations of motion for the constrained system are derived below,
M;;w; = q; X Z ((Qj X wj) M + (w; - wj)M;;q; + Moges + l)\)
J=1(j#1)
which is the same as previous case. Here, instead of f, unknown Lagrange multipliers,
A, are introduced.

Constraint forces are

fcons =A

where A represent the tension force at the end point, x,,.

2.1.1.1 Catenary Analysis of the Flexible Cable Model

A catenary is defined as the curve formed by an inelastic chord hanging under
its own weight, assuming uniform density and cross-sectional consistency throughout
its length. Some of the examples' that we observe the catenary shape are given in

Figure 2.3.

Thttps://en.wikipedia.org/wiki/Catenary
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(a) Hanging chain (b) Hanging bridge

(c) Hanging spider web

Figure 2.3: Examples of catenary shapes in structures and nature. !

The definition of the catenary curve aligns with the assumptions established
in our flexible cable model. Thus, the analytical catenary equations can be utilized
to assess the accuracy of the N-link flexible cable model, particularly in terms of its

ability to replicate the actual shape of the cable under specified conditions.
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Figure 2.4: Illustration of catenary curve, parameters, and corresponding locations

The analytical catenary equations, which determine the relative height at any
given horizontal position along the cable and the total length of the cable between

two points, are given below,

Yy — Yo = acosh (x—x0> (2.6)

a

o T1tTo T
§ = 81 + 8o = 2asinh (9322 xl) cosh (2—0) (2.7)

a a

where a is the parameter that defines the curvature of cable. Also, the other terms
are illustrated in Figure 2.4.

Moreover, the free-body diagram of a cable segment, highlighting the acting
forces, is depicted in Figure 2.5. In this diagram, T symbolizes the tension force at
the point where the cable is tangent to the horizontal plane, while 7" represents the
general tension force along the cable. Additionally, wy denotes the unit weight per
length of the cable.

Based on the force relations depicted in Figure 2.5, we can determine the angle,

0, which represents the angle between the horizontal plane and the tangent of the
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Figure 2.5: Illustration of free-body diagram of a cable segment with acting forces

curve at any point of the cable where tension force is applied, can be determined as

_ WoS
0 =tan " [ ——

To find the solution to catenary equations, provided in (2.6) and (2.7), for the

follows,

given boundary conditions and constant cable length, an implicit solution can be used
to determine the parameter a that defines the catenary curve. Solution procedure is
outlined below,
e Guess a and solve %, implicitly for given (xy,y;) and (z2, yo) pairs.
e Use Zy and update a using length equation.
e Repeat until the error between estimated and actual cable length is within the
threshold.

Figure 2.6 displays a comparative analysis of the final shape and tension be-
tween the N-link flexible cable model and the catenary solutions under varying initial
conditions and numbers of links. These plots distinctly reveal that with an increase
in the number of links, the discrepancy between the analytical model and the N-link

approximation of the flexible cable diminishes.
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Catenary Eq vs 20-Link Cable Tension Comparisons
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Figure 2.6: The plots on the left column represents the comparison of steady-state
shape of N-link cable with increased number of cable segments and the analytical
catenary shape for various boundary conditions. The right column plots illustrate
the end point tension force comparison.
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Figure 2.7: Illustration of catenary curve with end-point slopes and forces

Finding catenary curve given end-point slopes: Analytical solution of a cate-
nary curve can be derived using Equations (2.6) and (2.7), provided that the end-point
forces or slope of the angles are known. Figure 2.7 illustrates the curve with given
boundary conditions. Equation for the slope of catenary curve is achieved by the

differentiation of Equation (2.6),

Y~ tan () = sinh (%) (2.8)

To find the curve parameter, a, Equation 2.7 is modified as follows,

s = 2asinh Ary _ An cosh A + Az (2.9)
2a 2a 2a 2a

By applying boundary conditions, the terms % and % can be obtained using

the inverse hyperbolic sine function, sinh™'(x) = In (x + Va2 + 1).

Ax

= In (tan 0 + secf) (2.10)
a

where 6 is defined in an open interval of R — (—g, g) and it can be computed given

that the tension force at a desired location along the cable is known.
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Finally, Equation (2.9) is utilized with the given and derived values to find a

as follows,

S

¢ 9sinh (G2 — A1) cosh (B 4 Bo2)

(2.11)

Now, employing Equations (2.6) and (2.10), the catenary curve can be con-
structed. It is worth nothing that in case the angle 6 approaches vertical line, resulting

two conditions should be handled separately.

2.1.2  Single Multi-rotor with a Flexible Cable Suspended Payload

In this section, the modeling of a multi-rotor with a flexible cable suspended
payload is performed as a multi-body dynamics problem, similar to Refs. [4] and [21].
To simplify the modeling of the actual flexible suspension cable, following assumptions
are made accordingly.

Assumption 2.1.2.
1. The cable is treated as the serial connection of multiple straight links with con-
centrated corresponding masses at the center of each link.
2. The cable segments are inelastic and they can carry the tension force only.
3. The cable links do not twist around its own length axis.

Figure 2.8 illustrates the multi-rotor with the suspended payload system where
the suspension cable is attached to the center of gravity of the multi-rotor.
Remark 2.1.1. The model shown in Figure 2.8 is validated by comparing the results
with the analytical catenary equations in the previous section. This comparison reveals
that with an increasing number of cable segments, the static curve formed by the N-
link cable—upon supporting its free end—gradually and asymptotically aligns with the

catenary shape derived from the analytical equations.
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Figure 2.8: Illustration of a single multi-rotor with a flexibly suspended payload

The positions of the multi-rotor and the payload relative to the Inertial frame
are represented by g, Tp € R?, respectively. Furthermore, the positions of the mass
elements on each link, as well as the position of the multi-rotor itself, are expressed

in terms of the payload’s position and the unit directions along each link, as follows,

i—1
1
T, =xp+ E laqq + §liqz’
a=1

T =Tp+ Z liq;
i=1
where g; is the unit vector along the ¥ link through the cable and it lies on a manifold
defined by a product of two spheres S* = {q € R*| ||q|| = 1}, which is a part of serially
connected 2-sphere manifolds forming the complete cable. The links are assumed to
be identical with length of [; = [ and the mass of m; for ¢ = 1,2, ..,n. Moreover, the

payload is modeled as a point mass with the magnitude of mp.
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The rate of change of unit vectors are expressed by a cross product as q; = w; xq;
where wj is the angular velocity of the i link in its body-fixed frame. Considering
the non-twisting cable link assumption made in Assumption 2.1.2, the orthogonality
constraints on the link attitudes and angular velocities are introduced as w; - q; = 0
and q; - q; = 0.

The mass and moment of inertia of the multi-rotor are denoted by m¢g and
Jo € R respectively, and its attitude is given by Ry € SO(3) with the angular
velocity of wg defined in the body-fixed coordinate frame. Thus, the configuration
manifold of the complete system is R* xSO(3) x (S?)® where (S*)” = S? x ... x S

To construct the Lagrangian of the system, kinetic and potential energies are
found as follows.

Ly 1 TN S
T = §wngmQ + éwgJQwQ +3 > @l m; + §$£mpwp (2.12)
i=1

n

U=—mqggxg - e;— Zmig:ci ez — Mpygxp - €3 (2.13)
i=1

where e3 is the unit direction along the gravitational acceleration, g, i.e. e5 = [00 1]7.

Substituting «; and x into (2.12)-(2.13), Lagrangian is obtained as

L(iUP, zp, Rg,wq,q1,491, -, qn, Qn) =T-U

1. . 1
= §w£MOOmP + §W£JQUJQ + Moyogxp - €3

+ ah ; My;q; + % Z q; Mi;q; + Z My;gq; - e3

i,j=1 i=1

where the mass terms are defined by
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My, = (mQ + Zmz —|—mp> I

i=1
2(n—1)+1
MOi = (%lmz + lTTLQ> _[3

(22 s + g ) Ty, if i =
M. —

v

<2("_—2a)+1l2mi + l2mQ> I, if i # j (a = max(i, j))

Using the variational principle on the Lagrangian, we obtain

oL :DxPL : (5$p + Da':pL : 5([313 + DRQL . 5RQ

+ Dy, L - dwg + Y (Dg,L-6q; + Dy, L - 5¢;)

i=1

Variations on the states are derived as follows, [21]:
0Rq = Rqnq
dwq = (0Rq)" Rq + RGoRq = nq + Wotlg — Mowq
= 1q + wq X Mg = 1q + adag g
0g; = & % g

5Qi=€i><%+€z’><qz'

—~

where 1¢, & € R®. The hat operator () : R* — 50(3) is the Lie algebra isomorphism

between a vector € R? and its skew-symmetric form € s0(3) as

Ay 0 —a, aq
a=la,| = | a; 0 —a,
a, —Qy Gy 0

The adjoint action ad,y : g — @, where g is a Lie algebra over some arbitrary field

and z,y € g, is the group homomorphism providing a linear map as ad,y = [z,y] =
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*
x

xy — yx. The co-adjoint action adiy : g* — g is the dual of the adjoint action

defined as ad*y = [y, 2] = yz — zy. Hence, for the so(3), adgb = ab — ba = axb
and ad:b = ba — ab = b x a.

Equations below express the variations on the attitude states of multi-rotor and

the cable links.

Dg,L-6Ry =Dg,L - (Rgnq) = RHDR,L - 7ig (2.14)
DL - dwqg =Dy, L - (g + wg X 1g)
=Dy, L -1ng — (wg x Dy, L) - ng
Dy, L-6q; = (g x Dy, L) - &;

Dy L-0¢; = (g x DgL) - & + (¢; x Dg,L) - &; (2.15)

The minimum action principle is formulated for the given system as
T
&B:/ [OL + fr-dxg+ T -ng| dt =0
0

where the variation in multi-rotor position is dzg = dxp + > ., 10g;. The total net
force generated by the propellers is represented in the Inertial frame with f;, which
can be obtained by utilizing the body frame representation fp as f; = Rg f. T
is the net torque propellers generated, which is written in multi-rotor’s body-fixed
frame.

Continuous equations of motion for this single multi-rotor with a flexible cable

suspended payload are derived below,

d
Dy, L= =Da L+ f1 =0 (2.16)
d
d . .
R.Dpg,L — Do, L+ (adj, - Do, L) +7 =0 (2.18)
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It is worth noting that the cable twist constraint g; - & = 0 is used in (2.17) as
(@i X (Dg,L — £Dy,L)) - & = (cq;) - & for any arbitrary constant c.

Partial derivatives of Lagrangian are given below,
D, L = Myges

n
D;,L = Myxp + Z M, q;
i=1
Dgr,L =0
DwQL = JQQJQ
inL = Moz‘geg
inL = MOiCbP + Z Miij
j=1
Substituting the partial derivatives and using the relation g; = w; X q; + w; X

(w; X q;) = w; X q; — (w; - w;)q;, continuous equations of motion become

Myvp — Z Myqiw; = Z(wz - w;) Moyq; + Myoges + fr (2.19)
i—1 i—1
M =g x [ D (My(g; x @) + (w; - w;) My;q;) (2.20)
J=1(3#17)

+q; x (Myges — Myvp + 1 fr)

JQ(JJQ + (.:JQ(JQ(.UQ) =T (2.21)

Generalized momenta of the system are found by Legendre Transformation as

P,, =Dy, L (2.22)
P, =Dy, L
P, = q; x Dy, L (2.23)
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2.1.3  Multiple Multi-rotors with a Suspended Payload via Flexible Cables

2.1.3.1 For Lumped Mass Point Payload

In this section, the procedure explained previously is extended to involve coop-
erative multi-rotors transporting a common payload that are suspended via flexible

cables. Figure 2.9 illustrates the proposed configuration.

Figure 2.9: Illustration of cooperative multi-rotors with a flexibly suspended payload

In this configuration, the position vectors of each multi-rotor and their corre-
sponding cable segments are represented in terms of the payload position, &p, and

the unit vectors along cable links.



where g;, expresses the unit vector along the i** link of the multi-rotor s. Without
losing generality, suspension cables are assumed to be identical and consisting of the

same number of segments.

Lagrangian of the cooperative multi-rotors with a slung-load system is con-

structed as

L(mpaabPaRprQu RQ2,WQ2, "7RQm7me7q17 627 7Qm)

1 ' ‘ m n
= —a&LMyyxp + Myygxp - es + Z Z My;, 9q;, - es3

2 s=1 i=1

A I i S PR .
+) Jwa. Jo.wo. +Tp > Mg, + B > 4. M.,

s=1 i=1 ij=1

where @ = [q1,, 4., -, Gn., Gn.] and the mass terms are

MOO = <Z(mQS + Zmzs) + mp> _[3

s=1 =1

2(n —1 1
MOiS = (%lng + lsz> Ig

(%Fmis n lQsz) L, ifi=j
M;;, =

(22 2ms, + g, ) Iy, i i 4, (a = max(i, j))

The variational principle on Lagrangian gives us
m

0L =Dg,L-0xp+Ds,L-5&p+ Y [Dry L 6Rq, + Day, L-dwg,]
s=1

2

s=1

DwQSL . (SUJQS + Z (insL . 6q7;s -+ insL . 5ng)]
=1

The variation on the work done by the forces and moments on each multi-rotor

18
m

(5W=Z [f]s : (5&3p+2l5qis) +T5"I’]QS] (2.24)
i=1

s=1
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Using the relations given in (2.14)-(2.15), the variation on the action integral,

B = fOT((SL + W) dt = 0, is achieved as below,

0B = / [ DwPL—I—ZfIS (5(13]3

£33 % Dy, L 4Dy L g €

s=1 1=1

d . . .
+ Z [RQSTDRQSL — %DQQSL + (ada,QS ‘D, L)+ ‘rs} . nQS] dt

s=1

which provides the continuous equations of motion for this cooperative system as

follows:
Moyvp — Z Z My, (g, X wi,)
s=1 i=1
= Z Z (Wi, - wi,) Mo, qi, + Mooges + Z I, (2.25)
s=1 i=1 s=1
Miiswis - is X Z Z]e q,]e X wje) + (w]s ' w]e)MZ]equ>
J=1(3#1%)
+x;, x (Mo, ,ges — Moy, vp + L f1,) (2.26)
Jo.wq. +wqo.(Jo.wq,) = T; (2.27)

One can deduce from (2.25)-(2.27) that the motion of the payload is affected
by both the forces applied by multi-rotors and the dynamics of each flexible cable
connected to it. On the other hand, Equation (2.26) indicates that each distinct
suspension cable and the multi-rotor sub-system has its own separate dynamics, which

are coupled by the whole system through the motion of the payload itself.
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Generalized momentum states of the systems are derived by Legendre Trans-

formation as follows,

P,, =D, L (2.28)
Fuog, = Dug, L
Py, =q, x Dy L (2.29)

These momentum states will be used in discrete Hamiltonian formalism in the next

subsection.

2.1.3.2 For Rigid Body Payload

The previous model for the cooperative multi-rotors with a suspended load via
flexible cables considers only a point mass payload. However, in this section, instead
of a point load, a rigid body payload is incorporated with the model. Figure 2.10
illustrates the new model with a rectangular prism rigid slung payload with multi-
rotors.

In this configuration, position vectors of each multi-rotor and their correspond-
ing cable segments are represented in terms of the payload position, @,, and the unit
vectors along cable links, g;,, including the distance between attachment points and

the center of mass of the payload, p,.

i—1

x;, = rp+ Rpps + Z lqj, +
j=1

1

lg;
2‘13

xo, =xp+ Rpp.+ > g,
=1

where Rp € R**® expresses the payload attitude with respect to the Inertial frame.
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Figure 2.10: Illustration of cooperative multi-rotors with a flexibly suspended payload

Lagrangian of the system is derived as follows,

L('r'vpad:PaRPawP:RanQl?RQ2an27 "7RQm7me7q_17627 ) (jm)
m

o 1 . . ~
(wgmpwp + wngwp) + 5 Z mgststs + wgs Jo.wg, + Z mz;mlm,
i=1

N | =

s=1

m n
+mpg33p'63+z meg,gTQ, ~63+Zmisgazis - €3
s=1 i=1
m

2

s=1 i= ij=1

N[ —

m . . 1 X n ‘
- Z p.wpRp | Mo, | &p + SRrwpps | + Z Mo, qi, | + Moogzp - es
s=1 =1

+ Z Mg, gRpp, + Z My, q;, | - es3

s=1 i=1

92

1 - 1. .
(&5 Mopip + wp' Tpwp) + ) | swa." Jo.wo. + &5 ) Moidi, + 5 > " My,
=1



where qs = [q1,,4q1., -, Gn., Gn.] and the mass terms are

MOO = <Z<mQS —|— Zmls) —|— mp> I3

n — i) + 1
My, — (%lmis + lsz> I,
(22 g, + g, ) Ty, i i =

]\42‘]‘S -
(MZQmiS + ZQsz) I3, if i #j, (a=max(i,j))

n
MQS = sz -+ Zmis
=1

The variational principle on Lagrangian is updated to include payload attitude

as below,
0L = DmPL : 5$p + D:i:pL : 5mp + DRPL : 5Rp + prL : 5wp

m

+ Z [Dr, L-0Rg, + Dy, L dwg,] + Z

s=1 s=1

Z (Dy.. L - 6q;, + Dy, L - 5%5)]

i=1
The variation on the work done by the forces and moments on each multi-rotor
is
W= [f : <6mp — Rppnp + Y zaqz-&.) +7 an] (2.30)
s=1 1=1

Using the relations given in (2.14)-(2.15), the variation on the action integral,

B = fOT(éL + 0W) dt = 0, is achieved as below,

T d m
% :/0 [ (DmPL - EngpL+52:;fzs> oz

d — .7 | -
+ <R£DRPL — =D, L+ (ady, - De,L) +> psRﬁfzS> “Mp

s=1

- d . R R
+ Z (RQSTDRQSL - %DGJQSL + (ada;Qs Doy, L) + Ts) “NQs

s=1

m n d
+) 0 qi % (insL - ainsLJrlfls) g] dt

s=1 i=1
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where the partial derivatives are as follows,
D.,.L = Myges
D;,L = Myzp + Z Z My, q;, + Z Mg, Rpwpp;

s=1 i=1 s=1

DRPL : 5RP = dRp Np

S e e
s=1

1=1

+ Z MQsﬁSRggef}
s=1

D,,L=Jpwp+ > p.Rp [MQSa‘;P +) MOiSqis] — > Mg plwp

s=1 =1 s=1

D“’Qs L = JstQs

Dgr, L=0

Qs

ins L = MOisgeg

j=1
The equations of motion for this cooperative system are obtained as below,

Myyvp — Z Z My, q;,w;, — Z Mg, Rpp,wp (2.31)

s=1 =1 s=1

= Z My, Rpwppswp + Z Z My, (wi, - wi,) @i, + Myoges — Z f5.Rq. €3
s=1

s=1 i=1 s=1

Jpwp+ Y p.Rp (MQJ‘;P -y MO,-Sqiswis> (2.32)
s=1 i—1
= Z ps R} Z My, (w;, - wi,) @i, — wpJpwp + Z psRE (Mg, ges — fp, Rq.es)
s=1 i=1 s=1
JstQs + (.:JQS (JstQs) = Tg (233)
M wi, — q, Z M, qjw; + &, Mo, (Vp — Rppswp) (2.34)
J=1(3#9)

=G, | Mo,ges+ D My, (w;-w))q;, | +di. (15, Rq.e5 + My, Rpwppywr)
J=12i)
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—_— -

where wpps = wp X ps = wpps — pswp is used and the following grouping terms is
applied,

Jp=Jp—) Mq.p;

s=1

Generalized momentum states of the systems are derived by Legendre Trans-

formation as

Pyp = DgpL (2.35)
P,,=D,L

Pug, = Dug, L

Po,, = @i, x Dg, L (2.36)

These momentum states will be used in discrete Hamiltonian formalism in the next

subsection.

2.1.4 Airship

In this section, the mathematical modeling of the airship dynamics is carried
out by deriving kinematic and dynamic equations for the translational and rotational
motions along with the corresponding body forces, moments, and their mathematical

models, respectively.

2.1.4.1 Airship Description

The airship that is considered for this study is a generic design constructed
from a double ellipsoid geometry with common semi-minor axes for the hull enve-
lope, as shown in Figure 2.11, similar to that in Ref. [28]. The design employs four
tilt-able motors attached on the side supporters of the airship and four aerodynamic

fins consisting of fixed and actuated control surface parts where they are installed at
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the back of airship with a cross (‘x’) configuration. There is no internal pressure con-
trolling ballonet considered in the design of this airship due to its length and volume

restrictions, which also limits the flight envelope to only low altitude operations.

b

N

Figure 2.11: Double ellipsoid geometry that is used to construct the airship hull shape

Figure 2.12 displays the front and side views of the airship CAD model where

the body fixed coordinate frame is shown as attached at the nose of hull.

]

Figure 2.12: Tllustration of the origin of airship body frame and the coordinate frame
notation

The physical dimensions of the shape are tabulated in Table 2.1. Furthermore,

the calculated total mass and the inertia of the airship is given in Table 2.2.
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Parameter Symbol Value Units H Parameter Symbol Value Units

Hull Length L 10414 m || Hull Area (V/3) Sy 107  m?
Hull al a 4318 m || Fin Area (fixed) Sp, 0.4 m?
Hull a2 as 6.096 m || Fin Area (actuated)  Sp, 0.3 m?
Hull Radius b 1.397 m Gondola Area Sa 1 m?
Hull Volume Vg 35 m?

Table 2.1: Airship dimensions
Parameter Symbol  Value  Units H Parameter Symbol Value Units
Total Mass my 43.125 kg H
Total Inertia Ixx I, 50  kg.m? || Total Inertia Ixy I, 0  kgm?
Total Inertia lyy I, 1400  kg.m? || Total Inertia Ixz I, 80  kg.m?
Total Inertia Izz I, 1350 kg.m? || Total Inertia Iyz I,. 0 kg.m?

Table 2.2: Airship mass and inertia parameters

2.1.4.2 Equations of Motion

The equations of motion for airship are derived by, first, defining the Inertial and
body fixed coordinate frames. For the generality and the ease of modeling purposes,
the body fixed frame is defined in North-East-Down (NED) convention and it is
positioned at the tip of the hull envelope. Similarly, the Inertial reference frame is
defined in NED convention and is attached to a reference position on the ground.
Figure 2.13 illustrates both reference frames and the position vector of the airship.

For the rest of the derivations, assumptions that are made to simplify the mod-
eling are listed below.

Assumption 2.1.3. Total mass and inertia of the airship including the lifting gas
stay constant.
Assumption 2.1.4. Rotation of Earth and the curvature of the surface of Farth are

neglected (acceleration due to gravity is constant - low altitude operation).
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Figure 2.13: Illustration of the Inertial frame, body fixed frame and the airship
position vector

2.1.4.2.1 Translational Kinematics The position vector of the body frame

origin is defined in the Inertial frame as follows

x
ry — Y
z

Using the rotation matrix, Rpgy, from Inertial frame to the body frame, we
obtain the body-fixed coordinate frame of reference as [B] = Rp;[I], where [B] and
[I] = [i 7 k|7 represent the orthogonal unit vectors for the body-fixed coordinate
frame and the Inertial reference frame, respectively.

Differentiating the position vector with respect to the time, we obtain the rela-

tion below

. T
Ty =v; = RB]’UB/W + vw
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where v; = [# 9 2|7 is the velocity of the origin of the body frame with respect to the
Inertial frame represented in Inertial frame. v/ = [u v w]” is the linear velocity of
the body frame with respect to the surrounding air, and it is expressed in the body
frame. vy = [ow, vw, vw.|” is the inertial velocity vector of the air (wind), with

respect to the Inertial frame and it is expressed in the Inertial frame.

2.1.4.2.2 Rotational Kinematics The rotational kinematic equations are de-
rived by utilizing the property of the rotation matrix, RgrR%; = I, and the skew-

symmetric matrix, @’ + & = 0. Time differentiation of Rp;R%; = I yields
RBIREI + RBIREI =0

where we define a skew-symmetric matrix, w = Rp IRE 7, Which represents the angular
velocity of the body frame with respect to the Inertial frame represented in the body
frame as w = [p ¢ r]”.

The rate of change of attitude of the airship (rotational kinematic equations)

is represented by
Ry = —wRp; (2.37)

which yields 9 differential equations to be solved simultaneously.
In this study, we utilize the 3-2-1 Euler angle representation of the attitude for
simplicity. Therefore, the rotational kinematic equations are given in terms of roll,

pitch and yaw rates as below

b 1 sin(¢)tan(f) cos(¢)tan(d)| |p
o= |0 cos(¢) —sin(¢) q (2.38)
Y 0 sin(¢)sec(f) cos(¢)sec() | |r
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2.1.4.2.3 Translational Dynamics The dynamic equations for the transla-
tional motion are derived using Newton’s second law of motion, which states that the
net force acting on a body is equal to the rate of change of its linear momentum,

S fr = d(zl;’ 1) Firstly, the position vector of the center of the mass is defined as

the sum of the body frame position and the relative position of the airship’s c¢g point

below
Tey =T+ RE1Pey (2.39)

Afterwards, the time differentiation of (2.39) gives the velocity of the airship cg

position as follows,
Loy = REI’UB/W + vy + RE 0P (2.40)
Finally, one more differentiation of (2.40) yields the second law of motion below

&y = R wvpw + RE 05w + 0w + REw(w X peg) + RE (W X peg)

_ 2 fi (2.41)

mr

where Y fr is the total net force acting on the airship represented in the Inertial
frame. Moreover, my is the total mass of the airship including the lifting gas.
Expressing the terms in the body-fixed frame by multiplying the both sides of

the above equation by Rpy, translational dynamic equations are obtained as

XI5

i;B/W+wva/W+RBIi7W+wxwxpcg+w><pcg— m
T

The sum of external forces, which are represented in body frame, is given below

S = Fop o s+ P+

where fp,, . is the buoyancy force, fp, is the weight, fg,.,, are the hull aerodynamic

forces, fp,,, are the motor forces, and fg,, are the fin forces.
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2.1.4.2.4 Rotational Dynamics The rate of change of angular momentum
about a point is defined to be equal to the sum of moments acting on that point
by Euler’s law (the rotational analog of Newton’s second law). The net moment act-
ing on the airship center of mass in the Inertial frame is obtained from the following

expression

Z T = Teg X MpEey (2.42)

Substituting (2.39) and (2.41) into (2.42), we find the relation between the net

moment, net force and the linear acceleration as follows

ZT] =x; X Z fr+ Rglpcg X Mpdeq (2.43)

Knowing that the net moment acting on the center of mass has the following

relation with the moment acting on the origin of the body frame due to the forces,

ZTIZZTB—I—CBIX Zf[

where Y 75 is the sum of the moments acting on the origin of the body frame, the

vector equation for the angular acceleration is found as follows,

Z TB = Pog X MrRE G0 (2.44)

Substituting (2.41) into (2.44) and representing the vectors in the body frame,

the net moment equation becomes

ZTB = Peg X Mr(Vpw +w X Vgw + RpiOw) + Peg X mr(w X w X pgy)

+ Peg X (W X peg) (2.45)
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Using ax b xc = (a-c)b— (a-b)c and a’bc = ca’b for a,b,c € R?, the

third term in (2.45) can be expanded as follows,

Peg X My (W X Peg) = Mr ((Peg * Peg) @ — (Peg * W) Peg)
= mr (ngypcgw - PZ;,Wch)
= mr (Pz;,chI - pchZg) w

=Jw

where J = my (pLpegd — pegply) , J € R¥ is defined to be the moment of inertia
in the body frame.
Similarly, using (a”b)a = —b(aa”), the expansion of the second term in (2.45)

is obtained by the following expression,

Peg X M7 (W X W X Peg) = Peg X My (W peg) w — (W - W) Peg)
=mr (quw) Pegw
= =17 (Peghey) W
= mrw X (PyPegl = PogPegd — PegPly) W

=w X (Jw) (2.46)
Finally, the rotational dynamics equation is acquired as below,
ZTB =Jw+wx (J(.d) —I—pcg X mr (’UB/W + w X UB/w +Rijw)

The sum of external moments acting on the origin of the body frame are rep-

resented in the body frame is given as

: :TB = TBbuoy + TBw + TBaero _|— TBmot + TBfin
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2.1.4.3 Modeling of Body Forces and Moments

2.1.4.3.1 Weight and Buoyancy Figure 2.14 illustrates the buoyancy and
weight forces on the airship with their relative position vectors with respect to the
airship’s body frame. The buoyancy force due to the lifting gas, fyuoy, is acting along
the opposite direction of the gravitational acceleration, which is represented by the
unit vector, ez = [0 0 1]7, in the negative z-axis of the Inertial frame. Similarly, the
weight vector along the same direction with the gravitational acceleration is repre-

sented with f,.

Figure 2.14: Illustration of buoyancy and weight force vectors with respect to the
origin of the body frame

Assumption 2.1.5. The center of gravity, CG, and the center of volume, COV, are
assumed to be constant and located at p.y and peo, with respect to the origin of the

body frame, respectively.
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Assumption 2.1.6. The buoyancy force, fiuoy, is assumed to be acting at the center
of volume location.
Buoyancy force and the resultant moment around the origin of the body frame,

represented in the body frame, are given below,

fbuoy = Rglvabuoy = _fbuoye?) (247)

TbUOy - REITBbuoy - Rgf (pCO’U X fBbuoy) (248)

where fp0y, € R is the magnitude of the buoyancy force, which is computed by
Jouoy = (PairVEruu)g, corresponding to the mass of the air that has been displaced by
the volume of the airship.

Similarly, the weight vector and the resultant moment around the origin of the

body frame, represented in the body frame, are expressed below,

fu = RE;f, = mrges (2.49)

Tw = REITBw = Rg[ (Peg X fB.,) (2.50)

2.1.4.3.2 Hull Aerodynamics The construction of high fidelity aerodynamic
models demands a considerable amount of modeling and experimental validation ef-
forts, and needs to be tailored specifically for a desired airship, which is not covered
in this research. Instead, the previous modeling efforts are adopted to obtain the
aerodynamic model of our airship. The aerodynamic modeling of the airship is based
on the developments in Refs. [28] and [25], as well as Refs. [24] and [23]. However,
instead of combining the aerodynamic effects of the hull and the fins in the same
formulation, our approach further separates them as individual modules with the
assumption that their interactions can be captured by the use of efficiency factors.

Assumption 2.1.7. The aerodynamic effect of the fins on the back of the airship hull

can be captured by the product of the efficiency factors for the hull, ug, and individ-
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ual fins, ur. Therefore, the superposition of these individual aerodynamic models is
assumed to be sufficient for the hull-fin interaction modeling.

Figure 2.15 illustrates the hull aerodynamic force and moment, and the rela-
tive position of the aerodynamic center where the aerodynamic force and moment

generated by the airship hull is assumed to be acting at.

Figure 2.15: Illustration of the hull aerodynamic center on the airship and the acting
aerodynamic force and moment

Assumption 2.1.8. The aerodynamic center is assumed to be a fixed location on the
airship hull. The forces and moments generated by the aerodynamic shape of the hull

are assumed to be acting at this point.
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The hull aerodynamic force and moment equations are provided below in (2.51)

and (2.52), represented in the body frame.

Cx, cos®(a) cos®(3) + Cx, sin(2a) sin(§)
Faero = RE1 FBurs = RE1Q0uers | Chy, cos(2)sin(28) + Cy, sin(8) sin(|]) | (2.51)

Cyz, cos(5)sin(2a) + Cgz, sin(a) sin(|a|)

C'r,, sin(B) sin(|4])
Taero = RB140,er | C, cos(%) sin(2a) + Cy, sin(a) sin(|a|)

2
Ch, cos(%) sin(23) + Ch, sin(B) sin(|A])

TBaero — RBITaero + Paero X fBaem (252)

where o and [ are the angle of attack and the angle of side-slip measured at the
aerodynamic center, respectively. In addition, Cx,Cy, and Cj are aerodynamic
coefficients for the force calculation along the body axes, whereas Cp,C)s, and Cy
are the aerodynamic coefficients used for aerodynamic moment calculations for the
hull. Furthermore, the local velocity required for the calculation of the dynamic
pressure measured at the aerodynamic center, qq,,,., = %pair|\va€To]|2, is found by the

following expression,

uCLGT‘O

Vaero = UB/W + W X Paero = Vaero (253)
Waero

Angle of attack and angle of side-slip measured from the aerodynamic center of

the hull can be expressed below, respectively.

o = tan! (%) : B =sin"* (”zaem“) (2.54)
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The components including sin(2«) or sin(25) in (2.51) and (2.52) represent the
upsetting forces and moments due to an inclined ellipsoid moving through a fluid, as
previously formulated by Munk, Ref. [24]. The other terms represent the normal and
cross flow aerodynamic drag and resultant moments along the body axes. It is worth
noting that cross flow terms play an important role as the restoring moments on the
airship stability due to the shape of the airship and the location of the aerodynamic
center.

The aerodynamic coefficients, which are derived in Ref. [28] as direct functions

of airship geometry, are provided below,

Table 2.3: Aerodynamic Coefficient Formulations

H Aerodynamic Force Coefficients \ Aerodynamic Moment Coefficients H

CX1 — _(ODHOSH + ODGOSG> CLl — CDCGSGZGZ

Cx, = (k1 — ko)pu 1Sy Cy, = (k1 — ko)pgI3Sy L
CYl = (kl - k2),uHIISH OM2 = _ODCH JoSyL

CYz = _CDCH JISH CNl = (k?g — k:l),qugSHL
Cz = (kl - k2)MHllsH Cn, = CDCH JoSyL

Cz = —CDCH J15u

The coefficient definitions, parameters, and their values are tabulated in Table

24.

67



Table 2.4: Parameter Definitions and Values

H Parameters \ Definition \ Value
Cpy, Hull zero-angle drag coefficient, referenced to Sy 0.025
Cbg, Gondola zero-angle drag coefficient, referenced to S¢g 0.01
CDCH Hull cross flow drag coefficient, referenced to .J; 0.5
Cp.,, Gondola cross flow drag coefficient, referenced to S¢g 1.0

Iy Horizontal length from nose to trailing edge of the fins 8.89 m
la. Vertical distance of gondola from the aerodynamic center 1.0 m
L Hull efficiency factor 1.1

I Non-dimensional cross-sectional reference area, I; = i fi};zal %d:c 0.2518
I3 Non-dimensional reference length along x, I3 = S;lh fi’gal r% dy -0.2973
Ji Non-dimensional circular reference area, J; = i ﬂ}; " 2r(x)d 2.0915
Jo Non-dimensional circular reference length, J, = ﬁ ffgal 2r(z)xdx | 0.0762
ky axial added-mass coefficient 0.0904
ko transversal added-mass coefficient 0.8469
ks transversal added-mass coefficient (moment) 0.5743

The non-dimensional reference areas and the lengths, Iy, I3, J; and J5, are de-

rived using the double ellipsoid geometry, as shown in Fig. 2.11, using the following

expressions,
b? 9
L =n—(1-—
1 WSH( f)
27h?
3= _3Sth (a1 +a2f3)
b /ma .
Jp = 5, <T1 +agsin” () 4 agy/1 — f2>
2b ‘
Jo = M (a% - a% - ag(l - f2)3/2)

where f = 1’1;—2‘“
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The calculation of the added-mass coeflicients is detailed in Lamb’s work in

Ref. [23] as,
r
ME5T
Y
=y
b — e!(Y-T)
P 2—e)(2e2— (2—€2)(T—T))
where
b2
€= 1 - (a1;a2)2

2.1.4.3.3 Motors The motors of the airship in this study are attached to the
end of their corresponding tilt servos, which brings the capability of changing the
direction of the thrust they generate with respect to the body frame. Figure 2.16
illustrates the motor frame, body frame, the relative tilt angle of the motor, 6,,,, and

the force generated by the motor, fy,.

Figure 2.16: Illustration of motor frame with respect to the airship body frame
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Assumption 2.1.9. The motors are assumed to be generating forces only along their
positive x-axis. Any moment about the motor axes due to the rotation of propellers
s omitted for simplicity. In addition, any aerodynamic force and moment due to the
shape of the motor pods are neglected.
Assumption 2.1.10. The force generated by a motor is assumed to have a linear
relation with the square of the angular speed of the propellers as, fi, = kr(war,)?.
Force and moment generated by the i*" motor represented in the body frame
are given below,

4
.fmot = jo.meot = Rﬁf ZRBM<0M¢>]£MZ~€1

i=1
4

Tonot = RbyT8,0 = Ry Y par, X R (Our,) fur €1

i=1
where [M] = R%,,[B] are the orthogonal unit vectors representing the attitude of
the motor frame with respect to the Inertial frame with Rp,, as the rotation matrix
from the motor frame to the body frame. Also, py, is the relative position of the
motor with respect to the origin of the body frame, represented in the body frame.

The rotation matrix Rpps(0yy,) is defined as follows,

cos(fy,) 0 sin(fyy,)
Rpn(Oa;) = 0 1 0

—sin(fy;) 0 cos(fas)

2.1.4.3.4 Fins and Control Surfaces The airship in this study has four fins in
a cross configuration to stabilize and control the attitude of the vehicle by generating
necessary aerodynamic force and moment. Each fin consists of a fixed part, where it
meets with the hull, and the controllable part, where it is attached to the fixed part
with a revolute joint and used as a control surface by applying a deflection. Both

parts are assigned to their individual reference frames. Figure 2.17 illustrates the
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orientations of fins with respect to the body frame, where the subscripts of TL, TR,
BL, and BR corresponds to the locations of fins as top-left, top-right, bottom-left,

and bottom-right, respectively.
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Figure 2.17: Illustration of the fin reference frames from the back view

Figure 2.18 shows the top view of a single fin with an attached control surface for
both neutral and deflected configuration including mean chord lengths, respectively.
Figure also displays the corresponding reference frames, where they also follow the
right-hand-rule and NED convention.

In Figure 2.18, it can be seen that the effective chord length and orientation
are changed by the deflection of control surface. The effective chord length can be

calculated by applying triangle cosine rule as below,

_ |2 2
CR,,, = \/ch + ¢, — 2cpcp, cos(m — Yp,)

— \/c%f + ¢+ 2cp,cp, cos(Yp,)
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l/)FiC

(a) Neutral Configuration (b) Deflected Configuration

Figure 2.18: Illustration of the fin and control surface from top view including mean
chord length

Similarly, from the triangle geometry, the effective rotation of mean chord line

from the fin frame, ¥, ,, can be found by

B cr, sin(Yr,
Q/JFieff:tan 1( ( ) )

¢y + cr, cos(Vr,)
In order to obtain relative velocity of the aerodynamic center of effective chord,
where a quarter chord length from the leading edge is assumed to be the aerodynamic

center, the following computation is required.

uFiac

szac:UB/W+wprlac:RBF /UFiac

WEg,

tac
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where a relative position of effective chord’s aerodynamic center, pr, , is found by

pr,,. = (Plh + Rpr(Vr, ,,) <—0-25CFieff€1 - sz'mes)>

and
Rpr(Yr, ) = R(Vr, ) Ra(¢F,)
cos(i,,) —sin(r, ) cos(ér)  sin(vr,, )sin(ér)
= |sin(vr,,,) cos(vr,, )cos(ér) —cos(um,, )sin(6r)
0 sin(¢g,) cos(¢r,)

where [E;]T = Rpr(Vr, )T[E] are the orthogonal unit vectors representing the

eff
reference frame of the computed effective chord with respect to the Inertial frame. In
addition, ¢, represents the roll orientation of the fins with respect to body frame and
they are constant with values of 45, 135, 225 and 315 degrees for top-right, bottom-
right, bottom-left and top-left fins from the back view, respectively. p;, denotes the
relative position of the fin leading edge with respect to the CG. Finally, 7y, is the
radial distance from root to fin aerodynamic center.

The aerodynamic force and moment generated by the *" fin is calculated by

the following equations, respectively.

fomi = RBF(wFieff)QOpi (CLFi (OéFif> Sk, UL, + CDFi (aFif> Sk,

teff teff

uDFi) (2.55)

B = RBF(QﬂFZ.eH)QOFiCMFi (OéFif> SF,

teff e+ pr,. X o, (2.56)

CF, teff

where the variables regarding fin aerodynamics are given in Table 2.5 below.
Assumption 2.1.11. The span-wise component of the fin’s local velocity is neglected
in the calculation of the lift and drag. Also, the side force due to the side-slip of fin

15 neglected.
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Table 2.5: Fin Variable Definitions and Expressions

H Variable \ Definition Expression H
. . _ 1 2
Qop, Dynamic pressure at effective chord a.c. Qoy, = §pm‘TH’UFZ.M
. _ (o
ap, Angle of attack for effective chord ap, = tan™! <u—f>
k2
f
. . : |:7uFlaC 77UF7‘.G/C ,O:I
Up, Unit vector along drag force in effective chord frame | wp, = 2 <
‘ ' \/ UFige V' ig,
. . . . ['UFiac TUR, 70]
U, Unit vector along lift force in effective chord frame Up, = —pe——tae_
2
' YFige T"Fiqe
Sk, Effective reference area for the fin Sp,  =cp, - (fin span)
leff ‘eff ‘eff

Finally, the aerodynamic lift, drag and moment coefficients are modeled. The

lift coefficient is approximated as a function of angle of attack using a fifth order

polynomial as follows,

5

Z Rk (2.57)

k=0

where ¢, k= 0,1,..,5 coefficients are found by a polynomial fit function for the data

generated by the red line in Figure 2.19, where Cp, .. = 1.2 is chosen and the dashed

line illustrates the polynomial fit line.

|1 —08C,,,,

+-C

150 45

max

Figure 2.19: Lift vs angle of attack curve used to generate aerodynamic lift forces for

the fins and control surfaces.
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For the drag coefficient, the following model is used,

Cpo, + kC} | if |ap,| < 15deg
Cp,, = ' (2.58)

Cp, + ... + Cp,, ar,, otherwise
where the values of C'p, = 0.006 and k& = 0.01 are chosen for the simulations. Figure

2.20 illustrates the drag model.

—165° —90° 150 | 180 90° 165°

Figure 2.20: Drag vs angle of attack curve used to generate aerodynamic drag forces
for the fins and control surfaces.

The aerodynamic moment modeling requires various other factors to be known
for the full coverage of the flight envelope, which is out of scope for this study.

However, for completeness, a simple linear model is chosen as follows,

Cumyp, = Cumy + O, + Cu, g,

2.2 Momentum/Structure Preserving Simulation of Suspended Payload Systems
The work and design decisions on the suspended payload systems in the lit-
erature are based on simulations or limited experimental verification under the as-
sumption that the actual behavior of the real system is captured reasonably well by
the developed dynamical models. Leaving aside the accuracy of models capturing
the underlying physical phenomena, it is known that the majority of numerical in-

tegration methods, including the Runge-Kutta based ODE solvers, do not preserve
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the symmetries (invariants) and the geometrical properties of the system, where even
slight deviations might substantially affect the overall simulation accuracy, especially
for the systems under consideration. Inherently, the conclusions drawn from inaccu-
rate simulations of such complex physical systems may cause unexpected results in
practice. These are particularly important in systems that involve flexible compo-
nents, and a simple rigid body assumption does not capture the interactions between
components accurately.

To overcome described integration inaccuracies, a special class of geometric in-
tegration scheme, called variational integrators (VI), is introduced in the literature,
Ref. [17]. VI approach, instead of discretizing continuous equations of motion as the
most general-purpose integrators do, directly utilizes the discrete variational princi-
ple obtaining the discrete dynamics as a result of the discrete Hamilton’s principle.
Therefore, derived discrete dynamics exactly preserves the momentum and symplectic
form of the system, as presented in great detail by Refs. [18] and [20]. In addition, Lee
and his team in Ref. [22] put forward an enhancement for variational integrators to
preserve the geometric structure of the configuration manifold, which is represented
as a Lie group, in rigid-body problems. Along with the symplecticity and momentum
conservation, the exact preservation of the structure of the manifold ensures an expo-
nentially long-term stability with a good energy behavior, which makes VI methods
an ideal candidate for the simulation of complex or highly nonlinear systems.

As the precision and long-term numerical stability are detrimental for the simu-
lations of space missions, VI methods are one of the natural choices in these missions.
The spacecraft dynamics in Ref. [88] is tackled by developing a variant of variational
integrators involving quaternions to represent the spacecraft attitude and demon-
strates the superiority of VI simulation accuracy among the other continuous solvers.

Various other work utilizing VI methods and discrete control systems have been pre-
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sented by Lee et al., Refs. [21,89], who have significant contributions in this area.
Indeed, their representation of attitude dynamics via Lie group operations provides a
basis for our N-Link cable model in this work as a series of spherical pendulums. Ad-
ditionally, VI applications on a rigid-body dynamics of a quadrotor UAV in Ref. [90]
and an underwater vehicle in Ref. [91] are among many other examples that led
to our work. Apart from the aforementioned applications, Ref. [92] reveals another
inspiring example of estimation and filtering for mechanical control systems, where
multiple structure-preserving methods are incorporated with Kalman filters for higher
accuracy in state estimations.

The main contribution of this work is the derivation and implementation of Lie
group variational integrator method to the transportation of a suspended payload via
flexible cables by either single or cooperative multi-rotors. This work is dedicated
to accomplish more accurate simulations of cooperative multi-rotors transporting a
slung load via flexible cables by employing a variational integrator approach. The
physical system consists of multiple multi-rotors, serially attached cable segments
with concentrated masses and a payload that is suspended via these cables. Hence,
the described system defines a multi-body system with a complex geometry where the
configuration manifold lies on a highly nonlinear space with geometrical constraints

on each link, we benefited from Lie group VI approach in our work.

2.2.1 Overview of the Variational Integrator Procedure

In this section, a brief introduction to the formulation of variational integrator
method is presented for general Lagrangian systems. In the first step, the continuous
equations of motion of the system are derived by utilizing the variational principle,
and then, the Hamiltonian representation of the system is obtained by Legendre trans-

formation. Afterwards, the discrete equivalent of variational principle and Legendre
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transformation are employed similarly to provide the discrete Hamiltonian formula-
tion, which constitutes the basis of variational integrator. As a result, symplectic and
momentum-preserving properties of Hamiltonian systems are benefited from while

formulating the variational integration scheme.

2.2.1.1 Continuous Dynamics

General form of the Lagrangian of a dynamical system is expressed by

L(q.4) = 3d" Mg ~ Ulg) (2.59)

with the generalized coordinates, velocities, mass matrix and the coordinate depen-
dent potential function are denoted with q, ¢, M and U, respectively.

Applying the variational principle on Lagrangian and integrating it along time
while holding the endpoints q(t), t = to,ty fixed, the least action principle yields the

dynamics of the system, which is called Euler-Lagrange equations.

. d )
DqL(q,q) — - DqL(q,4) =0 (2.60)

where the partial derivatives are denoted by D4L(q, q) = 0L(q, q)/0q and D4L(q, q) =
OL(q.q)/0q.

The motion evolves under a configuration-dependent potential in (2.59). How-
ever, the general forcing to the system can be included employing Lagrange d’Alembert
principle as

d
DqL(q,4) - - D4L(g.q) + £ =0 (2.61)

Given the initial states, (g, q), the time histories of the states are provided by

the integration of (2.61), a second order ODE, along time. An alternate representation
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of (2.61) can be achieved by Legendre Transformation, which yields Hamiltonian

dynamics with the simpler first order equations of motion.

p—DyL(q,p)=f (2.62)

where p = DyL(q,q) is called generalized momentum and it also establishes the

symplectic form, (g, p).

2.2.1.2 Discrete Dynamics

Instead of directly discretizing the continuous equations of motion in (2.61) or
(2.62), the discrete equivalent of continuous dynamics is derived applying the discrete
version of calculus of variation and minimum action principle.

The first step is to attain the discrete linear approximation of the Lagrangian
as

w> h (2.63)

La(qr, qr+1) = L((l — a)qy, + agp1, i

where the states are approximated by a linear interpolation as q(t) ~ (1—«a)qr+agyi1
and q(t) = =% for o € [0,1] and ¢t = kh with time step of h. Many other
linearization approaches are available in the literature with differing accuracy levels
such as quadrature rules, n—point linear interpolation and so on. One of the most
common approaches is to use the trapezoidal approximation of Lagrangian, midpoint
rule, with the selection of @ = 0.5, where we also adopted in the rest of this work.
Then, applying the variational principle, discrete equivalent of the least action

principle is formulated as a sum over time-steps, k.

N-1

0B4=>  [Dg,La(qr: qs1) - 6 + Day,, La( Qe Grs1) - 6Gi11]
k=0

where Dy, Lq is the partial differential of the discrete Lagrangian at time-step k with

respect to the generalized coordinates at kth time-step, gy.
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Knowing that the end points are held fixed, dqy = 0 for & = 0, N, discrete

equations of motion are derived as:

D, Li(qr, qr+1) + D, La(@r-1,9x) =0

Employing the discrete version of Lagrange d’Alembert Principle, forced dis-

crete Euler-Lagrange equations are acquired as follows:

Dy, La(qr: Gr+1) + Do, La(qe-1,95) + frr + i, =0 (2.64)

Discrete virtual work is again approximated by a linear combination of two

consecutive states with the forcing as below:

tet1
oW = f-oxdt= f, - 0xp+ fif - 0xpy = W,

123
where fi = (1 — ¢)hfi and f;7 = chfry1 with ¢ € [0,1]. For midpoint (trapezoidal)
approximation, parameter c is chosen to be 0.5.

Given the initial states of (qo, q1), the next state, g2, can be computed from
(2.64) and the integration progresses iteratively till the final state gy, i.e. (qx—1, qx) —
(@k,qr+1), k = 1,..,N. However, instead of working with the consecutive initial
states in each integration step, it is more convenient and natural to utilize the initial
position and velocity (or momentum) states of the system to define its motion. The
conversion between the pair of consecutive positions to position-momentum pair can
be established by discrete Legendre Transformation, which also yields the discrete

Hamiltonian representation of the system as follows:

Dr = _Dqud<qk7 Qk+1) - f/; (265)
Pi+1 = Dgy, La(Qr, Qo) + fi (2.66)

Given a pair of initial conditions, (qo, qo), the momentum state, py, is assessed

from py = Dy, L(qx, gi) relation. Then, substituting (qo, po) pair into (2.65), q; can
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be solved implicitly. In the next step, (2.66) provides the next momentum state, pyy1,
explicitly. Hence, the flow of the integration follows (qg, pPr) — (Qr+1,Prs1), k =

0,..,N — 1, as summarized in Algorithm 1.

Algorithm 1: Variational Integrator algorithm

IC: (qo,qo) ; // Initial Pos and Vel
Input: (fx), k=0:N;// Command
for k=0 : N—-1do

pi < ComputeMomentum(gy, qx) ; // Implicit Sol For Next Pos
gi+1 < SolveForNextPos(qg, px, f; ) ; // Propagate Momentum Eq
Prt1 < ComputeNextMomentum(qg, g1, fi) ; // Find Vel from

Momentum

g1 < ExtractVelFromMomentum (g1, Pr+1)

end

Output: History of States (gx,qx), k=0: N

2.2.2 Lie Group Variational Integrators on SO(3) and S?

2.2.2.1 Derivation of VI for Single Multi-rotor with Slung Load System

In the first step, Lagrangian of the system is approximated by employing the

method described in (2.63) to the kinetic and potential energies given in (2.12)-(2.13).

Ld(kaa ka+1 ) RQka me qlka q1k+17 (KX} an> an+1) - (Tk - Uk)h

One of the key advantages of the discrete dynamics over its continuous opponent
is rooted from the way that the attitude dynamics of a body is represented. The

attitude of a rigid body evolves in a nonlinear manifold such as SO(3) for the attitude
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of the multi-rotor and S? for the attitude of the cable link for the cable suspended
payload system. It is crucial for any numerical integration scheme to preserve the
structure of the manifold to capture the actual behavior of the model. For this reason,
the discrete system takes advantage of the structure preserving Lie group actions to
approximate the attitude dynamics of the multi-rotor and the cable links.

The group action for SO(3) manifold is defined as the right matrix multipli-
cation. The discrete update map of the multi-rotor attitude is given by Rg,,, =
Ry, Fy, where F, € SO(3) is an infinitesimal rotation from Rg, to Rg,.,. The
group action for the configuration space in product of two spheres, S?, is similarly
defined but with the left matrix multiplication. The discrete update map of the cable
link attitude is given by qy+1 = Fy, g where Fy, € SO(3) is an infinitesimal rotation
from qy to qpy1.

It is desired to approximate the continuous rotational kinematics of the multi-
rotor, Ry, = Rg,wg,, in terms of discrete updates of infinitesimal rotations to
preserve orthogonality and the structure of the manifold SO(3) during the evolution
of the states. Hence, the need for additional manipulations to fix the deviations
and accumulated errors on the orthogonality of the attitude representations can be
eliminated since the group action in SO(3) preserves the manifold, i.e. R} ;Ryi1 =
I35 = FkTRngFk = FkTFk Now, the approximation of the vehicle’s angular

velocity can be written as

R . Ry, ., — Ry Fg, — I3,
W, = ngRQk ~ ng th £ = . h .

Using the trace identity, wng = Tr[chcbg], angular kinetic energy is rewritten

by

1

_WSJQWQ _ Tr[(I — FQk)JQd]
2

h2

(2.67)
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where Jg, is the non-standard moment of inertia which can be obtained by Jg, =
%TI‘[JQ]I3><3 - JQ.

Substituting (2.67), discrete Lagrangian becomes

Ldk = Ld(wpka ka+1 ) RQka FQka qi,, q1k+17 -5 Qny,, an+1)

1 1
= %(wpkﬂ - wpk)TM00<ka+l - ka) + ETI‘[(I - FQk)JQd]
1 n
+ 57 > (@i, — @) Mij(q;,,, — a;,)

2,j=1

(®p —®R)" O
+ " 3 : ZMOi<Qik+1 - ;)
i=1

h n
+ 5 <Moog(wpk +xp,,,)+ Z Moig(g;, + qik+1)> " €3
i=1

Secondly, the variation on the discrete Lagrangian is assessed with

6Ldk. = prk Ldk . (Swpk + D$Pk+1 Ldk . (Swpk_H + DRQk Ldk . 5RQk

+ DFQk Ldk ) 5FQk + Z (qu'k Ldk ) 5qik + ink+1 Ldk : (SQikH)

i=1
and the variation on the states are expressed below
0Rq, = Rg,MNq,
(5FQk = (5RQk)TRQk+1 + ngRQk-HﬁQk-o—l
= _ﬁQkFQk + FQk’f'QkJrl = FQk<_F5kﬁQkFQk + ﬁQk+1)
= FQk<_AdF5k ’ ﬁQk + ,f’QlH—l)
where the Adjoint group operations in SO(3) are defined as AdFkT Ny = FI'Np Fy, and
Ad;kT -, = By L
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The terms regarding the variation on the attitude of the multi-rotor can be

expressed as follows.

Dr,, L4, - 0Rq, = Dr, La, - (Rg, R, 0Rq,) = R, Dr, La, - (R),0Rg,)
= R{,Dg, La, 7o,
Dr,, L, - 0Fg, = D, La, - (Fo, F5,0Fy,) = F3, Dr, La, - (F) 0Fp,)
= F,Dr,, La, - (—Adgg 1, +10,..)
= —Ad}épk - F,, D, L, - Mg, + F, Dy, Lay, - M0,
Minimum action principle is formulated with an action sum, including the forces

and moments propellers exerted to the system.

N—-1
0B =Y [0Lq, +6Wy,] =0

k=0

Wa, = fr, - bzp, + ) 16q;,)

i=1

+fE o (0zp, + Y 10Gs,,,) + T NG, + T M
=1

Finally, considering the vanishing end-point conditions, forced discrete Euler-

Lagrange equations are obtained as

Do, La, + Day Lo, + ff_ + ;=0 (2.68)

R}, Dr,, Ly, — Adpy - F).Dg, Lo, + F5, Drp,  La, +75,+7, =0

@i, % @i, % (Da, La, + Dy, La,, +1F5_, +1f;,) =0 (2.69)

where the partial derivatives of the discrete Lagrangian are derived as below.
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For the position and attitude states of the multi-rotor:

(kaH - ka) h

Zn (G — i)
+ —M00g€3 — Mo¢—k+l b
i=1

Dmpk Ly, = —My

h 2 h
($p B $P>—1) h . (qz —q; _1)
Dka La,_, = MOO% + 3 ooges + Z Mm%
i=1
T 1 T
F, Dr,, La, = E[JQdFQk — Fy, Jq,) (2.70)
T
R, Drg, La, =0
For the attitude states of the suspension cable:
(Zp —TR) ¢ (@ess — @) | b

J=1

Tp, —Tp,_, - =i, h
indek_1 :MOi( Py : Py ) +ZMij (q]k hqjk 1) +§M0ig€3

j=1

Remark 2.2.1. Fquation (2.70) is derived utilizing the identities Tr{AB] = Tr[BA] =
TrlATBT] = TH{BT AT], A,B e R"" andy" 2z = —Trlyz"2| =< yz"—zy’, & >.
Solution of the discrete Euler-Lagrange equations derived in (2.68)-(2.69) re-
quires the initial conditions to include the states at consecutive time steps, i.e.
(xpy, P, Roys oo Q1o Q1ys -5 Gng» Gny ) However, specifying consecutive initial po-
sitions is not practical in general for most dynamical simulations, and will be avoided
using the discrete Legendre Transformation, which yields position and velocity pair

as defined below for the derived discrete system.
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Py, = —Da, La, — f7 (2.71)

Pay, = —R, DRy, La, + Adjr - (F3,Dry, La,) — T

Pu, = —qi, X (Dg, La, +1f;) (2.72)
Poy, ., = Dap,  La, + f1) (2.73)
Psg, . = F3Dry Lo, + 7

Poiy,, = @i % (Da, La, +1f7}) (2.74)

Solution Procedure for the Discrete Dynamics:
The solution procedure consists of four sequential stages and these stages are
iterated till the final time step, k = N. The first stage involves computation of the mo-

menta, (P,

wry» Piwgy s Py )» from the given initial states as (g, vp,; By Wo: Qo Wio)-

wQO ) i0

This is achieved by employing the relations derived in continuous Legendre Transfor-
mation (2.22)-(2.23). In the second stage, the computed momenta are used along
with the states at the current time step to provide (xp,, Rg,,q:;,) by implicitly
solving (2.71)-(2.72). Afterwards, substituting the consecutive states at both time
P,

le ?

steps into (2.73)-(2.74), the momenta at the next time step, (P,

o, 3 P, ), are

computed in the third stage. Finally, the last stage returns the velocity states,
(vp,wq,,w;, ), utilizing the same relations in (2.22)-(2.23) inversely, but by sub-

stituting (P,

'UP17

P, ,P,. ). Thereby, the iteration repeats these sequential stages to

le Y il

propagate the states of the system in discrete time steps.
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2.2.2.2  Derivation of VI for Multiple Multi-rotors with Slung Load System

Discrete Lagrangian for the cooperative system is constructed as below

Ldk - Ld(wplw LPpy1s élk’€2k’ Y ém’f)
1

h
= ﬁ(mpk-!—l - mPIc)TMOO(mPIH—l - ka) + §M009<mpk + :L'Pk-&-l) - €3

+ Z ETI[(I - Fst)JQsd] + 5 Z MOisg(qiSk + qisk+1) "€
s=1 1=1

1 - T (wPIH—l B mPk)T - M.
+ o (4, — @) Mij(a.,,, —a.,)+ A Z 0i. (i, , — Gi.,)

ij=1 i=1

where €, = [Ro.,: Fo.: @, -9, > oy Doy, |-

Applying the variation principle on the discrete Lagrangian yields

5Ldk = prk Ldk . (5ka + Dsz+1 Ldk . 5ka+l

m

2

s=1

DRQSk Ldk . 5RQ5k + DFst Ldk . 5Fst + Z (in% Ldk . 5q15k + inSk:-H Ldk . 5qi5k+l>]

i=1
Discrete equivalent of Equation (2.24) for the work done on the system by each
multi-rotor is expressed as follows:

Wa, =Y [f,:k (Ozp, + Y _10gs, ) +To M., + £ - (zp,, + > lsq, )+ T nQSkH]

s=1 i=1 i=1
Ultimately, the minimization of the action provides discrete Euler-Lagrange

equations for the cooperative system as

D:IBPdek + DSCPk Ldk—l + Z [ff_sk + f}:k—l} =0
s=1

RTSkD Rq,, La, — Adgr FgSkDFQSk Lg, + F&kilDFQSkil Lg , + 77

Sk—
Qs k—1

G, X @i, % (D%k La, + Dy, La,_, +1f7 +1 fj) ~0

+7 =0

for s =1,..,m.
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Substituting the partial derivatives of the discrete Lagrangian, which can be
derived exactly as in the single multi-rotor case for the given cooperative system,

discrete equations of motion become

Tp . —2xp — Tp, i n (—qi,,  +2q, —q. )

MOO( k41 - k k 1) _ hMoogeg + Z (hflsk + ZMOiS k41 : k k—1
s=1 i=1
LB, Tao —Jo Fo. +Fo. Jdo. —Jo Fo.T| =hr
h st—l Qsd Qsd st,l st Qsd QSd st Sk
“ —q;,, ., T2q;, —qj T —2xp, tx -

qiSk > ZM(LJQ( J k+1 h/-] k J kfl) — qiSk > [( Pk+1 th Pk—l) -2\4'01g o }1-2\4'07@963 _ lhf[gk

Jj=1 -

By applying discrete Legendre Transformation, discrete Hamiltonian form of

the derived equations are obtained with discrete momenta as follows.

Py, = —Dap L, — Y fr, (2.75)
s=1
T * T ~n_
P(:)st = _R Sk DRQek Ldk + AngiSk ’ (Fst DFst Ldk) - Tsk
Py, =@, x (Dq, La, +1ff) (2.76)
Pop, .. =Dap La, + > Fii, (2.77)
s=1

X _ -+
PwstH - Fst DFst Lay, + Ty,

=i, X (Dq,, Lo, +1f) (2.78)

Wisp 1
Solution Procedure for the Discrete Dynamics:
The solution procedure follows the same stages as described in the discrete dy-
P‘*’iso )7

are calculated from the given initial states, (xp,,vp,, Rq,,,wq.,, Gisy: Wis,) USINg

P

namics of a single multi-rotor with a slung load system. The momenta, (P, wasy

'UP07
(2.28)-(2.29) in the first stage. Following that, the implicit solution of (2.75)-(2.76)
supplies the states at the next time step, (xp,, RQSl,qiSI). Then, the states at the
consecutive steps are substituted into (2.77)-(2.78) to get the momenta at the next

time step, (Py,. , P,

vpy» P, > P“,is1 ), which are also used to compute the velocity states as
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(vp,, ws;, wi,, ) by the use of (2.28)-(2.29). These sequential stages form an integration
flow to solve the discrete equations of the derived Hamiltonian system.

For a rigid body payload, the following discrete Lagrangian is utilized,

L, = La(zp,,xp,.,. Rp,, Fp,, &1, &, s o Emy)

1 T 1
2h (ka+1 dipk) Mgo (CBPIHl—wpk)—i‘%Tr[(I—Fpk)de]

+Z

I - Fo.,)Jdo.,] + (wp’““ wn). ZMOZS (qzs,m Qisk,)

1 < T
+ ﬁ “~ (qisk+1 o qlsk> MZ]S (qjskJrl - qjsk> ]

i,j=1

" _Fp —I(Rp, + Rp Fp)" Ry + Rp F,
_sz th ( Py 2Pk Pk) MQS <($Pk+1—wpk)+( B 4Pk Pk) (FPk_I>ps)
s=1
e Fp —T(R +R F,
D S [ZMO“ (q“m q“k)
h - 3
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Applying the variation principle on the discrete Lagrangian, we obtain

5Ldk = DmPk Ldk . (5ka + DmP}c-H Ldk . 6wpk+1 + DRPk Ldk . 6RPk + DFPk Ldk . 5FPk

+>" [Dr,, La,-0Rq,, + D, Ly, - 0Fo, |

s=1
m

+ Z [Z (in% Ldk ' 5qi5k - in5k+1 Ldk ' (Sqiskﬂ )]
s=1 i=1
The work done on the system by each multi-rotor is expressed below,

m

Wy, = Z [fl_k - (6xp, — Rp,psmip, + Z l(SqiSk) + 7, mq., + T Mo,

s=1 =1

+ ka ’ (6wpk+l — Rp,,psnp, + Z l5qi3k+1)]

i=1
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The minimization of the action provides discrete Euler-Lagrange equations as

follows,

m

D:I:Pk Ldk + Dmpk Ldkfl + Z (f;% * levl) =0
s=1

R}, Dr,, L, — Adyy - Ff, Dy Lo, + (pBEF1, ) + Ff,_ Dy La,, + (ﬁsRI%; fho) =0
T T T
RstDRst Ldk Ad Q FstDFst Ldk + Fst_lDFst_lLdkfl Sk 1 + T 0

Sk

G, X G, X (D%k La, + Dg,, La,_, +1f{  +1 f,—Sk) ~0

fors=1,..,m

Partial derivatives are found as below,

D
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2.2.3 Simulation Results and Comparison of VI and ODE Solvers

In this section, numerical simulations for the systems developed in Section 2.1.2
and 2.1.3.1 are provided to illustrate the effectiveness of variational integration scheme
in these complex systems. Simulations are carried out in each scenario for both con-
tinuous and discrete dynamics, where the fourth order fixed-step Runge-Kutta (RK4)
and variable-step ODE45 solvers are selected for the integration of continuous dynam-
ics separately. Simulation results obtained from the implementation of variational
integrator are compared with the results from selected continuous time integrators,
RK4 and ODEA45, in terms of their preservation of momentum, total energy and the

geometrical constraints of the systems.

2.2.3.1 Simulation of a Single Multi-Rotor with a Flexible Cable Suspended Payload

In this example, the response of the continuous and discrete time models of
the single multi-rotor with a flexible cable suspended payload system to an initial
deflection of the suspension cable is analyzed to demonstrate the effectiveness of
variational integrator solution comparing the fixed-step RK4 and the variable-step
ODEA45 integrator solutions of the continuous-time model.

The payload is initially located at the origin and it is suspended via a cable,
which is constructed from 10 rigid links and it connects payload to the center of mass
of the multi-rotor, such that the initial deflection of the cable makes 30 degree angle
with the horizontal plane as illustrated in Figure 2.21. Multi-rotor applies a vertical
force to compensate the total weight of the whole system. The system does not have
an initial velocity and an acceleration except the gravity.

Remark 2.2.2. It is known that in the case where the suspension cable is not straight
mitially, 1.e. having relative displacements among cable links, simulated systems suffer

from numerical instabilities due to the chaotic and unstable behavior of the undamped
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Initial Configuration of the System
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Figure 2.21: Initial configuration of the single multi-rotor with a flexibly suspended
payload

dynamics regardless of the integration method utilized. A common approach to pre-
vent such numerical instabilities is to introduce a damping into the system, such as
torsional damping between the cable links in the form of Tq, = —cq(wWi—1/; — Wijit1)-
However, since the damping would prevent the preservation of the energy, the scenar-
108 are simulated without any damping to illustrate the effectiveness of VI method.

Parameters used in this simulation are chosen as below.

mg = 1.2 kg, mp = 0.5 kg, m; = 0.005 kg
Jo = diag(1.367e — 2, 1.367¢ — 2, 2.586¢ — 2)
h = 0.001sec (for both RK4 and VI)

leable = 1m (total cable length)

Simulation results are plotted in Figure 2.22. The left and middle columns
correspond to the continuous-time model solution by RK4 and ODE45 integrators
respectively, whereas the right column shows the discrete-time model solution by Lie

group VI method. Since the system has zero net force in all axes, it is expected
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Figure 2.22: Comparison between the simulations by RK4, ODE45 and VI methods
in terms of simulation accuracy for a single multi-rotor with a flexible cable suspended

payload
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Figure 2.23: Comparison between the simulated trajectories of the single multi-rotor
with a flexible cable suspended payload system by RK4, ODE45 and VI integration
methods

to undergo a stable oscillatory motion like a dumbbell due to the restoring moment
around the center of gravity, which is resulting from the vertically applied force by
the propellers. The time histories of the systems’ total energies are plotted in Fig-
ures 2.22a-2.22¢. Although the total energies follow a sinusoidal wave in all methods,
as expected, an artificial change in system’s total energy is noticed over time with
the RK4 and ODE45 solutions, while the variational integrator successfully preserves
the total energy over a thousand second without any sign of artificial variations.
Figures 2.22d-2.22f show the generalized linear momenta of the whole system
during the motion. As the system rotates around the center of gravity, linear momenta
should be preserved, which corresponds to zero linear momenta since the system
initially starts from the rest. The VI method solution on the right graph displays
the anticipated behavior with a relatively small numerical tolerance, whereas RK4
solution has a clear separation on the z component of the linear momentum from the
origin. Similarly, the ODE45 solution demonstrates a constant drift apart from the

numerical inaccuracy although it is significantly smaller than the deviation in RK4.
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It can be inferred from these graphs that the conservation of linear momentum of
the payload is achieved only in variational integrator solution. Likewise, the angular
momenta of the cable links are plotted in Figures 2.22g-2.22i. In contrast to linear
momenta results, the angular momenta of the links are preserved by each method
along the expected trajectory due to the harmonic nature of total net torque on the
system. Since the relative motion between the links are not substantial for the desired
initial configuration of the system, the error in the angular motion is expected to be
small.

Finally, Figures 2.22j-2.22] indicate how well the constraint of the constant cable
length, which is enforced by the norm of the unit vectors, is satisfied over time. The
deviation on the unit vector norm would also cause the warping on the configuration
manifold, which is essentially what we see in the RK4 and ODE45 results. The
consistent drift from the constraints affects the symplecticity and the other invariant
properties on the system for the continuous-time model solution. The use of Lie group
operations proves to be a substantial improvement for preserving the structure and
constraints of the system as seen in VI method results, which seems to be affected by
only the numerical truncation errors.

The resultant trajectories of multi-rotor and payload obtained from the sim-
ulations are plotted in Figure 2.23. Figure 2.23a evidently illustrates the effect of
accumulation of the errors, especially in vertical position, over time on the simulated
trajectories during the numerical integration process. The adaptive variable-step so-
lution of ODE45 noticeably improves the solution in Figure 2.23b even though it does
not eliminate the drift completely. Conversely, Figure 2.23c exhibits an achievement
of a long-term stable response of the single multi-rotor with a flexible cable suspended

payload system.
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2.2.3.2 Simulation of a Cooperative Multi-Rotors with a Suspended Payload System
via Flexible Cables

This example involves three multi-rotors cooperatively suspending a common
payload via flexible cables as formulated in Section 2.1.3.1. The simulation scenario
is extending the previous example for the three vehicles where each multi-rotor is 120
degree apart from the others and supports a common payload located at the origin

initially as illustrated in Figure 2.24.

Initial Configuration of the System
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Figure 2.24: Initial configuration of the cooperative multi-rotors with a flexibly sus-
pended payload

The parameters that are used in this simulation are identical to the previous

example, except for the cable links. The continuous flexible cables of 1 meter in
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length are represented with 5 links with a mass of 0.01 kg for each link. Similarly, the
step-size of 0.001 second is chosen for both continuous time and discrete time solvers.

The expected behavior from the simulation of the cooperative system slightly
differs from the results of the single multi-rotor and payload system. In this configura-
tion, since the multi-rotors are evenly spread, the motion of the payload is constrained
to the z axis only. Considering each multi-rotor and the corresponding suspension
cable as an individual subsystem, one can see that each subsystem again has a dumb-
bell like oscillatory motion around the center of gravity of the whole system, which
is a constant location on the z axis above the payload.

Remark 2.2.3. [t is worth noting here that due to the coupled constraints between
the individual subsystems, the numerical inaccuracies of simulation is significantly
amplified regardless of the integration method.

Figure 2.26 presents the result of the simulation for the cooperative system.
Figures on the left column correspond to the solution by RK4 integrator, where we
see a quick divergent behavior after around 400 seconds. It can be deduced that for
the given parameters and the configuration, the continuous-time model solution by
RK4 does not preserve any of the system’s invariants, which inherently yields inac-
curate simulation results. In the middle column, the adaptive variable-step ODE45
solver slows down the rate of deviation from the actual states, but it cannot eliminate
the main factor contributing the fast divergence since the continuous time equations
of motion do not strongly enforce the constraint and structure preservation. However,
the figures on the right column, corresponding to the Lie group VI method, demon-
strates the predicted behavior for over a long time. Despite that the VI method also
suffers from the chaotic nature of the model and the amplified numerical inaccuracies,
it manages to maintain the acceptable level of accuracy on the preservation of total

energy, the momentum and the constraints. It can also be inferred from these results
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that one can minimize the artificial control command effort to mitigate the numeri-
cal errors introduced by the solver instabilities by just adopting a suitable numerical
solver that complies with the physical properties and geometrical constraints of the
actual system such as the family of variational integrators.

The payload trajectories plotted in Figure 2.25. Figure 2.25c¢ clearly draws
conclusion in favor of the VI method for the solution of cooperative multi-rotors with
a flexibly suspended payload system. It is worth mentioning here that the considered
simulations in this work are open-loop and uncontrolled free dynamics of the systems,
and it is seen that the VI method minimizes the drifts on the constraints and overall
invariants of the system, which makes it superior comparing to the other implemented
solver methods. However, the most dynamic simulations are carried out with closed-
loop feedback controls preventing large drifts from the desired states, yielding the
stability and dampening to the system dynamics. Therefore, the accumulation of
the errors due the deviations from the system invariants can be slowed down for the
simulations with relatively shorther time periods by the RK4 and ODE45 methods,
although the drifts are still present, and so, the complexities involved with designing a
VI solver can be avoided while sacrificing the accuracy. Nevertheless, the simulations
requiring stable energy behavior and the conservation of the system invariants over a
long period should be carefully handled by putting enough attention on the selection

of the numerical solver as well.
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Figure 2.25: Comparison between the simulated trajectories of the cooperative multi-
rotors with a flexible cable suspended payload system by RK4, ODE45 and VT inte-

gration methods
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Figure 2.26: Comparison between the simulations by RK4 and VI methods in terms
of simulation accuracy for three cooperative multi-rotors with a suspended payload

via flexible cables
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2.3 Chapter Summary

This chapter presented the mathematical modeling of aerial manipulation us-
ing suspended payloads with multi-rotor and airship systems. Initially, the chapter
derived a flexible cable model consisting of serially attached rigid links with centered
point loads. This model is then compared to the analytical formulation of catenary
curves, focusing on the accuracy of tension distribution and cable shape representa-
tion. The findings reveal that with an increasing number of discrete links, the cable’s
shape and tension distribution asymptotically converge to the results obtained from
the analytical catenary solution.

Subsequently, the chapter derived models for a suspended point load using a
flexible cable, both for single and multiple multi-rotors, developed using the Fuler-
Lagrange approach. Additionally, a cooperative model involving multiple vehicles
carrying a flexibly suspended rigid payload is introduced, applicable in cooperative
aerial payload manipulation scenarios. This is followed by a detailed modeling of
airship dynamics, including the acting forces, moments and their mathematical ex-
pressions, utilizing the Newton-Euler method.

The latter part of the chapter demonstrated the development of a momentum
and structure-preserving Lie group variational integrator for the suspended load sys-
tems previously discussed. Simulations of these systems using common ODE solvers
showed that overall momentum and energy states are not conserved, and slight devi-
ations in geometric constraints lead to rapid divergent behaviors due to the complex
and nonlinear nature of the system’s configuration manifold. To address this, the vari-
ational integrator (VI) method, which ensures exact mapping of momentum states
between consecutive time steps, was employed to enhance the long-term stability and
accuracy of the simulations. Moreover, incorporating Lie group actions in the attitude

dynamics of multi-rotors and cable segments achieved exact preservation of geomet-
102



ric constraints. The effectiveness of this approach is validated through comparative

simulations, highlighting its superiority over other solvers in representative scenarios.
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Chapter 3
Guidance and Control Law Design

3.1 Autonomous Control of Multi-rotor with a Flexible Cable Suspended Payload

In this section, linear and nonlinear control methods for a slung load system

suspended via flexible cable under a multi-rotor are introduced, respectively.

3.1.1 Linear Control

This work addresses the attenuation of payload swing motion in a system where
the payload is suspended by a flexible cable under a multi-rotor, using a game-
theoretic approach. In this approach, the system is modeled as a two-player zero-
sum game. Here, the impact of the cable and payload swing on the multi-rotor is
considered a maximizing factor, while the multi-rotor’s control strategy aims to min-
imize this effect, treating it as an external disturbance. The problem is represented
as a linear quadratic (LQ) differential game, following the linearization of the system
around a desired trajectory. An optimal control law, derived from this model, is
tested in three different scenarios based on the available feedback regarding the cable
and payload states to stabilize hovering.

The first scenario involves no feedback from the cable and payload states, rep-
resenting a situation with minimal information. In the second scenario, the control
strategy is based on the instantaneous knowledge of the payload’s relative direction to
the attachment point of the cable on the multi-rotor, which is utilized to approximate
the cable as an imaginary single rigid link of constant length extended along this di-

rection. Finally, to evaluate the effectiveness of these control methods under varying

104



levels of state feedback, a finite-time LQ) controller with comprehensive state feed-
back, including all cable segments and payload states, is developed. This controller
is implemented in the same simulation setup for baseline comparison.

For further analyses on the effect of cable state knowledge, the model derived
in Section 2.1.2 is modified by utilizing the differential flatness property such that the
payload states are written in terms of multi-rotor states. Figure 3.1 illustrates the

modified system.

Figure 3.1: Illustration of a multi-rotor with a flexibly suspended point load

The position of the multi-rotor with respect to an inertial frame is denoted by
xo € R®. Similarly, the position of the mass elements on each link and the payload
itself are written in terms of the position of the multi-rotor and the unit directions

along each link, respectively, as
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Complete equations of motion for the nonlinear model of the system are given

below,

To = v (3.1)

Myyvg — z": My;q;w; = Zn: My (w; - w;)q; + Myoges — fpRges (3.2)
i—1 i—1

Ry = Rowo (3.3)

Jowg +wo(Jowg) =T (3.4)

g; = w; X g, (3:5)

n

Miwi =g, x | Y (Mg x &) + (w; - w;)Mi;q;) + Mo, (9es — vg) (3.6)
J=1Gi#)

where fz € R and 7 = [, 7, 7]" € R® are the thrust and moment inputs, respec-
tively. The mass terms are redefined by

MOO = (mQ + Zml —I—mp> I3

=1

2(n—1 1
MOi = (%lmz + lmp) I3

(A2 g+ P ) Iy, i i =
Mij =

(2L 2 4 ) Iy, i # G, (0= maxi, )
3.1.1.1 Various Scenarios

Using Equations (3.1)-(3.6), the linear systems with respect to the available

state feedback are constructed below.
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3.1.1.1.1 Without Cable and Payload State Feedback

This scenario corresponds to situations where information about the cable and pay-
load states is unavailable to the controller. Consequently, any impact on the multi-
rotor is treated as an unknown external disturbance, with no further information into
its dynamics.

The variations on multi-rotor states is obtained as follows,

(SdZQ = 5UQ
Mydvq = [p,Rq,€3mq — Rq,e30f5 + 0 fug
NQ = 0wq — wWe,NQ

Jodig = (Jowa, — @o,Jo)dwg + 67

where ng € R? is an infinitesimal multi-rotor attitude error and Juo € R? is the
external disturbance on the linear motion of the multi-rotor. Variables with the
subscript d refer to the time-varying desired trajectory states.

These equations can be put in a linear matrix form as below,
5(t) = A(t)s(t) + Bg(t)dug(t) + By (t)dw,(t)
where the linear states and the inputs are
s = [0z}, dvh nh dwh])" € R™

Sug = [6fp o777 e R

Suy = 0fu, €R?

3.1.1.1.2 Only Relative Direction of the Payload

This scenario represents practical situations where only the relative direction of the

payload is known in the cable and payload subsystem. Estimating the states of the
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cable is challenging in real-world applications. However, the relative direction of the
payload concerning the multi-rotor can be determined using various methods, such
as downward-facing cameras, RFID object tracking, etc.

In this case, since the cable states are unknown, we utilize the known relative
direction of the payload, attached at the one end of the cable, to make an approxima-
tion. It is assumed that an imaginary single link, with a length of L, oriented along
the payload’s relative direction can approximate the combined effect of the cable and

payload dynamics on the system. The payload direction is defined as follows,

Tp — LQ
qr =
lzp — zqll

The effects arising from cable and payload dynamics, which are not captured
by this approximation, are assumed to be unknown external disturbances affecting
both the multi-rotor and the dynamics of the imaginary link. The modified equations

of motion, incorporating these assumptions, are presented below,

My (vg — ges) = Mg, (@grwp + (wp - wp)gr) — feRges + fu,
gp = wp X qp

M ,wp = qp x Mg (g9es — 0q) + fue

where wp represents the angular velocity of the imaginary link and the external
disturbances on the multi-rotor and cable are defined by f,, € R? and f,. € R,
respectively. Also, the mass matrices are modified according to the single imaginary

link assumption as

nm;L
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Following the linearization procedure outlined in Refs. [5] and [35], variation on

the equations of motion yields the following equations,

dxg = dvg
Moodig = My, 6 + Mg, (Gr,dr, - lwr,| e, ) €
+ 2M qp,wh, dwp + [5,Ro,€3m0 — Rg,e30f5 + 0 fu,
NQ = 0wq — We,MQ
Jobwg = (Jowg, — wo,Jo)dwo + 6T
€p = (ar.at,wr,) &p + (Is — qp,qpb,)dwp

My 06p = —Midr, (090 + (965 — 9q, ) &) + 0fuc
The linear states and the inputs are reconstructed for this scenario as follows,

s = [0z, dvh NG dw Ef dwp]T € R™®
5’U,Q = [5fB 6TT]T € R4

du, = [6f7 OfL |7 €R°

3.1.1.1.3 Full State Feedback

Unlike the previous scenarios, this scenario deviates from the two-player differential
game approach. It operates under the assumption that complete information, includ-
ing cable and payload states, is known. This eliminates the need for the maximizing
player in the game, allowing for the use of the same solution method without consid-
ering the disturbance. Consequently, this scenario provides a baseline performance

for comparison with other scenarios, assuming full knowledge of the system states.
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The linearized model of the complete system is provided below,

558@ = (SUQ
Myodvg = ZMOi <‘fh'd5wi + (‘:Jid(jid - ||widH2(jid> €i) +2 Z My gi,w; 0w
i=1 i=1

+ f,Ro,e3ng — Rg,esd f5
NQ = 0wq — Wo,MQ
Jodwg = (Jowe, — Wo,Jo)dwq + 67
£ = (@i,9.@i,) & + (Is — q;,q;, ) ow;

M;;iow; = q;, Z q;, M;jow; — q;, Moy;0vq + Z (Mm(ﬂ"d\]d + wjj-;wdeiijd) q:,&i
bz Ui
+ (MOi"?)Qd - Mm‘gé:z) 4,8 + qi, Z <Mz‘j‘:)ijjjd - Mijwﬁwjdﬁjd> &
Ui
+ 2q;, Z Mijqjdwz;éwj
lo

where the linear state and the inputs are
s = [0z, dvh NG dwy €T dwT]T € RO
dug = [0fp 07" € R

E=1¢ & . &))" eR™

b@ = [dw! dwl .. !’ e R
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Linear error states for the scenarios are computed as follows, [35],

0TQ = TQ — X,
0vg = Vg — Vg,
nQ ~ er, = %(RTdRQ — R,)Ry,)"
wq & ew, = wq — (RyRq,)wo,
§i~eq=4q;,4q

dw; & ey, = w; + (G )w;,

In addition, the configuration error between the desired and actual attitude of

the multi-rotor is given by

Vg = trace(Is — R, Rg)/2

3.1.1.2  Controller Design

The cost function for the differential game is given in a quadratic form by

1
C = 3s(ty)" Qys(ty)

1 [t
+ 3 / [s()"Qs(t) + dub Rqoug — v*6ul, Rydu,| dt
0

where Q¢ and @ are positive semi-definite symmetric weighting matrices correspond-
ing to the error states, s(t), at the final time, ¢;, and along the trajectory, respectively.
Rg and R,, are positive definite symmetric weighting matrices for the multi-rotor
control inputs and disturbance force caused by the swing motion of the cable and
payload along the trajectory, respectively. Moreover, v represents the relative ratio

between dug and du,,.
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Hamiltonian of the derived game is obtain as below,

1
H = 3 [STQS + 5USRQ(5’U,Q — 725U£Rw6uw}

+ AT (As + Bgdug + B,du,)

where A is the Lagrange multipliers for the satisfaction of the dynamical constraints.
In this work, there is no limit enforced on the player inputs. Therefore, the

stationarity condition for the optimality can be found directly by differentiating the

Hamiltonian with respect to the corresponding input variables as follows.

Optimal control input for the multi-rotor, duy,,

OH
i S BT
duy, = —Rg'BHA(t) (3.7)

Similarly, the optimal disturbance maximizing the cost, du;,

OH 9 T
=0=— B
Bou. 0 v Rypduy, + By (1)
* 1 —
i, = g R BIAW (3.8)

From the necessary conditions of optimality, the co-state equation is obtained

— T =A=-Qs—A"x (3.9)

Assuming that the co-state equation has a linear relation with the states in
the form of A(t) = P(t)s(t) with a time varying matrix P(¢) and the boundary

condition of P(t;) = Qjy, which is derived from the cost function. Differentiating
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A and equating it to Equation (3.9), the differential Riccati equation providing the

optimal solution to the given problem is derived.

A=Ps+Ps
= Ps+ P (As + Bgdug + B,ou,)

= —Qs— AT(Ps)

Substituting the optimal control inputs for both players from Equations (3.7)-(3.8)

and arranging the terms,
: 1
—P=A"P+ PA-PByR;B,P+—PB,R,B/P+Q (3.10)
gl
P(ty) = Qs

Differential Riccati equation given in Equations (3.10) is solved backward in
time starting from time ¢y, and the solution of P matrices along time instances
are saved as a multi-dimensional array. Using P(t), the control input of the multi-
rotor is found for each time segment and applied to the actual non-linear system to
simulate the response. Since the disturbance is not controlled by any means, the game
essentially has only one active player playing its strategy optimally, which results in a
behavior favoring the minimizing player while reducing the disturbance effect. Control
input attenuating the swing motion caused by the flexible cable suspended payload

for the linear system is found to be

el _ —Rg'BLP(1)s(t) (3.11)
oT
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The required change in the control inputs of the multi-rotor providing a stable
tracking response for the linearized system is found in Equation (3.11). Total input

applied to the system is given by

fB=fp,+90fB

T=T4+0T

3.1.1.3 Simulation Results

In this section, the simulation of derived swing attenuating controller is demon-
strated for the hover stabilization of the multi-rotor with a 10-link cable suspended

payload considering the scenarios described previously.

3.1.1.3.1 Simulation Parameters

System Parameters:  Physical parameters of the multi-rotor with N-link

flexible cable suspended system is provided below

n =10, { =0.1 m, mg = 1.2 kg, m; = 0.01 kg,

mp = 0.3 kg, Jo = diag([1.367e — 2,1.367e — 2,2.586e — 2])

Motor Dynamics: A first order dynamics with the time constant of 0.005
second is implemented to model the actuator dynamics on rotors.

Control allocation matrix is given below

fo| |0 L 0 —L|lf (3.12)

ka Ry ke —ka] | fa



where the force and moment due to the rotational speed of an individual rotor, €2/,

are calculated by the following equations

fi = krQ3, T = karfi (3.13)

where kr and kj; represent the coefficients relating the rotor speed to the force and

moment, respectively.

N
kp=09.12x107°

— ka =107m, L =0.3m

L is the arm length of the multi-rotor in this work. These coefficients are chosen to
provide maximum thrust of 10 Newtons for each motor with full rotational speed of

10000 rpm.

Trajectory: The desired trajectory for the hover condition is defined by the

following states
Ly, = Vs — ,I}Qd =wg, = [O 0 0]T7RQd = I,
g, =e3 w, =w;,=[000]" fori=1,.,n,p

IB, = (mQ +mp +nmi)9, T = [0 0 O]T

Cost Function: Below weighting matrices and parameters are used in the
cost function of the scenarios.

The common matrices and parameters among the scenarios are as follows,
Q¢ = blckdiag([10013, 2515, 4015, 515))
Qj, = blckdiag([10013, 5013, 5013, 5013]),
Rgo =1,, y=1.5, t; = dsec

where Qg and Qj, represents the error state weighting of the multi-rotor states for

the running cost and the terminal cost, respectively.
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The cost matrices regarding the cable attitude and angular velocity are provided

below for the corresponding scenarios.

For the scenario with full state knowledge:

Qf‘li - 100_[3, Qf“’i - Ig

Qq = 515, Qu, = 0.05I;

For the scenario with only relative orientation of the payload is known:

qup - 10I3, Q-pr - 10I3

qu = 5137 pr = 513

Initial Condition: Initially, the system starts from the rest with a given

initial deflection of the cable as shown in Figure 3.2.

Initial Condition
T

Altitude (m)

X (um)

Figure 3.2: Initial condition of the multi-rotor and suspension cable
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3.1.1.3.2 Comparison Metrics

In order to compare the performance of swing attenuation and control strategies
implemented on the scenarios, we have constructed various comparison metrics. The
first metric is designed to provide information on the transient response of the cable
segments during the control maneuver where the root mean square (RMS) of cable

segment attitude error from the desired configuration is utilized as follows,

Celt) = || = &)

Additionally, a cumulative metric accounting for cable segment attitude error

along the duration of motion is introduced by

ts
0
which provides a scalar value for clearer comparison.
On the other hand, instantaneous and cumulative control effort during the
stabilization are also considered in comparison. The following metric, employing
RMS of instantaneous rotor speed, gives an insight on the control history of the

multi-rotor during the stabilization.

Cou(t) = | 1 2 19O

Moreover, a cumulative metric is constructed to quantify the additional effort
required to reach out the desired configuration from the given initial condition em-
ploying the integration of absolute difference between the nominal desired and RMS

of instantaneous rotor speed, which is provided below,

ty
Cray, = / 1 — Coy (0] dt
0

where €y; is the average value of rotor speed in desired multi-rotor configuration

during hover.
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Figure 3.3: Time history plots of root mean square of cable attitude error the stable
hover condition and the cumulative sum of the error in time for the simulated sce-
narios.

3.1.1.3.3 Results and Discussion
The simulation results for each scenario and their comparisons are provided in this

section.

Swing Attenuation Comparison: Time history plots of transient and

cumulative cable segment attitude errors for each scenario are illustrated in Figure 3.3.

Considering the transient responses, the oscillations due to inter-link interac-
tions and overall exponential decay with varying speeds in cable attitude error can
be clearly observed. As expected, the first scenario without any knowledge on the
cable states has the slowest damped behavior and the longest oscillation periods for
overall cable swing since it is not explicitly accounted for. However, the attenuation
of an imaginary rigid link in the second scenario significantly improves the overall de-
cay speed although the inter-link oscillations continue even after the imaginary link
settles in the desired configuration. This result is also expected because the imag-
inary link assumption can only partially capture the effect of actual flexible cable

shape. Finally, the third scenario, where the full cable state feedback is utilized in
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Figure 3.4: Time history plots of multi-rotor states for the simulated scenarios.

the control strategy, outperforms the previous scenario by improving the mitigation
of overall cable attitude and inter-link oscillations. The cumulative cable segment
attitude error plots for each scenario under the transient response plots demonstrate
individual performances where the lower final value corresponds a better attenuation

characteristic overall.

Multi-rotor States and Control Comparison: Time histories of multi-
rotor states are plotted for the scenarios in Figure 3.4.

Comparing the vehicles states, it can be seen that the first scenario corre-
sponding no cable information during the control yields the least damped oscillatory
behavior with lowest peak values in multi-rotor motion. Since the cable itself behaves
similar to a perturbed pendulum, the swing motion introduces a periodic disturbance
on the multi-rotor, which cannot be effectively accounted for by control strategy in
the absence of any cable information. Therefore, the multi-rotor only compensates

error in the vehicle hover configuration without an explicit cable swing attenuation
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effort. However, the second scenario, involving explicit swing attenuation of a single
imaginary link, improves the decay in vehicle state oscillations considerably despite a
larger initial response comparing the first scenario. Finally, although the last scenario
shows a similar damped response with the second scenario, the response to the oscil-
lations between cable segments are obvious in the multi-rotor attitude. This means
that any slight error from desired cable attitude configurations is actively compen-
sated in this scenario, and thus, the response is less smooth and takes longer to settle
than the one in the second scenario.

Figure 3.5 illustrates the time history plots of root mean square of multi-rotor
rotor speeds and cumulative sum of absolute difference between rotor speed RMS
value and desired value for hover, which is shown with dashed black lines in the
figures. Plots indicate the instantaneous and cumulative effort to bring the multi-
rotor and suspended payload system into the desired hover configuration. Comparing
the RMS rotor speed plots in the first and second scenario, even though they have
similar trends, the latter case is observed to have less rotor speed deviation from the
hover condition, which is also quantified by the cumulative plots. According to these
two plots, it can be inferred that the amount of additional effort required to bring
the system into the desired configuration is less for the second scenario. On the other
hand, the last scenario demonstrates significantly larger spikes for the first 0.5 seconds
where the cable attitude error is the largest at and it accumulates more control effort
initially. However, after the initial correction phase, the remaining section displays
a quickly diminishing additional effort and it settles down almost completely after 3
seconds. Despite the initial agile corrections, the overall cumulative additional control
effort spent for the last scenario is the least among the other scenario results, which is

expected due to the full knowledge of the system states. Nevertheless, the difference
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Figure 3.5: Time history plots of root mean square of rotor speeds multi-rotor expe-
rienced and the cumulative sum of absolute difference from the desired rotor speed

fo

Ur

r the simulated scenarios.

Multi-rotor Attitude Error

Multi-rotor Attitude Error

Multi-rotor Attitude Error

Multi-rotor Angular Velocity Error

Multi-rotor Angular Velocity Error

Multi-rotor Angular Velocity Error

Multi-rotor Configuration Error

Multi-rotor Configuration Error

Multi-rotor Configuration Error

Time, s

(a) Scenario 1

Time, s

(b) Scenario 2

Time, s

(c) Scenario 3

Figure 3.6: Time history plots of multi-rotor attitude error, angular velocity error,
and configuration error from the hover condition for the simulated scenarios.

in the final cumulative result between the second and third scenarios is comparable

and it should be noted for the further discussion.

and configuration from the desired values for each scenario.

Finally, Figure 3.6 presents the errors in multi-rotor attitude, angular velocity,

In these plots, it is

seen that as the information about cable and payload dynamics increases, the multi-

rotor deviates more from the desired configuration transiently to compensate cable

configuration errors.

Alongside with the implementation of game theoretic approach on the swing

attenuation of multi-rotor with suspended payload system, this work aimed to in-
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vestigate the effectiveness of incorporating either full or partial knowledge about the
suspension cable and payload subsystem in control synthesis with specifically con-
structed scenarios. The scenarios with no information and full state information on
the cable are expected to constitute the lower and upper end in the performance
comparisons, respectively, while the scenario with single imaginary link assumption
is designed to provide a more effective solution than the first scenario and practically
applicable approach comparing the full cable state feedback scenario.

The results from these scenarios also follow the expectations from constructed
strategies. In the first scenario, the control effort for multi-rotor to stay in the hover
condition is not able to mitigate the swing motion as effective as the other scenarios
as expected from the worst case response since no information about either cable or
payload dynamics is known. In fact, the compensation of unknown disturbance for
the multi-rotor can produce additional excitation on the cable and payload, which
could result in unstable behavior. Yet, with a simple but practical assumption where
the relative direction information of the payload is known, the attenuation of an
instantaneous imaginary rigid cable link demonstrated a considerable improvement
in the stabilization performance. Lastly, the final scenario illustrated how much
more the full system knowledge can be benefited for this task, and it established a
performance level that we qualitatively and quantitatively used to compare the results

against.
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3.1.2 Nonlinear Control

In this section, a nonlinear geometric control approach is developed to stabilize
the system and ensure smooth tracking of the desired payload trajectory. This ap-
proach integrates a catenary-informed guidance strategy. Additionally, insights from
the linear control analysis are utilized, particularly the concept of approximating the
actual flexible cable with an imaginary single rigid cable, to enhance the system’s
oscillation damping characteristics.

The geometric control method, as presented in Ref. [13], is modified and adapted
in this work. This adaptation incorporates both the flexible cable model and catenary
analysis discussed in previous sections. The specific system model applied in this
approach is detailed in Section 2.1.2. The sequential steps followed in this control
approach are outlined below,

1. Desired Payload Acceleration Determination: The desired payload accel-
eration (net force) is calculated based on the given trajectory and the current
state of the payload.

2. Catenary Analysis for Commanded Tension Force: Using the desired
payload acceleration, catenary analysis is employed to determine the com-
manded tension force at the cable’s multi-rotor side end-point. This also cor-
responds to the desired position of the multi-rotor relative to the payload’s
instantaneous location.

3. Assumption of a Virtual Rigid Link: To adequately capture transient cable
dynamics, a virtual rigid link is assumed between the payload’s instantaneous
position and the multi-rotor. This assumption aids in improving the damping
of cable oscillations. The unit vector along this virtual link, as illustrated in

Figure 3.7, and the instantaneous angular velocity are continuously estimated.
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Figure 3.7: Mlustration of the virtual rigid link cable connecting multi-rotor to the
payload

4. Calculation of Corrective Force Components: The necessary orthogonal
and parallel force components to be applied at the link’s vehicle side end-point
are calculated based on the error between the current virtual link and the com-
manded cable attitude. This calculation considers the payload and cable system
as a whole.

5. Implementation of Geometric Control Approach: With the desired ten-
sion force determined, which provides the necessary payload acceleration, and
the corrective forces ensuring cable attitude control, as well as the catenary-
guided reference for vehicle relative position and payload trajectory, a geometric
control approach is implemented for the attitude and trajectory tracking control
of the multi-rotor.

The force required to provide the necessary acceleration for payload to track

the specified trajectory can be found by
pa=—Kge., — Ky €y, +mp(0p, — ges) (3.14)
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Figure 3.8: Illustration of the desired catenary shape and cable tension computed
from desired force vector

where K.

«p and K, are feedback gains for the payload position and velocity errors,

which are defined as follows,

ewP =Tp — a)'pd

evp = vp — de

After obtaining the desired force vector pg for the payload, catenary analysis,
introduced in Section 2.1.1.1, is employed to acquire the end-point cable tension and
desired catenary shape to sustain the calculated force, which also yields the desired
position of the multi-rotor. Figure 3.8 illustrates the required catenary shape to
realize the desired payload acceleration.

The virtual link states can be estimated using derivative filters provided that
the instantaneous relative position or unit vector along that vector is available. In
this work, a second order critically damped filter is utilized to estimate virtual link

states, quir and qui-. Quir 1s the unit vector along the virtual link pointing towards
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the multi-rotor position and q,;. is the rate of change of this vector in time. From

these two states, the angular velocity of the virtual link can be computed by
Wyir = Quir X qvir (315>

where ¢ X (w X q) = w and q - w = 0 identities are used.

In order to reduce the swing motion of the cable and track the desired cable
attitude, the control has to take virtual link states into account. Essentially, there
are two goals in this part. The first goal is to eliminate the error between desired
and current virtual link attitudes, whereas, the second one aims for the compensation
of resulting centripetal forces due to the pendulum swing motion of the payload and
cable. The former goal can be achieved by implementing a simple PD control method
that calculates a necessary force vector, which is orthogonal to q,;., to drive the

virtual cable to the desired attitude as given in Equation 3.16,
f(;_ = (mQ + mL) quir (quQUi'r + KWeW'Ui'r) (316)

where m, is the total mass of the cable, K, and K|, are the feedback gains for the
attitude and angular velocity errors for the virtual link, respectively. The error terms

are calculated as follows, Ref. [13],

eqvir = qm’rd X Quir

€wpir — Wuir + qgirwvird
and provided that desired multi-rotor position is found, the unit vector along desired
virtual link can be obtained by

Lo, —Tp

Tors = izg, — o]
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For compensation of the resultant centripetal force, which is parallel to q,;,,

the following correction force is calculated in Equation (3.17),

mrp,

f'y:<mQ+ 2

) L (wvi'r : wvir) Quvir (317)

Finally, including all the findings from previous steps, an overall desired force
vector is obtained and a nonlinear geometric control method for the multi-rotor atti-
tude and trajectory tracking control, based on Refs. [1,4,13,93], is employed.

Total net desired force that achieves the satisfactory payload trajectory tracking
while compensating resultant forces including the weight of the multi-rotor is found

below,

.fd - Td + ,.fqL + f(! - K:I:QB:I:Q - K'UQe’UQ +mQ (de - ge3)

where the desired tension force is Ty = g — mpges. K

zo and K, are the feedback

gains for multi-rotor position and velocity errors, which are calculated as below,
€xy = LQ — L,
€vg = VQ — UV,

Almost globally asymptotically convergent attitude control of the multi-rotor

is satisfied by the following control law,
fB=—fi Rges
T = —Kr,er, — Kugew, +wo X Jowq — Jo (WoRLRo.wo. — RHRq.wq.)
where the error terms are found by
ery = % (Ro.Ro — RoRo.)

er = LcJQ — RgRQCLUQC
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and the commanded multi-rotor attitude R, is computed as follows,

— _ bchbzc bchbl
Ra. [[b3c xba. |’ HbschlZII’ bs.
where
b; xb
b;, = _L7 by = e ld_
|| fall |[b3, % by, ||

and the desired orientation of the multi-rotor can be arbitrarily set by b;, unit vector

which is used to find the desired projection of body-x axis on the xy-plane.

3.1.2.1 Simulation Results

In order to test the derived control law for the same multi-rotor with a flex-
ible cable suspended load system as shown in the linear control section, a smooth

trajectory for the payload is commanded.

Trajectory:  The desired time-parameterized payload trajectory is defined

by the following equations

T
xp,(t) = |r,sin(wyt) r,cos(w,) —r, 0

where 7, and 7, correspond to the radius of a curve in x and y directions while w,

and w, refer the angular speed in these axes, respectively. This trajectory defines an

infinity (0co) shape in xy-plane.

r, =1m, r,=—-2m, w, =027 rad/s, w, = 0.17 rad/s

Feedback Control Gains: The following values for the feedback control

gains are used in the simulation.

K.

TQ

=5, Ky, =8, Kp, =10, Ky =4, Kup =9, Ko =1, Kg=1, K, =0.5

128



Figure 3.9 shows the snapshots of simulated trajectory with the system compo-
nents at specific time instances. In these plots, desired payload force, pg, commanded
multi-rotor position, xg,, and the overall history of the trajectory tracking are dis-
played. Since the system starts from a stable hover initial condition, in the first 4
seconds it tries to swiftly catch the desired velocity profile. Therefore, quick accel-
eration and deceleration segments and resultant path deviations can be spotted in
this period. However, after reaching to the desired velocity profile, the system demon-
strates a smooth tracking of the trajectory while keeping the cable and payload swing

almost unnoticeable.
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Figure 3.9: Snapshots of the simulation during an infinity shape trajectory tracking

for 20 seconds
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3.2 Autonomous Control of Airship

This section introduces both linear and nonlinear autonomous control of the air-
ship model developed in Section 2.1.4. The linear approach utilizes a linear quadratic
(LQ) control method in a gain scheduling framework, whereas the nonlinear approach
employs a nonlinear dynamic inversion (NDI) based control method for the attitude

and trajectory control of the airship.

3.2.1 Linear Control

The narrow flight envelope of the desired airship limited by its dimensions
and the expected near constant, or slowly-varying, system parameters, makes the
linear control approach an ideal starting point for stabilizing and controlling the
airship states to track desired trajectories. For this purpose, an LQ control and
linear interpolating gain scheduling methods are developed due to their relative ease of
development and implementation. In addition, the linear analyses of the desired trim
conditions and intuitive selection of weight matrices to design an effective controller
capturing the desired performance are aimed in this work.

Firstly, the trim conditions for the desired flight regimes are found and the
linearization of nonlinear 6-DOF equations about these trim conditions is carried out.
Afterwards, two separate L(Q) controllers are designed for the longitudinal and lateral-
directional motions of the airship. Finally, a linear interpolating gain scheduling
method is integrated to utilize these flight trim conditions to satisfy the piece-wise
continuity of the airship flight envelope so that the linearization assumptions of the

designed controllers can still be hold.
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3.2.1.1 Linearization of the Airship Model

The compact form of the nonlinear equations for the airship model can be

represented by

£=f(&n)

where the state and control vectors are as follows

E=lryzuvwobypgr]

N = [fater Fiten Friss g Onter, Oripn Ontny Onipr Vrry Vrpg Vrpy Yra]”
where the subscripts for motor forces, fys, and motor pod tilt angles, 6,,, are defined
as F'L for forward-left, FFR for forward-right, BL for backward-left, and BR for
backward-right. Similarly, the convention for fin deflection (¢r) subscripts are T'L
for top-left, T'R for top-right, BL for bottom-left, and BR for bottom-right.

To obtain and work on a more generalized representation, control inputs are
normalized as fy = 7fm,,.., O = pOun,,,., and Yp = 0¢p, . where the normalized
quantities are defined to be 7 : [0,1], p : [-1,1], and § : [—1,1]. Furthermore,
individual mixing strategies are applied to the motor thrust, tilt angles and the fin
deflections. From the main and differential thrust, and tilt angles, the mixers are

constructed as below,

TR, +0.5 40.25 +40.25 UFL +0.5 4+0.25 +40.25
T™ Har

TFR +0.5 —0.25 —+0.25 UFR +0.5 —0.25 —+0.25
- TDrr | 7 - HDpr

TBIL +0.5 40.25 —-0.25 UBr +0.5 40.25 —-0.25
TDrg HDpgp

TBR +0.5 —0.25 —0.25 UBR +0.5 —0.25 —0.25

where the subscript M corresponds to the main cumulative value while Dy z and Dgp

refer to the differential inputs for the left-right and forward-backward sets.
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The mapping from aileron, elevator and rudder deflections to individual control

surface deflections is achieved by the following mixer,

o] [ 5
br| |+i +E -1 5“
OBL - +% —% —1—% ;
6sr)  [+1 o+ 3] Y

Employing the mixer relations and the normalized controls, the new normalized

control input vector becomes
}T

,fl = [TM T™Drr TDrpg MM MDrg MDrp 5a 66 5r

The linearization of the 6-DOF airship nonlinear model is obtained by utilizing
small perturbation theory about a generic trim condition denoted as (&, 70). The
perturbation on the states and control vectors are defined by their nominal values

with small perturbations as follows
§=8 + AL
n="mn+An
Substituting the perturbed values into the nonlinear equation form yields
€ + A& = f(& + A& Mo + A7)

Using the first order linear approximation by Taylor series expansion, we attain

the linearized model around the nominal value as

12 9
€+ A& = [(&o.70) + ) (3—5) ECEDY ( " )

— An; + H.O.T.
anj n="o s
where H.O.T. stands for higher order terms that are not included in the linear ex-

pansion.
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Since it is known that & = f(&o, o) holds from the substitution of the nominal
values into the nonlinear equation, after removing these terms from the equation, the
linear time-invariant system is obtained as below

- 12 of 0 ”
e ; (%) ‘(ﬁomo)Agi t2 (8_77])

J=1

A n.
(&0,m0) s

— AAE¢ + BA7

where A € R12%!2 and B € R'?*? Jacobian matrices are given below

or Oz Oz O Oz O&r Oz Oz Oz O Ir Oz
dr Oy 0Oz Ou v Ow 09 00 O Op Iq or
9 9y 9y Oy Oy 9y Oy Oy 9y Oy Oy 9y
dr Oy 0Oz Odu Ov Ow 09O 00 O IOp Iq or
02 0z 0z 09z 0z 0z 0z 09z 0z 0z 0z 09z
Or Oy 0z Ou Ov Ow 0¢ 00 O Ip 9q Or
o 94 Ou Ou Ou IOu Ou v Odu  IOdu  du  Ou
Or Oy 0z Ou Ov Ow 0¢ 00 O Ip 9Oq Or
o0 o0 oy v 90 oy v 90 o8 o0 96 Db
or Oy 0z OJu Ov Ow 09O 00 Oy Op Oq or
o O o O O b O O b O O Ow
A — or Oy 0z Ou Ov Ow 0o 00 Oy Op Oq or
8¢ 0d 08 9 O 0s 0d 0p 9 0 O 0
ox Jy 0z ou Ov Ow 0O 06 oY Op dq or
20 96 20 96 90 90 9 90 96 90 9 98
ox Jy 0z ou Ov Ow 0O¢p 06 oY Op dq or
op b o 9 b b 9 W W W 9
ox dy 0z ou Ov Ow 0O¢ 00 oy  Op dq or
op o Op Op Op Op Op Op Op Op Op Op
ox oy 0z ou Ov Oow 0O¢ 00 oy  Op dq or
9¢ 9¢ 9¢ 94 94 04 O¢ O¢ 9 9¢ 94 94
ox Jy 0z ou Ov Ow 0O¢ 00 oy  Op dq or
o ok or  0f OF OF 9 oF  or o O0F  OF
ox oy 0z ou Ov Ow 0¢p 00 OY Op dq or (€0.710)
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[ oi i o4 i o o0& 9 Oi |
O\ aTDLR BTDFB Aung 8/J,DLR 8/.LDFB 00y 06 O,
0y 9y 9y 9y 9y 9y Sy Oy 9y
OTm BTDLR 8TDFB s BMDLR auDFB 00q  0%e OO

0z 0z 0z oz 0z 0z 0z 0z 0%
OTm 8TDLR BTDFB opnr 8“DLR 8'UDFB 00q  0%e  OOp
ou ou ou ou ou ou ou 9u  Ou
oTm BTDLR 8TDFB opnr a“DLR a'uDFB 00q  0%e OO
v v v v v v 9v  9v  Bv
oTm 8TDLR GTDFB oung B,LLDLR B,uDFB 00q 00e OO
ow ow ow ow ow ow ow  Ow Ow
B — OTMm 8TDLR OTppg Oum  Opp;, Opppg 0%a  0de  Obr
96 9% 96 9 90 06 96 9b 0
aTM 8TDLR aTDFB 8/.11\/[ 8/J'DLR 8‘“'DFB 85a 856 85r
86 a6 a6 a6 86 86 80 80 0
Ot aTDLR 8TDFB Aung 8“DLR 8/.LDFB 90y 06 O,
o) _o¢ el 9y 0y o o W
OTm BTDLR 8TDFB Oupr BMDLR a,uDFB 06q  0%e OO
9p_ op op op op op 9p  9p  9p
OTm 8TDLR BTDFB ounr 8“DLR 8'UDFB 00q  O%e  OOr
99 94 94 94 94 94 94 94 94
oM BTDLR OTDFB opnr 8uDLR 6“DFB 00q  0%e OO
or or or or or or or  Or  Or

LOtm OTprp  OTppp  Oum  Ouppp  Ouppp 9% Bbe OOy (€0,70)

The partial derivatives required for the linearization process are listed in four

categories as follows.

3.2.1.1.1 Linearization of Translational Kinematics

i1 i1 . Ody i1
aw] 3%3; avB/W BI» Ow 3%x3, 37_} 3x9

g—z = v(sin ¢ sin ) + cos ¢ sin f cos ) + w(cos ¢ sin 1 — sin ¢ sin O cos )
% = —usinf cos ) + vsin ¢ cos f cos ¥ + w cos ¢ cos f cos P
g—z = —wucosfsiny — v(cos ¢ costh + sin ¢ sin O sin 1)) + w(sin ¢ cosh — cos ¢ sin O sin 1))
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— = —usin#siny + vsin ¢ cos @ sin 1) + w cos ¢ cos H sin

—= = v(—sin ¢ costp + cos ¢ sinfsin 1)) — w(cos ¢ cos ) 4 sin ¢ sin O sin 1)

—~ = wucosfcost) — v(cos psiny — sin ¢ sin f cos 1) + w(sin ¢ sin ) + cos ¢ sin b cos )

— = vcospcosf —wsin ¢ cos b

— = —ucosf —vsin¢sinf — wcos psin b

Z -0

3.2.1.1.2 Linearization of Rotational Kinematics:

for Euler angle states, the following derivations are obtained,

or

8513] N

a¢ = (gcos ¢ — rsin¢) tan b,

a¢ = —@sin¢ — rcos ¢,

96
i~
5o

3%3>

9 — (gcos ¢ — rsin ¢) sech,

o o
3x3, = = O3xg
on

dvpw

6¢ = (gsin ¢ + 7 cos ¢) sec? 0,

89 —
90 =0,

M = (gsin ¢ + r cos ¢) tan  sec 0,

8¢ =sin¢tanb,

gg = CoS @,

W _
5y = sin ¢ sec 0,

3.2.1.1.3 Linearization of Translational Dynamics:

Defining = = [¢ 6 |7

8¢ = cos ¢ tan 0

ae
o =~ sin ¢

W _
5. = cos¢sect

8’UB/W: a,UB/W:a< ) avB/W:6<mT)+'ﬁBW_(pr I+pr—2p U.)T)
8;1:1 a’UB/W avB/W ’ ow ow / cg cg cg
. > I . > fB ) . > fB
0vB/W _ a( mr ) a’UB/W _ a( mrp ) (%B/W _ 8UB/W _ a( mr )
Db 96 00 90 o T o o
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3.2.1.1.4 Linearization of Rotational Dynamics:

a_(.b ow :Jfl <8ZTB ~ A)

-0 — .

o, 3x3) 3’UB/W a'vB/W T PcgW
Oow oy T —_— A
(‘3_w:J1( a3+<Jw—wJ)+mTngvB/W>

8_w_J_1 827'3 8_w_J_1 827'3 8_(.0_0 8_w_J_1 827’3
dp dp ) 00 06 oy on on

Partial derivatives of the body forces and moments involve tedious derivation
steps, which are not explicitly provided in this work. However, the state and control

variable dependencies of the individual forces and moments are listed in Table 3.1 as

a guide to the reader below.

Table 3.1: State and Control Variable Dependencies of Body Forces and Moments

H Name \ State Variables \ Control Variables H
Buoyancy o, 0
Weight o, 0
Hull Aerodynamics | u, v, w, p, q, r
Motors TMs TDpr> TDrg> MMs MDpry HDpg
Fins u, v, w, p, q, T 0ay Oc, Oy

3.2.1.2 Linear Quadratic Control Design

Linear quadratic control is an optimal feedback control method that utilizes the
minimization of a cost function penalizing the states and control inputs according to
the user defined weight matrices for optimal state and control input trajectories. In
this work, an infinite horizon LQ method is utilized to stabilize the linear systems

derived in previous section to stay near their defined nominal values.
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The cost function to be minimized is in the following form,

1

J== / h (AE"QAE + AT RA%) dt
2 Jo

where Q > 0 (positive semi-definite) and R > 0 (positive definite) are the weighting
matrices for the state errors, A = & — &,, and control input errors, An = n — 7o,
respectively.

The optimal feedback control law is given as below,
An=-KAg

where K is the feedback gain matrix that multiplies the state errors and it is found

as follows,
K=R'B'P
where P is obtained by solving the Algebraic Riccati equation below.
PAT + ATP-PBR 'B'P+Q=0

The motion of airship is decoupled into the longitudinal and lateral-directional
motions and they are tackled individually as two separate control subsystems. The

states and control inputs for the longitudinal motion are given below,

— — TM
U
TDrp
w —
§rLonGg = ) NLoNG = | um
KDpp
q
- - 56

In general, longitudinal motion involves the forward and vertical speed, and the

pitching of the airship utilizing collective main thrust, main tilt angles of the motor
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pods, differential thrust and tilt angles for forward and backward motor sets, and
the elevator commands. For a controlled flight around various trim conditions, the
change in longitudinal states and controls is expected to be slower comparing the

lateral-directional states, which are given as follows,

v TDLR

¢ _ KUDrg
£LAT = ) Nroar =

p dq

T Oy

where the lateral-directional stability is achieved by the use of differential thrust,
differential tilt angles on the motor pods, ailerons and rudders to control the lateral
velocity, roll and yaw attitudes. The change in lateral states of the airship has a
dominant effect on other states, as in the case with most vehicles. Therefore, faster,
robust, and tight control is desired for the lateral-directional subsystem.

Figure 3.10 summarizes the overall control structure of the airship, where the
longitudinal and lateral-directional subsystems and their feedback loops can be seen
clearly.

After designing the control input feedback relation with the state errors, the
actual control inputs are mapped back into their scale by applying the previously
defined mixer logic to obtain ug, durong, and dupar from 1y, ANrong, and Afqpar,
respectively.

Remark 3.2.1. The selection of effective weighting matrices, Q and R, requires in-
formation about the behavior of the linear system around specific nominal conditions.
Hence, varying weightings might be required for systems having varying system dy-
namics over the defined range of states and control inputs. A good example for this
scenario would be an awrship flying at a low airspeed which has significantly different

flight characteristics and control allocation requirements comparing to the case with

139



Figure 3.10: The overall linear control system of the airship

a relatively high airspeed. This is due to the aerodynamic ineffectiveness of the hull

and fins in low airspeed conditions.

3.2.1.3 Gain Scheduling

The controllers previously designed are valid in the vicinity of the designated
nominal (trim) flight condition, and as the conditions differ from that point, their
control effectiveness changes significantly. However, for a useful flight mission, various
trim conditions that requires different airspeed, attitude, or maneuvers have to be
utilized consistently with a smooth transition. A potential but not practical solution
is to find as many trim conditions as possible with a very tight tolerance to cover
full flight envelope and switch between them as necessary. Instead, an interpolating
gain scheduling technique, which is adopted in this work, can be effectively proposed
to connect a subset of distant trim conditions by employing the interpolation so

that continuously smooth transitions between various flight regimes can be achieved
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without numerous discrete switches. The latter method eliminates finding and storing
a large number of trim points and the switching mechanism between them, especially
for the flight regimes where the state and control transitions occur approximately
linearly.

Remark 3.2.2. To capture the curvature of trim state and control transitions, highly
nonlinear flight regimes have to be sampled more densely for an effective gain schedul-
ing tmplementation. These regimes mostly correspond to the low airspeed flight and
turning maneuvers for the airship vehicle.

Remark 3.2.3. It is worth noting that finding trim conditions utilizing various com-
binations of available control actuation is possible and there could be several heuristics
that can be implemented to aid finding these trim conditions. However, this process
requires more exhaustive and in depth studies, which falls outside the scope of this re-
search. Therefore, during the linear control design, we only focused on forward flight
regime where all the motor tilt angles align with the body-x direction and kept station-
ary without utilizing differential tilt commands. Moreover, the individual thrusters
are combined as left and right sets, and operated together.

The gain-scheduling technique requires scheduling variables to establish two
end-points of a multi-dimensional line for interpolation. In this work, airspeed, yaw
rate and climb rate of the airship are chosen to be scheduling variables so that var-
ious trajectories in the airship’s flight envelope can be achieved by scheduling these
variables.

Using the scheduling variables, the gain scheduling hyperspace is constructed
with multiple trim conditions for three essential maneuvers which are airspeed change,
heading change, and the altitude change commands. Individual considerations of
these commands, their trim conditions and the relation with scheduling variables are

examined and illustrated in the subsequent figures.
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3.2.1.3.1 Trim Conditions for Airspeed Change Maneuver During the
airspeed change maneuver, heading and altitude of the airship are kept constant in
a straight and level flight. Figure 3.11 demonstrates how the trim conditions change

for varying airspeed from 3 m/s to 15 m/s.

Airspeed vs Thrust
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Figure 3.11: Trim conditions for control inputs during airspeed change maneuver
from 3 m/s to 15 m/s

As the airspeed increase, the thrust required for the equilibrium increases

quadratically due to the quadratic relation between velocity and air drag. Similarly,
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it is also seen that for low airspeed flight, airship requires higher angle of attack to
generate necessary lift to overcome weight and drag while positive elevator deflection
is used to balance the pitching moment for a straight and level flight. In addition,
it is worth noting that observing the angle of attack and elevator deflection graphs,
the nonlinearity of motion becomes dominant below 6 m/s of airspeed, which we
determined it to be the minimum speed of the forward flight regimes.

The variation of open loop poles of the longitudinal and lateral-directional sub-
systems is illustrated in Figure 3.12. The black crosses represent the eigenvalues for
the minimum airspeed scenario, which is for 3 m/s, and as the airspeed increases, the
size of red crosses, representing the varying eigenvalues, decrease. As seen from the
graphs, although both subsystems have the eigenvalues on the left half-plane, for low
airspeed scenarios, longitudinal subsystem has a set of poles close to the origin and
as the airspeed increases, one of the poles coincides with the imaginary axis which

indicates the marginal stability.

OL Eigenvalues of the Longitudinal States OL Eigenvalues of the Lateral-Directional States
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Figure 3.12: The variation on open loop eigenvalues during airspeed change maneuver
from 3 m/s to 15 m/s
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Similarly, the variation on closed loop poles of the longitudinal and lateral-
directional subsystems with the implemented L(Q controllers while keeping @ and
R weighting matrices constant is plotted in Figure 3.13. From the plots, it can be
inferred that increasing the airspeed provides more stability to the longitudinal and
lateral-directional subsystem in general, which is expected since the control effective-

ness of the fins increases with the increase in airspeed.
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Figure 3.13: The variation on closed loop eigenvalues during airspeed change maneu-
ver from 3 m/s to 15 m/s

3.2.1.3.2 Trim Conditions for Heading Change Maneuver In heading
change maneuver, airspeed and altitude of the airship are kept stationary while im-
plementing a yaw rate command. The turning maneuver in an airship requires a
combined effort of all control inputs and the side-slip to provide necessary lateral
force, which differentiates the airships from the conventional fixed-wing aircraft. As
opposed to the most fixed-wing aircraft, lift is generated by lifting gas in airships and
there is no control over the main lift vector magnitude and direction, which are con-

stant in Inertial frame. Therefore, the side-slip angle and the rudder deflections with
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the support of other control inputs are employed for the turn maneuvers. Figure 3.14
presents the change in control inputs and side-slip angle for various yaw rate trim

conditions with the cruise airspeed, which is determined to be 10 m/s for the rest of

this study.
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Figure 3.14: Trim conditions during heading change maneuver from -10 to 10 deg/s

As seen from the figures, to sustain higher yaw rates, larger side-slip and rudder
deflections are required. The other control inputs, motor thrusts, aileron and elevator
deflections, are adjusted to satisfy force and moment equilibrium for the desired trim
condition.
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In Figure 3.15, the variation on open loop eigenvalues of the subsystems dur-
ing yaw rate commands are illustrated. Although the lateral-directional subsystem
demonstrates a stable response, the longitudinal subsystem has poles close to the

marginal stability for this maneuver.
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Figure 3.15: The variation on open loop eigenvalues during heading change maneuver
from -10 to 10 deg/s

Figure 3.16 illustrates the variation on closed loop poles of the longitudinal and
lateral subsystem in trim for various yaw rate commands. After control implementa-

tion, both subsystem demonstrates sufficiently stable behaviors.
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Figure 3.16: The variation on closed loop eigenvalues during heading change maneuver
from -10 to 10 deg/s
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3.2.1.3.3 Trim Conditions for Altitude Change Maneuver The altitude
change maneuver is achieved by adjusting the angle of attack and pitch angle of the
airship while keeping constant airspeed and heading. Only the longitudinal states
and control inputs are expected to be involved in this maneuver. Figure 3.17 shows

the change in these angles and control inputs for various climb rate commands in trim

with the cruise airspeed.
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Figure 3.17: Trim conditions during altitude change maneuver from -3 m/s to 3 m/s
where negative sign indicates the increasing altitude
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In Figure 3.18, the open loop eigenvalues of the subsystems for different climb
rate commands are plotted. As can be seen, one of the poles of longitudinal subsystem

shifts to the right half-plane without control command.
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Figure 3.18: The variation on open loop eigenvalues during altitude change maneuver
from -3 m/s to 3 m/s

The variation on closed loop eigenvalues of the subsystems for increasing climb

rate command is given in Figure 3.19.
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Figure 3.19: The variation on closed loop eigenvalues during altitude change maneuver
from -3 m/s to 3 m/s
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3.2.1.3.4 Representation of Trim Conditions as 3D Surface Plots In order
to visualize the trim conditions for combined airspeed and climb rate commands, 3D

surface plots of corresponding states and control inputs are constructed in Figure 3.20.
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Figure 3.20: 3D illustration of trim conditions for airspeed and climb rate commands
between 6 m/s to 15 m/s and -3 m/s to 3 m/s, respectively.

Likewise, the trim conditions for varying airspeed and yaw rate commands are

illustrated in Figure 3.21.
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Figure 3.21: 3D illustration of trim conditions for airspeed and yaw rate commands
between 6 m/s to 15 m/s and -10 deg/s to 10 deg/s, respectively.
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3.2.1.4 Guidance Laws and Autopilot Modes

In this section, various autopilot modes required for a successful flight mission
are introduced and their corresponding guidance laws are formulated. Starting with
basic commands, such as change airspeed, heading and altitude, more complex mission
level commands, such as waypoint navigation and return-to-base, are constructed.
Table 3.2 presents the details of implemented autopilot modes with their descriptions,

input parameters, stationary states and the formulations.

3.2.1.4.1 Constant Yaw Rate Turn Turn maneuvers in heading change and

loiter modes assume a circular path with zero wind condition, as shown in Figure 3.22.

l R \

M .
B

Figure 3.22: Illustration of heading change maneuver in a circular path

Given the turn radius and the desired airspeed, the rate of turn, which gives

the commanded yaw rate for the vehicle, can be found by,

i |vs/wlla
comm — d——"F——

where d indicates the direction of turn. The clock-wise turns are assigned to +1 while

the counter clock-wise ones to -1.
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Table 3.2: Various Autopilot Modes Implemented for Airship

Mode
Name

Input Parame-
ters

Hold States

Description

Hold

lvewll, ¥, 2

Obtain the current airspeed, heading, and altitude
at the time of switching and keep them constant

Airspeed
Change

H'UB/W”da Td

v, z

Obtain the current heading and altitude at the time
of switching and keep them constant while adjust-
ing commanded airspeed. Simple sigmoid function
with desired time constant, 74, is implemented to
smoothly adjust the commanded airspeed for gain
scheduling as follows,

1
Veomm = |vB/wl + Allve,wl (M)
1+e Td

Heading
Change

Ya, Rq, d

”UB/WHa z

Obtain the current airspeed and altitude at the time
of switching and keep them constant while adjusting
commanded yaw rate. Yaw rate command is found
from a circular path with current airspeed, ||[vg/w ||,
desired turn radius, Ry, and direction, d, as follows,

¢ _ d”m}s’%/dwﬂ’ if H,(/)d - r(/;” Z 15deg
comm kp(wd*w)+kd(¢diw)’ else

Altitude
Change

Zd

lvswll, ¥

Obtain the current airspeed and heading at the time
of switching and keep them constant while adjust-
ing commanded climb rate. Climb rate command is
found by a PD controller as follows,

Zeomm = kp(zd - Z) + kd(éf’d - Z)

Loiter

Ry, d

||UB/WH7 z

Obtain the current airspeed and altitude at the time
of switching and keep them constant while adjusting
commanded yaw rate. Yaw rate command is found
from a circular path formula as follows,

”'UB/WH

.comm =d
(G R

Mission

HUB/WHda WPS

Start waypoint following mission with desired air-
speed. Utilize Proportional Navigation algorithm
for heading guidance and PD controller for altitude
control.

Return
To Base

lvewlla, WPo

Special case of mission mode with a single waypoint
where the home position is located.
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Remark 3.2.4. Heading change and loiter modes assume zero wind condition for
constant yaw rate turn with respect to the Inertial frame. However, a strong wind
condition would have disrupted the shape of circular path in the assumption if only
the airspeed is taken into account. Therefore, for better turning characteristics, one

should implement varying airspeed turns with constant ground speed for the airship.

3.2.1.4.2 Proportional Navigation Guidance Law  Mission and return-to-
base modes employs the proportional navigation (PN) like guidance law to guide the
heading of airship to the waypoint directions in horizontal plane. PN law, which
has many practical implementations for missile guidance, finds the necessary lateral
acceleration to adjust the heading of the airship so that the approaching velocity to
the waypoint is maximized, which dictates a non-rotating line-of-sight (LOS) vector.

Figure 3.23 illustrates the vectors and angles involved in PN guidance law.

vy

Figure 3.23: Illustration of proportional navigation guidance for waypoint navigation

The PN guidance law that provides the necessary yaw rate command for way-

point navigation is given as follows,

llvr|lasin(yw, — Yros)
| Rros., |

@bcomm =—-N
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where N is the navigation constant, which is chosen to be 5 in this study. In addition,
Rros,, 1s the projection of LOS vector to the horizontal plane. It is worth noting
that this formulation provides a heading guidance in horizontal plane. The altitude
difference between the waypoint and current location of the airship is handled by the

altitude controller.

3.2.1.5 Simulation Results

This section summarizes the results of the implemented autonomous flight sce-
narios with integrated autopilot modes for the airship detailed in previous sections.
To demonstrate the effectiveness of the developed autopilot modes, guidance, and
control strategies, two practical scenarios, where patrolling and survey missions of an
area are constructed, are considered. Constructed missions require the utilization of

multiple autopilot modes and smooth transitions between them during the flight.

3.2.1.5.1 Patrolling Mission In this mission, patrolling of an area with the
waypoint navigation is demonstrated. The mission consists of acceleration, climb,
waypoint following, loiter, descent, and deceleration steps as shown with the mission
profile of the flight in Figure 3.24. These steps are chosen to mimic a typical patrolling
mission except the take-off and landing steps which are excluded in this study since
they require a considerable amount of effort to find low airspeed trim conditions and
to synthesize specifically designed controllers which are operating in highly nonlinear
flight regime.

The mission starts with the airship having a forward speed of 6 m/s at the origin
of Inertial frame. In the first step, airspeed change mode is employed to accelerate
the airship to its designated cruise speed of 10 m/s. Afterwards, the altitude change

is commanded to climb to 100 meters. Then, the mission mode is turned on for
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1 2 6 7
Ground

1-2: Accelerating to Cruise Speed 4-5: Loiter

2-3: Climbing to an Altitude 5-6: Descending to an Altitude

3-4: Waypoint Mission 6-7: Decelerating to Land Speed

Figure 3.24: Tllustration of the patrolling mission profile

the navigation of a series of predefined waypoints with the cruise speed. At the last
waypoint of the mission, loiter command is called for a certain amount of time. In
the last two steps of the mission, descending to the ground altitude and decelerating
to the minimum speed of 6 m/s are performed. The trajectory of simulated vehicle

is plotted from the isometric and top views in Figure 3.25.
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Figure 3.25: Isometric and top views of the patrolling mission trajectory

The time histories of the airship control inputs and states during the patrolling
mission are presented in Figures 3.26 and 3.27. The acceleration to cruise speed at a
constant altitude (can be seen in the first 20 seconds) is achieved by a smooth thrust

command while keeping a constant pitch angle. The transition to altitude change
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Figure 3.26: Time histories of the airship control inputs for patrolling mission

mode seems to require a quick change in angle of attack and pitch attitude, which
results in sharp thrust and elevator inputs. Then, a smooth transition to the mission
mode, which constitutes a large portion of the mission, occurs. It is clearly seen that
the PN guidance law at the cruise speed provides satisfactorily smooth and consistent
behavior while traversing the waypoints at a constant altitude. Following that the
transition to loiter mode also takes place fluently by the help of swift and constant
aileron and rudder deflections. Afterwards, the descent phase happens with relatively
large pitch control similar to the climb. At the last step, the deceleration command
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Time histories of the airship states for patrolling mission




is carried out, which basically cuts of the motor thrusts and allows drag to slow down

the speed.

3.2.1.5.2 Survey Mission Similar to the patrolling mission, the survey mission
also employs the waypoint navigation mode as the core element. However, in this
scenario, instead of planar waypoints, the mission is constructed with varying eleva-
tion waypoints to mimic the surveying mission of an inclined terrain. The mission
consists of acceleration, climb, waypoint following, and return-to-base steps as shown

with the mission profile of the flight in Figure 3.28.

3
4
1 2 >
Ground Home
1-2: Accelerating to Cruise Speed 3-4: Waypoint Survey Mission
2-3: Climbing to an Altitude 4-5: Return-to-Base with Decreasing Speed

Figure 3.28: Illustration of the survey mission profile

The survey mission begins with the same two initial phases, which are the
acceleration and climb steps, as in the patrolling mission. Afterwards, the series of
sequential waypoints positioned at decreasing altitudes are followed by the airship
in mission mode with the cruise speed. It is worth noting that the narrow turns
with altitude change commands are successfully performed in this mission, which
differentiates it from the previous scenario. In addition to that, the waypoint mission
is followed by the return-to-base autopilot mode, where the vehicle is commanded to
head towards the origin with a decreasing airspeed till the minimum speed is reached.

The isometric and top views of the simulated trajectory are displayed in Figure 3.29.
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Figure 3.29: Isometric and top views of the survey mission trajectory

The time histories of the airship control inputs and states during the survey
mission are given in Figures 3.30 and 3.31. Focusing on the mission mode section
of the flight, it is clear that the response of airship is consistent and satisfactory
during the altitude change and yaw rate commands with relatively sharp control
input corrections. Finally, the return-to-base mode takes place at the end, where the
change of airspeed, altitude and heading commands are implemented simultaneously
to reach out the home location, which is particularly important to observe the smooth
performance of such maneuver since it requires the range of varying trim conditions
to work together cleanly.

Remark 3.2.5. During the scenarios, actuators of the airship are simulated with
a first order dynamics having time constants of 0.2 s and 1 s for motors and fin
actuators, respectively.

From the performance of implemented autonomous scenarios, the following un-
desirable behaviors are viewed. During the heading change maneuver after switching
the waypoints for relatively large yaw variations, sharp rolling behavior is observed.

During LQR design, instead of using the same penalty weights for all trim conditions,
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Figure 3.30: Time histories of the airship control inputs for survey mission

various heuristics can be employed to obtain smoother responses to the larger track-

ing errors. Alternatively, the other smoothing techniques can also be implemented to

reduce the effects of such discrete switches.
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Figure 3.31: Time histories of the airship states for survey mission
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3.2.2 Nonlinear Control

In this section, a nonlinear dynamic inversion (NDI) method is utilized for the
inner-loop attitude and velocity control of the airship to track a desired trajectory.
Firstly, the control affine form of the equations of motion is expressed. Then, bene-
fiting from Lyapunov functions, the feedback linearization of the system is obtained

and linear asymptotically stable tracking error functions are derived.

3.2.2.1 Nonlinear Dynamic Inversion

The compact form of the nonlinear equations for the airship dynamic model

can be represented by

£=f(&) +y(&n) (3.18)

where f € RS, g € R%!2 and the state and control vectors are as follows

E=uvwpqr]”

n= [fMFL fMFR fMBL fMBR QMFL GMFR QMBL HMBR wFTL 77Z)FTR IZJFBL wFBR]T

where individual motor thrust and tilt angle are represented by fy; and 6, with the
subscripts as F for forward, B for backward, L for left, and R for right, which repre-
sents the location of motors with respect to the airship body frame origin. Similarly,
the rudder deflections are denoted by g with the subscripts as T for top, B for
bottom, and L and R for left and right, respectively.

However, Equation (3.18) is not in a control affine form due to the trigonometric
relations between motor thrusts, fy;, and their orientations, #;;. Applying the below

transformation for motor control inputs,
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cos(Oyr) vy
Fu=fu 0 =10 (3.19)

—sin(fy) vy
where the horizontal and vertical components of motor forces in the body frame are
represented by virtual inputs, vy and vy,. Control affine form of the equations can

be obtained as follows,

§=f(&)+3&m

where the transformed control inputs become

T
n= [VHFL VHpr VHpr VHpr VVpr VVpr VVgr VVggr ¢FTL 7vaTR wFBL wFBR] (32())

Assumption 3.2.1. Rudder deflections for the airship are utilized only for the com-
pensation of desired moment to control vehicle attitude. With this assumption and
current set of control actuation, the airship becomes an under-actuated system since
there is no controlled side force generation. Therefore, the available control authority
1s limited to the forward and vertical linear accelerations, and the angular accelera-
tion. For this reason, the system is decomposed into the controllable subsystem and
internal dynamics.

The controllable states are ¢ = [u w p ¢ r]7 and the reduced system is defined

below,

¢=h(&)+b&)n (3.21)

To design a trajectory tracking controller, we benefited from Lyapunov’s direct

method. Firstly, the trajectory tracking error is defined as follows,

e=C—¢
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where the desired state trajectory is denoted by (3. Then, a scalar semi-positive
definite Lyapunov candidate function, i.e. Vppc(0) = 0 and Vipe(e) > 0 for any
e # 0, is constructed below,

1
VLFC = §€T€ (3.22)

For the systems that have an asymptotically stable tracking behavior, the energy-like
candidate function must be monotonically decreasing so that a stable equilibrium
state in the sense of Lyapunov can be achieved. The rate of change for Equation (3.22)

is obtained by
VL FC = ele
= e’ (¢ h(e) ) (323)
where a virtual control input, g € R, is defined from Equation. (3.21) as p = b(&)7).

Finally, one of the potential control laws that satisfies the negative definite

energy rate condition in Equation (3.23), is selected as follows
= Ei— h(€) + Kee (3.24)

where K. € R°*® is a positive definite proportional feedback gain matrix for the
state tracking error, which yields an exponentially stable tracking error dynamics,
e+ Kee=0.

Remark 3.2.6. The internal dynamics of the system, which corresponds to the side
velocity v, is investigated by plotting the phase plot for varying side-slip conditions
and airspeed in Figure 3.32, where the rudder deflections are kept in neutral position.
As can be expected and desired from an airship with stabilizing fins, a stable response
with vo < 0 condition for v # 0 is shown in this graph, although the side velocity is
not controlled by the control inputs. It can be seen that the zero side velocity is the

equilibrium state for the internal dynamics.
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Figure 3.32: Internal dynamics stability analysis by the illustration of v vs v phase
plot

3.2.2.2 Control Allocation

After obtaining the desired virtual control law in Equation (3.24), the next step
is to find the actual control inputs to the actuators of the airship, n, which poses a
control allocation problem. Since the aerodynamic control surfaces require a certain
level of airflow to sufficiently operate, this problem is investigated under two operating
conditions, where the airship is hovering or near hover flight regime with less than
a 3 m/s airspeed and the forward flight regime with higher airspeeds, respectively.
Hence, individual control allocation strategies are implemented for corresponding

flight conditions.
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3.2.2.2.1 Hover Flight In hover and near hover conditions, only the thrusters
and tilt servo inputs are allocated for control, whereas the rudders are kept in the neu-
tral position. Thus, the control input vector in Equation (3.20) is effectively reduced
to only horizontal and vertical virtual motor thrusts, Nn, = [V, Vips VHg, VHgr

Wy, Wer Ve, Ykl - The corresponding control allocation problem for this condi-

tion is defined as follows

= by (€)7o (3.25)

where by, € R°*3 is the control effectiveness matrix for the virtual motor thrusts
during the hover flight. Equation (3.25) can be solved by a general Moore-Penrose

inverse as

ﬁhv = EI},’[)I’I’
B, (BuB) 3.26

Finally, using the inverse transformation of Equation (3.19), the individual
thrust, fy;, and tilt angle of the motor pods, 6,;, are found from virtual motor

thrusts, vy and vy, as

favr =1 /1/%1 + 1/‘2/ (327)

Or = atan2(—vy, vy) (3.28)

3.2.2.2.2 Forward Flight In the forward flight regime, all control actuations
are utilized during control allocation. However, a method similar to daisy chaining
algorithm, described in Refs. [94,95], is employed by distributing the desired force and
moment between thrusters and rudders while reducing the utilization of tilt servos in
the allocation process due to their relatively slow dynamics in general. In this method,

first, the moment generation is assigned to the rudders, where the effect of the rudder
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drag forces is neglected, and the rudder deflections, ¥r = [Vr,, Vrrs Yrg, Yrsal’,
providing the desired torque are found. Then, the aerodynamic forces, including the
drag, generated by the deflection of the rudders in the body frame are calculated.
Also, the moment acting on the airship due to the rudder drag forces is computed.
Finally, the desired forces including the compensation of the rudder forces and mo-
ments due to rudder deflections are assigned to the thrusters. The steps for the
control allocation in this flight regime is provided below. For given desired force and

moment inputs, found in Equation (3.24),

fha
fhe
Ky
IJ, —= /Lp —=
P
Hq
i

1. Solve p, = by, (§)1pr for rudder deflections, 15, satisfying the desired torque,
. € R3.

IpF = Bﬁp (B‘/’Fi)ﬁp)_l ker

where by, € R¥* is the control effectiveness matrix for the rudder deflections,
neglecting the effect of aerodynamic drag on the body moment.

2. Compute the aerodynamic forces of the rudders in the body frame due to the

deflections found in the previous step.

fX'rud 4

P | =3 Rip(6)ah, Sr (ACL(tr)es — ACH(vri)er)

=1
erud
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3. Calculate the moment generated by the rudder drag force. Since it was neglected

in the first step, the remaining control inputs need to compensate it.

TXrud
4
ot | = 2 P X [~ Rir(071)d5,SrACD (Vri)en]
i=1
TZrud
4. Find the motor thrusts generating the desired forces in the body x— and z-axes

while compensating the rudder forces as in Equation (3.26).

My — med
Mz — erud
Mho = l_)gv (I_)hvl_)z;v)_l “TXud
“TYoud
L _TZT'U‘d -

Finally, using Equations (3.27) and (3.28) relations for each pairs of vy and
vy in 1y, the individual motor thrust and tilt angle are found for the airship in the
forward flight condition.

Figure 3.33 summarizes the overall control structure of the airship, where the
separate subsystems and their feedback loops can be seen clearly. The guidance block
takes the waypoint positions from the trajectory generator and the lateral accelera-
tion command from the collision avoidance subsystem, if there is any, and provides
the commanded trajectory in terms of ground speed, V., heading, 1., yaw rate, .,
altitude, z., and the climb rate, Z.. Moreover, the airship is commanded to have
zero roll and pitch angles at all times, i.e. ¢. = 6. = 0. Using rotational kinematics
equations and wind velocities, vy, the complete commanded state trajectory, (., can
easily be obtained from the guidance inputs. The desired state trajectory, {4, and its

rate of change, C"d, are found by implementing a first order filter with the dynamics of
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¢y = Q¢ (¢ — Ca), where Q¢ is the diagonal bandwidth matrix for the corresponding

states.
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Figure 3.33: The overall NDI control system of the airship

Remark 3.2.7. The control allocation strategy for the forward flight mode provided
above assumes that the actuation in motor tilt mechanism has fast enough dynamics to
cope with desired acceleration requirement. However, if an undesired delay in the tilt
actuation occurs, this would create an additional delayed dynamics which can cause
an unstable behavior. For this reason, the tilt angles of motor pods can be locked
at a certain angle such as neutral position where the forces align with body-x axis
and necessary guidance strateqy can be implemented to adjust the vehicle attitude to
guide the airship along the desired trajectory since the effective vertical force cannot
be generated with this configuration. Section 3.2.2.3 introduces a total energy control
system (TECS) to control airship’s pitch angle, total thrust, and climb rate similar

to the method implemented in fixed-wing aircraft.
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3.2.2.3 Total Energy Control System Altitude Control

This section introduces a total energy control system (TECS) method to control
the airspeed and altitude of the airship smoothly. This concept uses the conservation
of energy principle by assuming that for a given total energy, kinetic energy of the
aircraft can be converted to potential energy, or vice versa, and only way to change
the total energy of the system is through thrust and drag forces. The reference work
in [96,97] have qualitative and quantitative detailed explanations of TECS concept
and its implementation in airplanes. In this work, a modified version of Ref. [97] is
derived to establish a relation between airspeed, pitch angle, total thrust, and climb
rate of the airship so that when the motor pods are locked facing forward, the altitude
change maneuver can be smoothly handled.

Total energy of the system is obtain by the sum of potential, £,, and kinetic,

Ey, energy as follows,
L
Er =E,+ Ej :mgh+§mI/T

where Vp = Vu? + v2 4+ w? refers to the true airspeed and h is the altitude.

Rate of change of total energy can be derived by
ET = mgh + mVTVT

Although knowing total energy level of the system provides information about
total capability, it does not yield how the energy is distributed among kinetic and

potential energies. For this reason, energy distribution quantity, Ep, is defined as
1 2
Ep = mgh — §mVT
and the rate of change of energy distribution is obtained below,

ED = mgiz — mVTVT = 2mgiz — ET
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Acceleration in true airspeed can be computed by employing Newton’s 2"¢ law

of motion as

U — F, cos(av) cos(B) + F, S::Ll(ﬁ) + F, sin(«) cos(pB) (3.29)

where F, F,, and F, are the force components acting along the body axes of airship
including controlled and uncontrolled forces.
In order to derive an asymptotically stable response, again, we benefited from

a scalar semi-positive definite Lyapunov candidate function below,

1., 1-
V:§E%+§E%

where ET = ETd — ET and ED = EDd — ED.

The rate of change of candidate function is

V = ErEr+ EpEp (3.30)
— Br (ETd — mgh — mVTVT>

+ Ep (EDd — 2mgVrsin(y) + ET>

where the relation between flight path angle, climb rate and true airspeed below is
used.
h

sin(7) = -

The first part of the equation corresponding to controlling total energy level of
the system can be used to compute total commanded net force along body x-axis,

F¢, utilizing Equation (3.29),

e _ Fysin(B) + F} sin(a) cos(B) N Er, — mgh+ KpEp

‘ cos(a) cos(f) Vi cos(a) cos(pB) (3:31)
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where K is a positive scalar for feedback gain. Also, the required change in total

motor thrust, AT, can be found by
AT =F:—F,

On the other hand, by substituting Equation (3.31) in Er, the second part of
Equation 3.30 corresponding to system’s energy distribution can be used to compute
commanded flight path angle, v¢, which controls the climb rate. Furthermore, by as-
suming a negligible angle of attack, o =~ 0, the pitch angle command can be computed

by using the relation, § = v + a.

Ep, + Er, + KrEp + KpEp B @ K\ Ep + KyEy
2mgVT N VT 2mgVT

sin(y¢) = (3.32)

where K1 = K7+ Kp and Ky = Ky — Kp are positive scalar feedback gains for the
total energy and energy distribution errors and they are conditioned to be Kp > Kr.

Applying the computed commands derived in Equations (3.31) and (3.32), we
obtain a negative definite rate of change in Equation (3.30), which proves the stability

in the sense of Lyapunov.

V= —KpE%2 - KpFE?

3.2.2.4 Guidance Laws

This section introduces several autopilot modes, consisting of take-off, landing,
waypoint navigation, and collision avoidance phases, that are utilized during a flight

mission. The guidance laws corresponding to these modes are formulated below.

3.2.2.4.1 Take-off & Landing Mode In this work, take-off and landing modes
both require a stationary waypoint with respect to Inertial frame even though the

airship may have relative speed with respect to the surrounding air. Both modes
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utilize the same guidance strategy to reach the designated waypoint and keep the
airship stationary in Inertial frame at that position. The strategy to guide the airship
to a take-off or landing waypoint involves the following steps.

The relative position vector of the waypoint from the current airship location

in the body frame, r,, and its unit vector, 7,, are found by

r, = Rp; ($WP - 5131)

.\ Ty

. . T
Ty = m = [sz T'py sz]

where x; and @y p are the inertial positions of the airship and the waypoint, respec-
tively.

The magnitude and direction of the relative position vector, 7,, can be em-
ployed to generate the necessary guidance commands driving the airship towards the
waypoint. Since the side-velocity of the airship in this study is not controlled, re-
sulting in a non-holonomic system, flying towards a certain direction requires the
adjustment of heading first so that the inertial velocity vector can be aligned along
the desired direction. In addition, the wind speed has to be accounted for while ad-
justing the heading. Considering the wind speed, represented in the body frame as
(W, W, Ww]T = Rprvw, and the side component of 7, the yaw rate command is
formulated below,

Yo = % (max (min (rpy, 1) , —1) — max (min (&, 1) , —1)) (3.33)

[ e
where u_and 92 represent the maximum allowed forward speed and yaw rate in
take-off and landing modes, respectively. While the first term inside the parentheses
in Equation (3.33) turns the airship nose towards the waypoint in the xy—plane, the

second term corrects the attitude towards the direction opposite to the wind. The

combined transient effect smoothly guides the heading of airship while compensating
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the wind. It is worth noting that as getting closer to the waypoint, ||r,|| — 0,
the heading is getting aligned with the opposite direction of the wind similar to a
windsock.

Along with the yaw rate command in Equation (3.33), the airship has to be
commanded with a linear velocity to reach the waypoint. A simple approach that ad-
justs the forward and vertical airspeed components of the airship while compensating

the wind velocity is implemented in Equations (3.34)-(3.35).

u, = max (min (r,, — W, [ull..]),0) (3.34)
we = max (min (r,, — Wy, [wl ), —|wl .|) (3.35)
where wX  represents the maximum allowed vertical speed in take-off and landing

modes. Given that the change in the wind velocity is relatively small, the imple-
mentation of velocity and yaw rate commands formulated above results in a smooth

position control behavior.

3.2.2.4.2 Waypoint Navigation Mode Apart from take-off and landing phases,
an autonomous flight mission requires a mission consisting of certain objectives, which
are generally positioned at specific waypoints. Therefore, a waypoint tracking algo-
rithm, adopted from the fixed-wing aircraft waypoint navigation study in Ref. [98],
is implemented for the planar waypoint navigation of the airship in this work. Fig-
ure 3.34 illustrates the vectors and angles involved with the calculation of the guid-
ance command for the airship traveling from waypoint A to waypoint B on a straight
line with a constant speed where P represents the current position of the airship
in xy—plane. The guidance strategy aims to eliminate the cross track error from

the path, denoted by d, by finding the yaw rate command to drive the airship to a
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reference position at a specific look-ahead distance, L, along the straight line path

between the waypoints.

Figure 3.34: Waypoint tracking on a straight line segment

The cross velocity, v, € R?, and the velocity parallel to the path, v € R?, are
calculated by using the planar inertial velocity of the airship, v,,, and the waypoint

vectors as follows,

AL
V] = Ugy X ﬁ (336)
AL
’U” = Ugy * @—’ (337)
The cross track error from the current position of the airship to the straight

line segment between the waypoints are found by Equation (3.38),

d— AP x % (3.38)

The angle between the current inertial velocity vector and the desired position
vector to the look-ahead reference position is defined by ~ and it is composed of the
summation of angles v; and 7, v = 71 + 72, which have the below trigonometric

relations to Equations (3.36)-(3.38).
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v, = atan2 (fvl, 'v”)

;

asin (Lil) , sin(=) < Lil <sin(%)

V2 = -z Lil < sin(7%)

o3 sin(§) < Lil

where v, angle is constrained between 445 degrees to achieve smoother turns during
the correction, especially for larger cross track error cases.
Finally, the lateral acceleration required to turn the velocity vector to track the

desired position vector is found by the guidance law below,

vl
ArAT = kL—L sin(7y)
1

where kj, is the proportional gain to adjust the response of airship to the waypoint
tracking on a straight line. The necessary yaw rate command for the airship can be
extracted as follows,

; arAT

Ve =

vyl

- kL—HULme” sin(7y)

Remark 3.2.8. The waypoint navigation mode employs a proportional (P) controller
to requlate the forward speed of airship to the commanded speed between the waypoints.

Similarly, a proportional-derivative (PD) controller is utilized for the altitude control.

3.2.2.5 Simulations Results

In this section, details of the simulation environment, an autonomous waypoint

navigation mission scenario, and the simulation results are provided.
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3.2.2.5.1 Simulation Environment In order to effectively demonstrate the
integration of nonlinear control, control allocation and various guidance modes, we
have benefited from a software in the loop process (SITL), PX4-SITL autopilot stack.
SITL simulations allow us to investigate how the individual modules of the system,
as described in Figure 3.33, collaborate as if how they work in the actual physical
system. Moreover, along with PX4-SITL, Gazebo simulation environment is utilized
to simulate the dynamics, sensors, actuators, and the environment. In short, a new
custom airship airframe is developed in PX4 software stack and it is integrated with
Gazebo to run in SITL mode by the use of necessary plugins and custom packages that
are developed in Gazebo and the Robot Operating System (ROS), which provides a

reliable communication and network between components of the system.

3.2.2.5.2 Mission Map An autonomous mission scenario is constructed with
the waypoints shown in Figure 3.35. A flight test aiming for the demonstration
of wind effect on the trajectory tracking during the waypoint navigation mission is
planned.

The autonomous mission consists of a series of waypoints along a rectangular
trajectory displayed on the ground control station mission view in Figure 3.35. The
mission requires a take-off item on the lower left corner to the altitude of 25 meters.
After reaching to the designated altitude, the remaining waypoints of mission com-
mands a cruise flight with 10 m/s airspeed while tracking straight line trajectories
between the waypoints if not obstructed. Finally, the last two items of the mission
involve slowing down to 4 m/s and landing maneuver at the start location.

There are two flight cases implemented for the same mission under varying wind
conditions. The first flight case represents a flight condition where there is no wind,

whereas the second case introduces constant and steady wind blowing from North to
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Figure 3.35: Illustration of mission waypoints over QGroundControl (GCS) map view

South direction with the velocity of 4 m/s with respect to the Inertial frame. The
airship is expected to carry out the designated flight mission while minimizing the
wind effect on the trajectory tracking along the mission waypoints.

In Figure 3.36, the trajectory of airship is compared for both no wind and
4 m/s wind conditions, where the blue and red color depictions are used, respectively.
Heading attitude of the airship along the trajectory is also illustrated by plotting an
airship shaped marker over the trajectories at various representative timings for a
better comparison. As can be seen from the North and South legs of the trajectory in
the figure, airship aligns its heading according to the wind vector so that the inertial
velocity vector follows the desired tracking response. In addition, since the airship
is commanded to travel with constant airspeed, the effect of decreased and increased

ground speed due to the wind on various segments of the trajectory, especially during

178



the turns, are clearly visible. This result establishes a ground to conclude that the
overall control and guidance subsystems along with the control allocation method of
the airship implemented for this study effectively collaborate and handle the desired

varying guidance and control commands.
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Figure 3.36: Trajectory comparison of the airship for no wind and 4 m/s North wind
conditions

Time histories of the states and control inputs of the airship for the 4 m/s wind
test condition are plotted in Figure 3.37. The left column in the figure consists of the
body velocities, Euler angles, and Euler rates of the airship from top to bottom, while
the right column yields the individual control inputs in the order of motor forces, tilt
angles, and rudder deflections, consecutively. The naming convention for the control
inputs follow the corresponding location of the individual actuators such as FL for
the forward left, BR for the backward right, TL for the top left, and so on. The

figures include the response of airship during take-off and landing modes, where the
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vertical dotted lines are used to distinguish these modes from the waypoint navigation
mode. During take-off and landing maneuvers, since the airship has to compensate
the wind while ascending or descending to an altitude by keeping the position, some
oscillations on the forward speed, attitude, and the controls are observed. Essentially,
the lowered control authority for the low airspeed condition and the delayed response
of actuators due to their dynamics result in such oscillations, inevitably. On the
other hand, the waypoint navigation mode performs a smoother operation over the
trajectory where any transient oscillations due to the maneuvers are dampened within
acceptable rates. The airship demonstrates a stable response while keeping constant
forward cruise speed and the attitude error from the level flight conditions decays

rapidly in this mode.
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Figure 3.37: Vehicle States (on the left column) and control inputs (on the right

column) for the first flight case
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3.3 Chapter Summary

This chapter presented the development of linear and nonlinear control strate-
gies for a single multi-rotor with a flexibly suspended payload and airship systems,
respectively. Initially, a game theoretic approach is applied for the swing attenuation
of the multi-rotor with a slung load system. This approach considers various scenarios
based on the cable feedback states available to the controller, including full knowl-
edge of the attitude and velocity of each cable segment, only relative payload attitude
with respect to the multi-rotor, and complete lack of knowledge about the cable and
payload states. A linear quadratic differential game is then constructed, with the
multi-rotor as the minimizing player and the cable and payload swing as the maxi-
mizing player. Simulation results indicate that the virtual rigid link method, based
on instantaneous relative payload attitude, yields a smoother response than the full
state knowledge approach, although slightly slower oscillation damping is observed.
This suggests that adequate control of cable and payload swing can be achieved with
knowledge of payload’s relative position or attitude with respect to the multi-rotor.

Subsequently, the chapter investigated a nonlinear geometric control method
for the same system where the payload’s relative attitude is known to the controller.
This approach uses catenary shape analysis to determine reference position setpoints
and desired cable tension, aiding the calculation of control forces and the multi-rotor’s
desired attitude. A trajectory tracking scenario is successfully demonstrated utilizing
this method.

The latter half of the chapter focused on developing a linearized model for air-
ship systems. A gain scheduling technique based on linear-quadratic-regulator (LQR)
is designed, using airspeed, yaw rate, and climb rate as scheduling variables, with lin-
ear interpolation for smooth transitions. Various autopilot modes are created and

tested in simulations, demonstrating effective and smooth mode transitions. Ad-
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ditionally, a nonlinear dynamic inversion (NDI) controller is developed for airship
attitude stabilization and trajectory tracking. A pseudo-inverse based control allo-
cation method is introduced for different control configurations in hover and forward
flight conditions. Finally, autonomous guidance laws for take-off, landing, and way-
point navigation are developed and tested in simulations, considering the full range

of airship flight capabilities.
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Chapter 4
Cooperative Manipulation and Formation Control using Multiple Aerial Vehicles

In this chapter, cooperation of multiple aerial vehicles are introduced and the

cooperating systems are simulated for representative collaboration scenarios.

4.1 Cooperative Aerial Manipulation of a Suspended Payload via Flexible Cables

The nonlinear geometric control approach developed in Section 3.1.2 is extended
to accommodate scenarios involving multiple multi-rotors carrying a payload sus-
pended by a flexible cable. In this expanded model, the payload is treated as a rigid
body, as depicted in Figure 4.1, illustrating the suspension of the payload via four
cooperative multi-rotors.

This work aims to integrate the analytical catenary shape analysis of flexible
cables with the cooperative aerial payload manipulation task. Firstly, a geometric
control approach is utilized to obtain the desired force and moment for payload to
track a given payload trajectory. Then, the distribution of tension forces at the cable
attachment points on the payload, which satisfy the desired force and moment, are
computed by applying the minimum norm solution based on the attachment geometry.
After that, for each tension force at the attachment point which constitutes one
of the boundary conditions, the catenary equation is analytically solved, given the
known cable mass and length. This solution yields a desired cable shape to achieve
the computed loads on the payload. The catenary shape is then exploited to guide
individual multi-rotors with relative position and desired thrust information. Finally,

a separate geometric control approach is implemented for each multi-rotor that takes
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Figure 4.1: Illustration of cooperative multi-rotors with a flexibly suspended payload

this information along with the other desired trajectory states into account to achieve
commanded payload trajectory tracking cooperatively.

The main contribution of this work is the integration of catenary analysis to the
cooperative manipulation of flexible-cable suspended payload via multi-rotors where
the catenary shape information is benefited to assist in guiding individual vehicles
during the trajectory tracking task. This work also demonstrates the robustness of
developed approach to uncertain states via Monte Carlo simulations where each multi-
rotor system independently takes noise corrupted states for both payload and itself
to implement necessary guidance and control for stabilization and trajectory track-
ing. Thus, these results essentially present a successful implementation of distributed

control for the cooperative aerial payload manipulation task.

185



4.1.1 Problem Definition

In this work, a cooperative aerial payload manipulation by utilizing multiple
multi-rotors where a rigid payload is suspended via flexible cables under each individ-
ual multi-rotor is investigated. The complete system with 4 multi-rotors is illustrated
in Figure 4.1. The problem of payload attitude stabilization and trajectory tracking
is tackled by providing necessary cable tension forces while applying desired guidance
and control efforts to each vehicle. We wish to design a control law for each multi-
rotor such that the overall system asymptotically tracks the desired payload position
and attitude trajectories that are given as smooth and continuous curves.

The overall system dynamics, derived in Section 2.1.3.2 and in Ref. [84], is

provided by the following equations of motion,

Moovp — > > My, Gi,;, — > Mo, Rpp,éop

r=1 =1 r=1
= Z MQ,«RPG-’PpAer + Z Z My, (wir : wz‘r) qi, + Myges — Z fBTRQTGS
r=1 r=1 =1 r=1
Jpéop+ Y  prRp (MQT’@P - Mou@‘@h)
r=1 i=1
- Z prRp Z My, (wi, - wi,) q;, — wpJpwp + Z prRp (Mo, ges — f5,Ro,€3)
r=1 =1 r=1

M, wi, — qi, Z M, §j,wj, + G;, Mo, (vp — Rpp,wp)
J=1(i#9)

=G, | Mo,ges+ Y M, (w), - w;,) @5, | + G, (—1f5,Ro,es + My, Rp@pprwp)
J=1(#1)
where vp, wp € R* and Rp € SO(3) are linear, angular velocities, and the attitude of

payload, respectively. Also, the attitude of each cable segment with length [ is defined
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in a product of two spheres S> = {q € R*| ||q|| = 1} and w represents the angular
velocity of the segment. wq, € R®, Ry, € SO(3), fp, € Rand 1, = [r,, 7, 7=, € R®
are angular velocity, attitude state, thrust and moment inputs for the multi-rotor r,
respectively.

In addition, the computed mass terms are defined by

m

MOO = Z(mQT + ZmiT)Ig + mpIg

r=1 i=1

2(n —2 1
MOiT = <%lmlr + lmQT)Ig

W 20, Iy 4 Pmg, I, if i = j

Mz’jr -
M2, Ty + Pmg, I, it i # j, (o = max(i, j))

Mg, = mq,Is + ZmiTIB

i=1
where mp, mg,, and m;_ are masses of payload, multi-rotor r, and the " link of the

cable r. Also, the augmented inertia tensor is found by

Jp=Jdp =) Mop;

r=1
where p, is relative position of the attachment point of the cable r on the payload.
Kinematics of the system is provided as follows,
Tp = vp
Rp = Rpp
Ry, = Ry, &0,

qi, = Wi, X g,

where xp is the payload position in Inertial frame.
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4.1.2 Catenary Guided Formation Control Design
The overall steps followed by this control approach are listed below,

1. Desired payload force and moment are found from the given trajectory and
current state of the payload.

2. The required force and moment on the payload are distributed among the cable
tensions at the cable attachment positions on the payload.

3. Given a desired individual tension force at the payload side end-point, catenary
analysis provides the commanded tension force at the other end-point of the
cable which also corresponds to the desired multi-rotor position with respect to
the instantaneous payload location.

4. A virtual rigid link between the instantaneous position of cable attachment point
on the payload and multi-rotor is assumed to capture adequate cable dynamics
and can be used to improve the damping of cable oscillations. For this reason,
the unit vector pointing along this virtual link, as illustrated in Figure 4.4, and
instantaneous angular velocity are estimated continuously.

5. From error between the current virtual link and commanded cable attitude,
necessary orthogonal and parallel force components that needed to be applied
at the other end of the link are calculated.

6. Finally, given the desired tension force providing the necessary payload accel-
eration, corrective forces ensuring the cable attitude control, and the catenary
guided reference vehicle relative position and payload trajectory, a geometric
control approach is implemented for the attitude and trajectory tracking control

of each multi-rotor individually.
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Figure 4.2: Illustration of a desired force distribution along the cable attachment
points on the payload

Remark 4.1.1. This work adopts the approach in Ref. [13] while finding the force dis-
tribution among the cable attachment locations and compensating forces and moments
due to the rigid body rotation. However, our work incorporates a flexible cable model-
ing instead of a single link cable model and the catenary guided multi-rotor formation

and position control approach.

4.1.2.1 Payload Position and Attitude Control

Apart from the single multi-rotor suspended point load system, this cooperative
system requires an additional step to stabilize and control rigid body attitude. Only
way to apply forces and moments on the payload is through suspension cables, and so,
there is a need to find the distribution of cable tension forces satisfying the required

translational and rotational accelerations, as illustrated in Figure 4.2.
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The first step is to find required force and moment, fp, and 7p,, on the payload
for a given desired trajectory. With the following equations, the desired force and

moment on the payload is obtained by

.de = _Kmpewp - K'UPe'UP +mp (de - 963)
where K,,, K,,, Kg,, and K, are the feedback gains for the position, velocity,

attitude, and angular velocity errors, respectively. The state errors are found as,

€rxp = Tp — Tpy,

e’l)p =vp — de
]_ T T \
eRP - 5 (RPdRP - RPRPd)
_ T .
€., = wp —wpRp,wp,
4.1.2.2 Load Distribution Among Suspension Cables

Considering the payload geometry and cable attachment points, fp, and 7p,

can be represented as follows,

de = Z IJ”I’
r=1

TPy = Z Pr X R;NT
r=1

where u, corresponds to the desired cable tension at the location where cable r is

attached to and it is expressed in Inertial frame. Moreover, the relative position
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vector p is expressed in the payload body frame. These two equations can be written

in a matrix form as,

Rppm
puobr o Pl | ™,
R

where the matrix corresponding to the cable attachment locations are defined by

Al Is I ... I3

P P2 - Pm

Remark 4.1.2. [t is worth noting that a minimum number of vehicles required to
fully define desired force and moment via cable tensions can be obtained from the
rank analysis of matriz A, in Equation (4.1).

For r > 3, there is at least one solution to Equation (4.1) providing desired
tension forces, g, if the full rank condition is satisfied. A simple approach utilizing
a minimum-norm solution obtained by a generic Pseudo-Inverse can be employed as

follows,

M, RP 03 03
M2, _ 03 Rp Ce 03 AT (AAT)_l R;fpd
. . c. . TPd
| Koy | 05 03 Rp|
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Remark 4.1.3. Additional constraints on p, in Equation (4.1) such as minimum
or maximum cable tension forces and bounds on unit cable tension directions of can
be constructed and the optimization-based numerical solution approaches can be inte-
grated to satisfy these constraints. Also, a collision free relative desired multi-rotor
formation can be enforced by utilizing such constraints in each solution step. On the
other hand, the other approaches, as in Refs. [11,065-67] where relative formation con-
trol between multi-rotors are also integrated while computing desired tension forces,

can be developed.

4.1.2.3 Catenary Solution for Tension Forces and Cable Shapes

After obtaining the desired force vector puy at each cable attachment point,
the catenary analysis is employed to acquire the end-point cable tension and desired
catenary shape to sustain the calculated force, which also yields the desired position
of the multi-rotor, xq,, for each vehicle. Figure 4.3 illustrates the required catenary

shape to realize the desired payload acceleration.

Xo

Q\ XQd

Figure 4.3: Illustration of the desired catenary shape and cable tension computed
from desired force vector
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4.1.2.4 Estimation of Virtual Rigid Link States

Instead of keeping track of cable shape and states of each segment, which is a
non-trivial task, this work assumes an approximate model employing a virtual rigid
link between two end-points can be utilized to sufficiently capture the actual cable
behavior. Figure 4.4 illustrates the virtual link with length L for a single multi-rotor
case.

The virtual link states can be estimated using derivative filters provided that
the instantaneous relative position or unit vector along that vector is available. In
this work, a second order critically damped filter is utilized to estimate virtual link
states, quir and @ui-. quir 1S the unit vector along the virtual link pointing towards
the multi-rotor position and q,;. is the rate of change of this vector in time. From

these two states, the angular velocity of the virtual link can be computed by
Wyir = Quir X q.m'r

where ¢ X (w X g) = w and q - w = 0 identities are used.

Remark 4.1.4. For practical implementation, the estimation of q.: vector can be
obtained by several different methods such as active vision-based and passive beacon-
based approaches where a reference point on the payload can be tracked to estimate

the relative attitude vector.

4.1.2.5 Cable Attitude Control

In order to reduce the swing motion of the cable and track the desired cable at-
titude, virtual link states can be taken into account in the control design. Essentially,
there are two goals in this part. The first goal is to eliminate the error between desired
and current virtual link attitudes, whereas the second one aims for the compensation

of resulting centripetal forces due to the pendulum swing motion of the payload and
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cable. The former goal can be achieved by applying a necessary force vector, which
is orthogonal to q;.., to drive the virtual cable to the desired attitude as given in

Equation (4.2),
f; - _MQquUiTr (KQTeriTT + Kwrew’uirr) - MquAgiTra’T (42)

where subscript r refers to the respective multi-rotor system. The error terms are

calculated as below,

ellm'm- = qvirrd X Quir,

_ 22
€, = Woir, T Qyiy, Woir,,

and utilizing the desired multi-rotor position, found in the previous step, the unit

vector along the desired virtual link is obtained by

@, — (zp + Rpp;)
|zq,, — (xp + Rpp,) ||

qvirr 4

Additionally, a, represents the linear acceleration component at the cable at-
tachment point of subsystem r relative to the payload’s center of gravity, which results

from the rotational motion of the payload. This component is calculated as follows,
a, = Rp&pp, + Rpp,Jp' (@pJpwp)

To compensate for the centripetal force and to attain the desired acceleration
of the cable attachment point, which arises from the relative angular acceleration of
the rigid body payload, a feedback force is formulated. This force, parallel to g, ,

is constructed for each vehicle in Equation (4.3),

TTLLT
2

f‘!’r == (mQr + > L (wvirr : wvim) Quvir, + MQT Quvir, qg;”ar (43)

where my, = Y7 m;, is the total mass of the cable attached to the 7 multi-rotor.
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Figure 4.4: Tlustration of the virtual rigid link cable connecting multi-rotor to the
payload

4.1.2.6 Multi-Rotor Attitude Control

Finally, including all the findings from previous steps, the total net desired force
for each multi-rotor that achieves the satisfactory payload trajectory tracking while

compensating resultant forces and moments is found below,
erd =fra+ ;;- + er - K‘EQG‘BQT - Kerer + mQ'ri)Qrd —mq,g9es (4.4)
where the desired tension force for the system r is f., = p,, — mz,ges. Kz, and

K

v are the feedback gains for multi-rotors’ position and velocity errors, which are

calculated as below,

emQr =XqQ, — erd
erT = er — ’UQ?"d
Almost globally asymptotically convergent attitude control of each vehicle is

provided by the following control law,

fBQr = _fQ'rd ' RQ're?)

TQT = _KRQ eRQr - KwQ err + wQT X JQer - JQ (GJQTRgrRQTc wQTc - RSTRQTC(;’QTC)
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where the error terms are found by

1
€Rgy, = 2 (RZQTC Rg, — RSTRQTC)

erT = wQ’V‘ - RSTRQTchTC

and the commanded multi-rotor attitude Rg, is computed as follows,

R _ | bay xba, bs,., xb1,, b
@re B3, ¥ba, 1" Tbay, xbi,, 7 e

where

o,

3re —
e,
bgrc X blrd

by, = e
27‘0 ||b3”c X bl?”dH

and the desired orientation of each multi-rotor can be arbitrarily set by by, —unit

vector which is used to find the desired projection of body-x axis on the zy-plane.

4.1.3 Simulation Results

In this section, results of a cooperative payload manipulation simulation with
the proposed approach are presented for a specified trajectory tracking scenario em-
ploying four multi-rotors. The comparisons between catenary guided approach and
non-catenary approaches are illustrated and various factors yielding such results are
discussed. Furthermore, Monte Carlo simulations are carried out to provide the ro-
bustness analysis of proposed approach to uncertainty on the payload and vehicle
states.

Following subsection provides various parameters of the system, controller, tra-

jectory, and the other simulation parameters.
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4.1.3.1 Simulation Parameters

4.1.3.1.1 System Parameters: Parameters used for multi-rotors, cables, and

payload in the simulation are provided in Table 4.1.

Parameter Value ‘ Parameter Value
mq 1.2 kg mp 1 kg
mr, 0.2 kg L 2 meters
m 4 vehicles n 5 links
Jo diag([1.367 1.367 2.586] x 10~2)
Jp diag([8.35 8.35 16.67] x 1072)

Table 4.1: System parameters

4.1.3.1.2 Motor Dynamics: A first order dynamics with the time constant
of 0.005s is implemented to model the actuator dynamics on rotors. The force and
moment due to the rotational speed of an individual rotor, €2);,, are calculated by the

following equations

Ji= kFQ?\/j

T, = kaz

where kr and kj; represent the coefficients relating the rotor speed to the force and

moment, respectively.

N
kp=9.12x 107° ky = 107%m

rad?’

These coefficients are chosen to provide maximum thrust of 10 Newtons for each

motor with full rotational speed of 10000 rpm.
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4.1.3.1.3 Payload Trajectory: A desired time-parameterized payload trajec-

tory is defined by the following equations

T

zp,(t) = |ry, sin(we,t) 7y, c08(Wy,) — Ty, Taysin(w.,t)

where r,,,7,, and r,, correspond to the radius of the curve in z,y and z directions
while w,,, w,, and w,, refer the angular speed in these axes, respectively. This trajec-
tory defines an infinity (oo) shape in 3D and allows us to illustrate certain maneuvers

sufficiently. Table 4.2 lists the parameters used in simulations.

Parameter Value ‘ Parameter Value
T, I m Wi, 0.17 rad/s
Ty 2m Wy, 0.057 rad/s
T2, 0.5 m Wa, 0.17 rad/s

Table 4.2: Trajectory parameters

Moreover, the desired payload heading follows the heading of desired velocity

vector without any roll and pitch angle command.

Yp, = arctan 2(ve, , vp,, ), 0p, =0, ¢p, =0

4.1.3.1.4 Control Parameters: Feedback gains used for the simulation are

given in Table 4.3 as follows,

Parameter Value | Parameter Value

Ka:Q 5I3 KvQ 4I3
Krp, 10 | K,, Al
K, 01, | K., 005l
K,, diag([6 6 10])

K., diag([5 5 5))

Table 4.3: Controller gains
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4.1.3.1.5 State Uncertainties for Monte Carlo Analysis: In order to demon-
strate the robustness of developed approach to uncertainties, each vehicle considers
independent and unrelated noise corrupted payload and self states during the control
input generation. Table 4.4 lists the standard deviations of additive state noises that
follow zero mean normal distributions, wx ~ N (0,0%) where wx denotes the noise

acting on the state X.

Parameter Value ‘Parameter Value

Oop 0.5 deg Tho 0.1 deg
Oop 0.5 deg Th, 0.1 deg
Oyp 0.5 deg Tyq 0.1 deg

diag([5 5 5]) cm
diag([1 1 1]) em/s
Cuwp diag([0.05 0.05 0.05]) deg/s

Oz, diag([2 2 2]) cm
T, diag([1 1 1]) em/s
Oug diag([0.05 0.05 0.05]) deg/s

Table 4.4: Standard deviations of state uncertainties

4.1.3.2 Evaluation Metrics

To evaluate the performance of the payload configuration, the following metric

representing a normalized attitude error is utilized,
1 T
Up (1) = Ir [I; - R}, Rp|

The following metric provides a quantitative measure for analyzing and compar-
ing the transient performance of cable motion during the trajectory tracking maneu-
vers. A more stable and smoother response is indicated by lower average magnitudes

of angular velocities in the cable segments, resulting in fewer oscillations.
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Furthermore, to demonstrate the smoothness of the control action during trajec-
tory tracking, the root mean square (RMS) of the rotor rotational speeds is employed

as follows,

RMS (201) (6) = | 3 D190, (0]

4.1.3.3 Results and Discussion

To demonstrate the efficacy of our proposed catenary-guided method for coop-
erative suspended payload manipulation—referred to as "Method-1" in the subsequent
results—we compare it against two other methods that assume a rigid single-link ca-
ble. The second method mirrors Method-1’s steps, except the part where desired
multi-rotor positions are computed by the analytical solution of catenary equations.
In this method, since the cable is assumed to be a rigid single-link, the desired multi-
rotor position is found by extending a straight line from the base attachment along
the pg direction with the known cable length directly. Finally, the third method, as
presented in Ref. [13], only considers the parallel and orthogonal force vectors includ-
ing the gravity compensation in Equation (4.4) while leaving the position, velocity,
and acceleration terms out during the computation of vehicle guidance commands.
Thus, it highly relies on payload and cable states, which makes it vulnerable to noises
on these states. Also, the same virtual cable approximation in the other methods is
implemented in the third method to estimate the rigid-link cable states required by

the control law.
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4.1.3.3.1 Comparison of the Methods: The system initially starts from an
hanging equilibrium condition at the origin, (0,0, 0), where the multi-rotors are hov-
ering and the cables are vertically aligned. In the initial phase of the trajectory, the
system accelerates to align with the desired position and velocity, leading to minor
initial deviations and oscillations as depicted in the top view of the simulated payload
trajectory plots for each method in Figure 4.5. The proposed method swiftly reduces
these deviations, achieving convergence to the desired trajectory. In contrast, the

second and third methods exhibit larger oscillations and reduced damping.

Payload Position Trajectory Comparison
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35
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—— Method-1 Method-3
= = =Method-2 Desired Traj
I I |

-0.5 L

)
15 1 05 0 05 1 15
X, m

Figure 4.5: Time history of payload position trajectory as seen from the top view

Figure 4.6 illustrates the comparison of payload position tracking for the meth-
ods. It is worth noting that during the heading change of the payload, all vehicles

has to cooperatively maneuver while keeping desired altitude and cable tension forces.
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However, due to the flexible cable implementation and complexity of the actual non-
linear system with delayed response characteristics, during the simultaneous control
of payload position and attitude, certain compromise on altitude is recognizable com-

paring to the horizontal position states for all methods with varying degrees.

Time History of X,, Comparisons
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Figure 4.6: Comparison of payload position tracking for different methods (blue:
Method-1, red: Method-2, green: Method-3, and black: desired trajectory)

The payload configuration error comparison between the methods is displayed
in Figure 4.7. In this figure, contrarily, the first method has a higher error in the
tracking of payload configuration. These results suggest that a tighter control of
the cable, akin to treating it as a straight link, may result in less deviation from
the desired payload configuration. Nonetheless, subsequent analyses of the cable’s
transient response and multi-rotor control inputs will provide deeper insights into the
overall behavior of the system.

Figure 4.8 displays the comparison of root mean square (RMS) of cable angular
velocities as time histories for each method. The first method, which accounts for the

catenary shape and the effects of cable flexibility, achieves the smoothest response,
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Time History of Payload Attitude Tracking Error
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Figure 4.7: Comparison of payload configuration error in time for different methods

indicating improved transient behavior of the cable. In contrast, methods that rely on
the single rigid-link cable approximation for guidance and control exhibit persistent
oscillations along the cable segments, leading to disturbances in the overall system
behavior. The disparity between the actual catenary configuration and the rigid-link
approximation contributes to delays and disturbances, potentially destabilizing the

system’s dynamic response, as evidenced by the performance of the third method.

06 T

Time History of Average Cable Angular Velocities, rad/s

o
=
T

Method 1
7

Method 2

Method 3
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Figure 4.8: Comparison of average (RMS) cable angular velocities for different meth-
ods
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The control efforts exerted by each vehicle are quantified by the RMS of rotor
speeds, as depicted in Figure 4.9. These plots distinctly show the initial acceleration
phase followed by a stable convergence in the first method. Conversely, the other two
methods display less smooth control responses with more pronounced oscillations,

aligning with expectations.

Time History of Rotor Speed (RMS), rad/s
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Figure 4.9: Time history of rotor speed RMS values for each multi-rotor

In summary, the results underscore the superiority of the proposed catenary-
guided cooperative aerial manipulation method for managing a suspended payload
with multiple multi-rotors over the comparative methods that neglect cable flexibility.
A video clip illustrating the system’s simulated performance along the trajectory is
available at the link provided below, !.

Remark 4.1.5. The third method is fundamentally designed for a rigid mass-less link
and it relies on the fast dynamics of multi-rotors to achieve desired suspension config-
urations and necessary forces and moments. However, incorporation of flexible cable

with certain mass is inherently increased the complexity and characteristic of system

https://youtu.be/UvLKmNdKcJo, (UT Arlington Aerospace Systems Laboratory youtube page)
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dynamics. Therefore, finding suitable control gains to stabilize this system sufficiently
proves to be quite challenging. Nevertheless, overall performance can be improved with
finer tuning and the tmplementation of disturbance observer and rejection modules,

as for the other methods.

4.1.3.3.2 Robustness to Uncertainty: The robustness of the proposed method
against uncertain states was evaluated through 1000 Monte Carlo simulations with
noise-perturbed states, following the noise characteristics listed in Table 4.4. The
results in Figure 4.10 displays the statistical distribution of these trials, marked by
the mean and 30 bounds. The plots on the upper left figure illustrates the payload
position error, £ = xp, —xp. In this figure, it is seen that except the initial trajectory
catch-up maneuver time period, horizontal payload position errors stay within less
than 2 centimeters of the actual track whereas the vertical position tracking errors
have seen deviations from the trajectory up to 13cm although the spread of errors
are still bounded within 2cm around the mean. Similarly, the plots on the upper
right figure denotes the payload velocity tracking error statistical mean and bounds
from the simulations. As the horizontal velocity profile is tracked closely, the vertical
payload velocity tracking has seen slight departures from the desired track, especially
right after sharp corner turning maneuvers at around ¢ = 5s and ¢ = 25s. These
deviations are more apparent in the attitude error plots in the lower left figure, par-
ticularly in payload heading at the aforementioned times, despite adequate roll and
pitch tracking. During the payload heading change maneuver, each vehicle has to
follow a smooth trajectory that is dictated by the desired catenary tensions assum-
ing the fast dynamics of vehicles allows the close tracking of such a trajectory. Yet,
the transient response of the overall system is delayed and relatively slow, especially

during altitude and yaw control, due to the flexible nature of the cable, and imposed
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Figure 4.10: The 30 error bound results from Monte Carlo simulations

latency by the vehicle attitude control and the

other control objectives such as posi-

tion control, velocity matching, and cable attitude control. The configuration error

plot on the lower right figure highlights this finding again illustrating the elevated

attitude error during sharp maneuver segments mainly due to the yaw angle tracking

error.

Figure 4.11 displays the RMS values of rotor speeds for each vehicle during

the simulation runs. The plots have consistent mean values without any significant

oscillatory behavior along the trajectory. This result provides that the overall system
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Figure 4.11: Time history of average motor speed bounds from Monte Carlo simula-
tions

response to the uncertain states has enough dampening effect and any disturbance
caused by the state uncertainties are not amplified by the cooperative control strategy.
Remark 4.1.6. The results obtained from Monte Carlo simulations with noise cor-
rupted states demonstrate that each individual vehicle can actually utilize a state esti-
mation of its neighbors and payload, similar to the work in Ref. [38], to generate the
control input by itself. Only information to be known is to actual desired trajectory of
the payload, which can be encoded in every vehicle. As a result, the proposed method

allows us to distribute the cooperative control among vehicles.
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4.2 Cooperative Formation Control of Multiple Multi-Rotors

In the dynamic and evolving field of multi-agent systems, the cooperative for-
mation control of multiple multi-rotors represents a significant step towards achieving
advanced aerial capabilities in a variety of applications. This section investigates the
dynamics and control mechanisms that enable this complex yet fascinating interac-
tion among multi-rotors. Particularly, a second-order consensus protocol within the
framework of multi-agent formations, which play a pivotal role in ensuring synchro-
nized behavior and effective communication among individual units is focused on this
research.

Further, this section explores the implementation of an Extended State Observer
(ESO) for total disturbance estimation of individual agents. ESO provides a robust
framework for accurately predicting and compensating for various uncertainties and
disturbances, including factors like wind, air-drag, and unmodeled system dynamics.
This not only enhances the stability and reliability of the formation control system
but also simplifies the control design process by effectively reducing the dynamics
of the agents to a second-order integrator model while maintaining high fidelity in
disturbance estimation and compensation. Here, we assumed that the rotational
dynamics of the multi-rotor systems are sufficiently fast to reliably follow desired
linear acceleration commands without significant lag or error. Therefore, focusing
primarily on translational motion of the multi-rotors, overall agent dynamics in the
group are represented by a second-order integrator dynamics with uncertainty. This
assumption allows for a more streamlined analysis and control design.

The practical aspect of this theoretical framework is demonstrated through the
deployment of a simple distributed consensus protocol across various leader-follower
graph topologies. This approach is utilized in tracking desired leader trajectories while

forming certain formation shapes within the group. The consensus protocol ensures
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that all multi-rotors, or agents, in the system converge to a common agreement on
the trajectory and formation, despite potential discrepancies in individual perceptions
and measurements under certain conditions.

A notable part of this section includes a comparative study demonstrating the
effectiveness of ESO in formation tasks with various graph topologies. This study
compares several formation tasks executed with and without ESO under conditions
like air drag caused by wind.

Overall, this section offers a comprehensive overview of the mechanisms and
strategies employed in the cooperative formation control of multiple multi-rotors in
this research. By integrating a consensus protocol and an ESO-based disturbance
estimation method, we demonstrate a formation control strategy that can be applied
in diverse operational scenarios, ranging from surveillance to search-and-rescue opera-
tions. Finally, an illustrative scenario symbolizing a real-life search-and-rescue mission
is constructed. In this scenario, a group of multi-rotors are transported and deployed
to the mission area from an airship. These multi-rotors then execute predefined for-
mation and trajectory tracking tasks during a simulated mission, demonstrating the

practical applications of the concepts discussed.

4.2.1 Preliminaries and Problem Formulation

4.2.1.1 Notations

Several mathematical notations are consistently followed in this section. We
represent the standard Euclidean norm of a vector @ as ||z||. Maximum and minimum
singular values of a matrix M are represented by (M) and (M), respectively.

Moreover, n-dimensional identity matrix is described by I,, and the column vector
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consisting of ones is denoted by 1. In general, the concatenation is illustrated by the

underlined vectors or matrices.

4.2.1.2 Graph Theory Basics

A graph is a pair G = (V,€) representing the intercommunication among a
group of agents. Here, V = {1,2, ..., N} denotes a set of N nodes (or vertices), and
E CV xVis a set of edges connecting these nodes. We assume the graph does not
have self-loops, meaning no node has an edge to itself, and no multiple edges between
the same pair of nodes exist. The number of neighbors, denoted as ||V;|| of node i, is
equal to its in-degree which is calculated by counting the number of incoming edges
with arrows towards to the node ¢ from the other nodes. Each edge in the graph
is associated with a weight a;;, symbolizing the quality of communication between
connected nodes, and it is strictly a non-negative value. A graph is termed ‘strongly
connected’ if there exists a path from any vertex to every other vertex via these edges,
as depicted in Figure 4.12. Furthermore, a graph is considered ‘balanced’ if a;; = aj;
for all (¢,7) € &;, indicating that the edges are undirected.

The graph’s structure can be represented by an adjacency or connectivity matrix
A = [ay], A € RV The edge weights are defined as a;; = 1 if there is an
edge between nodes ¢ and j, and a;; = 0 otherwise. The in-degree of the node i is

determined by summing the entries of the ith row in A as follows,

N

d; = E @ik,
=1

and the out-degree of the node is defined with the column sum of A for that node as

below,
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Figure 4.12: Strongly connected graph illustration with 8 nodes

N
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Two other important parameters in graph theory are the diameter and volume
of a graph. The diameter of a graph is defined as the longest distance between any
two nodes within the graph. The volume of a graph, denoted as VolG, is the sum of

the in-degrees of all its nodes, calculated as

N
VolG = Z d;
=1

The graph’s structural properties can also be analyzed using the graph Lapla-
cian matrix. This matrix is defined as L = D— A, where D = diag {d;} is the diagonal
in-degree matrix. The Laplacian matrix, L, is significant in providing insights into
various characteristics of the graph.

Remark 4.2.1. In the case of a strongly connected and balanced graph, the graph
Laplacian matriz is always symmetric. Furthermore, the rank of the Laplacian matriz,
denoted as rank(L), is equal to N — 1. The second smallest eigenvalue of the graph
Laplacian, known as the Fiedler eigenvalue, is particularly significant as it indicates

the overall connectivity of the graph, as referenced in Ref. [99].
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4.2.1.3 Problem Formulation

In this section, the focus is on multi-agent formation control using a second-
order consensus framework, specifically applied to multiple multi-rotors. Under the
assumption that the multi-rotors’ rotational dynamics are rapid and that the desired
formation control motion does not necessitate high agility from the agents, the anal-
ysis concentrates solely on the translational motion of the multi-rotors. This motion

is governed by the following equations,

T=v
v=f—-u+d
where & = [z y 2]" and v = [v, v, v.]" represent the position and velocity of the

vehicle with respect to the Inertial frame, respectively. The term f € R® denotes the
known dynamics of the vehicle, which in this case is the gravitational acceleration
acting on it, expressed as f = ges. The virtual control input, w € R®, replaces
the actual force generation mechanism of the multi-rotor R;pfges/mg, following
the fast rotational dynamics assumption made previously. Lastly, d € R?® represents
the linear acceleration due to total disturbances, which include external disturbances
(like air-drag and wind effects), unknown system model inaccuracies, and parametric
uncertainties.

In this context, the dynamics of each agent in the multi-rotor formation are
modeled as a second-order integrator type with disturbance, as expressed in the fol-

lowing equations,



The objective is to develop a cooperative formation control law that stabilizes
the formation and enables it to follow a virtual leader’s trajectory. Importantly, the
control law must comply with the specified communication graph topology, utilizing
only local neighbor information as dictated by this topology.

The dynamics of the virtual leader are defined as,

(bozvo

vy = fo

4.2.2 Second Order Consensus Protocol for Agent Formation
First, local neighborhood tracking errors for position and velocity states are
defined for individual agents considering the formation and local communications.
The agent dynamics, as detailed in Equation (4.5), are assumed to be uncoupled
across the coordinate axes. For simplicity, the derivation is only presented for a single
axis. However, using the Kronecker product, ®, this formulation can be expanded to
encompass all three axes.
€x; = Djen; Wij (X5 — i — Ayi) + gi (w0 — 2 + Agy) (46)
€y, = ZjeM aij (vj — v;) + gi (Vo — v;)
where e,, € R and e,, € R represent the position and velocity tracking errors for the
1th agent. The term Ag; denotes the desired relative position of agent ¢ with respect
to the virtual leader in the Inertial frame, which is kept constant. Aj; = Ag;j — Ay,
represents the desired separation between agents ¢ and j in the formation. Moreover,
g; is the pinning gain indicating the controlled nodes in the graph with g; > 0 and
g; > 0 for at least one node in the graph. This formulation is crucial for designing

a control law that enables each agent to maintain its relative position and velocity
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within the formation, based on the information about its neighbors and the virtual
leader.

Using the local position and velocity errors, the global error states are derived

as follows,
e, =—L+G)(z—1xy— A
(L+G) (- Lro— A) -
e, =—(L+G)(v—1u)
where e, = [e4,,...,€2,]" and e, = [ey,, ..., e,,]" represent the global position and

velocity error vectors for the entire formation, respectively. The term L denotes the
graph Laplacian, which captures the communication structure and interconnections
between agents within the formation. The matrix G, known as the pinning matrix,
consist of diagonal entries of node in-degrees, diag{d;, ds, .. .,dy}. Additionally, A =
[Ao1, Aoz, - -+, Ao N]T is a vector that encapsulates the desired relative positions of each
agent with respect to the virtual leader.

Then, differentiating Equations (4.7) and substituting Equations (4.5), the

global error dynamics are found as below,

[
(4.8)
é,=—(L+G)(f-u+d-1f)
where f,u and d are the concatenation of corresponding terms for each agent.

To achieve synchronization among agents and leader tracking in the multi-agent

system, a simple local control protocol can be implemented as follows,

U; = f’L + dz - k:cexi - kvevi (49)

where CZZ is the estimated total disturbance for the agent, i.e. d; = ciz + CZZ An ESO-
based estimation method is further detailed in the subsequent section. The terms

k., k, > 0 are feedback gains for local neighborhood position and velocity errors.
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To analyze the stability of the formation under the chosen control protocol, we

can define the state vector z as z = [e gf]T,
ON IN 0N
4= z+ ) (4.10)
“K.(L+G) -K,(L+G)| |-(L+G)(d-1f)
e ”

where K,, K, € RV*N are feedback gain matrices, with diagonal elements corre-
sponding to k, and k,, respectively. The term d represents the vector of residual
errors from the total disturbance estimations.

The matrix H* is critical for analyzing the system’s stability. For the formation

to be stable, the gains k, and k, need to be chosen such that H* in Equation 4.10 is
a Hurwitz matrix, meaning that all its eigenvalues have negative real parts. Achiev-
ing this condition ensures that the formation’s error states will converge to zero or
a bounded value over time, indicating stable behavior. The sufficient conditions for
formation stability can be further explored, as shown in Ref. [99] where an adap-
tive control technique is employed to approximate external disturbances and system
nonlinearities.
Remark 4.2.2. Investigating the system matric H*, it can be easily seen that the
graph topology and the choice of pinning nodes significantly influence the stability of
the formation. Therefore, the selection of control gains needs to take into account the
graph’s topology.

The subsequent section illustrates various graph topologies and geometrical
formation shapes, such as line, circular, triangle, and square formations. These are
depicted in Figure 4.13. Additionally, Table 4.5 provides a detailed examination of
the eigenvalues of the graph Laplacians for these formations. The eigenvalues are
crucial as they give insights into the formation characteristics, such as connectivity,

robustness to disturbances, and the speed of information flow across the formation.
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This analysis allows us to understand how different formation shapes and topologies
affect the overall system behavior and stability, guiding the selection of appropriate

control strategies and gain settings.

Line ‘ Circle ‘ Triangle ‘ Square ‘ Full Connectivity

A= |0 0 0 0 0

A2 = | 0.1522 | 0.5858 | 1.1338 | 1.2679 | 8.0000
Az = | 0.5858 | 0.5858 | 2.1088 1.2679 | 8.0000
Ay = | 1.2346 | 2.0000 | 3.2954 2.0000 | 8.0000

As = | 2.0000 | 2.0000 | 4.2108 4.0000 | 8.0000
Xe = | 27654 | 3.4142 | 5.3174 4.7321 | 8.0000
A= | 34142 | 3.4142 | 5.6554 4.7321 | 8.0000
As = | 3.8478 | 4.0000 | 6.2784 6.0000 | 8.0000

| VolG = | 14 | 16 | 28 | 24 | 56 |

Table 4.5: Eigenvalues of various graph Laplacians for the topologies provided in
Figure 4.13.

It is expected that an increase in the number of neighbors for each agent should
enhance communication quality within the formation. More connected graphs are
anticipated to provide faster information transfer among agents, leading to a quicker
collective response. The eigenvalues presented in Table 4.5 support this hypothesis.
Specifically, the Fiedler eigenvalue, a key metric in graph theory, also known as the
graph’s algebraic connectivity, is used to measure the speed of interaction among
agents within a graph. It is indicative of how well-connected a graph is and higher
values suggest better connectivity yielding more efficient information flow across the
network. In this context, the line configuration, which exhibits the lowest degree of
connectivity compared to other formations, has the lowest Fiedler eigenvalue. This
implies slower interactions among agents in the line configuration. Conversely, graph

topologies with higher Fiedler eigenvalues, such as square and triangle configurations,
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Figure 4.13: Various communication graph topologies and geometrical formation
shapes; line, circle, triangle, and square, respectively.
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are expected to be more effective for achieving quick convergence of the agents to the
desired state or formation. These expectations are validated in simulation results

presented in Section 4.2.4.

4.2.3 FExtended State Observer Based Total Disturbance Estimation
Consider a second-order single-input-single-output (SISO) nonlinear dynamical
system model that is affected by the external disturbance and measurement noise,

represented by the following state-space model,

z(t) = Ax(t) + b (f(x,t) + g(x, t)u(t) + d*(t))

y(t) = e =(t) + w(t)

where = = [ x5]7 € R? is the state vector of the system. u € R denotes the control
signal, and y € R is the system output. The terms d* € R and w € R correspond to
the external disturbance and measurement noise, respectively. Additionally, f € R

describes the controlled system dynamics, while ¢ € R\{0} represents the control

01
effectiveness. For this system, A = ,b=1[01]7, and ¢ = [1 0]7.

0 0

Assumption 4.2.1. The external disturbance d* is assumed to be at least first-order
continuous and differentiable. It is also bounded within the set Dg- = {d* € R : |d*] <
r¢-}, and and its derivative d* is bounded within Dy 2 {d* € R : |d*| < rg.}, for
some positive constants rq«, 7 > 0.

Assumption 4.2.2. The measurement noise w is bounded within the set D, = {w €

R :|w| <7y} for some positive constant r,, > 0.
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Given that the state dynamics are unknown, the state-space model can be

reformulated to incorporate these assumptions:

@(t) = Ax(t) + bgu(t) + b (f(x, 1) + d*(t) + (g(z, 1) — g) u(t))

J

d(z,t)

y(t) = c"x(t) +w(t)

where d(x,t) is called the total disturbance and g is the constant estimate of g.
Remark 4.2.3. If the mathematical model of the system is known, the known terms
can be moved outside of the total disturbance term and explicitly addressed in the
estimator model.

To implement this, the extended state is defined as z = [ach}T € R? with the

following dynamics,
i(t) = Az(t) + bd(z,1) + dgu(t)
y(t) = c"=(t) + w(t)

where b=1[001]",d=[010]", and ¢ =[1 0 0]".

The dynamics of extended state are constructed by using the estimated state

z=E& as,

£ = A& +dgu(t) +1(y - c¢)

where I € R? is the observer gain vector, chosen to ensure the desired convergence
and stability properties of the observer.
Defining the observer estimation error as é = z—&, error dynamics are obtained

as below

&= (A — lcT) £+ bd(z,t) — lw (4.11)



Note that in case of constant disturbance without measurement noise, i.e. d=0
and w = 0, the error dynamics in Equation (4.11) can be effectively controlled. By set-
ting observer gains that makes error system matrix H Hurwitz, an exponentially de-
caying error dynamics can be achieved. However, for more general case with bounded
external disturbance and measurement noise, the stability and boundedness of the
system are needed to be shown along with the necessary and sufficient conditions.
The sufficient conditions are derived below, but further details on the stability proof
can be found in Refs. [80,100].

Choosing a candidate Lyapunov function V' = %éTPé where P = PT > (. The

rate of change of function V' is then computed by

. 1 - - ..
V= §§T (H"P + PH) + £"Pbd — £ Plw

= —%ETQS + €T Pbd — €7 Plw (4.12)

where Q = Q" > 0. Solution to Lyapunov equation H” P + PH = —Q for chosen
Q always exists since H is Hurwitz. Now, we need to show the sufficient conditions
that bounded second and third terms on the right hand-side of Equation (4.12) do

not overcome the negativity of the first term, which provides the stability.

V< —%g(Q)HéH? + (PN (I1ellldl + Ul (4.13)

Thus, V < 0 if and only if

25(P) (lelld] + 1] )
a(Q)

€]l > (4.14)
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4.2.4 Simulation Results

This section elaborates on the simulation setup utilized to evaluate the for-
mation control strategy for multi-rotor systems. The simulations are implemented
using the Gazebo physics simulator, leveraging a custom-built PX4-SITL autopilot
software and the Robot Operating System (ROS). This simulation setup allows us to
integrate realistic vehicle models, sensor and actuator models, as well as environment
models. Two distinct scenarios are considered, each comprising three separate cases,
to assess the system’s robustness and adaptability under varying conditions, including

environmental disturbances and graph topologies.

4.2.4.1 Simulated Scenarios

Scenario 1: Constant Graph Topology Across Various Formation Shapes
In the first scenario, the graph topology is maintained as the fully connected
graph for all cases, ensuring maximal communication capability among agents.

e Case 1 - Baseline Performance Without Wind Disturbance: The initial
case simulates conditions without any wind disturbance, focusing on the baseline
performance of the formation control strategy.

e Case 2 - Impact of Steady Wind without ESO: This case introduces a
wind condition with a magnitude of 30 km/h, blowing towards the positive y
direction. Here, the impact of steady wind on formation stability is analyzed
without the integration of ESO for disturbance estimation.

e Case 3 - Integration of ESO under Wind Conditions: Building upon the
previous case, this setup additionally integrates the Extended State Observer
(ESO) into each agent for total disturbance estimation, assessing the effective-
ness of ESO in mitigating the impact of wind and corresponding air-drag effect

on the multi-agent formation.
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Scenario 2: Variable Graph Topologies Aligned with Formation Shapes

The second scenario employs variable graph topologies aligned with different
formation shapes, as illustrated in Figure 4.13. This scenario tests the adaptability
of the system under various communication constraints.

e Case 1 - Formation Control with Differing Graph Topologies: Similar
to Scenario 1, the first case in this scenario is conducted without wind, focusing
on the formation control with differing graph topologies.

e Case 2 - Wind Conditions with Various Topologies: This case introduces
the same wind conditions as in Scenario 1 (30 km/h, east-to-west), but with
varying graph topologies, examining how different communication structures
respond to environmental disturbances without the aid of ESO.

e Case 3 - ESO in Wind Conditions with Various Topologies: The final
case incorporates ESO into agents while maintaining the wind condition. This
setup aims to evaluate the combined impact of variable graph topologies and
ESO’s effectiveness in a wind-affected environment.

The design of these scenarios aims to provide comprehensive insights into the
formation control strategy under a range of operational conditions. Scenario 1 es-
tablishes a baseline for performance under optimal communication scenarios (fully
connected graph), while Scenario 2 introduces more complex and realistic commu-
nication constraints. The introduction of wind and the integration of ESO across
different cases allow for an in-depth analysis of the strategy’s robustness and adapt-

ability to both environmental disturbances and communication limitations.
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4.2.4.2 Simulated Multi-Rotor Model

The simulations utilize a multi-rotor model based on DJI F450 quad-rotor,
which is comprehensively analyzed in Ref. [101]. This reference provides an in-depth
study of the system’s parameters, including aerodynamic coefficients, mass and in-
ertia parameters, and other induced effects, identified through a series of exhaustive
experiments. Drawing from these findings, this research adopts certain identified pa-
rameters and the aerodynamic model of this multi-rotor. The equations of motion

for the model are presented as follows,
r="v

mQ'i) =Tmgges + R[BfBeg _kdwsRIBP’UB/VV/

-~

.fdrag
Rz = Ripwq

JQ(.;)Q = —wg X JQ(—UQ +T7— ]{?deR[BP’UB/W X h63

where w, = Z?Zl wyy, represents the total rotor speed, and P = diag{1, 1, 0} is
used to extract the horizontal components of vehicle’s relative velocity. h denotes the
positional offset at which the drag force is applied relative to the vehicle’s center of
gravity.

Furthermore, the control allocation for the multi-rotor is detailed in Equa-
tion (3.12), and the modeling of force and moment generation by the rotation of the
multi-rotor propellers is outlined in Equation (3.13). The parameters utilized in the
simulation model are listed in Table 4.6.

Note that, as provided in Ref. [101], the actual force generation by each indi-

vidual thruster adheres to the following dynamics,

2 2
fz' = kpwi \—kzvzwi + k:hvh

Vv
drag related rotor forces
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‘ Parameter ‘ Value Unit ‘ Parameter ‘ Value Unit

J0.n 1.3 x 1072 kg.m? Jo., —88 x 107° | kg.m?
Ja,, 1.29 x 1072 | kg.m? Jg.. —6.56 x 107 | kg.m?
Jq.. 2.36 x 1072 | kg.m? Jo,. 3.98 x 107° | kg.m?

h 0.06 m L 0.225 m

kp 1.5 x 1077 N/RPM? ks 0.01 m

ka 1.0587 x 107° | N.s/m/RPM k. 6.2 x 107 | N.s/m/RPM?
K 2.1366 x 102 | N.s2/m? WaL, 10 x 10 | RPM

Table 4.6: Simulated multi-rotor parameters

where v, and v, are the horizontal and vertical components of the relative body
velocity. This formulation introduces additional disturbance factors to the previously

described vehicle model.

4.2.4.3 Leader Trajectory and Formation Transitions

All simulation cases follow identical commands. Initially, agents are spawned on
the ground in a line formation, maintaining a 2-meter separation. Note that among
the group, only the first agent (node) is pinned by the leader, having access to the
leader’s position and velocity states. The leader is then instructed to ascend to an
altitude of 10 meters at a steady climb rate of 0.5 m/s, achieved via step velocity
input. Once the formation stabilizes at this altitude, the leader progresses forward
at a constant speed of 2 m/s. During this phase, the formation undergoes various
shape transitions: square, circular, triangular, and finally returning to the same line
formation. Following each formation change, a settling period is allowed, its duration

dependent on communication strength and convergence behavior.
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4.2.4.4 Results and Discussion

Scenario 1 - Constant Graph Topology Across Various Formation Shapes

Case 1 - Baseline Performance Without Wind Disturbance: In the first case
of Scenario 1, the performance of multi-rotor formation control is illustrated in Fig-
ure 4.14, revealing some insightful dynamics by plotting vehicle positions, velocities
and acceleration commands. The vehicle positions within the formation closely follow
the desired trajectories with minimal oscillation, indicating a quick convergence to
the designated formation shapes. This demonstrates the effectiveness of the consen-
sus control strategy in maintaining formation configuration under no-wind conditions
and without employing any disturbance estimator. However, a closer examination of
the vehicle velocities reveals mild, yet diminishing oscillations, particularly observable
during transitions between formations. These oscillations, though stable, highlight
the dynamic nature of the formation’s response to changes.

Inspecting the commanded acceleration inputs of the vehicles, more dominant,
sharper, yet decaying oscillations are observed. This phenomenon can be attributed
to the formation’s fully connected graph topology. In such a setup, any perturba-
tion in an agent’s position or velocity is not isolated; it echos throughout the entire
formation. This interconnectedness means that changes in relative position offsets
during transitions impact all the agents repeatedly, even though agents are not in
close vicinity, until the oscillations fully decay. The designed asymptotic stability
of the formation dynamics ensures that these oscillations are self-limiting, although
their presence is an important consideration. This aspect of the formation’s behavior
underlines the critical role of feedback gains in the system. If adjusted more care-
fully, these gains could potentially optimize the oscillatory responses, enhancing the

formation’s stability and responsiveness during transitions. Such refinements could
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be crucial for scenarios demanding high precision and rapid adaptability in formation

control. Trajectories of each vehicle and the leader is also displayed in Figure 4.15.

Position Trajectory

-10

UAV6
— UAV2 — UAV7
—— UAV3 — UAV8
—— Leader

Figure 4.15: Scenario 1 - Case 1 Trajectories (grids are not equally spaced)

Case 2 - Impact of Steady Wind without ESO: The results of the second case
are provided in Figure 4.16. The impact of wind on the vehicle positions, when com-
pared with the previous case without wind, is clearly distinguishable. The vehicles are
noticeably pushed in the direction of the wind. Despite this, the separation between

agents during various formation shapes is largely maintained, with the exception of
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node 1, which benefits from direct access to the leader’s states. However, in the ab-
sence of a mechanism to predict disturbances like wind-caused air drag, the agents in
this configuration are unable to proactively account for such external factors. Thus,
they react solely to position and velocity errors to preserve desired formation con-
figuration. This reactive approach leads them to stabilize at an arbitrary consensus
state, where the external disturbances are balanced by local neighborhood position
and velocity error correction forces.

While the introduction of wind results in additional oscillations, the velocity
and acceleration commands of individual vehicles remain similar to those in the first
case. This similarity indicates that, although the system can withstand and adjust
to wind disturbances to some extent, its response is fundamentally reactive, relying
on the inherent dynamics of the formation to reach a new equilibrium state under
altered environmental conditions. Therefore, the formation control design, originally
synthesized for ideal conditions without accounting for disturbance bounds, may be
susceptible to such disturbances. This can lead to reduced stability or even desta-
bilization of the entire system, underlining the need for incorporating disturbance
estimation and mitigation mechanisms in the control strategy.

Figure 4.17 shows the trajectories of each vehicle and the leader. The effect of
wind disturbance is evident during the altitude gain phase where the vertical lines

pushed towards left in y-axis.

Case 3 - Integration of ESO under Wind Conditions: The results for this
case are provided in Figure 4.18. The most obvious outcome is visible in the vehicle
positions, where the effectiveness of the ESO is highlighted comparing to the previous
case. The ESO significantly reduces the positional drifts caused by the wind effect.

The vehicle positions asymptotically approach the values designated by the formation
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Position Trajectory

-10

UAV6
— UAV2 — UAV7
—— UAV3 —— UAV8
—— Leader

Figure 4.17: Scenario 1 - Case 2 Trajectories (grids are not equally spaced)

configurations, demonstrating ESO’s effectiveness. However, when compared to the
first case, a transient response to wind effects is still noticeable, especially following
formation transitions. This is due to the ESO’s own dynamics in estimating the total
disturbance, which introduces a lag in the formation’s response to external effects.
Also, it is worth noting that during transitions, the relative velocity of agents with
respect to the wind causes additional drag, leading to slight deviations that are quickly
mitigated as well.

Observing the velocity states reveals a more dampened behavior during these

transient responses when compared to the previous case. However, in the x component
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of vehicle velocities, which aligns with the leader’s trajectory direction, low frequency
and low magnitude oscillations are observed after transitions, although they slowly
decay. This behavior may result from the coupling between the dynamics of the
estimator, individual vehicle, and overall formation.

Similarly, a closer look at the vehicle acceleration commands shows a generally
more dampened response, particularly in the z component. Furthermore, ESO esti-
mated disturbances for each agent are displayed in Figure 4.19. The y component of
these estimates quickly converges to a value reflecting the wind-based air drag distur-
bance. While low frequency oscillations are present, the x component is also stabilized
around a specific value, indicative of drag due to forward velocity. These oscillations,
however, require further considerations in adjusting estimator gains and resolving the

potential coupling between the estimator and overall formation dynamics.
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Figure 4.19: Scenario 1 - Case 3 - Total Disturbance Estimate
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Position Trajectory
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— UAV1 Z, m
— UAV2 — UAV7
— UAV3 —— UAV8
—— Leader

10.0

Figure 4.20: Scenario 1 - Case 3 Trajectories (grids are not equally spaced)

Scenario 2 - Variable Graph Topologies Aligned with Formation Shapes

Case 1 - Formation Control with Differing Graph Topologies: The results
are illustrated in Figure 4.21. The distinct influence of various graph topologies on
formation control is clearly visible, even in the absence of wind. Initially, the system
starts in a line formation, which possesses the weakest communication strength among
the configurations tested. In this setup, the vehicles, except for the first node, struggle

to maintain a close formation. The limited communication, restricted to immediate
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neighbors, necessitates longer paths for information propagation, resulting in a laggy
response and diminished influence of the leader’s trajectory commands.

A notable improvement is observed when the formation switches to a square con-
figuration. The increased connections among agents in this topology lead to a quicker
convergence speed. The circular configuration, or ’gossip circle,” though slightly in-
ferior to the square formation, still maintains the desired formation with only minor
deviations. The triangular configuration, which has the highest communication vol-
ume among the tested topologies, achieves the fastest and most accurate tracking of
the desired formation, as anticipated.

Examining the vehicle velocities reveals that the significantly delayed commu-
nication in the line topology induces a slow but large response to altitude errors
during the altitude gain phase and hover stabilization. Upon transitioning to forward
motion, the first node, with direct access to the leader states, reacts the quickest,
followed sequentially by its neighbors with a noticeable delay. This delay diminishes
significantly in the square configuration, where the response is rapidly propagated
through the formation, in contrast to the response observed in the line configuration,
which is more spread in time. A similar, even faster response is seen in the triangle
configuration.

These observations are supported by the acceleration commands of the vehicles.
The stronger the communication between the agents, the sharper and more prompt
the commanded accelerations. Interestingly, compared to the fully connected graph
of the first case in the previous scenario, the acceleration commands in this scenario
are smoother and less oscillatory, potentially contributing to enhanced formation
stability.

Trajectories of vehicles and the leader are plotted in Figure 4.22.
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Figure 4.21: Scenario 2 - Case 1 - Position, velocity and acceleration command of

vehicles
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Position Trajectory

Figure 4.22: Scenario 2 - Case 1 Trajectories (grids are not equally spaced)

Case 2 - Wind Conditions with Various Topologies: Figure 4.23 plots the
results for this case. The combined impact of the lack of a disturbance estimator and
delayed, weak inter-agent communication becomes particularly dominant, as seen in
the line configuration. In this setup, the largest deviation from the desired forma-
tion position is observed, highlighting the critical role of effective communication in
formation control under wind conditions.

Transitioning to the square configuration brings a noticeable improvement. De-

spite the rapid convergence seen in this topology, the consensus values achieved are
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still not as close to the desired formation as observed in the full connectivity results
in Scenario 1. This discrepancy further confirms the influence of communication
strength on formation accuracy when we compare the vehicle positions in circular
and triangular configurations. The former exhibits larger errors, attributable to its
weaker communication links.

Vehicle velocities in this scenario present a less dampened response compared
to the second case of Scenario 1. It is observed that high-frequency oscillations after
formation transitions are reduced since weaker communication also results in slower
information propagation. Despite these limitations, the vehicles exhibit a convergent
behavior consistent with the expectations from these graph topologies.

As previously observed, an increase in communication strength leads to sharper
and more abrupt acceleration responses. This is particularly visible in the transient
behaviors of the agents after transitioning to the square and triangular configurations,
where the improved communication provides a more responsive but potentially more
volatile control dynamic.

Vehicle trajectories along with the leader are displayed in Figure 4.24.

Case 3 - ESO in Wind Conditions with Various Topologies: Figure 4.25
provides the results of this case. When comparing the results with those of Case
2, we first notice a significant improvement in line configuration, as shown by the
vehicle positions aligning more closely with the desired formation. However, there
is still a delayed response due to the weaker inter-agent communication. Estimating
the total disturbance and proactively mitigating it for each agent has considerably
improved formation accuracy, which is also witnessed in other formation configura-
tions. Despite having slightly higher-frequency oscillations, there is a more aggressive

convergence in vehicle velocities, compared to the previous case. Additionally, the
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Figure 4.24: Scenario 2 - Case 2 Trajectories (grids are not equally spaced)

velocities in this case remain closer to the desired values. Furthermore, compared to
Case 3 of Scenario 1, there is a significant reduction in high-frequency oscillations
after the initial phase of each formation transition, along with fewer deviations from
the desired values. This enhances the overall stability of the formation. This improve-
ment is even more apparent when examining the vehicle acceleration commands of
this case versus those in Scenario 1. We note a substantial decrease in high-frequency
acceleration commands, which quickly decay to equilibrium values and maintain a
smooth trajectory. This finding is critical, demonstrating the effectiveness of combin-

ing ESO integration with slightly sluggish formation dynamics. While ESO effectively
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rejects total disturbances, the slightly sluggish nature of a lightly weaker graph topol-
ogy, compared to a fully connected graph, acts like a low-pass filter, enhancing the
robustness of the formation behavior.

The total disturbance estimation results of the ESO are presented in Figure 4.26.
The y-component of the disturbance estimation shows that, while estimating wind
disturbance, the transient motion of the agent and additional disturbances are ade-
quately captured. Nevertheless, slight oscillations in the vehicle states are still no-
ticeable, although they are tolerable.

Figure 4.27 depicts the vehicle trajectories along with the leader trajectory.

Vehicle Disturbance Estimates

— UAV1 — UAV3 UAVS — UAV7
— UAV2 UAV4 UAV6  —— UAV8
T

1 1
-2 laltitude gain!
I

1 1
0 50 100 150 200

1 1 1
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Figure 4.26: Scenario 2 - Case 3 - Total Disturbance Estimate
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Position Trajectory

Figure 4.27: Scenario 2 - Case 3 Trajectories (grids are not equally spaced)
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4.2.4.5 An Illustrative Real-life Application - Search-and-Rescue Mission

Figure 4.28: Tllustrative Scene: A Search-and-Rescue Mission Employing Coopera-
tive Formations of Multi-Rotors, Supported by an Airship for Transportation and
Deployment

Description of the Mission Scenario: The scenario illustrated in Figure 4.28
depicts a search and rescue mission assumed to occur in a remote and difficult-to-
access location via conventional means, specifically on a sharp mountain surrounded
by water in this case. In such emergency situations, aerial support is crucial to ef-
fectively search, locate, and respond. To address this, we propose deploying a team
of multi-rotors capable of quickly forming various formations to efficiently cover the
search area. Given the limitations of these vehicles in traveling long distances, espe-
cially when equipped with specialized gear such as cameras, communication devices,
and aid kits, we also suggest the use of a larger surrogate aircraft. In this case, an

airship is utilized for its ability to effectively transport the multi-rotors to the des-

243



tination. The airship serves a dual purpose in this scenario. It not only provides
physical transportation but also acts as a mobile station, aiming to offer crucial sup-
port such as communication, recharging, and other logistical needs to the multi-rotor

team. This setup exemplifies both physical and information-level cooperation among

multiple UASs.

Figure 4.29: Illustration of an airship with a team of multi-rotors attached underneath

In the simulated operation, the airship, with the multi-rotor team attached as
shown in Figure 4.29, climbs to a specific altitude from the base station. As the
airship navigates toward the mission destination, it begins the sequential deployment
of the multi-rotors shortly before arrival. Once all vehicles are deployed, the airship
is commanded to loiter near the mission area. The multi-rotors initially form a sparse
line formation, moving collectively closer to the mountain for an initial assessment
using their onboard cameras. As they approach the mountain, they transition into
various formations to thoroughly cover the search areas, focusing on specific spots
of interest. The predefined trajectory for the virtual leader position is shown in

Figure 4.30.
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Figure 4.30: Virtual leader trajectory for multi-rotor formations during the search-
and-rescue mission

Results:

The 3D trajectories of all vehicles, including the airship, are depicted in Fig-
ure 4.31. This graph distinctly illustrates various phases of the mission, including
the climbing phase, vehicle deployment, approach towards the target area, and sub-
sequent altitude and formation changes of the vehicles.

Figure 4.32 plots the position and velocity states of each multi-rotor during
the execution of the mission. In the plots, the formation shapes are denoted within
vertically separated sections. It is worth noting that during both the deployment
phase and formation transitions, vehicles quickly recover without suffering extreme

oscillations and thus demonstrating the overall stability of the formation.
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Figure 4.31: Illustration of vehicle trajectories during the mission (grids are not
equally spaced)

Acceleration commands for each multi-rotor during the mission are presented
in Figure 4.33. We can observe that any oscillations after formation transitions and
trajectory commands quickly diminish in magnitude although certain low magnitude
oscillations are still present in the commands.

Figure 4.34 shows the total disturbance estimations calculated by the integrated
ESO in each multi-rotor. It is worth highlighting that during the deployment process,
the accurate estimation of air-drag-induced disturbances significantly improves the

vehicles’ recovery from the high-velocity air drop from the airship.

246



Vehicle Positions

|

T

]

]

]

]

]

]

]

i
UAV5 UAV7
UAV6  —— UAV8

1

UAV3
UAV4

square

sparse line

climb

800

700

600

500

400

300

200

100

circle

2
=)
c
©

800

700

600

500

400

300

200

100

triangle

square

sparse line

800

700

600

500

400

300

200

100

Time, s

Vehicle Velocities

UAV5  —— UAV7
UAV6 UAVS8

— UAV3
UAV4

— UAV1
— UAV2

square

sparse line

800

700

600

500

400

300

200

100

circle

triangle

N

M

square

sparse line

800

700

600

500

400

300

200

100

circle

square

sparse line

800

700

600

500

400

300

200

100

Time, s

1ssion

-rotor during the mi

Position and velocity states of multi

Figure 4.32




Vehicle Acceleration Commands

5
- SRS ~=SSUNUNUNIS B S RS S e ZzHq femm-———- Ju ||||||||||||||||||||||
SS
o o o o o o
S Fo I3 ] Fo Fo I3
§%
¥ n ©
o L) -w NAVA o (]
e E g 55 T e
S p S S (5
MV ]
o o o n o o o
R R R — ne [R S R
> >
<
F o0 53
i ___ | - S e e ______] [ S SU _ ] .|||||||h$ |||||||||||||||| to
o=
=5
oo
= e ) = 2z E =
c =} c =} c =3 S5 |2 c |o c |o
© o © o & © o — =] c S Y s o
z &
<
- S [ Y S B aa m— w_l. ——— ] o MWl |||||||||||||||| fm———-n
= 0
- lu ..nm
=} =3 = =3 m © =} o o
b= S =3 m =] S S
n n n R n n n
]
< 7
= - % ﬁ
n 19}
g - &
@©
g M o g 1S m 2 g g g
& > & = & & &
S |8 - : |38 S 8F o S S 18 s 18 s 18
2 < 3 < 3 < n 2 g [= g [= g [=
na (a)]
< 9
L
g =
g S
o [=3 o o o o
Lo LS S @) Lo S S
@ @ @ S @ @ @
= -
- - - bemm————— —p 0 L L I ST T N e —————
e
=
2 ¢ g 5 g 2 2
£ o £ o = o <] = | o = | o £ |o
o =} o o S — v O v S o O
o N 4 N 4 N D) [ oo oo
® © © O ® ® c
a a =% =% o a
0 n n C n o 0
PR 4 I i ' A <SS (R W, SO
> > > ™
FEEE 3 8 8 a)
2222 e o S o 2 o d o o
|27 g 18 L <t E E
........................................ @ IV S SRV SRR
: =
gq90 Ee} o Ko
$23z ¢ g g 5
53353 s S = 2
T T T T T ob—7F—F—+—+——"o — T o T t T — o T + —o
o 1w o un o © ¥ N O N © © o ~ % n o 0 o 0 o n
n N S N un [ [ 1 T 1
I |

Time, s
Figure 4.34: Total disturbance estimates from each multi-rotor during the mission
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Euler Angles, deg

The states of the airship are detailed in Figure 4.35. Here, we observe high-
frequency oscillations in speed and angular rate regulations. These oscillations result
from the application of higher control gains necessary to accommodate the additional
force and moment required after the attachment of the multi-rotors. However, after
deployments, these increased gains lead to over-actuation, causing rapid oscillations.
Thus, the process of docking and deployment of external payloads to the airship
requires further investigation. Future studies could explore an adaptive approach or

a dedicated observer, taking into account the limitations and effects of such payload

adjustments.
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Figure 4.35: States of airship during the mission
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General mission overview, including the ground control station, individual cam-

era views of the vehicles, and the simulator environment is shown in Figure 4.36.

Q) Fne moffboard M X,

Figure 4.36: Snapshot of the mission view during execution

Remark 4.2.4. Note that for this scenario, the local neighborhood position errors in

Equation (4.6) are saturated to allow long distance separations and transitions.
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4.3 Chapter Summary

This chapter detailed the development of control strategies for both cooperative
aerial manipulation and formation tasks involving multiple multi-rotors.

In the first part, the catenary guided nonlinear control approach, as devel-
oped in Chapter 3, is extended to scenarios involving cooperative aerial manipula-
tion. Here, multiple multi-rotors suspend a rigid body payload with flexible cables
to execute trajectory tracking missions while cooperatively stabilizing the payload’s
attitude and swing motion. In this work, firstly, desired force and moment on the pay-
load satisfying required accelerations on the commanded trajectory are found. These
loads are then distributed among the cable attachment points on the payload using a
minimum-norm solution. Following this, the catenary equation is analytically solved,
considering the known cable mass and length, to determine the optimal cable shape
for achieving the calculated loads. This shape informs the guidance of individual
multi-rotors, providing them with relative positioning and thrust requirements. Fi-
nally, a separate geometric control approach is applied to each multi-rotor that takes
this information along with the other desired trajectory states into account to achieve
commanded payload trajectory tracking cooperatively. The efficacy of this method is
demonstrated through a simulation where four multi-rotors cooperatively maneuver a
rigid rectangular plate suspended by flexible cables. The payload successfully follows
an infinity-shaped (00) trajectory, while maintaining the level attitude and adjusting
the heading according to the tangential plane of the commanded trajectory.

The second part studied the dynamics and control of cooperative formation
of multiple multi-rotors. It emphasizes a second-order consensus protocol for syn-
chronized behavior and an Extended State Observer (ESO) for accurate disturbance
estimation, which is crucial for countering disturbances such as wind and air-drag,

enhancing stability and robustness of the overall formation. Practical implementa-
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tion is demonstrated through a distributed second-order consensus protocol applied
for various leader-follower graph topologies, focusing on trajectory and formation
convergence. A comparative study illustrated the effectiveness of ESO in different
formation tasks and graph topologies, particularly under wind-induced air drag. This
part is concluded by highlighting the application of these strategies in a simulated
search-and-rescue mission, demonstrating the potential use cases of these concepts in

real-world scenarios.
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Chapter 5
Summary and Closing Remarks

In this dissertation, we have studied the cooperative behavior of groups of Un-
crewed Aerial Systems (UAS), particularly focusing on physical and information-level
cooperation for tasks such as aerial payload manipulation and cooperative formation.
The study has developed system models, guidance and control methods, and con-
ducted necessary analyses, following the outlined objectives and problem specifica-
tions.

Chapter 2 established extensive mathematical models for cooperative aerial
manipulation and formation tasks, focusing on multi-rotor systems with flexibly sus-
pended payloads and airship systems. The modeling process began with individual
subsystems, including a flexible cable model, a single multi-rotor with a slung load
with point mass suspended via a flexible cable, and a comprehensive airship dynam-
ical model. Then, it continued modeling cooperative multi-rotors with a rigid-body
payload suspended via flexible cables. A key contribution was introducing analyti-
cal catenary analysis to validate the flexible cable model’s applicability as a flexible
suspension mechanism. Another significant contribution was the development of a
momentum and structure-preserving Lie group variational integrator. This tool ad-
dressed the challenges of numerical inaccuracies and instabilities in simulating these
highly nonlinear and complex payload manipulation systems, demonstrating superior
stability and accuracy over traditional ODE-based solvers. Therefore, a foundation
for more robust and reliable simulations, essential for controlling and operating these

complex systems, is established.
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In Chapter 3, the focus shifted towards developing control strategies for single
multi-rotor systems with suspended payloads and airships, respectively. A linear-
quadratic-tracker (LQT) based control approach was employed, utilizing a game-
theoretic framework for swing attenuation of the payload and flexible suspension
cable. This framework considered various scenarios based on the available cable feed-
back states, ranging from complete knowledge of each cable segment’s attitude and
velocity to having no information about the cable and payload states. The virtual
rigid link method, based on instantaneous relative payload attitude, demonstrated a
smoother response compared to the full state knowledge approach. This suggests that
effective attenuation of cable and payload swing is achievable with limited knowledge
of the payload and cable suspension subsystem. Additionally, a nonlinear geomet-
ric control method was explored, incorporating catenary shape analysis to determine
reference position setpoints and desired cable tension for multi-rotor position and atti-
tude control. This method successfully demonstrated trajectory tracking. The chap-
ter also studied developing a linearized model for airship systems, designing a gain
scheduling technique based on LQT controllers with airspeed, yaw rate, and climb
rate as scheduling variables. Various autopilot modes were developed and tested,
showing effective and smooth mode transitions during representative mission sce-
narios. Furthermore, a nonlinear dynamic inversion (NDI) controller was developed
for airship attitude stabilization and trajectory tracking, employing a pseudo-inverse
based control allocation method for different control configurations in hover and for-
ward flight conditions. Finally, autonomous guidance laws for take-off, landing, and
waypoint navigation were developed and tested, considering the full range of airship
flight envelope.

Chapter 4 extended the catenary guided nonlinear control approach to coopera-

tive aerial manipulation scenarios. Multiple multi-rotors were employed to suspend a
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rigid body payload with flexible cables, executing trajectory tracking missions while
cooperatively stabilizing the payload’s attitude and swing motion. Firstly, the de-
sired force and moment on the payload to provide required accelerations on the com-
manded trajectory were found. Then, these loads were distributed among the cable
attachment points using a minimum-norm solution. Following that, the analytically
solution of catenary equation was utilized to determine the optimal cable shape for
achieving the calculated loads. This informed the guidance of individual multi-rotors,
providing them with relative positioning and thrust requirements. A geometric con-
trol approach was applied to each multi-rotor, integrating this information with other
desired trajectory states for effective payload trajectory tracking. The effectiveness of
this method was demonstrated through a simulation where four multi-rotors coopera-
tively maneuvered a rigid rectangular plate suspended by flexible cables, successfully
following an infinity-shaped trajectory while maintaining level attitude and adjust-
ing the heading according to the commanded trajectory. In addition, based on a
series of Monte Carlo simulations, a robustness analysis was conducted, highlighting
certain disturbance rejection characteristics of the cooperative system. The chapter
also addressed the dynamics and control of cooperative formation of multiple multi-
rotors, emphasizing a second-order consensus protocol for synchronized behavior and
an Extended State Observer (ESO) for accurate disturbance estimation. This was
crucial for countering disturbances such as wind and air-drag, thus, enhancing the
stability and robustness of the overall formation. A series of test cases and scenarios
were demonstrated, focusing on trajectory and formation convergence under various
conditions. These included scenarios using a fully connected graph, varying graph
topologies with changing formations, and steady wind conditions. In some cases,
ESO was integrated to assess its impact. A comparative study illustrated the effec-

tiveness of ESO in different formation tasks and graph topologies, especially under
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conditions of wind-induced air drag. The chapter concluded by highlighting the ap-
plication of these strategies in a simulated search-and-rescue mission. This simulation
involved using an airship as a surrogate aircraft, which transported and deployed the
multi-rotors to the mission area and then remained nearby as a support station, while
the multi-rotors executes predefined formation and trajectory tracking tasks. Hence,

the potential real-world applications of these concepts were demonstrated.
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