Deployment and Capture Dynamics
of Tether-Nets for Active Space

Debris Removal

Eleonora M. Botta

The Department of Mechanical Engineering
McGill University, Montreal.

November 2017

A thesis submitted to McGill University in partial fulfilment of the
requirements of the degree of Doctor of Philosophy.

(©Eleonora M. Botta, 2017






Abstract

For containing the growth of space debris, which jeopardizes operation of spacecraft, the
active removal of large and massive derelict satellites and launcher upper stages is needed.
A promising technology for this endeavor is the use of tether-nets. In this concept, a
tether-net is thrown from a chaser spacecraft in the proximity of a target debris towards
this target; the net entangles the target or closes around it, and the tether connecting
the net to the chaser provides a link to tug debris to its disposal orbit.

The aim of this research is to gain insight into the dynamics of tether-nets in space: the
focus is on the deployment and capture phases of the mission. This is done primarily
through numerical simulation, with tools expressly developed in MATLAB and in Vortex
Dynamics. The latter simulation tool is representative of the main components of the
system, flexible, and computationally efficient.

The first part of this study is dedicated to the deployment phase. A standard lumped-
parameter model of the net is introduced and its implementation in the two simulators
is verified. Results of deployment simulations reveal a snapping behavior of tension. The
effect of taking into account the bending stiffness of the threads of the net on the de-
ployment dynamics is analyzed, thanks to the implementation of an augmented lumped-
parameter model. Further, analytical derivations based on work-energy and linear mo-
mentum principles allow to identify bounds for centroidal velocities during deployment
and key parameters leading this dynamics; a sensitivity study shows that more lasting
deployment and safer capture can be obtained by employing moderately heavy corner
masses, moderate shooting angles, and low shooting velocities. The effect of tensioning
of the main tether on the quality of deployment is also investigated.

The second part of this work deals with the dynamics of net-based capture of space debris.
Continuous compliant models for the normal contact force and micro-slip models for
friction are used to represent contacts; the effect of contact modeling choices is evaluated
in a simple capture scenario. Analysis of the effect of representing the bending stiffness
of the threads of the net on capture shows that, notwithstanding visible differences in the
dynamics, the success of capture remains similar. It is ascertained that capture of realistic
tumbling debris is robust to multiple non-nominal deployment conditions; however, the
need to include a closing mechanism is recognized. The working principle of a possible
closing mechanism based on spooling-in of the main tether is verified through modeling
and simulation, following analysis of the effect of tether tensioning on capture dynamics.
Simulations with simple closing mechanisms, independent of the spooling of the main
tether, help identify safer scenarios for capture. Modification of the net model allows to
overcome limitations of the lumped-parameter model and to detect collisions with thin
elements, such as solar arrays. Finally, it is suggested that tether-nets could be used to
capture small asteroids.



Résumeé

Pour contenir la croissance des débris spatiaux, qui met en péril le fonctionnement des
satellites, il est nécessaire d’éliminer activement les plus gros et massifs satellites aban-
donnés et les étages supérieures des lanceurs. Une technologie prometteuse pour cette
entreprise est ['utilisation de filets. Dans ce concept, un filet est jeté a partir d’un satellite
a proximité d’une cible vers cette cible; le filet attrape la cible, et I’attache reliant le filet
au satellite fournit une connexion pour transporter le débris a son orbite d’élimination.

L’objectif de cette recherche est de mieux comprendre la dynamique des filets dans
Iespace: 'accent est mis sur les phases de déploiement et de capture. Ceci se fait prin-
cipalement par la simulation numérique, avec des outils expressément développés dans
MATLAB et dans Vortex Dynamics. Ce dernier outil de simulation est représentatif des
composants principaux du systeme, flexible et efficace en termes de calcul.

La premiere partie de cette étude est consacrée a la phase de déploiement. Un modele
standard a parametres localisés est introduit pour le filet et sa mise en ceuvre dans les
deux simulateurs est vérifiée. Les résultats des simulations de déploiement révelent des
tensions instantanées dans les fils. L’effet de la prise en compte de la rigidité en flexion des
fils sur la dynamique de déploiement est analysé grace a la mise en place d’un modele a
parametres localisés augmenté. De plus, des dérivations analytiques basées sur le principe
du travail et de I’énergie et sur le principe du moment linéaire permettent d’identifier des
limites pour les vitesses des centres de masse pendant le déploiement et les parametres
clés qui influencent cette dynamique. Une étude de sensibilité montre qu'un déploiement
plus durable et une capture plus sécuritaire peuvent étre obtenus en utilisant des poids
modérément lourds, des angles d’éjection modérés et des vitesses de tir faibles. L’effet de
la tension de I'attache principale sur la qualité du déploiement est également étudié.

La deuxieme partie de ce travail traite de la dynamique de la capture de débris spati-
aux avec un filet. Les contacts sont représentés avec des modeles continus pour la force
de contact normale et des modeles “stick-slip” pour le frottement; 'effet des choix de
modélisation des contacts est évalué dans un scénario de capture simple. L’analyse de
I'effet de représentation de la rigidité de flexion des fils lors de la capture montre que,
malgré des différences, le succes de la capture reste similaire. Il est constaté que la cap-
ture de débris vraisamblables et qui tournent est robuste a de multiples conditions de
déploiement non nominales. Cependant, la nécessité d’inclure un mécanisme de ferme-
ture est reconnue. Le principe de fonctionnement d’'un possible mécanisme de fermeture
basé sur le controle de ’attache principale est vérifié a travers la modélisation et la sim-
ulation de celui-ci, apres avoir analysé l'effet de la tension sur la dynamique de capture.
Des simulations avec des mécanismes de fermeture simples, indépendants du controle de
I’attache principale, permettent d’identifier des scénarios sécuritaires pour la capture. La
modification du modele du filet permet de surmonter les limites du modele standard a
parametres localisés et de détecter les collisions avec des éléments minces, tels que les
panneaux solaires. Enfin, il est suggéré que des filets pourraient étre utilisés aussi pour
capturer de petits astéroides.



A Nonno Francesco,
per la sua precisione,
1 suoi racconti,

e 1 suoi disegni tecnici.

To Grandfather Francesco,
for his precision,

his tales,
and his technical drawings.






Acknowledgements

A lot of people have contributed to the success of this Ph.D. research: many pages would
be needed to thank everyone properly, but I hope I can summarize my gratitude in a few

lines.

First of all, I am deeply grateful to Professor Sharf and Professor Misra, who were the
best supervisors I could have wished for and who made this research possible in every
way. They have taught me how to do proper research, while understanding my limits
and pushing me to overcome them little by little. 1 am grateful for their availability
all along this Ph.D.; even during their sabbaticals. I appreciate immensely the freedom
they gave me to stay next to family for weeks at times, and the possibilities to attend
conferences and to gain experience in teaching. It is thanks to their example that I am
considering a career in academia. Similarly, I would like to thank all the faculty members
whom [ collaborated with in the Mechanical Engineering Department at McGill, as well
as GAMES: T have enjoyed the diverse, welcoming, and accessible environment, and I

cannot believe how much I learned at McGill.

I would like to acknowledge funding received to support this research, in particular the
McGill Engineering Doctoral Award, the Werner Graupe International Fellowship in En-
gineering, and the Zonta International Amelia Earhart Fellowship. For allowing the use
of Vortex Dynamics during this study, I would like to thank CM Labs Simulations Inc.;
in particular I want to thank Marek Teichmann for proposing the Engage Grant col-
laboration that led to the work based on Vortex Dynamics. My thanks go also to the
support staff at CM Labs, who answered my many questions with competence and much
patience. For sharing their knowledge on Vortex, I am grateful to Andreas Enzenhofer,
Albert Peiret, and Sheldon Andrews. Finally, I would like to thank the examiners and

the members of the committee for accepting to review this work.

This Thesis would not exist if it weren’t for Filippo, who brought me to Montreal in the
first place. I am grateful for sharing every success and difficulty of our Ph.D. years and
for him being family away from family; among many reasons, I want to thank him for
helping me balance work and life, for protecting me during all the “scary” flights we took,

and — last but not least — baking the best pizza in Montreal for the last four years.

My thought, of course, goes to my parents, who haven’t been afraid of letting me follow
my path to the other side of the ocean. They have made me love math and engineering
growing up, they have set an example of hard work, and they have encouraged me to give
my best in every situation. Even now, they continue to amaze me with their decisions to
attend university and take on new jobs in different cities. I am thankful to my little (but

huge) brother, who has found his place next to family (at least for now) and is able to

vil



lighten the atmosphere in many situations. To all of them, and to Valeria, thanks for the
wonderful holiday in Canada and in the US, and for being there as much as possible when
I went home. I wish to thank all my friends and the rest of my family for the precious
time spent together in Italy: especially, Alida, Lella, Giulia, all my cousins, aunts and
uncles, as well as Filippo’s family (especially Lulu, Lollo, Bea, and Enrico, for it is lovely
to be “the uncles from Canada”). It is hard to be far away, but it fills my heart to find
unchanged relationships with each and everyone of them again and again. To those who

can’t be there anymore, I am thankful for the many good memories.

Many thanks to Eleonora, Dea, and Evelina for the long talks (of course many of which
Ph.D.-related) we have shared; we all are grateful to the Faculty of Engineering for
organizing the MEDA event where we met: it turns out that being a girl in Engineering
helps to meet new lifelong friends! With them, I would like to thank the community of
Italian and non-Italian expats and the adopted Canadians for the uncountable dinners and
the many Easters that brought us all closer to home: Agustin, Liam, Sibylle, Margherita,
Alice, Alessandro, Matteo, Valentina, Davide, Marie, Jihad, Virginia, and many more.
The cold winter days at McGill would have been incredibly much longer without the
lunch crew, evolving in the years: Eleonora, Pamela, Leila, Gitsuzo, Albert, Giovanni,

Prabakaran, Isabelle, Farnood, Andreas, and others.

Finally, I am extremely thankful to whoever invented volleyball, and to my team at
Everton: everyone can testify that training there made me much much happier, and
competing with them at Coupe du Quebec was a great experience (too bad we did not
get to play against McGill). At Everton, I have found a coach that made me a better
player (which is the last thing I would have expected coming to Canada) and many friends
from all over the world that shared my passion; in particular I would like to thank Kate,

who is the best warm-up mate and is cheering for us to stay forever and ever in Montreal.



Claims of originality

The main contributions of this Thesis are the implementation of a flexible simulator for
the deployment and capture phases of a tether-net ADR mission in Vortex Dynamics, and
the achievement of novel insight into the dynamics of deployment and capture phases.

Original contributions to knowledge are:

e Simulation results of capture of multiple debris, such as launcher upper stages
and Envisat, with a system including chaser, main tether, winch, net, and closing
mechanisms. Novel features of the implemented simulator are a lumped parameter
model of the net augmented with bending stiffness, the capability to reproduce the
winching of the main tether, the possibility to include a tether-actuated closing
mechanism, and a model for the net based on series of slender rigid bodies and
prismatic constraints.

e Novel insight into the dynamics of deployment of tether-nets in space. Expressions
for the centroidal velocities at several milestones in the deployment process and
their limits are obtained through a novel analytical study; the key parameters that
govern the deployment dynamics are formally determined. The effect of tensioning
of the main tether on deployment dynamics is also investigated.

e Novel insight into the dynamics of net-based capture of debris in space. The ro-
bustness of net-based capture is analyzed, safe scenarios for the capture of rotating
debris are identified, and the possibility to modify the capture dynamics through
tensioning of the main tether is investigated.

e Evaluation of the effect of modeling choices on the dynamics of the system and on
simulation performance. Non-linear continuous compliant models for the normal
contact force and micro-slip models for the friction force are integrated in modeling
of net-based capture of debris; novel results demonstrating the effect of contact
force modeling choices on capture dynamics are presented. Evaluation of the effect
of the bending stiffness of the threads of the net during deployment and capture

dynamics is also provided.
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Abbreviations

ADR  Active Debris Removal

ANCF Absolute Nodal Coordinates Formulation
API Application Programming Interface
DOF Degree of Freedom

ESA European Space Agency

GUI Graphical User Interface

10D In-Orbit Demonstration

LCP Linear Complementarity Problem
LEO Low Earth Orbit

ODE Ordinary Differential Equation

QP Quadratic Programming

RMSE Root-Mean-Square Error

TSS Tethered Satellite System

Symbols
A Net mouth area.
Ap Cross-sectional area of k-th thread.
B Damping coefficients matrix.
E Young’s modulus.
F._.: External force.
F, Normal contact force.
F, Friction force.
G Constraint Jacobian.
G Shear modulus.
1 Area moment of inertia about the in-plane axis of the circular section of a thread.
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b, Jb, kn
Ky

Moments of inertia matrix.

Stiffness matrix.

Length.

Mass matrix.

Total mass.

Total number of nodes of the net system.
Number of nodes on a side of the net.
Number of threads in the net, including the corner threads.
Radius of a rigid body.

Tension force.

Kinetic energy.

Potential energy.

Work.

Absolute acceleration.

Coriolis and centrifugal forces.

Bristle damping coefficient.

Linear contact damping coefficient.
Damping coefficient of k-th thread.
Initial distance between net and chaser.
Axial direction of a thread.

Array of external forces.

Inertial reference frame.

Body-fixed reference frame.

Bristle stiffness coefficient.

Contact stiffness coefficient.

Stiffness coefficient of k-th thread.
Current length of a thread.

Undeformed length of a thread.

Mass of elements in the system.

Number of sections (i.e., rigid bodies) in a cable.
Number of tethers in the system.

Linear momentum.

Generalized coordinates.

Position in inertial reference frame.
Cross-sectional radius of a thread.

Time.

Simulation time.

Threshold magnitude of relative velocity for sticking-slipping transition.

Magnitude of ejection velocity.
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Of the main tether.
Of the winch.

Euclidean norm.

~

g

A Absolute velocity vector.

v Vector of relative tangential velocity between two contact bodies.
T, 2 Coordinates in the inertial reference frame.
Q. Coeflicient in relation between restitution coefficient and initial contact velocity.
et Initial stowing ratio.

15} Packing coefficient, defining how packed fibers are in a thread.
) Contact penetration.

At Simulation time step.

€ Integration tolerance.

€ Energy term.

0 Shooting angle.

A Array of Lagrange multipliers.

A Non-linear contact damping coefficient.

[k Kinetic friction coefficient.

s Static friction coefficient.

v Poisson’s ratio.

13 Damping ratio.

p Density.

p Velocity relative to the center of mass.

P Array of constraints.

Wn1 First natural frequency.

w Angular velocity vector.

(em Of a corner mass.

(ot Of a corner thread.

()r Of the target.

(a Axial.

()az Aluminum.

()b Bending.

()en Of the chaser.

() knot Of a physical knot of the net.

()f Of a fiber.

(Dnet Of the net.

()

()

|

-] Floor function.
(:) Time derivative.
(+) Unit vector.
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Chapter 1

Introduction

1.1 Background and motivation

A large part of the world population has recently gotten used to technological achieve-
ments relying on operation of satellites, such as continuous worldwide telecommunications
and the monitoring of weather. Although the presence of these technologies is often taken
for granted, operation of spacecraft in the most useful and populated Earth’s orbits is
jeopardized by space debris. Space debris, that indicates all non-functional objects in
orbit around the Earth, is nowadays a threat widely recognized by the scientific commu-
nity, and collisions have been identified as the leading cause of the increase in the number
of space debris in orbit [1]. Impacts between satellites or their components are not as
unlikely as one would expect. In fact, the orbits that are actually interesting from the
scientific and commercial points of view are limited and concentrated in quite restricted
altitude bands; moreover, these orbits often intersect, which creates the conditions for
energetic collisions, especially in Low-Earth Orbits (LEOs). A notorious accident hap-
pened in 2009, when two intact satellites, Cosmos 2251 (which was inactive) and Iridium

33 (fully operational), crashed, generating thousands of pieces of debris.

Since research has shown that the risk of accidental collisions can be reduced by actively
removing a few massive objects per year [2], Active Debris Removal (ADR) is being ad-
vocated and studied by several researchers. In order to address the root of the long-term
problem, ADR missions should be directed to the disposal of massive objects character-
ized by high collision probabilities, which embed the potential for the most catastrophic
impacts [2, 3]. Existing research has pointed out that the priority high-risk objects in LEO
are Envisat (a large ESA-owned satellite for Earth observation, inactive since 2012), as
well as multiple stages 2 of Zenit-2 rockets [4]. The sooner ADR missions are performed,

the more effective they will be, as long as the technologies are mature [2]. Therefore,
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FiGURE 1.1: Illustration of tether-net ADR concept.

multiple methods to actively remove debris have been proposed in the last few years:
some of them require establishing a link with the debris, through capture by means of
robotic arms [5-7], tether-nets [8-11], or harpoons [12]; some others rely on contactless
methods, such as lasers [13] or ion beams [14]. For a comparison of the different methods,
the interested reader could refer to the review by Shan et al. [15]. A versatile solution
is to employ a servicing spacecraft (called chaser) with maneuvering capabilities, that
can transfer the target to disposal orbit and repeat the process many times. The main
difficulties in this case consist in achieving a link with a non-collaborative tumbling target

and in controlling the resulting system, composed of chaser, target and capture device.

A promising technology to collect large non-operational spacecraft is tether-nets, flexible
devices that are thrown from a chaser towards a target debris, entangle it or close around
it, and provide a link to tug it to a disposal orbit. An illustration of the concept is
provided in Figure 1.1. This type of capturing device is lightweight and not bulky;
compared to the more traditional robotic arms, it is more versatile with respect to the
debris’ configuration and its tumbling or spinning state, and allows the chaser spacecraft
to stay at a safe distance. Comparatively less information on the object to be captured
is needed with respect to robotic capture: its mass, size, and rotation axis need to be
known, but not its exact inertia properties and rotation rates. The price to pay, in
addition to the lower technological readiness of the system, are the non-repeatability of
the capture (i.e., the fact that a net can be ejected only once) and risks associated with
the possibility to generate more, smaller pieces of debris by rupture of elements such
as antennas or solar arrays. Also, the structural flexibility of the net and the complex
contact dynamics entail a more complicated dynamical system and require high modeling,
simulation and experimentation efforts. Before employing tether-net devices in ADR
missions, it is therefore necessary to accurately simulate the dynamics of deployment and
capture, in order to gain understanding and insights into the dynamics and control of

this complex system in space: this is the topic of the present Thesis.
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Deployment and capture dynamics are highly non-linear, due to the inability of the ma-
terial of the net to withstand compression, the inherently non-linear contact dynamics,
the large deformations of the net, and the snapping tensions in the threads. This, to-
gether with the complex geometry of the system, entails important modeling issues and
high computational cost for deployment dynamics simulation. Particularly complicated is
simulation of capture dynamics: collision detection is hard because the target is tumbling
and the dimensions of the threads of the net are small; moreover, many points of contact
exist simultaneously between net and debris, as well as among different parts of the net;
also, contacts can be both sustained and intermittent. Additional issues arise when the

reeling of a tether has to be modeled and simulated.

At the time of writing, tether-net capture of debris has never been performed on orbit
and, to the author’s knowledge, the preferred nominal mission scenario has not been
identified. Although some works on the simulation of net-based devices for ADR existed
previous to this Ph.D. research, multiple issues remained outstanding. For example, a
debate existed on whether the bending stiffness of the threads of the net needed to be
modeled, representation of contact dynamics between net and debris was very limited,
and the effect of tensioning of the main tether was not evaluated. Many developments
occurred concurrently during this Ph.D. research and are reviewed in Section 1.2. Then,
the remainder of this Chapter will outline the objectives of this Thesis and the methods

put in place to achieve them.

1.2 Literature review

Although much work exists on the dynamics of Tethered Satellite Systems (TSSs), con-
sisting of two satellites connected by a rigid or flexible tether (a concept that has already
been employed in space missions), the use of nets has only recently been advocated. In-
terest in net-based systems to capture space debris is relatively recent and much of the
research is being carried out through the support of the European Space Agency (ESA),
with the aim of deorbiting the defunct Envisat satellite. The aim of this Section is to
describe the state of the art on tether-nets for ADR, including both works existing before
this Ph.D. research and developed concurrently. The design of tether-nets for ADR is dis-
cussed in Section 1.2.1; simulation of deployment, capture, and post-capture dynamics is
the subject of Section 1.2.2; experimentation and demonstration activities are presented
in Section 1.2.3. Although the post-capture phase is not simulated in this Thesis, it is
important for the success of net-based ADR; this is why a short discussion of related

literature is included.
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1.2.1 Design of tether-nets for ADR

Although Carroll explored the possibility of capturing space debris by means of thrown-
webs and spin-stabilized nets [16], the pioneer work to give credit to tether-net systems
to capture and dispose of uncooperative objects was the preliminary study ROGER by
Bischof et al. in 2004 [8]. Preliminary system design activities were later performed
within ESA’s e.Deorbit study [11, 17], as well as by other research groups [18-20]. The
envisaged system consists of a small chaser spacecraft that rendez-vous with its debris
target through a series of approach and inspection maneuvers; the foreseen distance from
the chaser to the target is between 10 and 50 m. From that position, a net would be
pulled out of a canister on the chaser by several corner masses, which are ejected towards
the debris by a dedicated mechanism. After the envelopment and capture of the target,

the chaser can pull it to its disposal orbit by means of a connecting tether and thrusters.

Different net geometries have been proposed, among which are planar [8], pyramidal [19],
conical [18], and hemispherical [20]. With the aim of deorbiting large debris, such as the
Envisat spacecraft, a 10 x 10 to 20 x 20 m? plane square net with a mesh length of 20-25
cm was recommended [8]. Zhai and Zhang speculated on a conical net with a diameter
and height of 10 m [18]. The number of foreseen corner masses is usually 4 for planar
nets [8], and 4 to 8 for 3D nets [21].

In order to contain the target after capture, a closing mechanism might need to be
provided in the tether-net system, so that the perimeter of the net is maintained closed
during tugging. The first mechanism to be proposed consisted in adding a “cinch cord”
along each edge of the net and reeling these cords in by spring-loaded reels placed in the
corner masses [10, 11, 19, 22]. A variation of this mechanism was proposed by Zhai and
Zhang [18]: tension links between the perimeter of the net and each corner mass were
added, so that onset of tension in those links after capture of debris causes them to break
and makes the perimeter close. Recently, Sharf and al. [23] have proposed to exploit the
tether linking the net to the chaser, by extending it from the center of the net to the net

perimeter and by tensioning it in order to maintain closure.

Variations to the tether-net concept have been suggested in recent times. O’Connor and
Hayden have hypothesized that a net might be deployed and kept open by inflating a
tube attached around its mouth, as well as some spurs [24]. They also proposed a closing
mechanism making use of the linking tether to close the mouth section of the net, similarly
to what was proposed by Sharf et al. [23]. Other researchers have suggested the use of
maneuverable space net systems, in which deployment would be achieved thanks to the
autonomous control of several maneuverable units each holding a corner of the net, and -
in some cases - its vertex [25, 26]; this would avoid the need to link the chaser to the net
with a tether. In the rest of this Thesis, the discussion is limited to the ADR concept in
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which a net is deployed by ejecting several corner masses from the chaser, to which the

net remains attached thanks to a tether.

1.2.2 Simulation of the dynamics of tether-nets for ADR

With the objective of determining the feasibility of and gaining insight into net-based
debris capture and removal, a few simulators for the deployment of nets in space, cap-
ture, de-tumbling, and tug of debris to its disposal orbit have been implemented recently.
Preliminary simulations of capture were executed at the ESA with the 3D modeling en-
vironment Blender, and Bullet physics engine [10]. Another ESA-funded activity carried
out at Politecnico di Milano resulted in a MATLAB simulator considering all the phases
of a net-based ADR mission [9, 19, 21, 27]. These two research activities have been
merged, with the participation of some European industries: a hybrid simulator has been
assembled [28]. Concurrently, another collaboration with the ESA resulted in the creation
of a simulator for deployment and capture by Golebiowski et al. [29, 30]. Independent
simulation works on deployment were performed both before and during this research by
Chen and Yang [31], Liu et al. [32, 33], and Shan et al. [34].

1.2.2.1 Deployment

In recent years, a number of numerical studies of the deployment dynamics of tether-nets
in space have been performed by different research groups. The shared objective of these
research efforts is to gain insight into the deployment process in microgravity and vacuum
conditions, as it needs to be fully understood before these systems can be used in actual

missions.

In the vast majority of the studies dedicated to the deployment dynamics of nets in space,
the net is modeled with the standard lumped-parameter approach [9, 10, 19, 21, 31, 32, 34]:
the mass is lumped at the nodes of the net, which are interconnected by massless springs
and dashpots that represent the stiffness and damping properties of the threads. Some
other simulators were based on an Absolute Nodal Coordinates Formulation (ANCF)
(33, 34], which allows to describe the flexibility between two nodes of the net by using
information only on the absolute positions of the two nodes and their gradients. Very
recently, Shan et al. [34] have found good agreement in results of deployment simulations
with the standard lumped-parameter method and with a model based on an ANCF cable
element considering only the deformation along the longitudinal direction (which was
developed by Gerstmayr and Shabana [35]); this confirms that, in the absence of bending
stiffness, representation of the shape of the threads of the net during deployment is not

necessary. A model based on Cosserat rods was implemented by Golebiowski et al., who
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therefore considered bending stiffness of the threads of the net [29, 30]. In the literature,
however, no quantitative evaluation of reasons to represent or neglect the bending stiffness
of the threads of the net was found.

For characterizing the net deployment, several authors have proposed performance criteria
and have analyzed, by means of simulations, how the net geometry, its mass properties,
and the deployment initial conditions influence the dynamics. Bombelli aimed at achiev-
ing a deployment that maximizes the volume of a 3D net, to ease the capture process
[19]. The effectiveness of the deployment of a planar net was first analyzed by Chen and
Yang [31] and Liu et al. [32], and sensitivity analyses were performed by Salvi [21] and
Shan et al. [34], in the absence of a tether linking the chaser and the net. The effect of

tensioning of the tether on deployment dynamics was not considered in the literature.

1.2.2.2 Capture

Simulation of net-based capture is considerably more complicated than simulation of
deployment, because the representation of collisions between the net and a piece of debris,
as well as among the threads of the net, is a complex and computationally expensive
problem. Before this research work, the study of contact dynamics in the simulation of
tether-net capture was very limited: only two groups had tackled the problem of capture,
and they had done so to a very limited extent. Advancements have occurred in the years

of this research, but the number of studies on the subject remains small.

In work by Wormnes et al., contact is dealt with by imposing linearized velocity con-
straints for non-penetration, and by evaluating the friction force as independent of the
normal force [10]: even though this approach is computationally affordable, it comes at
a cost of lower physical relevance. With this model, the authors simulated capture of
different large debris for various relative attitudes, positions, velocities, and for multiple
net materials, with and without closing mechanisms: the modeled closing mechanism

consisted of additional threads among the corner masses [10].

A similar closing mechanism was used by Bombelli [19] and Benvenuto et al. [27, 36, 37].
For simulating capture dynamics, Bombelli assumed inelastic collisions between the net
and the target: a node impacting the target acquired the same motion as the center of
mass of the debris [19]. Benvenuto et al. chose a compliant approach, based on a linear
normal contact force model and Coulomb’s friction force [27, 36]. In the wake of work
performed within this Thesis, Benvenuto et al. improved the contact modeling in their
simulator by using a non-linear continuous compliant model and a regularized version of
Coulomb’s friction model [37]. Collision detection in the latest version of their simulator
was performed exploiting Bullet physics engine and allowed simulation of capture of a

mock-up of Envisat [38].
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Recently, Golebiowski et al. have assembled another simulator for capture, that also
makes use of collision detection capabilities of Bullet physics engine, of an impulsive
model for the normal contact force, and of Coulomb’s law for friction [30]. Simulations

of capture of a mock-up of Envisat were presented [30].

Zhai at al. investigated a different issue related to capture with tether-nets, i.e., the
effect of orbital dynamics on the precision of capture [39]: they simplified the problem by
modeling both the net and the target as point masses and by assuming that they should
be in the same position at capture. Mankala and Agrawal focused on the effect on the
tether of impact between a net (or harpoon) and the target [40]; however, once again, the

net (or harpoon) was modeled as a point mass.

1.2.2.3 Post-capture: de-tumbling and removal

The dynamics of TSS (consisting of two point masses or rigid bodies connected by a tether
and traveling in different orbits in space) has been extensively studied since the 1960s.
Surveys of the scientific work in this area are found in [41] and [42]; recent developments
are treated in [43] and [44].

In the framework of ADR, tethers can provide a link between the chaser spacecraft and
the target debris, once the debris has been captured, for example, by means of a net or of
a harpoon. Previous works on mechanical tethers have dealt primarily with the disposal
phase of the mission, analyzing the dynamics of the system composed of chaser, tether,
and debris during the tug. Among others, the dynamics of tug of a large space debris
with a tether was studied by Aslanov and Yudintsev [45, 46], who demonstrated that
safe transportation of debris can be achieved through tether tensioning and chaser-tether-
target alignment; Aslanov recently explored the chaotic behaviour of such a system during
tow [47]. Jasper and Shaub analyzed discrete input-shaping techniques for modulating
the de-orbit burn and reducing the risk of collisions between chaser and target [48],
while Sabatini et al. challenged the effectiveness of input shaping when the tether is
initially slack and proposed different solutions to eliminate this problematic condition
[49]. Linskens and Mooij used a sliding-mode controller to stabilize the chaser-tether-
target system in the presence of perturbations [50]. Cleary and O’Connor proposed using
wave-based control as a robust and generic method for maneuvering the chaser while
maintaining control of the target at the end of the tether [51]; the same control was
employed by Bellanca et al. [52]. Among the works on tether-nets, several have also

dealt with the removal phase to some extent [10, 27, 37].

Recently, the de-tumbling of space debris, which is one of the salient issues of ADR,

has also been tackled. O’Connor and Hayden have shown that wave-based control can
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de-tumble the target while allowing to maneuver the entire system [24]. Hovell and
Ulrich have advocated that attitude stabilization of captured debris can be achieved

using multiple tethers [53]. The same concept has been investigated by Benvenuto et al.
[54] and Qi et al. [55].

1.2.3 Experimental studies and demonstration missions

On-ground tests were performed by Lavagna et al. [9, 22] and Sharf et al. [23] both
as demonstration tools and to validate their simulators. Parabolic flight experiments of
capture of a satellite mock-up by means of a net have also been carried out recently as part
of efforts to validate simulators of the deployment and capture phases of tether-net ADR
by Golebiowski et al. [30] and Medina et al. [38]. Further parabolic flight experiments

targeted validation of tether control strategies during the removal phase [52].

However, the environment in space remains different from the conditions experienced on-
board parabolic flights; therefore, In-Orbit Demonstration (IOD) missions are necessary.
Design activities in this direction have been performed by Forshaw et al. [56] and Pirat
et al. [57]. With the aim of containing the cost and risks associated with these 10D
missions, the idea of both groups is to employ controlled cubesats both as chaser and
target: the net would be stored in the chaser cubesat; once the target cubesat is released,
the net would be shot towards it [56, 57].

1.3 Objectives and methodology

The overarching objectives of this Thesis are:

to simulate the full scenario of tether-net capture of realistic space debris;
to gain insight into the dynamics of deployment of tether-nets in space;

to gain insight into the dynamics of net-based capture of debris in space;

Ll

to evaluate the effect of modeling choices on the dynamics of the system and on

simulation performance.

The objectives of this Thesis are met primarily through numerical simulation, but some
analytical derivations are also employed. A MATLAB-based and a Vortex-Dynamics'-
based simulators were implemented and have different but also overlapping capabilities
(see Figure 1.2). The MATLAB-based simulator was created from scratch, therefore the

Vortex Dynamics is marketed by the company CM Labs Simulations Inc. The simulator implemented
for this research is based on an Essentials free edition, that is available for research purposes. www.
cm-labs.com/vortex-studio/vortex-studio-essentials.


www.cm-labs.com/vortex-studio/vortex-studio-essentials
www.cm-labs.com/vortex-studio/vortex-studio-essentials
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F1GURE 1.2: Capabilities of MATLAB- and Vortex-Dynamics-based simulators.

model of the net and of contact dynamics could be implemented ensuring that every
detail is represented as desired; however, MATLAB is not optimized for such complex
simulations, involving many bodies and collisions. This is why another simulator was
implemented in Vortex Dynamics, a powerful multibody dynamics simulation platform
designed for real-time simulation of complex systems, and providing built-in graphical
visualization. Before this work, Vortex Dynamics had never been employed to model
tether-nets, and using it was not straightforward; in fact, with Vortex Dynamics being a
commercial tool, some details of the modeling and implementation are undisclosed, and
therefore creation of benchmark tests (e.g., on the dynamics of contacts and of cables) was
necessary. As a result of the modeling, implementation, and validation efforts performed
for this Thesis, the Vortex-Dynamics-based simulator is representative of the whole system

(see Figure 1.2).

The architecture of the simulator in Vortex Dynamics is shown schematically in Figure
1.3. Input text files are employed to let the user define the simulation parameters. Also,
geometric and inertial properties of different target objects are defined off-line using the
Graphical User Interface (GUI) of Vortex Editor. At the beginning of the simulation, the
input parameters are read, and the desired target object is loaded and given the initial
conditions specified in the input files. The rest of the components of the system (chaser,
winch, tether, net, corner masses, closing mechanism) as well as the contact dynamics
parameters are defined programmatically in a C4++ Application Programming Interface

(API) and according to the input simulation parameters. The dynamics equations are
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FIGURE 1.3: Architecture of Vortex-Dynamics-based simulator.

then integrated from the initial conditions, and the simulation can be visualized at run-
time thanks to a graphics module. At the same time, data on the simulation (e.g.,
positions and velocities of all the nodes of the net) are saved in output text files for post-

processing the results; the post-processing of results in this Thesis was performed using

MATLAB.

The modular architecture of the C++ implementation of the Vortex-Dynamics-based
simulator grants the user the flexibility to define differently scaled nets with a square
mesh of any size, with or without corner masses, subject to diverse initial conditions and
gravitational fields. Different models of the net (with and without representation of the
bending stiffness of the threads) are also available in the implemented simulator. The user
can decide whether to include in the simulation a chaser and a tether (with or without
winch) and prescribe controls for the winching of the tether. The presence, type, and
tumbling motion of the target can also be specified. The possibility to perform sensitivity
studies on the dynamics of such a complicated system is enabled by the computational

efficiency of the multibody simulation tool.

The objectives of this Thesis and the methods employed to achieve them are described

in Table 1.1; references to the Sections addressing each objective are also provided. From
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Objectives

MATLAB-
based
simulator

Vortex-
Dynamics-
based
simulator

Analytical
derivations

Simulate the full scenario of tether-net capture of realistic space

debris.

Model the net.

Chapter 2

Model chaser, main tether, and winch.

Section 3.4.1

Model contact dynamics. Section 4.3 Section 4.5
Sections

Model targets. 4.6.1, 5.1.1,
5.4.1,5.5
Model closing mechanisms. Sections

5.2.1,5.3.1

Simulate capture of realistic debris. Chapter 5

Gain insight into the dynamics of deployment of

tether-nets in space.

Understand the mechanisms of
deployment.

Section 2.4.3

Section 3.2

Understand the effect of giving initial
velocity to the whole net.

Section 3.3.1

Identify key parameters leading the
deployment dynamics.

Section 3.3.2

Section 3.2

Understand the effect of tension in the
main tether on deployment dynamics.

Section 3.4

Gain insight into the dynamics of net-based capture of debris i

n space.

Verify the robustness of net-based
capture.

Section 4.7

Analyze the effect of tension in the
tether on the capture dynamics.

Section 5.1

Study capture of realistic debris with
different closing mechanisms.

Sections 5.2,
5.3.2

Identify preferred scenarios for
capture.

Section 5.3.3

Evaluate the effect of modeling choices on the dynamics.

Analyze the effect of modeling the

bending stiffness of the net threads on Section 3.1
deployment dynamics.

Analyze the effect of modeling the

bending stiffness of the net threads on Section 4.6

capture dynamics.

Analyze the effect of contact dynamics
modeling on capture dynamics.

Section 4.4

Analyze the limitations of the
lumped-parameter modeling of the net.

Section 5.4

TABLE 1.1: Objectives of this Thesis and methods employed to achieve them.



Chapter 1. Introduction 14

this table, it is clear that most of the objectives are met with the Vortex-Dynamics-
based simulator, that is representative of the main components of the system, flexible,
and efficient; however, the MATLAB-based simulator is useful for some of the studies,
in addition to allowing validation the Vortex-Dynamics-based simulator. Mathematical
analysis is employed to understand the mechanisms of deployment and to identify key

parameters affecting the deployment dynamics.

1.4 Outline of the Thesis

This Thesis is organized in four parts: Introduction (Part I), Deployment dynamics (Part
IT), Capture dynamics (Part III), and Conclusions (Part IV).

In Part I, which is brought to a conclusion by this Section, the space debris problem, the
use of tether-nets as an ADR solution, and its challenges were introduced. The literature
on the design, simulation, and experimentation of tether-nets for ADR was reviewed.
Finally, the objectives of this Thesis and the methodology employed to achieve them

were described.

Part IT deals with the deployment dynamics of nets in space. In Chapter 2, the modeling
approach and the numerical simulators for the deployment dynamics are presented. The
results of deployment simulations are shown, and the simulators are cross-verified and
validated against experiments. Chapter 3 proposes analyses of several aspects linked to
the deployment of nets in space: the effect of representing the bending stiffness of the
threads of the net, the identification of key parameters that lead the deployment dynamics,

and the effect of the tensioning of the main tether on the deployment dynamics.

The topic of Part III is the dynamics of net-based space debris capture. A large part of
Chapter 4 is dedicated to the modeling of contact dynamics in such a complex scenario,
and to the effect of the contact modeling choices on the simulation of capture dynamics.
The issues of the effect of bending stiffness on the capture dynamics and of the robust-
ness of net based capture are also investigated, and the need for a closing mechanism
is observed. In Chapter 5, a closing mechanism based on tensioning of the main tether
is proposed, and simulation of capture of realistic space debris with the tether-net sys-
tem is shown. An alternative closing solution, independent of the winching of the main
tether, is modeled and allows to identify preferred scenarios for capture. Limitations of
the lumped-parameter model for the net are also recognized, and a cable-based model
is proposed to overcome them. Finally, the possibility to simulate capture of different

targets, including small asteroids, is also demonstrated.

Part IV, composed of Chapter 6 only, offers a discussion of the achievements of this

dissertation research and suggestions for future activities.
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Chapter 2

Deployment dynamics modeling and

simulation

The success of net-based capture of space debris depends on the correct deployment of
the net in space. This Chapter presents the modeling of the net system and the numerical
simulation of its deployment dynamics. The modeling approach is explained in Sections
2.1 and 2.2, and criteria to describe the quality of deployment are identified in Section
2.3. Section 2.4 deals with the simulation of deployment: the numerical tools at hand are

presented and verified, and the results of a deployment simulation are discussed.

2.1 Modeling of the net

2.1.1 Net geometry and configuration

The net usually envisaged for capturing large space debris, such as Envisat, is planar,
with four corner masses attached to the corners via four corner threads. Its side length is
denoted by L, and its undeformed mesh length by /,,c; 0. An illustration of the geometry
of the net is provided in Figure 2.1 for N, = 6, where N, is the number of nodes on a side
of the net. Paramount to the simulation of the dynamics of the net is the representation of
its geometry in the software environment. The nodes and threads of the net are numbered
and a connectivity table is created in an automated way for a square net of any size with

any square mesh and with four corner masses.

Nodes such as 37, 38, 39, 40 in Figure 2.1 are called corner masses and threads such as
61, 62, 63, 64 in Figure 2.1 are called corner threads. The net proper is also defined as the
set of N2 nodes of the net, corner masses excluded; this definition will be used extensively

in Section 3.2. The net proper is delimited by the square perimeter of the net, called

17
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FiGURE 2.1: Net configuration for N; = 6, with nodes and threads numbering.

mouth section. The total number of nodes, including the corner masses, is N = N2 + 4.
The number of internal threads of the net is 2Ny(Ng— 1) and the total number of threads,
including the corner threads, is Ny = 2N4(NNy — 1) + 4. In the example in Figure 2.1,
N2 =36, N =40, and Ny = 64.

In the automated creation of the connectivity table, a link is added and numbered with
sequential k when, for all i = 1,..., N? and for all j = i+1, ..., N2, the following conditions
are verified:

(j=i+1ANimodNs; #0)V (j =i+ Ny) (2.1)

Once all the inner threads are defined the four corner threads are appended to the table.
As an example and as reference for understanding the results in the rest of this Thesis,

part of the connectivity table for the net in Figure 2.1 is reported in Table 2.1.

Link % 1 2 3 4 5 o 60 61 62 63 64
Node ¢ 1 1 2 2 3 e 35 1 6 31 36
Node j 2 7 3 8 4 o 36 37 38 39 40

TABLE 2.1: Part of connectivity table for net in Figure 2.1.

2.1.2 Standard lumped-parameter model

One of the ways to model the net and account for its flexibility and elasticity is to take
a lumped-parameter approach, which offers a good compromise between accuracy and

computational efficiency. Much work on the application of this modeling technique to
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flexible nets was carried out for fishing nets [58, 59]. Although the loads acting on an
object immersed in water are obviously different from those acting on a body in space, the
models developed for inertia and stiffness properties of nets remain applicable in either
case. The lumped-parameter model has been extensively used in the simulation of the
dynamics of nets, because of its simplicity of implementation. In this model the physical
knots of the net and the four corner masses are represented by point masses, and the
threads are represented by massless springs and dampers in parallel; standard lumped-
parameter models consider only stiffness and damping properties in the direction of the

axis of each thread.

The mass lumped in the i-th node is:

Z me/2 + Mppor  if 1=1,..., N?

> mp/2+mey i i=NZ41,.,N2+4
keK;

In equation (2.2), my = pnetm",%lkp is the mass of each of the threads adjacent to the
i-th node (said to belong to the set K;), with p,. the net material density, r; the k-th
thread’s radius, and [; its unstretched length; in general the radius and the length of
the threads of the net proper 7, and [, ¢ are different from those of the corner threads
ror and lcro. The mass of the corner mass attached to each corner thread is indicated
with mcys; the mass of a physical knot of the net is mp,; = pnemrietlkmt, with {0
the length of thread that creates a physical knot in the net. It may be noted that the

different sizes of the nodes in Figure 2.1 are indicative of the different node masses.

The stiffness properties of the net are modeled by representing each physical thread of the
net with a massless spring; the energy dissipation is modeled by introducing a dashpot
in parallel to each spring. However, the nature of the material of the net (unable to
withstand compression) suggests that a force within a thread should exist only when
that thread is elongated and in tension. Therefore, the tension in each thread Tj for

k =1,..., Nr is defined using a non-linearization of the well-known Kelvin-Voigt model:

Trer if (I > lko) A (T, >0
T, = K€k (e > lro) A (Th ) (2.3)
0 if (I <lpo)V (Tx <0)

where Tk = ka,k:(lk — lk,g) + Ca,kUr k) with ka,k = (Enetﬂ'T]%)/lkp and Cok = 2£aka’k/wn1,a
the stiffness and damping coefficients!. In these expressions, the Young’s modulus of the
net material is indicated with E,., &, is the chosen damping ratio, and wy, , is the first

natural frequency of the net. The axial unit vector of the k-th thread ey, its length I,

'In absence of precise knowledge of the dissipation properties of the threads of the net, a linear model
is used to approximate the dissipation through friction among the fibers composing each thread.
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and the projection of the relative velocity of the thread end nodes in the thread axial

direction v, depend on the current configuration of the net and can be found as:

ex = (r; — x1)/|lr; — i (2.4
b = [[r; = ri] (2:5)
U = (Vj —v;) - e (2.6)

where r and v indicate the inertial position and velocity of nodes at time ¢, and the i-th
and j-th indexes for the k-th thread are defined in the connectivity table (such as Table
2.1). In Figure 2.1, the inertial reference frame used in the simulations is shown: in the
derivation of the equations of motion, it is assumed that the local orbital reference frame

is the inertial reference frame.

2.2 Equations of motion and initial conditions

The equations of motion of the system are obtained by writing Newton’s second law for
each of the N lumped masses, subject to external forces and tensions of the threads. For

the ¢-th lumped mass, for : =1, ..., N:

Si
m;a; = Z (:l:Tk) + Z Femt,s (27)

kEKl‘ s=1

where a; is the absolute acceleration of the i-th node, T}, is each of the tension forces in
the threads adjacent to the i-th node (belonging to the set K;), and F.,; s is each of the

S; external forces on the i-th mass.

External forces might include gravitational forces, when present, applied forces (for ex-
ample as produced by a closing mechanism), and contact forces. In this Thesis, the only
forces external to the net that were considered are contact forces, closing forces, and
forces due to attachments to the main tether; no environmental forces were included,
which is justified by their small effect during the short deployment and capture phases.
In equation (2.7), it should also be noted that the tension in the k-th thread is defined
as acting in the direction of the k-th thread ey, i.e., from the i-th to the j-th node in the
connectivity table as per equation (2.3), so it is taken with a positive sign in equation
(2.7) for node 7; the corresponding tension on the j-th mass will be taken with a negative

sign in the j-th equation.

In the considered deployment scenario, the net is in a stowed configuration before ejection:
this is represented by setting initial conditions to the nodes such that the net is stowed

in a square of side length ;L in the inertial z-y plane indicated in Figure 2.1, with
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0 < aper < 1 the stowing ratio (e.g., the nodes of the net proper are placed at a relative
distance of perlnet). Although this choice of initial conditions does not represent a
realistic folding pattern, it allows to have some deployment dynamics so that the debris

can be captured.

The net is then deployed with the initial velocities defined in the inertial reference frame

as follows:
vio =] 0 0 —Vemer |©  j=1,..,N?
VNZ410 = [ —Uz,0 —Uyo —Uz0 ]T
VN2420 = [ Vz,0 —Uy0 —Uz0 ]T (2-8)
VN2Z430 = [ —Vz,0 Vy,0 —Vz,0 ]T
VN2ya0 = [ Vz,0 Vy,0 —Vz,0 ]T

where the x- and y-axes are directed as shown in Figure 2.1, and the z-axis completes the
right-handed orthogonal triad. In this Thesis, v, o = v, is chosen for maintaining central
symmetry during the deployment (for ADR mission purposes); as a result, the center of
mass of the net will always have a velocity in the direction of the central axis of symmetry,
herein called direction of deployment, parallel to the z-axis. The components of the initial
velocity vectors are computed as v, = v, = v sinf/ V2 and V50 = Ve cosf, O being the
shooting angle, i.e. the angle between the initial velocity vector and the direction of
deployment, and v, the magnitude of the ejection velocity of the corner masses. The

magnitude of the ejection velocity of the net proper is indicated with v ;.

2.3 Ciriteria for quality of deployment

Before presenting the results of numerical simulations, some criteria to describe the quality
of the deployment of a net are defined: these criteria will be used in the discussion of
the results. Also, when comparing the dynamics of nets during the deployment phase,
several shape-related quantities will be used. In fact, due to the high number of nodes
comprising the nets, comparison of positions and velocities of individual nodes or of
tensions in individual threads is not meaningful, and aggregate measures to describe the
overall dynamics of the net have to be established. Multiple options were identified,

among which are:

(i) Shape of the mouth section: the shape of the polygon created by projecting the
nodes of the mouth section of the net on the z-y plane.
(ii) Mouth area: the area of this polygon.
(i) Net height: the difference between the z-coordinate of the innermost node of the

net (or the average of the z-coordinates of the four innermost nodes of the net if
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Nj is even) and the average z-coordinate of the four corner nodes of the net:
[2p(t) + 24(t) + 2:(t) + 25(t)] (2.9)

with

z(t) if N, is odd

7 [za(t) + ze(t) + 2c(t) + 24(t)] if N, is even
and where the indexes arep =1, ¢ = N,, 7 = N2—N,+1, s = N2, ¢ = N (N,+1)/2,
d=N,N,-1)/2, e=d+1, f=c+1.

Quality criteria for the deployment are defined considering that the aim of the deployment
phase is to have a net opened in such a way that capture can happen successfully. As one
can imagine, this is easiest if deployment is as good as possible and lasts for a sufficient
amount of time. Also important for the safety of the mission is that capture happens
sufficiently far from the chaser spacecraft. As a result of the previous considerations, the

following criteria for the quality of deployment are used in this Thesis:

(i) Maximum achievable deployment with respect to the nominal mouth area: the spe-

2

- ets 1.€., the maximum ratio between

cific measure employed in this study is A4/ L
the mouth area achieved during deployment and the nominal mouth area (that is
the surface of the net in a flat, fully deployed configuration).

(ii) Distance traveled by the net when the maximum deployment is achieved: the mea-
sure employed in this Thesis is the distance traveled by the center of mass of the
net proper when the maximum mouth area is reached.

(iii) Effective period, i.e., the period for which the net remains sufficiently open for

successful capture. The exact measure used here is the time for which the mouth

2

area is larger than 80% of its nominal value, i.e., A > 0.8L .

Finally, to achieve quantitative evaluation of the discrepancy between two large sets
of data generated during simulations of net deployment, the Root-Mean-Square Error
(RMSE) between positions and velocities of identical nodes will be used. A representative
quantity of the positional accuracy is the RMSE between identical nodes positions?. For

the position of the j-th node, for example, the accuracy measure is computed as:
1

1 «— k k) \ 2 k )\ 2 k 2] |
s = {155 (k- ()" ()] L e
k=1

2This a 3D extension of what is also used as US National Standard for Spatial Data Accuracy.
Subcommittee for Base Cartographic Data, Federal Geographic Data Committee, Geospatial Positioning
Accuracy Standards - Part 3: National Standard for Spatial Data Accuracy, 1998.
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In this expression, n; is the number of time steps, apex (k) indicates the k-th time step,
and A and B refer to two data sets. An analogous quantity, called RM SEj .., is computed
for evaluating the accuracy at the velocity level for the j-th node; equation (2.11) applies
when z, y, z are substituted with v,, vy, v.. The variation along time of the position and
velocity RMSEs, averaged over the N nodes, is also of interest. At the position level, this

quantity at time ¢ is computed as:

RMSEpos(t) = {% i {(%}A(ﬂ - xj,B<t))2+

(140 = 180) "+ (23000 = 2100)] } (212

2.4 Numerical simulators for the net deployment dy-

namics

The model for the net presented in Section 2.1 was implemented in two simulators, the
first based on MATLAB, and the second based on Vortex Dynamics, whose main char-
acteristics were introduced in Section 1.3. The rest of this Chapter delivers some more
information on the implementation of the standard lumped-parameter model in the two
simulators, shows the results of a deployment simulation, and presents the verification

and validation activities performed on the simulators.

2.4.1 MATLAB simulator

For simulation purposes, the set of N vectorial Ordinary Differential Equations (ODESs)
described by equation (2.7) is transformed into state-space form and solved numerically
for the positions and velocities of the nodes. Let us call r € R*¥ and v € R?*" the arrays

of the position and velocities vectors of the nodes of the net and corner masses:

r= [rlT r]TV}T (2.13)

v = [VIT v%]T (2.14)

T
Then, the state vector s € R is s = [rT VT] , and its derivative is:

(2.15)

) v
S —
M YT + Feu)
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where M is the mass matrix of the system (dim[M] = 3N x 3N), T € R3" is the array

of tension force resultants, and F.,; € R3" is the array of external force resultants:

M=1|: . (2.16)
0 le
T T T
T-|T] .. T§| - [Z(iTk) D (ETY) } (2.17)
ke K, kEKN
T S S T
Feut = [FETM FeTmN] =) FL,, ... > FL, (2.18)
s=1 s=1

In these expressions, 1 is the 3 x 3 identity matrix, 0 is a 3 x 3 matrix of zeros, m; for
i=1,...,N is found as per equation (2.2), T} is found as per equation (2.3), and K; and
S; for i = 1,..., N were defined for equation (2.7). In MATLAB, numerical integration is

performed by exploiting the software’s built-in Runge-Kutta ODE integration schemes.

2.4.2 Vortex Dynamics simulator

Since Vortex Dynamics is a commercial multibody dynamics simulation tool, the system
is modeled by specifying rigid bodies, called parts, and linking them with kinematic
constraints. A lumped-parameter model of the net under study was assembled in Vortex
Dynamics by approximating the nodes of the net and the four corner masses with small
spherical parts and by modeling the threads by means of position-based constraints (called
distance joints) that force the attachment points of two parts to be within a given distance.
The radius of each spherical rigid body is estimated knowing the mass of the corresponding
node and its density (ppe for the net and peps for the corner masses). Visualization of
the model implemented in Vortex Dynamics is provided by Figure 2.2: both the inertia
properties and the constraints are shown for a net with the same configuration as in

Figure 2.1.

In Vortex Dynamics, stiffness between two parts in a certain direction can be modeled
by linking the two parts with a joint characterized by a constraint equation in that
direction, and by relaxing that constraint. In order to model the tension in the threads,
the attachment points of the distance constraints are set at the centers of mass of the
adjacent nodes and each constraint in the direction of the thread is relaxed with a stiffness
and a damping parameter. Thus, the distance between the attachment points is allowed
to be slightly higher than the set distance, and when this happens, a force arises from
these two contributions: the force is defined as the sum of the forces due to a linear elastic

spring and to a viscous damper. In this way, a force in the p-th thread exists only when
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(b)

FIGURE 2.2: Visualization of the model of the net in Vortex Dynamics: a) Inertia
(black). b) Constraints.

that thread is elongated, which is consistent with the nature of the net material, unable

to withstand compression. The expression for the tension in a thread is as follows:

Tre, if (I >1
T, - wer  if (I > lko) (2.19)
0 if (I < lk70)

The nature of Vortex Dynamics causes the two simulators to have some discrepancies:

1. The nodes are implemented as particles in the MATLAB-based simulator and as
small rigid bodies (i.e., with non-zero moments of inertia) in the Vortex-Dynamics-
based simulator.

2. A condition on the tension in the threads being positive is included in the MATLAB-

based simulator, but not in the Vortex-Dynamics-based simulator.

The effect of these discrepancies was investigated and both models appeared to be simi-

larly representative, as will be shown in Section 2.4.4.2.

Vortex Dynamics physics engine is based on an augmented Lagrangian formulation. The
well-known Lagrangian function is defined as £(q,q) = T'(q,q)—V (q), with 7" the kinetic
energy of the system, V' the potential energy of the system, q the generalized coordinates,
and q the generalized velocities. The equations of motion of a system with applied forces

f can be written in terms of the Lagrangian function as:

== (2.20)
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This formulation is augmented with kinematic constraints, that can be mathematically
represented as an array function of the generalized coordinates: ®(q) = 0. The equations

of motion and constraints are formulated in the following differential-algebraic system:

Mv+c—G'A=Ff

2.21
®(q) =0 221

Here, M is the mass matrix of the system, v is the array of velocities of the rigid bodies
—related to q as § = I'(q)v —, G is the Jacobian of the constraints, such that d = Gv,

A is the vector of Lagrange multipliers, and c collects the nonlinear inertial terms.

In a regularized formulation (to allow for elongation in the threads, as shown before) a
certain compliance is introduced in the kinematic constraints and a potential function
can be defined: V(q) = 107 (q)K®(q), with K the stiffness matrix. A Rayleigh damping
function can be used to model the dissipation occurring in the joints; this function reads
R(q,v) = 3v'GT'BGv, with B the damping coefficients matrix. The constraint forces
can be defined as:

A=-K& - BGv (2.22)

and the constraint equation ®(q) = 0 in (2.21) (which is no longer satisfied due to the
regularization) is substituted by equation (2.22). At every time step in the simulation,
the constraint Jacobian is calculated from the kinematic constraints, and equations are
generated. With Euler’s stepping method and A the time step, the discretized equations

can be written as:

1 —-All 0 dn+1 —qQn 0
0 M -GT||v,nq |+ |-MMv,—h(f—c)| = |0 (2.23)
O G écp h>\n+1 B(Pq)n O

where it can be demonstrated that Co = diag{h 2(1 + c/(hk)) " /kr} and By =
diag{h=Y(1 + cx/(hky))~*}. The forces necessary to satisfy the kinematic constraints,
as well as the velocities and positions of all the bodies are computed at every time step.
For further details on this formulation, the reader is referred to the paper by Lacoursiere
[60].

2.4.3 Results of a deployment simulation

With the simulation tools presented, numerical simulations have been performed for the
net dynamics in various gravity conditions, subject to diverse initial conditions, and for
differently scaled net geometries. The simulation tools proved able to deal with disparate

dynamic scenarios, among which are free-fall, rotation of the net, fall with forces applied
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Net and corner masses

Lnet (m) lnet,O (m> T'net (m) pnet (kg/mg) Enet (GP&) ga (')
5 1 0.001 1390 70 0.106

linot (M) lero (m) rer (m)  pen (kg/m?)  menr (kg)

0 1.4142 0.002 2700 0.5
Initial conditions Simulation data
Ue,net ve (m/s) 0 (°) et (-) tr (s) € (-)
0 2.5 36.87 0.25 6 1076

TABLE 2.2: Data for the simulation of a net deployment in space.

to the corner nodes, deployment, simple impact conditions, and capture of debris. In this
Section we present the results of the deployment of a basic net in the Og environment of
space as obtained with the MATLAB-based simulator; the data for the simulation are
given in Table 2.23. The corner masses are assumed to be made of aluminum and the net
material is assumed to be Technora, a polyaramid fiber (the axial damping ratio &, for
this fiber was estimated from tests in reference [21]). Although the geometry of this net
is not realistic for ADR purposes, the reduced size of the problem allows to gain some
initial insight into the deployment process; concurrently, it permits to refer to Figure 2.1

for the numbering of nodes and threads.

The dynamics of deployment was simulated for ¢; = 6 s at a tolerance of ¢ = 107°
and integration took around 3 min with an Intel®Core™ i7-4712HQ CPU @ 2.30 GHz
processor. Several snapshots of the net during its deployment are included in Figure
2.3, starting with the stowed initial configuration at ¢ = 0.0 s to the fully deployed
configuration at ¢ = 3 s. As time passes, the outer threads start elongating (see t = 1.0
s), followed by innermost threads (see t = 2.0 s); after 3 s, the net starts closing again.
The configuration of the net remains symmetric at all times: this is expected, since the
initial conditions, the applied loads, as well as the geometry and physical properties of

the net are symmetric.

In Figure 2.4, the x- and z-coordinates of a subset of nodes are shown, to confirm that
the symmetry among some groups of nodes is indeed preserved, other than for the ac-
cumulation of numerical error towards the end of the simulation period. The symmetry
of the considered groups of nodes, whose indexes are in the legend, can be verified in
Figure 2.1. The y-coordinates of nodes are not reported in this document for the sake of

conciseness, but exhibit a behavior analogous to that of x-coordinates.

Figure 2.5 displays the magnitude of the force due to tension within the threads of the

net on nodes 37, 1, 8 and 15, which lie on a diagonal of the net, as a function of time.

3Note that the chosen shooting angle corresponds to the following components of initial velocity:
Vg0 = Uy = 1m/s, v, 0 =2 m/s (see definitions in equation (2.8)).
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t=0.0s t=10s t=20s t=3.0s

X [m]
X [m]
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Y[m]l o -
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Z[m] Z[m]

F1GURE 2.3: Deployment sequence.

—1,6,31,36
2,5,32,35
- =--7,12,25,30 [V e U
15,16,21,22 h
Tl 8,11,26,29
37,38,39,40

X [m]

FIGURE 2.4: z- and z-coordinates of some groups of nodes, in simulation of deployment.

It is observed that the model predicts snap loads: the threads are stretched and subject
to fairly high loads for small periods of time only. However, this is a modeling artifact;
tension magnitudes are expected to decrease and become smoother as the number of nodes
used to model a thread increases. The relevant effect of the observed abrupt changes
in tension is that they make it computationally expensive to simulate the deployment
dynamics, especially due to the fact that the computational cost increases rapidly with
the increase in the number of nodes, i.e., for larger nets. From this figure it is also
evident that tension is propagated from outer to inner nodes of the net. Node 37 is a
corner mass, which is subject to non-zero initial velocity in the simulation. As node 37
moves, the thread that links it to the rest of the net straightens and eventually stretches,
creating a tension force as per equation (2.3): as a consequence of this, a peak in tension
can be observed at ¢ = 0.36 s on nodes 37 and 1. As time passes, tension propagates
in the net: a second peak is visible for node 1, and corresponds to the onset of tension
in the threads number 1 and 2. The delay between the peaks can be explained by the
time it takes for the next innermost thread to straighten and for its end nodes to reach a
distance equal to the nominal length of the thread. Also, it can be observed that nodes

8 and 15 are subject to a force arising from tension at sequentially later instants.
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FIGURE 2.5: Tension force on different nodes, in simulation of deployment.
2.4.4 Verification of the simulators

Apart from the symmetry check exemplified in the previous Section, further verification

activities were performed and are addressed in this Section.

2.4.4.1 Work-energy and linear momentum balance

First verification of the numerical tool for simulation of the net deployment dynamics
in 0g and vacuum environment is achieved by evaluating the work-energy and the linear

momentum balances.

Since no external forces are applied to the net and corner masses during the deployment
phase under consideration, the linear momentum of the system is conserved. The linear

momentum conservation and the work-energy balance can be written for each time ¢ as:

p(t) = po (2.24)
T(t) = Ey+ W(t) (2.25)

where p and E are the linear momentum and the total mechanical energy of the system,

and subscript 0 indicates the time of net ejection t = 0. The kinetic energy 7" and work
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FIGURE 2.6: a) Hysteresis loops for Kelvin-Voigt model with damping. Blue line: for

structure able to withstand compression; red line: for structure unable to withstand

compression. b) Energy dissipated due to the elastic and dissipative components of the
tension in the threads.

W components in equation (2.25) can be evaluated using:

T(t) = ZS: %mjv?(t) + Z %mmf(t) (2.26)
j=1 i=N241
W(t) = /0 D Tu(r) - [Vik(r) = vau(r)] dr (2.27)

where, in the work of the tensile forces in the threads, the indices 1 and 2 denote the two
end nodes of the k-th thread, as defined by the previously mentioned connectivity table
(see Table 2.1 and equation (2.1)).

The reason for including the work of elastic forces in the work term (2.27) instead of the
elastic potential energy is that the use of potential energy to account for the work done
by the elastic component of the tension forces does not provide the correct formulation of
the work-energy balance when damping is modeled in the threads. This occurs because
the definition of elastic potential energy is not consistent with the non-linearized Kelvin-
Voigt model of tension (i.e., equation (2.3)). Figure 2.6(a) illustrates how as a result
of the non-linearization incurred when tension becomes compressive but the thread is
elongated, as can happen for ki(lx — lro) < cxv., some energy stored in the spring
(shown in grey) is lost during recovery of the unstretched length and therefore appears
as dissipated through the elastic component of tension. This amount of energy is small
compared to the dissipation of the dampers, but not negligible, as shown in Figure 2.6(b).

The two work terms illustrated in Figure 2.6(b) are computed by separating the work
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FI1GURE 2.7: Work-energy and linear momentum balances.

definition into two components:

t Nr

W,(t) = /0 > k(le() = leo)er(r) - [Vir(r) = vau(r)] dr (2.28)

Wi(t) = /O S cuvna(ren(r) - [vin(r) = var(r)] dr (2.29)

k=1

each evaluated consistently with the model of tension as per equation (2.3), i.e., corre-

sponding work is incurred when the tension force is positive and the thread is elongated.

Post-processing of the same numerical integration results shown in Section 2.4.3 allowed
verifying the work-energy and the linear momentum balances, apart from small drifts due
to the numerical integration (see Figure 2.7): for 6 s of simulation with the Runge-Kutta
4-th/5-th order predictor/corrector method and a tolerance e = 107%, the relative error
for E(t) was of 4 x 1077, and the absolute error for the different components of the linear

momentum was on the order of 107'° kg-m/s.

2.4.4.2 Cross-verification of the two standard lumped-parameter modeling

implementations

Another verification activity consisted in the comparison of deployment results obtained
with the two simulators, which is the subject of the present Section. The results presented
here are obtained with the same data collected in Table 2.2, apart from the simulation
time (here ¢; = 3 s) and the mesh and corner thread lengths (respectively, e 0 = 0.5 m

and loro = 0.707 m). The simulation in Vortex Dynamics was performed with a small
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FIGURE 2.8: Comparison of results of deployment simulation with Vortex Dynamics
and MATLAB simulators. (a): net’s mouth shape; (b): net’s height in time.

Quantity Maximum Average
RMSE,»s (m) 0.00684 0.00294
RMSE,, (m/s) 0.0979 0.0515

TABLE 2.3: RMSE at position and velocity levels between the results of deployment
simulations with Matlab and Vortex Dynamics simulators without bending stiffness.

time step of 5 x 107° s and took around 44 min on a laptop with Intel Core i7-4712HQ
CPU @ 2.30 GHz processor and GeForce GT 750M graphics card.

The outcomes of the simulations in Vortex Dynamics and in MATLAB were found to agree
very well. Plots of quantities for individual nodes appeared hardly distinguishable; Figure
2.8 provides tools to assess the agreement of meaningful overall geometrical characteristics
of the net. In Figure 2.8(a) the projection of the nodes of the mouth section on the z-y
plane is plotted for a few instants of the simulation; Figure 2.8(b) exhibits the height of
the net, defined as per equation (2.9). None of these quantities alone is sufficient to prove
perfect agreement between the two sets of data, but the study of these indexes provides

good confidence in the verification.

Table 2.3 contains information on the maximum and average values of position and ve-
locity RMSEs among the nodes of the net, for the two sets of positions and velocities at
hand. Accuracy at the position level is on the order of millimeters, which is very good
since it is three orders of magnitude smaller than the displacements of the nodes; at the
velocity level, a certain accuracy degradation is expected: it appears to be on the order

of centimeters per second, which is still satisfactory.

The variation along time of the position and velocity RMSEs averaged over the N nodes

(see equation (2.12)) is represented in Figure 2.9. It was observed that discrepancies start
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FIGURE 2.9: Average RMSEs among the nodes of the net in time between the results
of deployment simulations with MATLAB and Vortex Dynamics simulators. (a): at
position level; (b): at velocity level.

appearing soon after tension onset in the net in the form of snap loads (i.e., after about
0.25 ). Position RMSE increases in the course of the simulation but remains always very
small. Velocity RMSE is usually small, except for multiple sharp peaks, which were found
to correspond to instances in which some threads pass from a slack to a taut configura-
tion. It should be noted that these plots appear discontinuous at some points because a
selection on times had to be made: the MATLAB-based simulator uses a variable time
step integration scheme, whereas the Vortex-Dynamics-based simulator employs a fixed
step integrator; in the computation of RMSEs, only quantities at corresponding times

were retained.

From the presented analysis, it is verified that the results of the two simulations match
very well when a small time step is employed in Vortex Dynamics. With a time step of
1/60 s, which is set for real-time simulation, the computation time of the 3 s deployment
maneuver is as low as 9 s. Although accuracy is reduced in this case (especially as far
as reproducing snap loads), it was verified that Vortex Dynamics reproduces meaningful
results, as far as positions and velocities are concerned: this makes it a powerful tool for
the simulation of such complex systems as nets for ADR, well-suited for obtaining the

motion response of the system in a reasonable amount of time.

Notwithstanding the differences intrinsic in the integration schemes employed in MAT-
LAB and in Vortex Dynamics, it is safe to state that the simulations of net deployment
with the standard lumped-parameter models implemented in the two simulators are in
agreement. This also verifies that the differences in the two simulators (i.e., inertia of the
nodes and slightly different definitions of tension) do not have appreciable effects on the

deployment dynamics.
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2.4.4.3 Validation against experiments on deployment

A laboratory-based test-bed was created at McGill university in parallel to the present
research and is described in reference [23]. This test-bed allows to drop a net under
gravity by releasing its four corners simultaneously from a square frame. This provided an
opportunity to validate the Vortex-Dynamics-based simulator, by comparing the response

of the experimental net and that predicted in simulation.

The net used in the experiments was a 2.25 x 2.25 m? (89 in. x 89 in.) net with 19.1
mm (0.75 in.) mesh size and made of nylon threads of 1.59 mm (1/16 in.) diameter; its
mass was 0.792 kg. In simulation, a net characterized by the same mass and side length
but with a coarser mesh (of 11.25 c¢cm length) was used for computational and memory

allocation reasons.

Comparison of four snapshots of the experimental recording and of the corresponding
simulated response at matching time instances are shown in Figure 2.10. In Figure
2.10(a), the net corners appear to be dropping faster than the rest of the net. This could
only be reproduced in simulation by prescribing an initial velocity to the corner nodes of
the net. The snapshots in Figure 2.10(b) were obtained by prescribing initial velocities

of [£1,41, —2.34] m/s to the four corner nodes, respectively.

In Figure 2.11 are plotted the vertical positions of two corners of the net over the duration
of the fall, for the experiment (in black) and the simulation (in blue). Experimental data
for the vertical positions of the two front corners of the net were reconstructed using
the recorded video of the experiment and knowing the initial height of the net (i.e.,
the height of the frame). The vertical component of the initial velocity of the corners
in the simulation (—2.34 m/s) was estimated from the initial slope of the experimental
profiles of corner heights; the horizontal components were selected arbitrarily, but similar
quantitative behavior was obtained with other values of the same order of magnitude. It
should also be noted that the simulated responses of the two corners are not identical
because of a small asymmetry in the initial shape/position of the net: it was not possible
to have the net start exactly from its equilibrium position under gravity in simulation.
Figure 2.11 shows very good agreement in the time of flight, which is approximately 0.68
s. Experimental and simulated results were also compared to the free-fall response of the
net corners; differences increasing in time were observed and are explained by the effect
of tension in the threads and of aerodynamic drag, that cause both the simulated and

experimental responses to lag with respect to the free-fall motion.

Notwithstanding the difficulties in the comparison of simulations to experiments, due to
imperfections in the initial conditions (it was not possible to specify the initial sagged

configuration exactly) and in the net geometry (the mesh of the simulated net was coarser,
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FIGURE 2.10: Snapshots from net drop experiment and simulation.
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ments (black), simulated (blue), and predicted with free-fall solution (red).

for computational reasons), these results show very good correspondence and provide

further confidence in the developed modeling and simulation tools.



Chapter 3
Analysis of deployment dynamics

With the model of the system presented and the numerical tools demonstrated and vali-
dated in Chapter 2, multiple studies on the deployment phase were carried out and are the
topic of this Chapter. Section 3.1 focuses on understanding what influence the stiffness
modeling choices have on the deployment dynamics. In Section 3.2, an analysis based on
the work-energy and linear momentum balances is proposed and provides insight into the
key parameters leading the deployment dynamics; numerical simulations are employed to
validate the analytical observations. Further interpretation is achieved through several
numerical simulations in Section 3.3. Finally, Section 3.4 investigates the effect of tension

in the main tether linking the net to the chaser on the deployment dynamics.

3.1 Effect of bending stiffness of net threads on de-
ployment

One of the open issues in the simulation of the dynamics of nets in space is whether
the bending stiffness of the threads of the net needs to be represented in the modeling
and simulation. Notwithstanding the debate about the importance of modeling bending
stiffness in tether-net dynamics simulation, only a few works in this research domain have
provided some remarks on the subject (more detail is given in Section 3.1.1). The intent
of this Section is to evaluate the importance of including bending stiffness in the modeling
of nets for ADR in space. This is achieved by proposing an augmented lumped-parameter
model of the net (in Section 3.1.2) and comparing the results of deployment simulations

with and without representation of bending stiffness (in Sections 3.1.3 and 3.1.4).

37
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3.1.1 Treatment of bending stiffness of nets and tethers in the

literature

As was discussed in Section 1.2, among the existing simulators for the dynamics of tether-
nets in space, the majority take a standard lumped-parameter approach, in which bending
stiffness of the threads is not accounted for. Yu et al., in their work on space webs,
neglected bending after commenting that it had been demonstrated that energy variation
for shearing and bending is negligible with respect to energy variation for tensile force
[61]. In his thesis on a tether-net simulation tool, Salvi discarded bending effects arguing
that the value of bending stiffness per unit length is orders of magnitude lower than the
value of axial stiffness per unit length, which makes the first irrelevant [21]. On the
other hand, Golebiowski et al. used a Cosserat rod model, which enables reproducing
stretching, bending and torsion behaviors; however, they did not comment on the values
of bending stiffness, and on the reasons why they expected bending dynamics to be
important [29, 30].

Researchers working on tether-nets for ADR have argued that the standard lumped-
parameter approach proved sufficient for fishing nets; however, few comments on the
role of bending stiffness were found in literature related to underwater nets. Lee et
al. affirmed that the results of their simulation with lumped-parameter models and of
experiments matched well in a qualitative comparison of the shape of the net and in
a quantitative comparison of some geometrical properties of the net (e.g., depth of net
center, width and height of net mouth) [62]. With the aim of simulating fishing nets,
Takagi et al. [63] also employed lumped-parameter models with no discussion of bending
effect and found qualitative agreement between experimental and theoretical net shape
configurations; for quantitative analysis, they compared the overall horizontal and vertical
dimensions of the net, and found slightly larger values in the numerical simulations. These
discrepancies were attributed to reading error and parallax in the video image [63]. LeBris
and Marichal and Bessonneau and Marichal modeled the threads as rigid bars constrained
by rotational joints, subdividing each thread in two in order to describe its shape [58, 64];
they only accounted for tension, neglecting bending. By comparing experimental and
calculated net shapes, LeBris and Marichal observed that, in still water, the effect of
twine bending stiffness is not negligible on geometry, especially in the slack zones of
the net. Buckham et al. addressed the dynamics of underwater tethers and affirmed
that, if the motion of slack marine cables is to be simulated accurately, the effects of
bending and torsional stiffness of the cable must be captured [65]. In his Ph.D. thesis,
Buckham observed that when the tether is in high tension, the magnitude of the tensile
forces dominates the tether dynamics, and bending and torsional effects are negligible;
on the other hand, he showed that it is important to include a bending stiffness model

for simulating the dynamics of slack tethers [66]. In any case, it is difficult to forecast the
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effect of bending on the dynamics of nets in space on the basis of studies on underwater
systems: neutrally buoyant tethers are in similar conditions to tethers in space, but the
presence of hydrodynamic drag, when the tether moves in the water, creates very different
external forcing conditions: for example, it is much more likely for threads subject to drag
to be taut. Therefore, it is expected that in vacuum conditions, the effect of bending is

going to be more significant than in underwater environment.

3.1.2 Lumped-parameter model augmented with bending stiff-

ness

In order to have a tool that allows investigating the effect of the bending stiffness of
the threads of the net on the deployment dynamics, a second model of the net was im-
plemented in Vortex Dynamics using a combination of two types of joints: the same
distance joint introduced in Section 2.4.2, and a position-based constraint equivalent to
a prismatic joint. The first constraint allows proper modeling of the axial dynamics,
whereas the second allows the model to account for the bending stiffness of the threads.
In fact, the prismatic joint in Vortex Dynamics imposes constraint equations in the di-
rections perpendicular to its primary axis and on the angular degrees of freedom, and
these constraint equations can be relaxed by the user to allow for finite stiffness in these

directions.

The distance joints were set up in the same way as described in Section 2.4.2: the attach-
ment points of the constraints were set at the adjacent nodes, and the same relaxation
parameters were set to model the axial stiffness and damping properties of the threads.
The primary axes of the prismatic joints were set to be the same as the directions of
the distance joints. Angular and translation constraints related to bending, pertaining
to the prismatic joints, were relaxed with stiffness coefficients, which were estimated by
approximating a thread to a cantilever beam subject to pure bending moment and to
pure shear force, respectively. The corresponding angular stiffness related to bending,
kyr, and transverse stiffness related to bending, k;, in the k-th thread of the net are
defined with:

E, ol
b = = Ll (3.1)
k0
3E,..1
kt,k = lg Lk (32)
k0

where I, = 7r}/4 is the area moment of inertia about the in-plane axis of a circular
section of radius r;. The corresponding damping coefficients for the k-th thread are

approximated with ¢, = 2&kpi/wnip and ¢y = 28kt g /wn1t, where & is the chosen
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bending damping ratio and wy,1, and w1, are the first natural frequencies related to
bending of a single cantilevered inner thread of the net (related to rotation and trans-
lation, respectively); some approximation is already underlying in the damping ratio,
therefore, this approximation is expected to produce negligible error. With these stiff-
ness and damping coefficients, Vortex Dynamics generates spring and damper reaction
forces according to the Kelvin-Voigt model, both for the angular and transverse degrees

of freedom associated with bending deformation.
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FIGURE 3.1: Static deflection of a cantilever beam; comparison of analytical and simu-
lation results. The latter are obtained with a lumped-parameter model employing two
masses and one prismatic joint in Vortex Dynamics.

The bending stiffness component of this model was validated by simulating the dynamics
of a cantilever beam subject to its own weight and to a transverse tip load until steady
state condition is reached, and by checking that the deflection at the tip is equal to the
theoretical static deflection. In Figure 3.1 the comparison of the two results is shown for
a 0.5 m long Aluminum beam, with circular section of 1 ¢m radius, subject to its own
weight and to a tip load of 262 N. Vortex Dynamics results were obtained by modeling the
beam with two lumped masses linked by one prismatic joint with bending and transverse
stiffnesses defined in equations (3.1) and (3.2). As can be seen in Figure 3.1, the tip

displacements are in agreement to 107° m.

It is also important to ensure that the results of simulations with completely relaxed
bending-related joints match the results of simulations without bending stiffness repre-
sentation in Vortex Dynamics. This was accomplished by setting all the k., ki i, cp 1, and
¢t coefficients to zero and comparing the results with those obtained with the Vortex
Dynamics implementation of the standard lumped-parameter model. In Table 3.1 are
reported the RMSE values of this check for the same deployment scenario as specified in
Table 2.2: it can be observed that all values are negligible; therefore, we can state that

the combined joints setup was validated. The very small discrepancy between the two
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Quantity Maximum  Average
RMSE,,s (m)  4.08 x107*? 3.27 x10~"
RMSE,, (m/s) 4.08 x1078 8.88 x1071°

TABLE 3.1: RMSE at position and velocity levels between the results of deployment
simulations in Vortex Dynamics employing the standard and the augmented lumped-
parameter models, and setting bending stiffness and damping coefficients to zero.

data sets is likely due to the fact that the two systems are characterized by different sets

of equations and the corresponding propagation of numerical errors.

3.1.3 Comparison of deployment simulations with and without

bending stiffness

In this Section are compared the results of a deployment simulation with the two models
implemented in Vortex Dynamics: the model without bending stiffness, as validated in
Section 2.4.4.2, and the model presented in Section 3.1.2, which allows to account for
bending stiffness. The net and deployment scenario considered here are the same as in
Table 2.2, apart from the simulation time (here ¢ty = 3 s) and the mesh and corner thread
lengths (respectively, l,er0 = 0.5 m and loro = 0.707 m); also, the bending damping ratio
& = 0.014 was added, as estimated for Technora from tests in reference [21]. The aim of
this study is to assess the importance of including bending stiffness in the simulation of
the deployment of nets for ADR.

Simulation of the model with bending stiffness was performed with a time step of 5x 107°
s, and took 1 hr, 25 min of computation time with an Intel®Core™ i7-4712HQ CPU
@ 2.30 GHz processor: a 92% increase compared to the simulation in Vortex Dynamics
without bending stiffness. When bending stiffness is taken into account, both the area
and shape of the mouth are remarkably affected (see Figure 3.2): the area increases more
quickly, such that 90% of full deployment is obtained just after 2 seconds, compared to
3 seconds when bending stiffness is not represented; at ¢ = 1 s, the corner nodes of the
net are in almost the same position in the two simulations; however, for most of the
deployment, the mouth shape is concave in simulations without bending stiffness and it
is convex with bending stiffness, such that the surface covered by the net is much wider
in the latter. For example, at ¢ = 1.5 s, the mouth area obtained with the model with
bending stiffness is approximately 2.5 times larger than for the model without bending

stiffness.

The height profiles for the net are also dissimilar, as visible in Figure 3.3(a): it appears
that inclusion of bending stiffness has an appreciable effect on the dynamics in the z-

direction as well. On the other hand, the mouth diagonal profiles are similar, as shown in
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FIGURE 3.2: Comparison of the mouth shape of the net in time, in deployment simu-
lation with Vortex Dynamics, without and with bending stiffness representation.

Figure 3.3(b). These results can be explained by interpreting the stiffness as the resistance
to deformation in response to an applied force: the net with bending stiffness resists more
the changes in its shape which are being forced by the motion of the corner masses, both
in the x — y plane and along the z-direction. Therefore, the mouth shape for the net with
bending stiffness representation is always closer to a square (i.e., the initial mouth shape)
with respect to that for the net without bending stiffness representation; similarly, the

height of the net is lower for most of the deployment time in the first case.
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FIGURE 3.3: Comparison of results of deployment simulation with Vortex Dynamics,
without and with bending stiffness representation. (a): height of the net in time; (b):
mouth diagonal in time.

RMSE values on positions and velocities averaged over time are collected in Table 3.2.
The discrepancies between the two simulations are also apparent from these quantities:

RMSEs are of the same order of magnitude as the positions and velocities themselves.
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Quantity Maximum Average
RMSE,,s (m) 0.760 0.516
RMSE,q (m/s) 1.47 1.02

TABLE 3.2: RMSE at position and velocity levels between the results of deployment
simulations with Vortex Dynamics, without and with bending stiffness representation.
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FIGURE 3.4: Tension and shear force in a corner thread, in deployment simulation with
bending stiffness representation.

On the other hand, the evolutions of position and velocity of the center of mass of the net
were checked, and were found to match between the two simulations. This is expected
since the linear momentum of the system, which is prescribed by the initial velocities and
the mass properties of the system, is conserved during the simulations (see Figure 2.7

and Section 3.2.2), and it is the same in the two cases.

It is interesting to analyze the impact of bending stiffness when the threads are slack and
taut. In order to do this, the tension and shear forces in the threads are compared: in
fact, as per equation (2.3), tension is nonzero when a thread is taut, and equal to zero
when the thread is slack. In Figure 3.4, tension and shear forces in a corner thread are
plotted against time. The logarithmic scale is used on the force axis because the two
quantities can differ by orders of magnitude at the same instant; therefore tension forces
are not plotted when the cable is slack. It is clear that axial dynamics is characterized
by tension loads which can be 4 orders of magnitude higher than shear forces. However,

bending stiffness is important when the rope is not under tension.
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3.1.4 Sensitivity study on the effect of bending stiffness

The results of the previous Section have brought to light substantial differences between
the overall geometrical and dynamical properties of the net in the deployment phase,
when the bending stiffness of the threads of the net is considered and when it is neglected.
However, the modeling of the bending stiffness presented in Section 3.1.2 is based on the
approximation of the threads of the net with cantilever beams, which might lead to an
overestimation of their bending stiffness properties. In order to achieve more complete
understanding of the effect of bending stiffness on the deployment dynamics, this Section
proposes a sensitivity analysis on quantities that are expected to influence the bending
stiffness of the net threads.

According to McKenna et al. [67], two limiting cases for the mechanics of a rope can
be defined to evaluate extreme values of its bending stiffness per unit length, E'I. Here,
in order to have corresponding evaluations of its axial stiffness per unit length, E'A, the
reasoning is extended to the axial direction. The limiting cases (illustrated by Figure 3.5)

are:

1. a strong interaction among fibers, causing the rope to act as a solid rod (see Figure
3.5(a)), for which:

4

Tne
(B oz = Efth (3.3)
(EA)mar = Epmrl,, (3.4)

2. freedom of each fiber to bend independently (see Figure 3.5(b)), for which:

4
.
(ED)min = NyEymt (3.5)
(EA)min = Ny Epmry (3.6)

where Iy and ry are the Young’s modulus and the radius of the fiber, and Ny is the
number of fibers in a rope of radius r,.;. If a rope is fully packed, then 7r2, = N fm“)%,
from which Ny = (7,¢:/7¢)?; in general, we can define the number of fibers in a thread as
Ny = B(rnet/ry)?, where 0 < B < 1 is called packing coefficient. Using this expression in
equations (3.5) and (3.6), it can be shown that the limiting values for EA and ET of a

rope can be found as expressed in Table 3.3.

It has already been shown in this Thesis that the axial and bending stiffness coefficients
Kok, Kok, and ki depend on EA, EI, and the length of the threads. Considering the
expressions collected in Table 3.3 and assuming that £y and r are fixed once the material

of the threads is selected, the parameters relevant to this sensitivity study are the mesh
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FIGURE 3.5: Illustration of axial (top) and bending (bottom) stiffness properties of a
thread: (a): with strong interaction among fibers; (b): where fibers are independent.

Solid rod Independent fibers
(EA) oz = Epmr? (EA)min = BEsmr2,,

net

(ED)maz = Efﬂriet/él (E1)min = 5Ef7rr72~bet7“]20/4

TABLE 3.3: Limiting values for FA and ET of a rope.

length l,e; 0, the thread radius 7, and the packing coefficient 3. A first sensitivity study
showed that r,.; does not have a significant impact on the importance of bending stiffness,
apart for long threads (of length approximately equal to one fifth the side length of the

net); for the sake of conciseness, that sensitivity study is omitted in this Thesis.

On-ground tests for characterizing the stiffness properties of Technora braids were per-
formed by Benvenuto et al. [68] and Salvi [21]; concurrently to our sensitivity study, we
investigated how their experimental stiffness properties compare with the two limiting

models. The following data on the tested braids were provided in references [68] and [21]:

Pinet = AT tex! =547 x 1070 kg/m B, =25CPa  EA =9838.1x10° N
p; = 1390 kg/m* Ef =73GPa  EI =1.34x107% Nm?

from which the value of the tested braid radius was estimated as: 7, = 3.54 X 107 m =
0.354 mm. The limiting values for EI and F A as per Table 3.3 are plotted together with
the experimental E'I and EF A in Figure 3.6; notice that the graph for F'A is linear, but the
graph for ET is semi-logarithmic. An intersection between FA and (EA),,;, is observed
and corresponds to f = 0.3425: the packing coefficient for the tested braid, therefore, can
only be smaller or equal to 0.3425; higher values are grayed out in the plot. No further
limitations are found from E1, but it can be observed that, when EA is minimum (i.e.,
for = 0.3425), ET is higher than the minimum.

'The tex is a widely accepted unit of measure for the linear density of fibers and ropes, defined as the
mass in grams per kilometer: 1 tex = 1 g/km = 107% kg/m.
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FIGURE 3.6: Experimental and limiting values of EI and EA for rpe; = 0.000354 m,
data from references [68] and [21], and different packing coefficients.

A sensitivity study was performed fixing r,,.; and varying the mesh length and the packing
coefficient (considering only 0.2 < § < 0.4). The ranges for the maximum position RMSE
(obtained by comparing the deployment dynamics for a net without bending stiffness and
a net with bending stiffness modeled with the two limiting cases), together with the values
obtained from simulation with the experimental FA and ET from references [68] and [21],
are reported in Figure 3.7. Circles represent the solid rod model, which is independent of
B, squares represent the independent fibers model, and stars represent the experimental
data. It is observed that the solid rod modeling produces the largest differences (on the
order of 107! m), which increase when the mesh length decreases; as expected, these
RMSEs do not depend on the packing coefficient. The independent fibers modeling is not
very sensitive to the packing coefficient and produces much smaller differences from the
case without bending (on orders of magnitude from 107% m to 1072 m). It is also noticed
that the results with the experimental data are very close to those for the independent
fibers model when [,,.,, = 0.25 m, but orders of magnitude higher for /,,., = 1 m. In
any case, the value of the RMSEs is on the order of centimeters, which is probably not

negligible.

It should also be noted that, even though characterization of a Technora braid was per-
formed on ground in [68] and [21], uncertainties exist on how braids behave in space:
for example, due to the vacuum environment, braids could exhibit a higher stiffness in
space than on ground. Experiments in vacuum would be necessary to evaluate the stiff-
ness properties of braids before employing nets in space. The presented sensitivity study
merely provides evidence of the fact that bending stiffness has non-negligible effects on
the deployment dynamics even when realistic braids are considered for the threads of the

net. However, in the light of this sensitivity results, the effect of bending stiffness in the



Chapter 3. Analysis of deployment dynamics 47

=1m,r__.=0.354 mm | =05m,r =035 mm | =0.25m,r__. =0.354 mm
net,O net r(l)et,O net ngt,O net
10 — 10 : 10 —
5 107 5 107" I I 1 I » 107" I I I I
2 g 2 :
L L L
2 107 2 107 4 2 107 4
hd e hd
x x x
@® @® @®
E 10° £ 10° € 10°
10 10 10
01 02 03 04 01 02 03 04 01 02 03 04
B[] B[] B[]

FIGURE 3.7: Spans of maximum position RMSE for rne = 3.54 x 1074 m and

different mesh lengths, compared with the maximum position RMSE obtained with

EA=9838.1 N and ET = 1.34 x 107% Nm? (semi-logarithmic scale). Circles: solid rod
model; squares: independent fibers model; asterisks: experimental FA and E1I.

results in Section 3.1.3, which were based on a solid rod model of the threads, is expected

to be exaggerated with respect to reality.

3.2 Energy and momentum analysis of deployment

dynamics

Energy and momentum distribution in the net are recognized to be the driving factors
for a correct deployment. In Section 2.4.3 it was noticed that the deployment dynamics
of nets in space is driven by tension loads in the threads, which propagate from the
corner masses to the innermost parts of the net. Taking this perspective, the conceptual
partitioning of the net into the system of corner masses and the net proper is employed (see
Section 3.2.1). Then, the work-energy and linear momentum principles are formulated
in terms of velocities of the corresponding centers of mass of these two subsystems (in
Section 3.2.2) and used to obtain novel analytical results characterizing the response of
the net during deployment (in Section 3.2.3). This allows to determine in a formal way
what configuration and ejection parameters govern the deployment dynamics, as well as
to gain additional insight into the process. The analysis is carried out for an ejection
where initial velocity is imparted to both the corner masses and the net proper; the
results for the case in which the corner masses alone cause the net deployment (which
is the condition most often simulated) can be derived as a special case. The analytical
work is supplemented with numerical simulation, that contributes to the validation of the
findings (in Section 3.2.4).
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3.2.1 Assumptions and definitions

The proposed analysis is valid under some assumptions on the system and on the initial

conditions of its deployment:

1. The shape of the net is symmetrical.

2. The inertia properties of the net system are modeled according to a lumped mass
approach.

3. The ejection of the net and of the corner masses is symmetrical (i.e., the initial
conditions are symmetrical).

4. The net is initially slack.

Let us call M, the total mass of the corner masses and M,,.; the total mass of the net

proper, defined as:

MC: i m; (37)

1=N2+1
N

Myer =Y~ m; (3.8)
j=1

The total mass of the system is M = M.+ M,,;. Finally, let v, denote the velocity of the
center of mass of the corner masses and v,,; the velocity of the center of mass of the net

proper. These definitions will be employed extensively in the rest of this Section.

3.2.2 Work-energy and linear momentum principles

Let us define p(t) as the linear momentum of the system composed of the net proper and
corner masses at time t and pg its value at the time of net ejection t = 0. Let us also call
E(t) the total mechanical energy of the system at time t and Ej its initial value. As was
observed in Section 2.4.4.1, no external forces are applied to the net and corner masses
during the deployment phase under consideration; therefore, the linear momentum of the
net is conserved and the work of non-conservative forces is the work done on the system
by the dampers from ¢ = 0 to time ¢, indicated with Wy o_;. Then, at every instant ¢ the

linear momentum balance and the work-energy balance read as:

p(t) = po (3.9)
E(t) = Eo + Waot (3.10)

The total mechanical energy can be decomposed into kinetic energy 7" and elastic potential

energy V: E(t) = T(t) + V(t). Because of the symmetrical configuration of the system
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(i.e., assumption 1) and symmetrical initial conditions (i.e., assumption 3), symmetry is
expected to be preserved during the whole deployment phase. Hence, the only non-zero
component of the velocity of the centers of mass of the net proper and of the corner
masses will be that in the direction of the axis of symmetry, the so-called direction of
deployment, parallel to the z-axis. As a consequence, the linear momentum equation
(3.9) of the system reduces to a scalar equation in the direction of deployment. Using the
definitions in Section 3.2.1, the scalar equation for the conservation of linear momentum

at time ¢ can be written as:
Mc@c(t) + Mnetq_}net(t) = Do (311)

where pg is the initial momentum in the direction of deployment. Similarly, equation

(3.10) can be reformulated as:

1 1
5Mcﬁg(t) + §Mnet@2 (t) +e(t) = Ey (3.12)

net
The term £(¢) collects the contributions due to the kinetic energy of each of the corner
masses relative to the center of mass of the corner masses, the kinetic energy of each
of the net nodes relative to the center of mass of the net proper, the elastic potential
energy of the net and of the corner threads V'(t), and the work done by the dampers
Wao0—t. By definition, e(¢) > 0. Collecting the elastic potential energy and the work of

non-conservative forces in a unique work term, the energy term £(t) can be written as:

=5 mBO+y Y mi) — [ S T fan) —vaulr)dr (313
j=1 i=N2+1 0 k=1

where p;(t) is the magnitude of the velocity of the j-th node of the net proper relative
to the velocity of the center of mass of the net proper, and p;(¢) is the same quantity for

the corner masses.

At ejection, initial velocity is imparted to the corner masses with a certain inclination
from the direction of deployment, in order to facilitate the net deployment. Additionally,
a non-zero initial velocity can be given to the net proper parallel to the net ejection
direction. If U and ¥, are the velocities of the centers of mass of the corner masses
and of the net proper at ejection, the expressions for the initial linear momentum and

the initial total mechanical energy are:

Po = Mc@c,O + Mnet@net,O (314)

1 1
Ey = 3 Tag + 5 netUnet,0 + €0 (3.15)
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with the initial value of £(t), o, due only to the mass of the nodes and their initial motion

relative to the centers of mass, in light of assumption 4.

3.2.3 Solution for centroidal velocities

The linear momentum conservation statement of equation (3.11) and the work-energy
balance of equation (3.12) can be used to obtain a solution for the centroidal velocities
at various milestones in the deployment process. In what follows, the main steps of the

analysis are provided.
From equation (3.11), it is determined:

— M_v.(t
Unet(t) = pOM—t() (3.16)

and, substituting this expression in equation (3.12), a quadratic equation in #.(t) is ob-
tained:
av?(t) + bo.(t) + c(t) = 0 (3.17)

where the coefficients are defined as:

a:1M<L+A%) (3.18)

2 Mnet
M,
h=——F° 3.19
Mnetpo ( )
(@—1 P Eo+(t) (3.20)
C = 2 Mnet 0 e .

Making use of the total mass of the system M and with simple algebra it can be shown
that:

A(e(t)) = 1 — dac(t) = (3.21)

2M.M
Mnet (EO - g(t))

= M2 (Teo — ero)” +

For equation (3.17) to have physical solutions, the discriminant A(e(¢)) must be positive
definite. This establishes an upper bound on the total amount of energy that can be
dissipated by the dampers, stored in the springs, and transformed into kinetic energy

relative to the centers of mass:

MnetMc
<

_ _ 2
€<t) = I (UC,O - Unet,O) + €0 = Emax (322)
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e(t) Blt) Tnet (1)
0 pﬁo + %\/(60,0 - @net,O)Q + MCQJ\]\/;[net €o pﬂo + % (T)c,O - 6net,O)2 + Mf%zet €o
. ﬁc,maa: or @net,min or
e 'l_}c,min @net,max
@c,O or @net,o or
€o _ _ _ _
% [(1 - ]\;\[Z: )UC,O + 21‘@? Unet,O] % [QUC,O - (1 - MMn:t )vnet,O}
Emaz pO/M pO/M

TABLE 3.4: Velocity of centers of mass of corner masses and of net proper, for note-
worthy values of (t).

which, it is noted, is a function of ejection conditions and mass parameters only. With
condition (3.22) imposed, solutions for 0.(t) and v, (t) are found from equations (3.17)

and (3.16), and upon simple manipulation they can be stated as:

Bo(t) = % + Aj‘fy\j A(e(1)) (3.23)
Bualt) = 1 5 L V/AED) (3.24)

Equations (3.23) and (3.24) make explicit the relationship between £(t) and the velocities

of the centers of mass of the net proper v,.(t) and of the corner masses v.(t).

Analysis of extremum conditions provides further insight into the limiting values that
these quantities can take in time. By differentiating equations (3.11) and (3.12), one can

obtain:

M0e(t) + MyperUner(t) = 0 (3.25)
Mc®c<t)7jc(t) + Mnet@net(t)énet(t) + 5(t) =0 (326)

At the extrema of £(t), £(t) = 0 and substituting v.(t) as per equation (3.25) in equation
(3.26) yields:
Mnet'ljnet@) (T}net(t) - @(:(t)) =0 (327)

The first solution of the above, U,¢(t) = v.(t), corresponds to a condition where A(e(t)) =
0, as evident from equations (3.23) and (3.24); remembering the derivation of inequality
(3.22), it is noted that this also corresponds to £(t) = €q.. Hence, the second solution of
equation (3.27), Unet(t) = 0, corresponds to the other extremum for &(t), i.e., &(t) = €min,
A(e(t)) = Apaz, and, according to equation (3.25), v.(t) = 0: this means that, when &(¢)
is at its minimum, 9.(t) and v, (t) are both at their extrema (if one is at its maximum,

the other is at its minimum, and vice versa).
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e(t)  Ve(t) — Uper(t)

~ — 2M
0 \/(UC,O - Unet,0)2 + Mo Mot €0
’Dc,maz - Enet,min or
Emin _ _
Uc,min - Unet,ma:p
€0 + (@C,O - Enet,())
Emazx 0

TABLE 3.5: Difference between velocity of centers of mass of corner masses and of net
proper, for noteworthy values of &(t).

Expressions for o.(t) and v,(t) for some notable values of £(t) are collected in Table 3.4.
The case £(t) = 0 indicates a condition where all the available energy is in the kinetic
energy of the centers of mass of the corner masses and of the net proper. This condition
is very unlikely to be achieved, but it yields lower and upper bounds on the values of o, (%)
and Upe(t); notice that the signs of v.(t) and v, (t) solutions are inverted: when o, (t)
is maximum, ¥, (t) is minimum, and conversely. The case (t) = €, Tepresents one
of the extremum conditions discussed above, corresponding to A(e(t)) = 0: the center
of mass of the corner masses and the center of mass of the net proper move at equal
velocities U.(t) = Uper(t) = po/M. The other extremum condition, £(t) = £,,;,, is also
reported: it leads to extremum solutions for 0.(t) and v,¢(t), as was also previously
mentioned. For £(t) = gy, two solutions can be obtained from (3.23) and (3.24): one
corresponds to the initial condition; the other is the realistic solution for e(t) = gy at
t > 0. Expressions for the difference v.(t) — U,e:(t) for the noteworthy values of €(t) are
reported in Table 3.5, which will come in handy in the discussion of numerical results.
In the deployment situation where initial velocity is imparted just to the corner masses,
corresponding analytical results can be derived as a particular case of those in Tables 3.4

and 3.5, by setting Uper 0 = 0.

By analyzing Tables 3.4 and 3.5, it can be observed that dependency on the initial mo-
mentum of the system py and total mass M is found, as was foreseeable, for all conditions
subsequent to the initial ejection; the ratio of the mass of the net proper to that of the
corner masses M, /M. and other mass ratios also appear in multiple expressions; addi-
tionally, the bounds for v.(t) and v, (t) depend on £¢, ultimately on the magnitude and
direction of the initial velocity imparted to the system.? All these quantities can be used
as design parameters for the system, in order to optimize its deployment and ease the
capture of debris. Further reasoning on the design parameters will be provided in Section
3.3.2.

It can be demonstrated that p;(0) depends both on v, and the cosine of the angle § between the
initial velocity vector and the direction of deployment. Proof of this is provided in Appendix A.1.
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3.2.4 Numerical validation of analytical findings

The outcome of the analysis is verified through numerical simulation of deployment with
the MATLAB-based simulator presented in Chapter 2. This is done in Figure 3.8 for
a deployment described by the data in Table 2.2, apart from ve, = 1 m/s: the first
plot presents the velocity profiles for the center of mass of the corner masses v.(t) and
of the net proper ¥,¢(t); the upper and lower bounds for both quantities, computed
as indicated in the first line of Table 3.4, are drawn with horizontal dashed lines. The
difference v.(t) — Unet(t) is depicted in the second plot of Figure 3.8, whereas the third
plot presents e(t) during the deployment, computed as per equation (3.13), together with

its maximum value &,,,,, computed as per equation (3.22), and its initial value &.

v [m/s]

FiGurE 3.8: Numerical validation of analytical observations, for the general ejection

scenario. Top: centroidal velocities (solid lines) and their analytical bounds (dashed

horizontal lines). Middle: difference of centroidal velocities (solid line) and notable

values (dashed lines). Bottom: £(¢) (solid lines) and its notable values g9 and &4z
(dashed lines).

A few observations can be drawn from Figure 3.8 and allow validating the expressions

collected in Tables 3.4 and 3.5. First, the limiting values for 0.(t) and 0, (t) are never
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attained, and accordingly, €(¢) is never zero. Second, it is clear that the situation when
e(t) = €min corresponds to the instant when o.(t) and 0, (t) are at their extrema, and
the difference v.(t) — Ve (t) is maximum (see the vertical dash-dot line and the triangles).
The times at which the centroidal velocities take values defined in Table 3.4 for £(t) = ¢
are identified and marked with circles and black vertical lines in the plots: this confirms
the correspondence with the condition £(t) = g at t > 0. Finally, €(t) is never higher than
Emaz, Which validates expression (3.22). The instant when €(t) = €4, is indicated with
a square and a black dashed vertical line in the plots and corresponds to the time when
Ve(t) = Uper(t) = po/M = —1.868 m/s: observe that this value is exactly in the middle of
the velocity bounds and whenever ¢ diminishes, the centroidal velocities approach their
bounds (one its minimum, the other its maximum). It is also observed that after ¢(t)
reaches its maximum, ¥,.;/?. becomes larger than 1: therefore, the center of mass of the

net proper may overtake the center of mass of the corner masses.

The analogous plots for the case in which only the corner masses are ejected also validated
the analytical findings. In this case too, it was found that the center of mass of the net

may overtake the center of mass of the corner masses during deployment.

Finally, a verification was performed for the deployment of a net with consideration of
the bending stiffness of the threads, using the Vortex Dynamics implementation of the
augmented lumped-parameter model introduced in Section 3.1.2 (see Figure 3.9). This
confirmed the validity of the analysis for general modeling of the stiffness of the net

threads as there is no dependence of £(t) on the specifics of the elastic potential energy.

R R U U IR QU e il Bttt ettt el il

() 1 2 3 4 5 6
t[s]

FIGURE 3.9: Numerical validation of analytical observations, for a net with repre-

sentation of the bending stiffness of the threads and ejection of corner masses only

(Venet = 0): centroidal velocities (solid lines) and their analytical bounds (dashed hor-
izontal lines).
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3.3 Results of deployment simulations

In Section 3.2, analytical findings on deployment dynamics were obtained and validated.
Here, further interpretation of those findings is achieved by means of numerical simula-
tions. The deployment sequence is visualized in Section 3.3.1 in two ejection scenarios
and allows to study the effect of giving initial velocity to the net proper. The effect of the
key parameters identified through analysis on the quality of deployment is investigated
in Section 3.3.2.

3.3.1 Effect of giving initial velocity to net proper

In the following are reported results of net deployment simulations with initial velocity
imparted to both the corner masses and the net proper, and to the corner masses alone,
as per equations (2.8) and with ve e = 1 m/s or v, = 0 respectively. Screenshots of
the deployment phase shown in Figure 3.10 demonstrate different deployment dynamics
for the two scenarios: in the first case, the net proper travels in the deployment direction
from the start; in the second, it moves only after tensioning of the threads. One can notice
that the net opens sooner in the second case, due to the higher relative velocity between
the net and the corner masses. Notwithstanding the differences, in both simulations it is
recognized that, after deployment is completed, the net overtakes the corner masses: this
possibility was also suggested by the results of Section 3.2.4, and contradicts statements

in the previous research [10].

The same observations are confirmed by Figure 3.11, which compares the distances trav-
eled by the centers of mass of the net proper and of the corner masses in the two cases,
as well as the evolution of the mouth area in time. Figure 3.11(a) demonstrates that in
the first part of the simulation, approximately until the net reaches its maximum mouth
area, the center of mass of the net proper is behind that of the corner masses; after that
time the net overtakes the corner masses. Also, it is ascertained that, in the initial stage
of the deployment, while the corner threads are slack, the motion of the center of mass
of the corner masses is the same in both cases, whereas the center of mass of net proper
moves in one case and remains still in the other. From Figure 3.11(b), it is seen that, if
velocity is given to the net proper too, it takes more time for the net to start opening, and
that the maximum value of mouth area is slightly lower, although it is reached somewhat
earlier. The effective period (i.e., the time for which the mouth area is larger than 80%
of its nominal value, as defined in Section 2.3) is of 0.9 s if velocity is given to both the
corner masses and the net proper, as compared to 1.1 s for the case of velocity given
to the corner masses alone. Although the specific values would vary depending on the

ejection velocities, as well as on the net size, mass, and mesh properties, these results
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FIGURE 3.10: Screenshots of net deployment sequence. a) for initial velocity imparted
to the net proper and to the corner masses; b) for initial velocity imparted only to the
corner masses.
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FIGURE 3.11: Comparison of deployment simulation results when initial velocity is

imparted only to the corner masses (CM), or also to the net proper. a) Distance

traveled by the centers of mass of the net proper and of the corner masses. b) Mouth
area.

suggest that ejection of the corner masses alone leads to a more complete and more lasting

deployment.

3.3.2 Effect of key parameters on deployment and comparison

to results in literature

From the expressions derived in Section 3.2.3, it is observed that the motion and config-
uration of the net during deployment depend on a few parameters that can be related
to the mass properties of the system and to the initial conditions. For example, €42
depends on ¢y, ultimately on the masses of the net and the corner masses, and on the
magnitude and direction of the initial velocity. In Table 3.4, the dependence on the mass
properties of the system appears in terms M./M, M, /M, and M,.,/M.. However, it is
likely that M,,.; will be determined by requirements on the configuration of the net and
its material, that must guarantee envelopment of the target, withstand the capture loads,
and contain pieces of debris possibly created during capture. This leaves M. as the design
parameter for the deployment. Also, the results in Section 3.3.1 indicate that ejection of
the corner masses alone leads to a more complete and lasting deployment; therefore, the
condition ¥, et = 0 is preferred. The remaining parameters governing the deployment

dynamics of nets in space can be reduced to:

v. the magnitude of the corner masses absolute ejection velocity;
f the shooting angle;

M./M the ratio between the mass of the corner masses and the total mass.
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Investigated parameters
Authors Ve 6 Me/M n c
(or mer)

Present study X X X

Shan et al. [34] X X X

Salvi [21] X X X X
Wormnes et al. [10] X X X

Lavagna et al. [9] X X X

Chen and Yang [31] X X

TABLE 3.6: Summary of existing studies on the effect of parameters on the quality of
the deployment of nets in space.

Net and corner masses

Lnet (m) lnet,() <m> T'net (m) Pnet (kg/mg) Enet (GP&) ga (‘)
5! 0.5 0.001 1390 70 0.106

linot (M)  lero (m)  rer (m)  pen (kg/m?)  men (kg)

0 0.7071 0.002 2700 parameter
Initial conditions Simulation data
Ve,net Ve (m/s) 0 (°) et (-) ty (s) At (s)
0 parameter parameter 0.25 6 1073

TABLE 3.7: Data for the sensitivity study of a net deployment in space.

This Section summarizes the results of a sensitivity study showing how these parameters
impact on the deployment dynamics, and gives a comparison with similar works in the
literature. The main attributes of existing studies on the subject are summarized in Table
3.6. From this table, it is clear that the analytical derivation in Section 3.2.3 justifies
many of the studies presented in the literature: there is agreement on the importance of
Ve, 0, and M./M (or meyy) in the deployment dynamics. Some authors have also studied
the influence of the axial damping in the net threads ¢, and of the mesh number n (i.e.,

the number of meshes in the net).

As discussed in Chapter 2, multiple criteria to describe the quality of deployment have
been proposed in the literature, but can be collected in the three categories introduced in
Section 2.3: (i) Maximum achievable deployment, (ii) Distance traveled, and (iii) Effective
period. The specific definitions employed in this Thesis were also given in Section 2.3.
The numerical results of the performed sensitivity study are collected in Figure 3.12,
for the net described in Table 3.7 (chosen of dimensions similar to other studies) and
with initial velocity imparted to the corner masses only. For computational efficiency
reasons, the Vortex Dynamics simulator was used to obtain the results in this Section; At
is the fixed time-step size employed. Performance criteria (ii) and (iii) are particularly

interesting from the point of view of safe and reliable capture of debris. Numerical results
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for performance criterion (i) are included to support the observations on the effect of the

different deployment parameters on the maximum deployment.

Table 3.8 proposes a comparison of the findings of existing studies and of the current
research. Whereas the conclusions of this research are derived from the sensitivity study
supported by Figure 3.12, the remaining information was inferred from graphs and dis-
cussions from available literature. The comparison of the findings is not straightforward,
not only because of the different net configurations considered, but also because diverse
ranges for the parameters are chosen, and the employed performance criteria are com-
puted in different ways. For example, the deployment area is computed as the area of a
rectangle defined by the position of the four corner masses by Shan et al. [34], whereas in
this Thesis it is computed as the area of the polygon created by projecting on the z — y
plane the nodes on the perimeter of the net. In some papers, the performance criteria
combine information from more than one of the identified criteria: for example, Salvi
employed a capture distance tolerance criterion, that combines information from both the
traveled distance and the effective period [21]. Finally, some authors provided suggestions
on preferred values for these parameters, but did not study specifically how these impact
on the deployment: for example, Wormnes et al. proposed as low as reasonable v., mass
ratios on the order of 0.2, and € such that the net is at its maximum deployment just

before capture [10].

Notwithstanding the difficulties in the comparison of the results, overall agreement on

the following findings was found:

e The extent of the maximum deployment is positively affected by increasing M./M
and using moderate 0 (see Figure 3.12(a) and (b)). Figure 3.12 suggests there is
a lower limit to the mass ratio M./M for a successful deployment (i.e., reaching
Apnaz/L? > 0.8 and non-zero effective period); however, it is also noticed that in-
creasing M./M over a certain limit does not improve the quality of deployment.
Differently, Shan et al. saw an increase in the maximum deployment area as 6 is in-
creased [34]. All studies considering variation of v, found that this parameter barely

has any effect on the maximum deployment; this is confirmed in Figure 3.12(a) and

(b).

e The traveled distance decreases notably when 6 is increased, whereas it does not
depend sensibly on v, nor on M./M (this is why the corresponding plot was omit-
ted). The effects of # and v, are shown in Figure 3.12(e).

e The effective period decreases noticeably as v, increases (see Figure 3.12(c) and (d)).
It also decreases rapidly as M./M increases beyond 0.7 (as shown in Figure 3.12(c))
and depends strongly on 6, especially at low v, (as shown in Figure 3.12(d)): in this
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FIGURE 3.12: Results of sensitivity study on deployment of a 5x5 m? net. a) Maximum
deployment varying ve and M./M. b) Maximum deployment varying v, and 6. c)
Effective period varying ve and M./M. d) Effective period varying v, and 6. e) Traveled

distance varying v, and 6.
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Max. Traveled Effective

Authors Values deployment distance period

Effect of increasing v, [m/s]

Decreases (more

Present study 0.5-10 Small effect Small effect at low M./M
and 6)
Shan et al. [34] 10 - 28 Small effect Small effect Decreases
Salvi [21] 01-10 Small effect Small effect on capture distance
tolerance
Lavagna et al. [9] 5-20 Optimum Not studied

solution: 9 m/s

Effect of increasing 6 [°]

. Increases till ~
Increases till ~ 920°. then
Present study 10 - 70 20°, then Decreases ’
decreases (more
decreases
at low v,.)
Shan et al. [34] 35-70 Increases Decreases Small effect
Increases till ~ Capture distance tolerance
Salvi [21] 5 - 50 40°, then increases till ~ 40°, then
decreases decreases
Lavagna et al. [9] 1-45 Optimum Not studied

solution: 20°

Chen and Yang Areq when net. has traveled 30 m .
131] 10 - 45 increases till ~ 20°, then Not studied
decreases
Effect of increasing M./M [-]
Present study 0.27 - 0.95 Tnereases till ~ Small effect Decreases (more
0.9 at low v,)
Shan et al. [34] 0.89 - 0.98 Increases Small effect Increases or
small effect
Capture distance tolerance
Salvi [21] 0.1-0.95 Increases increases till 0.6-0.95, then
decreases
Only found
Lavagna et al. [9] 0.75 - 0.98 optimum Not studied
solution (0.89)

TABLE 3.8: Summary of findings on the effect of the different parameters on the
deployment dynamics.

study, it increases up to # ~ 20°, then decreases. The existence of optimal values
of the shooting angle was also observed by other authors [9, 21]. Salvi concluded
that the capture distance tolerance is higher for moderate values of M./M. On the
other hand, the effect of M./M and 6 could not be properly appreciated by Shan
et al. because only a high value of ejection velocity (v, = 10 m/s) was employed in

their evaluations [34].

It should be noted that the same sensitivity analysis was performed for a larger net (20x20
m?, with 0.5 m mesh length), and provided qualitatively the same results as those for the

smaller net employed here.
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Overall, considering that a long effective period increases the probability of successful
capture, and that a large distance from the chaser to the target at capture is more desirable
from the safety point of view, it seems preferable to use a moderate mass of the corner
masses, a low initial velocity, and a low to moderate shooting angle. In the preliminary
design of a net-based active debris removal mission, the results of the sensitivity studies
suggest to select first the shooting angle, such that the distance traveled at the instant
of maximum deployment is as desired, while maintaining a sufficient effective period; in
fact, it was verified that the traveled distance does not depend on v, or M./M. Then,
the mass of the corner masses and the shooting velocity can be chosen to guarantee a
sufficient effective period (of a few seconds). As far as the mass properties are concerned,
these results suggest to use 0.4 < M./M < 0.7. For example, for a 20x20 m? net with
0.5 m mesh length, assuming 15 — 50 m as a reasonable distance for capture [8, 10], if
0 =20° v, =25 m/s and M./M ~ 0.7 are selected, then the obtained effective period is

nearly 10 s and the traveled distance is around 42 m.

3.4 Effect of tension in the main tether on deploy-

ment dynamics

Up to this point in the Thesis, the net was considered isolated from the rest of the system;
in reality, however, it must be attached to the chaser spacecraft via a main tether. The
presence of a tether will always have an effect on the dynamics of the net, since tension is
created in the tether and transmitted to the net when the latter moves and the mass of the
tether is displaced. This Section examines the effect of the tensioning of the main tether
on the deployment dynamics. To this end, Section 3.4.1 introduces the modeling of the
chaser and of the tether implemented in the Vortex-Dynamics-based simulator. Section
3.4.2 discusses the effect observed in simulations of deployment with the chaser-tether-net

system.

3.4.1 Modeling of chaser, tether and winch

The chaser is modeled as a simple cubic rigid body of side length L., and mass m,y,, free-
floating without any thrust control. The tether linking the net to the chaser is modeled
as a flexible cable in Vortex Dynamics, that is a series of multiple rigid bodies (capsules)
constrained by means of relaxed prismatic constraints that allow to account for axial,
bending, and torsional stiffness. The length of the tether is denoted with L,, its cross-
sectional radius 7, and its density p;. One end of the tether is attached to the central

node of the net; the other end is attached to a winch on the chaser, that provides the
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possibility to change the length of the cable in time (see a visualization of the system in
Figure 3.13). The winch is modeled as a rigid body of cylindrical shape (with radius 7,
and height h,,) and mass m,,. The spooling of the tether is controlled by means of a hinge
constraint between the chaser part and the winch part. In the implemented simulator,
it is possible to have a tether either locked, or free to spool out, or spooled in and out
in a controlled way; combinations of these controls can also be achieved thanks to the
flexibility of the simulator. The spooling velocity Lt(t) can be defined at every time step
for which the hinge is motorized, and as the tether is winched in or out, parts are removed
from or added to the cable.

FIGURE 3.13: Visualization of the chaser-tether-net system.

A visualization of the model of flexible cables in Vortex Dynamics is proposed in Figure
3.14. Before introducing the tether in the simulator of the system at hand, the modeling
of cables in Vortex Dynamics was tested separately, in simpler configurations and in
the absence of the net, with and without the winch. Multiple benchmark tests were
created for this purpose and allowed to reverse-engineer the cable model, by comparing
the results of simulations to analytical solutions: the most relevant tests are included
in Appendix B. Namely, it was observed that, for a cable made of ng.. parts (i.e., rigid
bodies), ng.. — 1 prismatic joints are introduced, and therefore, the flexible length of the
cable is (ngec — 1)/Nsee times the total length (i.e., the length depicted in red in Figure
3.14 is not flexible). The physical stiffness of the cable can be prescribed by specifying a

modified value for the axial and bending stiffness of the cable:

(EA), = (15’14)%8;‘:—_]L (3.28)
(EI), = (Ef)nsff—_l (3.29)

In this Thesis, the tether is assumed to have negligible torsional stiffness.
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FIGURE 3.14: Visualization of a flexible cable in Vortex dynamics, and scheme of the
composing parts and joints. Cable made of three parts and two prismatic joints. The
segments in red are not flexible.

3.4.2 Deployment simulations in presence of main tether

The aim of this Section is to analyze the impact of the dynamics of the main tether
on the deployment of the net. This is achieved by evaluating the identified deployment
performance indices (maximum mouth area, effective period, traveled distance) under

different open loop tether winching controls:

D1: the tether is free to spool out as it is tensioned by the net;

D2: the tether is free to spool out until ¢,,, then it is locked;

D3: the tether is free to spool out until ¢,,, then it is spooled in at a rate of 1.5 m/s;
D4: the tether is free to spool out until ¢,,, then it is spooled out at a rate of 2 m/s;
D5: the tether is free to spool out until ¢,,, then it is spooled out at a rate of 4 m/s;

D6: the tether is spooled out at a constant rate of 2 m/s.

In order to make the simulations more relevant and in preparation for the simulation
of the overall ADR mission, a larger net is employed for the results in this Section, in
particular of 22 m side length. Its parameters are collected in Table 3.9. The net is
assumed to be stowed in a 1.1 m? square area, d., = 0.1 m below the lower part of the
chaser, and its deployment is achieved by imparting initial velocity to the four corner
masses alone. The tether material is assumed to be the same as that of the net (i.e., the

Young’s modulus and the density are the same).
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Chaser spacecraft Winch
dep, (m)  Lep (m) men (kg) T (M) hy (m) my, (kg)
0.1 1.5 1600 0.05 0.02 0.1
Tether
re (m)  p (kg/m*) B, (GPa) & (-)
0.002 1390 70 0.014

Net and corner masses

Lnet (m> lnet,O (m> Tnet (Iﬂ) Pnet (kg/m3> Enet (GPEL) ga (’)
22 1 0.0005 1390 70 0.106

linot (M) lorp (m)  rer (m)  pen (kg/m?)  menr (kg)

0 1.4142 0.0007 2700 0.5
Initial conditions Simulation data
Ue,net Ve (m/s) 0 (°) et (-) ty (s) At (s)
0 2.5 36.87 0.05 30 1073

TABLE 3.9: Data for the simulation of a deployment in space with the chaser-tether-net
system.

With a free tether, the net reaches the threshold A = 0.8L2,, after almost 16 s of sim-
ulation. In order to see the effect of the tether controls on the deployment performance
indices, the instant when the tether starts being winched was chosen as t,, = 17 s for
controls D2-D5. With control D3, the effect of spooling the tether in is investigated:
this is not expected to help the deployment, but the discussion of the spooling-in effect
will pave the way for the study of possible capture mechanisms. For control D4, the
magnitude of the spooling velocity was chosen lower than the spooling velocity observed
in simulation with a free tether (see control D1 in Figure 3.15); for control D5, it is larger
than the spooling velocity of a free tether. Finally, spooling out is prescribed since the
beginning of the simulation for control D6, to study the impact of spooling out the tether
earlier than the onset of movement of the center of the net (which happens at ¢ ~ 10.5 s
with a free tether).

In Figure 3.15, the prescribed rates of change of the tether length Lt(t) for the different
controls and relevant time periods are plotted with black dashed lines; these are compared
with the rates of change of the tether length obtained in the simulations, depicted with
gray solid lines. It is observed that, whenever the winch is motorized, the rate of change
of the tether length follows closely the imposed winching velocity; when the tether is free,
the rate of change of the tether length varies in different ways, which are determined by

the dynamics of the net at that instant.

In the following, results with these open loop controls are compared with each other and
with respect to the case where no tether is provided: this condition is not realistic, but

serves to compare the results to the existing literature. The profiles of net mouth area
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FIGURE 3.15: Prescribed open loop winching controls (black dashed lines) and obtained
tether length rates (gray solid lines) in simulations of deployment.

as a function of the distance traveled by the center of mass of the net during deployment
are depicted in Figure 3.16. The maximum mouth area is provided as a percentage of
The threshold A/L?,, = 0.8 is shown with a dashed black

the nominal mouth area L2 2

net*
line; although the effective period cannot be read directly from this graph, one can get
some insight on the achievement of the condition for effective capture. Keeping in mind
that larger values of maximum mouth area, of traveled distance, and of effective period
are preferred for capture, one can observe that situations with no tether, free tether (i.e.,
control D1), and tether spooled out with control D4 are superior. In particular, it is
noticed that spooling the tether out after the effective mouth area threshold is achieved
is helpful for maintaining the net deployment: the effective period obtained with control
D4 is 13% longer than that obtained with a free tether. The scenario where the tether is
spooled out since the beginning of the deployment (i.e., control D6) grants higher traveled
distances, but reduces the maximum mouth area and, especially, the effective period. In
the case where the tether is free and then locked or spooled in (i.e., controls D2, D3),
the mouth area undergoes a steep decrease as soon as the control is applied. Similar
degradation of the performance indices is encountered in a situation where the tether is

spooled out faster than it would with a free tether (i.e., control D5). Numerical values for
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FIGURE 3.16: Mouth area versus distance traveled by the center of mass of the net
during deployment.

TABLE 3.10: Results of deployment with different tether controls.

Performance index No tether D1 D2 D3 D4 D5 D6

Aoz /Lo (%) 89.5 91.3 90.7 90.0 91.5 90.7 84.9
Effective period (s) 4.9 54 35 27 61 35 14
Traveled distance (m) 22.1 22.8 21.7 21.0 228 21.8 26.3
Max tension (N) n.a. 35 35 160 35 35 09

the maximum mouth area, the effective period, and the traveled distance obtained with
the different controls are collected in Table 3.10. In this table additional information on

the maximum tension experienced in the tether is included.

To complete the analysis of deployment, Figure 3.17 reports the maximum value of tension
in the tether at each time, as retrieved with code during the simulation®. It is observed
that a tension of around 3.5 N appears in the tether after the central mass of the net
moves (i.e., at ¢t ~ 10.5 s) for all simulations starting with a free tether (i.e., all but
control D6); after this first peak, tension decreases quickly. It reappears at t, = 17 s,
especially in the locked tether and a tether that is spooled in; afterwards some visible

tension persists in the tether.

Overall, the results of this analysis show that, almost any case in which a tether is included
reduces the effective period, with respect to the deployment of the net alone; the only
cases that prove slightly better are controls D1 and D4. From these results and for the
sake of achieving a reliable capture of large space debris, it is recommended either to keep

the tether free during the deployment of the net (which is simpler), or to spool it out

3 As explained in Section 3.4.1, the flexibility of the tether is represented by a series of prismatic joints.
The tension experienced in these joints can vary along the tether. Here, the maximum value of tension
experienced along the tether at each instant is represented.
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FIGURE 3.17: Maximum tension in the tether during simulation of deployment.

with a moderate velocity after the achievement of the effective mouth area (which gives
better results). Spooling the tether out after the achievement of a desired deployment can
help to maintain the net in the deployed configuration for a longer time. Based on the
observation of the effect of tension during the deployment, it is conjectured that spooling
in the tether after deployment — which generates significant tension in the tether — would
be helpful in speeding up the capture dynamics, since the onset of significant tension in

the tether brings the net to a closure.

3.5 Closing remarks on deployment dynamics

Chapters 2 and 3 dealt with the deployment dynamics of tether-nets for ADR. Simu-
lators based on lumped-parameter models for the net were presented, validated against
on-ground experiments and against each other, and employed to perform a number of
analyses. A novel contribution is the evaluation of the effect of bending stiffness of
the threads of the net on the deployment dynamics; although uncertainty exists on the
stiffness properties of the threads in space, the impact of their bending stiffness on the
configuration of the net during deployment may be important. Analytical derivations
allowed to identify in a formal way (and for the first time, to the author’s knowledge)
bounds on centroidal velocities, as well as key parameters that govern the behavior of
the net during deployment: the total mass of the system, the ratio between the mass
of the corner masses and the total mass, the magnitude and direction of the initial ve-
locities. A sensitivity study showed that more lasting deployment and safer capture can
be obtained by employing moderately heavy corner masses, moderate shooting angles,

and low shooting velocities. The possibility that the net may overtake the corner masses
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upon deployment was confirmed. When the main tether was introduced, it was found
that more complete and lasting deployment can be achieved either by keeping the tether
free to spool out, or by spooling it out with a moderate velocity after the achievement of
the effective mouth area. It was also verified that onset of moderate tension in the tether

(obtained for example by spooling the tether in) brings the net to a closure.
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Chapter 4

Capture Dynamics

Part II of this Thesis dealt with the deployment of tether-nets in space, whose success
is tantamount to the effective capture of space debris. In the remainder of this Thesis,
the actual net-based capture of space debris is addressed. As one can easily imagine, the
simulation of capture of debris with a flexible system as complex as a tether-net is far
from trivial. Multiple contact events are expected to occur, both among different parts
of the net and between the net and the target debris. Therefore, the representation of
the effect of contacts between the bodies in the system under consideration is key to the
fidelity of the simulation to reality; at the same time, modeling and computational issues

arise.

Evaluation of the success of capture is arduous per se: overall quantities describing the
complex configuration of the net during capture have to be defined. The rotational motion
of the target makes things even more complicated. The criteria devised for analyzing the
results of capture in this Thesis are introduced in Section 4.1. A short literature review on
the options for modeling contact dynamics is given in Section 4.2. The chosen approach
is detailed in Section 4.3, together with its implementation in the MATLAB-based sim-
ulator; a simplified capture scenario is considered at this stage, to lighten the burden of
collision detection. With this simplified scenario, the effect of contact modeling choices is
investigated in Section 4.4. Modeling of contact dynamics in the Vortex-Dynamics-based
simulator is presented in Section 4.5, and the simulation tool is employed in Section 4.6
to evaluate the effect of representing the bending stiffness of the threads of the net on
the capture dynamics. Finally, the robustness of the net-based capture maneuver to

inaccuracies in deployment is explored in Section 4.7.

73
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FIGURE 4.1: Illustration of net-based capture of rotating debris.

4.1 Criteria for successful capture

The evaluation of the effectiveness of capture of space debris with a tether-net is a difficult
task, especially in the absence of a closing mechanism. For illustrative purposes, Figure
4.1 shows some screenshots of a simulation of capture of rotating debris. It is clear that

the dynamics of the net after capture is complicated and hard to describe.

A few characteristic traits were identified to describe qualitatively the success of the

maneuver:

1. Envelopment: said to occur whenever the net goes around the whole debris (see
Figure 4.1, screenshot 3).

2. Envelopment sufficiently long for a closure mechanism to work successfully: if the
mouth shape of the net remains entangled for more than 10 s'.

3. Slip off: if, after envelopment, the mouth section is open and contact with the debris
is lost (see Figure 4.1, screenshot 5).

4. Fly away: when the distance between net and debris increases after slip off (see

Figure 4.1, screenshot 6).

The presence or absence of these features in the capture simulation results is evaluated

thanks to their graphics visualization and by post-processing the simulation data (namely,

110 s is the time that was deemed sufficient for a closing mechanism to work in this study.
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FIGURE 4.2: Illustration of criteria to describe the success of net-based capture of a
cylindrical object.

the position of the nodes of the net in time). These criteria will prove useful in Sections
4.6 and 4.7.

A different set of criteria was defined for simpler capture scenarios, such as capture of
non-rotating objects of more regular shape (such as cylinders). Three significant events

in the capture maneuver were identified:

1. First impact between net and debris;
2. Closure of the net;
3. Re-opening of the net.

For the capture of a cylindrical object of radius R, such as in the scenario illustrated
in Figure 4.2, one can define closure as the instant when the four corner masses of the
net enter a circle of radius R.,;/2 (chosen arbitrarily and shown in red) beyond the distal
surface of the target, and subsequent re-opening as the instant when the four corner
masses exit a circle of radius Ry, (shown in blue). These situations can be identified
programmatically at run-time and will be used to evaluate quantitatively the effect of

modeling choices on the success of capture in a simplified scenario in Section 4.4.

Finally, closing mechanisms that rely on tethers intertwined around the perimeter of the
net or linking the four corner masses have been proposed in the literature to close the net
around the target [10, 37]. For successful capture with closing mechanisms of this type,
it is necessary that the closing maneuver is initiated when the corner masses are farther
than the distal part of the target object (i.e., below the green plane in Figure 4.2), while
the net is around it. To ease the process of closure, it is advantageous that the corner
masses remain in this condition for as long as possible, so that more time is available for

the closing mechanism to work. This criterion will be employed in Section 5.1.
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4.2 Review of contact dynamics modeling

Many approaches are available for modeling contact dynamics: for a comprehensive liter-
ature review the reader may refer to the work by Gilardi and Sharf [69]. Two families of
approaches to contact dynamics are impulsive models, and continuous models. Contin-
uous models, as opposed to impulsive models, consider the contact phase to have finite
duration and are well-suited to describe the evolution of multibody systems [69]. Within
this class of methods, compliant and complementarity formulations can be distinguished
[70].

In the compliant formulation the contact force normal to the surface of the colliding bodies
is defined explicitly as a function of the local indentation (or penetration) and its rate.
Multiple linear and non-linear expressions have been proposed: surveys have recently
been published by Alves et al. [71] and Banerjee et al. [72], and more information will
be provided in Section 4.3.2 of this Thesis. Any type of friction model can be used in the
continuous compliant contact approach, both for sticking and slipping conditions. The
basic model is Coulomb’s dry friction law, which states that the magnitude of the friction
force is proportional to the normal contact force in sliding conditions and undefined
in sticking conditions; it can be improved by smoothing the transition from sticking
to sliding conditions, which eliminates its typical discontinuity. Some alternatives are
Stronge’s expression for sticking contact, in which the tangential force is proportional
to the tangential displacement of the contact point, and the bristle model, for which
friction is proportional to a vector called bristle displacement (more detail on this can be
found in Section 4.3.3). Whenever collisions occur, the Degree of Freedoms (DOFSs) of
the problem are separated into free and constrained: the dynamics equations for the free
DOFs remain unchanged with respect to the unconstrained ones, while the others are
modified by the contact dynamics through the addition of normal and tangential forces.
Since both are already expressed in terms of the generalized coordinates, the system can
be directly solved for those. The main drawback of any of the compliant contact force

models is the need to evaluate the contact parameters [70].

In the complementarity formulation, no penetration is allowed and the contact is dealt
with by enforcing the non-penetration constraints on all constrained DOFs. Additionally,
sticking contact conditions are set for the DOF's subject to sticking contact; friction for
slipping contact is expressed directly as a function of the normal contact force and the
generalized coordinates. The resulting system of ODEs and constraints is cast in the form
of a mathematical optimization problem, such as a Linear Complementarity Problem
(LCP) or a Quadratic Programming (QP), for which solvers exist, and can be solved for
the unknowns: the normal contact force vectors, the sticking friction force vectors, and

the generalized coordinates. Unilateral constraints in terms of displacements can also
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be differentiated once or twice in time to obtain a velocity-impulse or an acceleration-
force formulation. Unfortunately, the solution of a complementarity problem is NP-hard,

therefore computationally challenging.

Only few works in the literature on tether-nets for ADR available prior to this research
gave details on how contact between the net and the target was treated. Bombelli modeled
the geometry of the target as a 3D body, but its dynamics as that of a point mass; he
assumed perfectly inelastic collisions between the knots of the net and the target: a node
impacting the target acquired the same dynamics as the center of mass of the target [19].
A compliant approach, based on a linear normal contact force and Coulomb’s friction
force was implemented in a software upgrade by Benvenuto and Lavagna [36]. Wormnes
et al. exploited the simulation capabilities of Bullet physics engine, in which the contact
is dealt with by imposing linearized velocity constraints (that replace the non-penetration
constraints); friction force is accounted for with an extremely simplified model, in which
the tangential force does not depend on the normal force [10]. As recognized by the
authors themselves, even though this approach is computationally affordable, this comes
at a cost of lower physical relevance. Golebiowski et al. have also exploited the collision
detection capabilities of Bullet physics engine and have modeled contacts with impulsive
methods in the normal direction and with Coulomb’s law in the tangential direction [30].
Yu et al. mentioned considering the problem of impact between a slack net and a rigid

ball; however, no explanation of the implemented model for contact was provided [61].

4.3 Modeling of contact dynamics in MATLAB

It is foreseen that the contact scenario will be particularly complex for the problem
under study. Since it is interesting to know how the system evolves during contact, and
considering that the solution of a complementarity problem is NP-hard, a continuous
compliant model was chosen for the implementation of contact dynamics for net-based
debris capture. When the dynamics equations for the nodes of the net were stated, in
equation (2.7), a term related to external forces was included. In the study of deployment
dynamics in vacuum and in the absence of gravity, this term was irrelevant; however,
external forces appear when contacts occur between the i-th mass and another body.
The aim of this Section is to define these contact forces. Underlying the representation
of contact forces are the detection of collisions and the description of contact geometry,
which are addressed in Section 4.3.1. Once this information is available, normal contact

forces and friction forces can be defined, as described in Sections 4.3.2 and 4.3.3.
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FIGURE 4.3: Collision detection and definition of penetration (in red) and rate of
penetration (in green) for impact between two nodes in contact pair i.

4.3.1 Collision detection and contact geometry

In order to accurately represent collisions among the lumped masses composing the net,
the corner masses, and the target of capture, collision detection must be performed at
every time step of the simulation. This consists in checking if any of the net nodes and
of the corner masses collide with each other and/or with the target; if this happens, a
contact pair is created for each two colliding bodies, the geometry of contact is defined,

and a contact force is applied to the bodies involved in the contact.

For collision detection and contact geometry purposes only, each node and corner mass is
modeled as a sphere of radius proportional to its mass. Any of the impact events between
two nodes of the net or corner masses can be seen as an impact between two spheres
of generally different radii R;,; and Rs;. The direction normal to the contact plane in
impact pair 7, 0,, can be defined with a unit vector in the direction linking the centers
of mass of the two spheres, as shown in Figure 4.3 (in this figure, @, ; indicates a direction
in the plane of contact). If ry; and ry,; are the position vectors of the centers of mass
of the two spheres in contact pair ¢ with respect to the origin O of the inertial frame of

reference, 10, ; is defined as:
o; —T14

- 4.1
||I'2,z' - I‘1,z‘|| ( )

~
un,i -

The two spheres are said to intersect when the distance between their centers of mass
becomes smaller than the sum of their radii: ||re; —r1,|| < Ra; + Ri,. If this happens,
the two spheres are colliding with velocities vy ; and vy ;, and the penetration and rate of

penetration (depicted in red and green in Figure 4.3) are found as:

d; = Ry + Roy — ||ra; — 14| (4.2)
51’ = _<V2,i - Vl,i) : ﬁn,i (4-3)
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(a) (b)

FIGURE 4.4: Continuous compliant normal contact force model for contact pair i. (a):
sphere-plane. (b): sphere-sphere.

The detection of collisions between the nodes of the net and a target object depends on

the geometry of the second. An example will be provided in Section 4.4.

Accurate collision detection is critical to the accuracy of the simulation of contact, for
example to avoid unrealistically high contact forces due to artificially large penetrations.
In order to accurately detect collisions in the numerical simulations, a 1x107% tolerance
was selected for the employed Runge-Kutta integration scheme. It is anticipated that the
need for such accuracy in the detection of collisions will considerably affect the compu-
tational efficiency of the simulation. It should also be noted that this modeling approach
allows representing collisions only at the nodes of the net, and not along the threads;
therefore, this method will only work for the detection of collisions with debris that does
not have thin structural elements (this issue will be treated in Section 5.4 of this Thesis).
This is expected to cause non-physical interpenetration among the threads of the net and
between the threads of the net and the target, as well as underestimation of the energy

lost due to contacts.

4.3.2 Normal force modeling

The normal contact force, by definition, acts in the direction normal to the contact plane:
F,; = F,.;0,,;. Note that, due to the definition given for 1, ; in contact pair 7 between
two spheres, the force vectors applied to the two masses, to be used in the F,.,; term of
equation (2.7), are F,, »; = F},;0,,; and F,, 1 ; = —F}, ;1,,;. The magnitude of the normal

contact force F),; remains to be determined and is the topic of the current Section.

Over the years, many continuous compliant models have been proposed for the contact
force generated in the direction normal to the contact plane; interesting recent compar-
ative studies can be found in references [71] and [72]. Typically, a spring simulates the

elastic behavior, while a damper dissipates part of the energy during contact.
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The linear model has been widely used because of its simplicity: the normal contact force
is thought to arise from a linear spring and a linear damper placed in parallel between
the two contacting bodies (see the conceptual representation in Figure 4.4 for contacts
between (a) a sphere and a plane, and (b) two spheres). If, for the i-th contact, k.; is the
contact stiffness coefficient and ¢, ; is the contact damping coefficient (these coefficients
being dependent on material and geometrical properties, in ways that will be shown later),

the normal contact force can be simply computed as:

Fhi=kcid; + cci0; (4.4)

A better representation of the normal contact force is the non-linear spring-damper model
introduced by Hunt and Crossley [73], which overcomes the problems of the linear model,
namely the discontinuity of the force at the beginning of impact and a non-physical
“sticking” force keeping the bodies together at the end of impact [69]. In this formulation,

the normal force arising at the i-th contact is found as:
Fri = kel + )\15?51' (4.5)

where n is a constant dependent on the contact scenario, k.; the non-linear stiffness

coefficient, and \; the non-linear damping coefficient.

In this Thesis, both the linear model (4.4) and a family of non-linear models (4.5) with
different expressions for A; have been implemented. In order to define the stiffness and
damping coefficients of the models, a few reasonable assumptions and considerations are
made. First of all, all contacts are assumed to be elastic. Second, and for contact geometry
purposes only, the nodes of the net are approximated to spheres of radii proportional to
their mass, as already mentioned. Since target debris is characterized by dimensions much
bigger than each node of the net, the first is approximated with a plane in the vicinity
of each contact: impacts between a node of the net and the target, or between a corner
mass and the target, are therefore modeled as impacts between a sphere and a plane. As
a consequence, apart from some special cases (e.g., a node impacting an edge or vertex of
the target), impact happens between two continuous and non-conforming surfaces, which
make first contact at a point and for which the resulting stresses are highly concentrated.
For computing contact stiffnesses, each contacting body can also be approximated to an
elastic half-space loaded over a small elliptical region of its surface: in fact, the dimension
of the contact area is expected to be much smaller than the characteristic dimensions of
the bodies and than the radii of curvature of their surfaces at the impact point. Within
these assumptions, Hertzian contact theory is valid and it is possible to use the well-
known results summarized below; the reader is referred to Johnson’s work for a detailed

treatment of Hertzian theory [74].
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For the reasons discussed above, the contact between the net and a debris target is studied
as the result of the contact between the nodes of the net and a plane (see Figure 4.4(a)),
ignoring singular cases such as contacts between a node of the net and an edge of the
debris. According to Hertzian contact theory for this scenario, n appearing in equation
(4.5) is 1.5 and the contact stiffness k.; relative to the impact of the i-th node with the

debris can be computed with:

. 4
kei = 3V R:E; (4.6)
Ey; Es;

= 2 2
1-— Vi, 1-— Vi,

Ef

7

(4.7)

In these expressions, F;; and v;; for j = 1,2 are the Young’s modulus and the Poisson’s
ratio of the material of each body impacting at contact i, and R; is the radius of the ¢-th
sphere. For collisions between two nodes of radii R;; and Ry, forming the ¢-th contact

pair (see Figure 4.4(b)), the contact stiffness is found as:

- 4
kc,i - § \V -Req,i-E;< (48)
R iRy,

Regi= 5—"—"F—
¢ Ri;+ Ry,

(4.9)
The contact stiffness employed in the linear normal contact force model is estimated as
kei = kei(20maz/3)" Y, with k. ; from equation (4.6) or (4.8), once the order of magnitude
of the penetration occurring between the bodies 0,,,, is assessed. This estimation is justi-
fied by the fact that, if damping is temporarily neglected, F,, ; = k. ;6; should approximate

linearly F,; = 12‘0715;1 while passing through zero.

The damping coefficient in the linear model is computed as c.; = 2§\/mik.; with £ as

the chosen damping ratio and m.; a mass that depends on the type of contact pair:

m; if sphere - plane
s — preresp (4.10)

m1,iM2,i : _
my i+ma; if Sphere Sphere.

On the other hand, the damping coefficient in the non-linear models \; has attracted the
attention of many researchers, who have proposed different expressions, among which are
those reported in Table 4.1. These models make use of vy, the relative velocity in the
normal direction at the beginning of the contact event, and «., a coefficient that relates
the coefficient of restitution e to the initial impact velocity as e = 1 — g [73].% For the
non-linear damping coefficients to be accurate, the energy dissipated during the contact

process should be consistent with that defined as per the restitution coefficient. Alves et

2The coefficient of restitution e is a measure of the energy loss due to the motion in the direction
normal to the contact plane. Multiple models exist for its definition.
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Authors Expression

Hunt-Crossley [73] A = Sacke;

Herbert-McWhannel [77] Nt = Savcke, <W)

Lee-Wang [78] Aowi = Sacke;

Lankarani-Nikravesh [79] ALni = Sacke; (1 —

Zhang-Sharf [76] Azsi kegIn [_ A(li:()v;rio%w — Ao + aedivg; =0

TABLE 4.1: Different expressions for damping coefficient in non-linear models.

al. recommend employing Gonthier et al.’s model [75], or the equivalent model by Zhang
and Sharf, because of their ability to correctly model the dissipation of energy for any
value of the coefficient of restitution, including more plastic impacts [71]. For this work,
it was chosen to implement the most traditional non-linear models as well as Zhang and
Sharf’s model, all of which were thoroughly discussed in reference [76]. Banerjee et al.
suggest using two other models, one of which is linear, and the other is piecewise non
linear [72]. Because of the non-physical “sticking” force issues related to linear models
and the additional discontinuities that would be introduced by piecewise functions, it was
decided not to include these two models in the simulator at hand. Only the traditional
Kelvin-Voigt model — which was used in previous works on the simulation of net-based
capture of debris, such as [27] — was included in order to highlight its problems. It is
also worth mentioning that the non-linear models, relying on Hertz theory, can make use
of the previously described relationships to evaluate the contact stiffness and damping
coefficients; this makes them preferable with respect to the linear models. A drawback
is the introduction of additional parameters, such as a., that are not always known nor

easily evaluated.

4.3.3 Friction force modeling

Strictly speaking, Hertzian theory is valid only for frictionless contact. However, it is
demonstrated that normal compression and tangential displacement can be treated sep-
arately [74]. In particular, tangential traction does not affect normal motion if the two
materials are similar; in any case the effect is small and can reasonably be neglected
(about 5% variation on the normal force) [74]. Therefore the normal force can always be

found with Hertzian theory.

Since the nodes are modeled as point masses, friction force is expected to have a significant
effect on their motion in case of continued contact only. This was found to happen only
between the net and the debris; therefore, and for the sake of computational efficiency,

contacts among nodes of the net and corner masses are assumed to be frictionless in the
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MATLAB-based simulator. For contacts between the net nodes and the target, friction
force is modeled; in this case, contact is complicated by different possible conditions:
slipping and sticking. It is well-known that, in the slipping regime (i.e., when there exists
relative velocity between the contacting bodies), the friction force is proportional to the
normal contact force: F; = upk,, with i the kinetic friction coefficient. Modeling of
friction force in the sticking regime is more uncertain and has been the topic of multiple
studies. In the traditional Coulomb’s model, the value of friction force in sticking is not
uniquely defined: F; < upgF,, with us the static friction coefficient. Multiple efforts to
uniquely define this force, as well as to smoothen the transition from sticking to sliding
friction have been made, for example in references [74, 80-85]. Among the various friction
models available in the literature, Johnson’s and bristle model are considered here because
of their capability to explicitly and uniquely define the friction force both in sticking and

slipping conditions.

4.3.3.1 Johnson’s model

Jonhson studied the sticking regime as incipient sliding: while there is no sliding motion
between the two contacting bodies as a whole, the friction force causes a small relative
motion over a portion of the interface (this is called micro-slip) [74]. For two spheres
in sticking contact, Johnson found that the relative tangential displacement d,; can be

related to the friction force with:

Fi2—v;,  2—1n,
5pi = ( : ) 411
M 8ay G, * Ga; ( )
3FniReqi 1/3
= (2Enilteqi 412
¢ ( AE; ) (4.12)

where G; for j = 1,2 is the shear modulus of the materials of the contacting bodies,
and Ef and R.,; are defined in equations (4.7) and (4.9). Using the expression for the
normal contact force by Hertz F),; = /%071-(5? with n = 1.5, and extending the expression

to 3D, the force of friction can be written as:

F; = k0., (4.13)
kii = 8v/Regi6,* G (4.14)

2 — V1 2 — Vo -1
G = : : 4.15
I RN (4.15)

In these equations, d;; is the vector of relative tangential displacement and k;; is the
tangential stiffness for the i-th contact pair. Observe that the tangential stiffness varies

during a contact, depending on the instantaneous penetration o;.
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4.3.3.2 Bristle model

The bristle model imitates the presence of irregularities of the surfaces using bristles. In
the original undamped model by Haessig and Friedland, the friction force is defined in 1D
as F; = ky,s, where ky, is the equivalent bristle stiffness and s is the bristle deflection [80].
This idea was extended to 3D by Ma et al. [84], and a damped version of the 3D model
was proposed by Liang et al. in order to stabilize the oscillations during the transition

between sliding and sticking regimes [81]. The undamped 3D model reads [81]:

F, = —kys (4.16)
t .
So+ [, vidr i ||S|] < Spmaa
s | S0t Jigvedr SEisl (4.17)
Smax‘A/t lf ||S|| Z Smaz
Smaz = MF” (418>
kbr

if v >w
= Hoe t d (4.19)
s if vy < vy

In equation (4.17), sy is the deflection at the starting time of contact ty, v; is the vector
of relative tangential velocity between the two contact bodies at the contact point, v, its
direction and v; its magnitude. The maximum bristle deflection s,,,, is defined as per
equation (4.18) and depends on the sticking or slipping regime as indicated by equation
(4.19); the boundary between sticking and slipping conditions is dictated by a threshold
magnitude of relative velocity vy. It should be noted that, in the equations above, all
the quantities but ks, ug, s, and vy are functions of time; the dependence on time is

omitted here and in the following to simplify the notation.

The damped bristle friction model reads [81]:
Ft = —k‘brS — Cbrs (420)

with ¢, the bristle damping coefficient (independent of time), and § the derivative of the
bristle deflection at time ¢. The related algorithm is not thoroughly explained in [81],
but while implementing this model, it was found that the inclusion of the damping term
undermines the physical consistency of the model, if equations (4.17) and (4.18) are not
revised. In particular, any micro-slip friction model is expected to be consistent with
Coulomb’s model of friction, that is ||F¢|| < pF,. In the context of bristle model (4.16),
this is achieved through the appropriate definition of s,,,,. However, for the damped
case (4.20), the conditions for switching between sticking and slipping (i.e., equations
(4.17)-(4.19)) must be modified to ensure that || — ky.s — cp-8|| < pF,. This is achieved if

it is observed that § = v, if ||s|| < spa. and it is declared that § = 0 when ||s|| = e In
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addition, as far as recovering the direction of the friction force in sliding, it is necessary
to impose that the bristle deflection vector s is in the direction of v;. The modified

definitions for the damped bristle friction model of equation (4.20) are proposed as:

t .
so+ [, vidr if ||F|| < uF,
g = 0 J;/O t || t“—/’L (421)
Smax‘A/t lf ||Ft|| > MFTL

v, if ||FY|| < uk,
DAL [Fu] < g (4.22)
0 if |[Ff| > puk,

where $,,4, 18 defined with equation (4.18) and p is selected with equation (4.19). For this
model, initial conditions for both s(¢y) and $(¢9) must be consistently set. In particular,
initial conditions are computed as: sy = (upFy,/ ke )V and $o = 0 if the contact point is

sliding; sp = 0 and $g = v, if the contact point is sticking.

For the problem at hand, v ; for each contact pair is found at every time step by projecting
the relative velocity vector on the tangent plane: remembering that friction is modeled
only for contacts with the stationary target (see Section 4.3.3), vi; = (1 — 0,4} ;)v, 1
being a 3-by-3 identity matrix. If contact begins for pair ¢, initial conditions are computed;
otherwise, the bristle deflection s; is found from its value at the previous step - if contact
is sticking - or from its maximum - if slipping - as per equation (4.21). Similarly, §; is
found with equation (4.22), and the friction force F;; is computed with equation (4.20),

knowing ki, ; and ¢, ;.

The implementation of the damped bristle model in 3D was validated by simulating the
dynamics of a block sliding on a slope following a curved trajectory, as was proposed
by Liang et al. [81]: the results of this validation are collected in Appendix C.1. The
implementations of Johnson’s model and of the damped bristle model were also validated
by simulating the dynamics of a point mass dragged on the ground with a linearly in-
creasing force (see Appendix C.2). Upon comparison of the results and performance of
simulations with the two models, it was noticed that the damped bristle friction model
has a few advantages over Johnson’s friction model: fewer transitions between sticking
and slipping regimes, a more continuous friction force magnitude, and, consequently, a
much lower computational time. For these reasons, the damped bristle friction model was
chosen for simulation of the contact between the net and the debris target. Nonetheless,
Johnson’s model proved helpful in selecting the value for the bristle stiffness coefficient
kyr; by making direct correspondence between equations (4.13) and (4.16). In particular,
the constant k. was estimated by fitting in the least squares sense the curve k; = k()
for one contact pair with a polynomial of degree zero, from 6 = 0 to d,,4.. The damping

coefficient was then estimated as ¢, = 26+/mky,., with m the mass of an internal node
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of the net. The coefficients of the bristle model are assumed to be independent of the

contacting node ID.

4.4 Effect of contact dynamics modeling on capture

dynamics

It is clear from the previous Section that a multitude of continuous compliant contact
dynamics models exist in the literature, and there is no evident specific reason to select
any one of these models. In this Section, the effect of choosing different models to
represent the contact dynamics is investigated. The solution of the capture of an object
with a net is challenging both from a computational point of view (because of contact
detection issues, geometry considerations, and the inherent non-linearities) and from a
description point of view. Section 4.4.1 describes a simplified capture scenario that allows
to evaluate quantitatively the effect of contact modeling choices on the capture success;
the implemented collision detection strategy is also presented. Section 4.4.2 collects the

results and draws conclusions on the issue.

4.4.1 Simplified capture scenario

A reasonable scenario to be simulated in MATLAB is the capture of a stationary cylindri-
cal target approximating the shape of launcher upper stages, which represent the majority
of high priority targets for ADR missions [4]. The chosen geometry allows to simplify the
contact detection phase and eases the evaluation of the capture success (allowing the use

of the quantitative criteria introduced in Section 4.1).

Capture happens after a net deployment phase similar to that discussed in Part II: the net
is initially in a stowed configuration on the inertial z-y plane, initial velocity is imparted
to the four corner masses in a symmetrical way, and the net fully deploys in a few seconds.
The cylindrical target is oriented so as to have its axis parallel to the inertial z-axis (see
Figure 4.2); it is defined by specifying its radius R.,, its height H,,, and the position of
its center in the inertial reference frame (Tey, Yeyis 2eyi). The distance of the i-th mass,
with position (x;,¥;, z;) in the inertial reference frame, from the axis of the cylinder is

computed at every time step as:

di = \/(1:7, - xcyl)2 + (yz - ycyl)2 (423)

Each of the three surfaces of the cylinder is assigned an index: 1 indicates the top circular

area, 2 the lateral surface, and 3 the bottom circular area. Conditions for contact of a
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cylinder
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FIGURE 4.5: Collision detection and definition of penetration (in red) and rate of
penetration (in green) for impact between node ¢ and the cylinder. (a): face 1 and face
3. (b): face 2. Directions parallel to inertial axes indicated in blue.

Face # Conditions for contact Normal direction
1 (dz < Rcyl) VAN (Zz < Zeyl + Hcyl/2 + Rz) k
2 (Zeyt — Heyt/2 < 2 < Zeyr + Hey/2) N (di < Ry + R;) Uy, 2
3 (dz < Rcyl) A (ZZ Z chl — Hcyl/2 — Rz) —IA(

TABLE 4.2: Conditions for contact and definition of normal direction for each face of
the cylinder.

node with each of the faces, as well as the direction normal to the plane of contact w,,;,
are collected in Table 4.2. In Figure 4.5 are reported the definitions of penetration and
rate of penetration in the impacts between a node of the net and a face of the cylinder.
The normal direction 1, ;2 in case of contact with face 2 is defined as shown in Figure

4.5(b) and per the following equation:

Uy io = [(l'z - xcyl)/dz‘ (yz - ycyl)/di O]T (4-24)

In Table 4.2, the second condition for contact determines whether penetration 9; between a
node or corner mass and a face of the cylinder occurs, i.e., whether §; > 0. The penetration
0; is therefore defined for each face as expressed in that condition; for example, for face
1, 6; = Ri — (2i — Zeyt — Heyi/2). The rate of penetration is given by the derivative of ¢;,
or by 5Z = —vV; - U,,; with v; the velocity of the i-th mass in the inertial reference frame

(since the target is stationary); for face 1, it is b= —v; - k=—uv,,.

)

The target is assumed to be infinitely massive; this is justified by the ratio between the
mass of a realistic debris (thousands of kilograms) and of a realistic net system (on the
order of kilograms). As a result, forces and moments transmitted to the debris upon

impact of the net have negligible effect on its motion.
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4.4.2 Results of capture simulation with different contact force

models

Simulation of capture of a stationary cylindrical debris with a net was performed with
each of the models presented in Section 4.3.2, with and without friction. This allowed
to evaluate the effect of employing different models on the overall capture dynamics.
The parameters employed for these simulations are collected in Table 4.3. It should
be noted that, for contact dynamics simulation purposes, several coefficients related to
the materials of the contacting bodies need to be defined. In these simulations, the
net is assumed to be made of Kevlar (a polymeric material having properties similar to
Technora), and the corner masses and target are assumed to be made of aluminum; data
on Kevlar was taken from references [86] and [87]. Although the density of Kevlar is
slightly different from that of Technora, the conclusions of this study will not be affected.
A search in the literature was performed to characterize the contact parameters, but
some more assumptions were necessary. For the static friction coefficients g, Kevlar-
Kevlar pairs were assumed comparable to Nylon-Nylon pairs and Aluminum-Kevlar pairs
were assumed comparable to Aluminum-Teflon pairs (data were obtained from reference
[88]); the kinetic friction coefficients py were estimated by dividing ps by 1.25. The
threshold magnitude of the tangential relative velocity for sticking-slipping transition
was set arbitrarily to vy = 0.001 m/s. The a, coefficients (formerly introduced in Table
4.1 to evaluate the non-linear damping coefficients )\;) were estimated from experimental
results on impact by Goldsmith [89]®. As was mentioned at the end of Section 4.3.3,
Ky and ¢, coefficients were assumed independent of the contacting node ID.* Also, the
contact stiffness coefficients, found as per equations (4.6) to (4.9), were divided by 10 in

order to compensate the fact that the mass is lumped in the nodes.

The numerical simulation proved itself able to represent the contacts between the net
and the debris, and among the nodes of the net. Figure 4.6 shows some snapshots of
the system during capture, comparing the results obtained with the linear and Hunt and
Crossley’s non-linear normal contact force models. The net is deployed and contact with
the cylinder is seen at t = 2.0 s. Due to contact with the cylinder, the net envelops it, and
discrepancies in the positions of nodes and corner masses become appreciable between
the two models (e.g., at ¢ = 4.0 s). The corner masses impact each other below the target

because of symmetry (at ¢ ~ 5 s), and open again afterwards (e.g., at t = 6.0 s). In

3t a1—a1 Was estimated by linearly interpolating an experimental plot of e = e(vg) for impact between
spheres of the same size made of aluminum. In the absence of more relevant information, o, g;—net and
Q¢ net—net Were estimated by linearly interpolating an experimental plot of e = e(vg) for impact between
a tennis ball and a stone slab.

4Bristle stiffness coefficient k. was found by fitting in the least square sense k;(J) as per equation
(4.14) from § = 0 t0 6 = Jpmar ~ 107* m (6,n4x was estimated from a first run of the simulation).
To evaluate k;, in addition to the parameters in Table 4.3, G4 = 25 GPa and Gper = 2.9 GPa (from
reference [87]) were employed.
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Net and corner masses

Lnet (m) lnet,O (m) Tnet (m) Pret (kg/mg) Enet (GP&) Sa (')

5 1 0.001 1440 70 0.106
linot (M)  loro (m)  rer (m)  pou (kg/m?) meum (kg)

0 1.4142 0.002 2700 0.5

Target

Rey (m)  Hey (M) 2y (m) Yoyt () Zeyl (M)

1 2 2.5 2.5 -2

Contact parameters

Eal (GP&) Val (') Vnet (') ac,al—al (S/m) ac,al—net (S/m) ac,net—net (S/m)

69 0.33 0.36 0.25 0.05 0.05
kb?" (N/m> Cor (Ns/m) Vd (m/s) Hs,al—al (_) Hs,al—net (_) MS//“Lk (_>
1.05x108 206 0.001 0.42 0.19 1.25

Initial conditions Simulation data
Ve,net Ve (m/s) 0 (O) Alpet (') ty (S) € (")
0 2.5 36.87 0.5 8 1076

TABLE 4.3: Data for the simulation of net-based capture in a simplified scenario.

Figure 4.7 the responses with Hunt and Crossley’s model with and without friction are
compared. In this case, the discrepancies in the net configuration at corresponding times

are less important, and become appreciable just after impact of the corner masses.

The times needed for integration with the five non-linear models with friction, of the linear
model with friction, as well as Hunt and Crossley’s model without friction, are compared
in Figure 4.8(a); all simulations were performed on a laptop with Intel Core i7-4712HQ
CPU @ 2.30 GHz. It is noticed that simulation with Lankarani and Nikravesh non-linear
model took the longest time to integrate (~ 55 min), whereas simulation with Hunt and
Crossley’s and Lee and Wang’s models took approximately half the time (between 24 and
26 min); as could be foreseen, a shorter integration time (of ~ 11 min) was sufficient
to perform a simulation without friction. In order to evaluate the effect of employing
the different contact models on the overall dynamics, the three significant events in the
capture maneuver that were identified in Section 4.1 are employed: (1) first impact with
the debris, (2) closure defined as the instant when the four corner masses enter a circle
of radius Ry, /2, and (3) subsequent re-opening of the net defined as the instant when
the four corner masses exit a circle of radius R.,. These noteworthy instants of time
are compared in Figure 4.8(b). The time of first contact, as expected, is exactly the
same (t ~ 1.8 s) in any simulation. Closure happens at ¢ ~ 4.7 s in every simulation;
the earliest closure is obtained at t = 4.72 s with Lee and Wang’s model, the latest one
is found at t = 4.75 s with the linear model. The simulated responses become more

differentiated with time, as more contacts occur. Thus, re-opening of the corner masses
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FIGURE 4.6: Capture sequence with linear model (grey net) and Hunt and Crossley’s
model (black net).

happens between ¢ = 6.0 s with the model without friction and ¢ = 6.8 s with Hunt and

Crossley’s model.

Overall, the effect of employing different normal contact force models or of neglecting fric-
tion is not fundamental to simulating the capture dynamics, especially until net closure.
However, the choice of the contact force model does appear to influence substantially the
computational time. It was observed that the non-linear models that express the damp-
ing coefficient in terms of the coefficient of restitution sometimes encounter numerical
difficulties; considering the differences in computational efficiency and similarities in the
overall dynamics, the more simple non-linear models (such as Hunt and Crossley’s or Lee
and Wang’s) are recommended for simulating this particular dynamic scenario. In Section
4.3.2, it was observed that Alves et al. recommended models that are able to recover the

restitution coefficient correctly for the whole span of its values (i.e., from 0 to 1); however,
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t=00s t=20s
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FIGURE 4.7: Capture sequence with Hunt and Crossley’s model with friction (black
net) and without friction (grey net).

they also noticed that all the proposed models provide similar damping factors when the
restitution coefficient is higher than 0.7 [71]. From the results of simulation with Hunt
and Crossley’s model, it was found that the restitution coefficient e characterizing a new
contact is lower than 0.7 in only approximately 4% of occurrences. This corroborates the
finding that all the models employed in this work provide similar overall dynamics in this
capture scenario. A model without friction is deemed to be sufficient for describing the
overall dynamics of capture in this particular scenario: in fact, simulation of friction force
did not have a significant effect on the response, but doubled the computational time.
However, it is expected that friction will have a more important effect in scenarios where

the rotation of the debris is modeled.

Figure 4.9 presents the contact force obtained with the linear model as well as with Hunt

and Crossley’s and Zhang and Sharf’s non-linear models on two of the masses impacting
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FIGURE 4.8: Comparison of (a) integration times and (b) events describing the overall
capture dynamics, obtained with different contact dynamics models.

the cylinder: node 15, that impacts the top surface, and node 9, that impacts the lateral
surface (the reader can refer to Figure 2.1 for the location of these nodes in the net). F),
is the normal contact force, whereas F}; and Fj, indicate two orthogonal components of
the friction force. For node 15, (Fy, Fyo, F},) are aligned with the inertial reference frame.
For node 9, F,, depends instantaneously on the point of contact, Fj; is aligned with the
inertial z-axis, and Fjs completes the orthogonal triad. Multiple peaks are observed; these
correspond to multiple impact occurrences between the node and the cylinder, which are
due both to the overall net dynamics and to the elasticity of impacts. Comparing the
results of simulations with the three models, it can be noticed that the trends of the
contact forces are similar, especially until around ¢ = 5 s; however, it is clear that the
normal contact force with the linear model can become unrealistically negative (i.e., a
force that tends to keep the bodies together), whereas this does not happen with the non-
linear model. Quantitatively, these results confirm that the orders of magnitude of the
contact forces are consistent among the three models. However, the linear model yields
normal contact forces noticeably lower than the non-linear models at the beginning of
contact (e.g., approximately 25% decrease with respect to Hunt and Crossley’s model
at the first impact occurrence). From these figures, it is also evident that the forces of
contact at first impact and during later sustained contact are characterized by different
orders of magnitude: for node 15, the first impact force is F;,, ~ 1200 N, whereas the

contact forces experienced later are on the order of Newtons.

At a first glance, from Figure 4.9 it may seem that the contact forces are discontinuous,
contrary to the nature of the continuous compliant model. A zoom on the first peak of the
normal contact force experienced by node 15, in Figure 4.10(a), reveals that it does vary
continuously during the very short impact period, of 0.1 ms duration. Figure 4.10(a)

reports the results obtained with all the implemented models: it shows that the first
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FIGURE 4.9: Comparison of contact force on some nodes with Zhang and Sharf’s model,
Hunt and Crossley’s model, and linear model.

impact happens at exactly the same instant with all the models, and that little variation in
the normal contact force exists among the non-linear models. On the other hand, it makes
the differences between the linear model and the non-linear models even more visible. It
can be appreciated how, at the onset of contact, the linear model causes a contact force
that becomes instantaneously different from zero (although at that instant the penetration
is null): this is due to the linear damping term. Also, the non-physical “sticking” behavior
as the objects are separating is clearly visible. In Figure 4.10(b), the normal contact force
experienced by node 15 at three subsequent impact events is depicted. This highlights
that the dynamics of node 15 is influenced by the small differences observed during its
first impact with the debris: for example, the second peak is higher in magnitude and
occurs later in simulations characterized by higher normal contact forces during the first

impact (see Figure 4.10(a)).

The number of contacts experienced by the net during capture is represented in Figure



Chapter 4. Capture dynamics 94

1400 T T T 600 T
e N[ e LN |
- - - - -LW
1200
HM 500 HM

1000

— — —Linear

— — —Linear

800 -

i ‘ ‘ ‘ i ‘ i i
1.8048 1.8049 18049 1.8049 1.805 185 19 1.95 2 205
t[s] t[s]

(a) (b)

FI1GURE 4.10: Comparison of normal contact force on node 15 with all the implemented
models. (a): zoom on first peak. (b): zoom on second, third, and fourth peaks.

4.11 for the simulation with Hunt and Crossley’s model. Since the first impact with the
top surface occurs, i.e., at t &~ 1.8 s, four contacts are observed. The four contacts are
sustained for certain intervals, such as from 1.85 s to 1.95 s; this was also ascertained
by verifying that F), of node 15 oscillates after the second peak and settles at F,, ~ 2 N
until the third peak (see Figure 4.10(b)). At around ¢ = 1.95 s, 20 contacts are observed,
which consist of the 4 nodes impacting the top and 16 new impacts of nodes with the
lateral surface. At the corresponding time, the first impact force on node 9 is found in
Figure 4.9(b). Additionally, from Figure 4.11 it is noticed that contact is often sustained
and that multiple simultaneous contacts (often more than 8, and up to 20) occur later in
the simulation. Considering that the net and debris in this set of simulations are much
smaller than those envisaged for actual ADR missions, and that as a result many more
simultaneous contacts are expected to occur in the real scenario, the continuous compliant
modeling approach for the normal contact force seems well-suited to the problem. This
formulation is also able to solve both impact and sustained contact situations, both of

which were observed during net-based capture of debris.

In Figure 4.12 the friction force on node 15 and some related quantities are depicted for a
short interval in order to validate the implemented friction model and highlight some of its
features. The threshold velocity vy determines the velocity at which transitions between
sticking and slipping regimes occur; five transitions are visible in the top plot. At all
transitions, a discontinuity in pfF;, is observed in the second plot, due to the change in
the coefficient of friction; also, from this diagram it is verified that F; < pF), always, and
that Fy = pF, during slipping. Finally, the third diagram compares the direction of the
relative velocity and of the friction force, measured with 6 from the z-axis: as expected,

the two vectors are always aligned during this time span. This verifies the recovery of
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FIGURE 4.12: Friction force results on node 15 with Hunt and Crossley’s model.

Coulomb’s friction in slipping, demonstrates that the magnitude of the friction force is

continuous, and confirms that transitions happen when they are expected to.
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4.5 Modeling of contact dynamics in Vortex Dynam-

ics

The rest of the studies on net-based capture dynamics contained in this Thesis were
performed with the Vortex-Dynamics-based simulator, primarily because of its built-in
collision detection features. Collision detection and contact geometry are the subjects of
Section 4.5.1. Whenever a collision is detected, constraints due to contacts are added to
the dynamics equations (which were stated in equation (2.21)) to account for normal and
friction forces. The normal and friction force models employed are dealt with in Sections
4.5.2 and 4.5.3.

4.5.1 Collision detection and contact geometry

Each body in the multibody simulation tool is assigned a collision geometry. Several
methods to define collision geometries are available in Vortex Dynamics, and have to be
selected based on the need for computational efficiency versus accuracy of collision detec-
tion and response. For example, mesh-based collision geometries offer close identification
with a graphics mesh, but introduce discontinuities in smooth surfaces; primitive geome-
tries, such as spheres or cylinders, allow to construct smoother contact surfaces: simpler
contact detection algorithms can be used, which improves the simulation performance.
In this work, simple geometric primitives were selected to improve the computational effi-
ciency: the nodes of the net and the corner masses were approximated to spheres of radii
proportional to their mass; target objects were modeled with patched primitives (spheres
and cylinders). Collision detection strategies for the simple geometries employed are well
established and built-in in Vortex Dynamics (they consist of hierarchical, progressively

more complex tests).

In Vortex Dynamics, each collision geometry is assigned a material, which consists of
a set of collision-related properties (e.g., friction coefficient, contact stiffness). Each
combination of materials results in a contact material, representative of the combined
collision-related properties; in the simulator at hand, these properties were specified as
the same contact stiffness and damping parameters discussed in Sections 4.3.2 and 4.3.3.
These collections of properties are computed off-line and stored in a look-up table, which
is used at run-time to determine the dynamic response between two objects with certain

material properties.
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4.5.2 Normal force modeling

In presence of contact constraints between the bodies in the simulation, the equations of

motion and constraints in equation (2.21) become:

Mv+c—G'AN-—Nvy=f
®(q)=0 (4.25)
0O<vl1l®.>0

where N is the Jacobian of the contact constraints, such that . = Nv, v is the array of
normal contact forces, and @, is the array of distances. The third line in equation (4.25),
to be read component-wise, states complementarity conditions, due to the unilateral
nature of contact constraints: a force of contact can only be positive when the distance

between two bodies is zero, and vice-versa.

Vortex Dynamics offers both impulsive and regularized models for contact forces in the
direction normal to the contact plane: the impulsive model considers the contact phase
to have infinitesimal duration and the impact to be rigid; the regularized model considers
the contact to happen in a finite amount of time, during which a certain penetration is
allowed. For this work, a regularized model was employed. The contact forces can be
defined as:

v=-K.®.— B.Nv (4.26)

and the discretized equations can be written as:

1 - O 0 Qni1 —dn 0

0 M -GT —NT| | v, N —hMv, —h(f —c)| |0

0 G Co 0 | kAo B, ®, ~|o (4.27)

0 N 0 C<I>C hVn+l Bq)c@c,n n
0<vin=>0

where Cop, = diag{h (1 + coi/(hkcs)) ™" /ker} and Be, = diag{h™ (1 + coi/(hker)) ™'}
The similarities between equations (2.22) and (4.26) and between the third and fourth
lines in equation (4.27) is evident. However, the unilateral nature of the contact con-
straints causes the inclusion of term m to the right side of the fourth equation and of the
complementarity conditions, to avoid that v becomes negative. The interested reader is

referred to the paper by Lacoursiere [60].

Notice that equation (4.26) corresponds in practice to a Kelvin-Voigt model similar to that
described in equation (4.4), considering that the contact stiffness and damping matrices

are composed of the coefficients k.; and c.;. In order to estimate representative values
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for the contact stiffness and damping coefficients, Hertzian contact theory was brought to
assistance, as was done in the MATLAB simulator (see Section 4.3.2). However, in Vortex
Dynamics, there exist default values of stiffness k and damping ¢ for the sake of stability
of simulation. For each contact, Vortex Dynamics chooses which pair to use between the
user-defined (k. c.;) and the default (k,¢), according to the perturbation made on the
system, computed as (1/h%k)/(1 + ¢/(hk)), with h the simulation time step: the chosen
pair is that creating the highest perturbation. Moreover, the damping coefficient actually
employed in the simulator depends on the time step and stiffness coefficient: c.; + hk.;
or ¢ + hk.

4.5.3 Friction force modeling

The solution of problems with many contacts is not easy. The most accurate representa-
tion of friction forces offered by Vortex Dynamics at the time of writing is an approxima-
tion of the Coulomb’s friction model, called scaled box friction model. As in Coulomb’s
model, the static friction force boundary is computed as proportional to the normal con-
tact force; differently from it, this boundary is computed through several iterations in the
same time step. Also, the friction force is computed component-wise along two orthogonal

directions on the contact plane, which is expected to cause a small error.

If friction force is present and defined according to the scaled box friction model, the

equations of motion are written as:

Mv+c—G'A-Nv-_D'g=f

®(q) =0
0<v1® >0 (4.28)
D(qv=0c

0§(ﬁ—§)J_GZO, 0<(B—-pB)Lo<0

The fourth line in equation (4.28) defines the relative tangential velocity o. The fifth line
represents complementarity conditions on the friction constraint: either the magnitude
of the tangential contact force 3 is between its lower bound 8 = —uv and upper bound
B = pv (with p a matrix of friction coefficients of dimension 2N, x N, with N, the
number of contacts) and the relative tangential velocity vanishes, or the bound on the

friction force is reached and the relative tangential velocity takes the opposite sign.

Also, some regularization is introduced for the sake of stability of the simulation; therefore,

actual sticking is not possible during contact. This modifies the equation D(q)v = o.
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The discretized equations become:

1 —A 0 0 0 Qn+1 —qy 0

0 M -G —NT —DT| | v, —hMv,, — h(f —c) 0

0 G Co O 0 A1 | + Bo®, = |0

0 N 0 Cs O Wi Bs, ®., n| (4.29)

0 D 0 0 Cp | [MBrt1] | 0 i O |
0<vl1in=>0

Oﬁ(ﬂ—ﬁ)J_O'EO, OS(B_B)J—US(L éz_l“/n—i—l: ,6%,_1,1/”_,_1

where Cp = diag{1/(hb;)} and b; is the viscous friction coefficient for the i-th contact.
Again, for further details on this formulation, the interested reader is referred to the

paper by Lacoursiere [60].

4.6 Effect of bending stiffness on capture dynamics

Similarly to what was done in Section 3.1 for the deployment dynamics, the effect of rep-
resenting the bending stiffness of the net threads on the capture dynamics is investigated
in the next few pages. Simulations of capture of a tumbling target (which is modeled in
Section 4.6.1) with and without representation of the bending stiffness of the net threads

are compared in Section 4.6.2.

4.6.1 Model of tumbling debris

FIGURE 4.13: 3D model of debris (left), and model showing collision geometries (right)
in Vortex Editor.

It was already mentioned that many of the debris objects that need to be removed from
orbit are launcher upper stages [4]. The first target considered is modeled after Apollo

spacecraft but is characterized by dimensions, mass, and shape similar to rocket upper
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stages, which will be used as targets in Chapter 5. In Vortex Dynamics, the debris
object is modeled as a part, which corresponds to a rigid body model. The model for
the debris object used for this study was built in the Vortex Editor environment starting
from a graphics 3D model®, as shown in the left screenshot of Figure 4.13. To the part is
automatically attached a reference frame, whose origin lies at the intersection of the red
and green lines shown in Figure 4.13°. The positive directions of the unit vectors defining
this reference frame are indicated at the top right corner of the screenshot. The collision
geometry for the debris object used as target in this study was constructed by adding to
the part multiple primitive geometries, as shown in the right screenshot of Figure 4.13.
At run-time, the target part is imported into the C++ API to allow for interaction with

the rest of the simulation.

The target under consideration has a length of Hy = 11 m, has a circular cross section
of 3.9 m diameter (i.e., Ry = 1.95 m), and a mass of mr = 11900 kg. The position of its

center of mass relative to and expressed in the part reference frame is:
rgo = [—0.604 —0.115 —0.339]"m (4.30)

The inertia tensor in the part reference frame is:

63371.5  108.328  464.155
Ic = [108.328  63384.9 —825.275| kg m” (4.31)
464.155 —825.275  16523.1

Since it is expected that debris be tumbling in the orbit, initial angular velocity wr is

given to the target object in simulations.

4.6.2 Capture simulation results

The parameters of the simulation are collected in Table 4.4. The initial configuration
of the net was selected so as to be at dr = 10 m distance and centered with respect to
the geometrical center of the debris object. Upon consideration of the dimensions of the
debris target, and taking into account the need to contain computational effort, the net
was selected to be 20 x 20 m? wide and to have 1 m mesh length, which results in 445
rigid bodies and 844 threads (i.e, 844 distance constraints and 844 prismatic constraints).

The target was oriented such that the direction of its maximum dimension was parallel

5The 3D model was found at the web page The Apollo Connection - Apollo 3D ... Spacecraft In-
formation and Models: https://sites.google.com/site/theapolloconnection/, accessed on 3 June
2015.

6The origin of the part reference frame is positioned in the inertial reference frame at run-time
according to the user-provided initial conditions.
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FIGURE 4.14: Scenario employed for evaluating the effect of representing the bending
stiffness of the net threads on capture dynamics.

to the initial plane of the net, aligned with the y-direction of the global reference frame
(see Figure 4.14). It was also made to spin at a rate of wy = 5°/s about an axis parallel

to the z-axis at the initial instant of the simulation: wp = le;.

Net and corner masses

Lnet (I'Il) lnet,O (1’11) Tnet (1’11) Pret (kg/mg) Enet (GP&) ga (')
20 1 0.0005 1390 70 0.106

linot (M) loro (m)  ror (m)  pen (kg/m?)  menr (kg) & (-)

0 1.4142 0.001 2700 0.5 0.014
Target
Ry (m)  Hr (m) mr (kg)  Er (GPa) dr (m)  wr (°/s)
1.95 11 11900 69 10 5
Initial conditions Simulation data
Ve,net Ve (m/s) 0 (°) et (-) tr (s) At (s)
0 2.5 36.87 0.25 120 1/60

TABLE 4.4: Data for the simulation of net-based capture of debris to study the effect
of bending stiffness and the robustness of capture.

The contact stiffness and damping parameters of the possible collision pairs are collected
in Table 4.5. For computation of all these parameters, it was assumed that the Poisson’s
ratio is v, = 0.35 for Technora [90], and v, = 0.33 for Aluminum. The employed
static friction coefficients were taken as fisq1—q = 0.45 for Aluminum-Aluminum pairs
88], tts.ai—net = 0.15 for Aluminum-Technora pairs, and jis pet—ner = 0.20 for Technora-
Technora pairs (for Technora, frictional properties of Nylon were used). For all the contact
pairs, the kinetic friction coefficients p were evaluated by dividing the corresponding

static friction coefficients by 1.25, the viscous friction coefficient was set to 10° kg/s.
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k. (x10° N/m) T CM Corner node Edge node Inner node

T - 9.712 4.591 4.241 4.449
CM sym. 6.867 4.161 3.895 4.055
Corner node sym. sym. 3.295 3.162 3.243
Edge node sym. sym. sym. 3.044 3.116
Inner node sym. sym. sym. sym. 3.193
¢. (Ns/m) T CM Corner node Edge node Inner node
T - 1396 70 53 62
CM sym. 830 66 50 59
Corner node sym. sym. 42 36 39
Edge node sym. sym. sym. 32 34
Inner node sym. sym. sym. sym. 37

TABLE 4.5: Normal contact stiffness and damping coefficients for the possible collision
pairs. T stands for target; CM stands for corner mass; corner node, edge node and
inner node indicate generic nodes differently positioned in the net.

The net deployment and target capture maneuver was simulated for the duration of 120 s
and using a time step of 1/60 s, with an Intel®Core™ i7-4712HQ CPU @ 2.30 GHz pro-
cessor; without bending modeling, it took about 9 min to complete the simulation; with
bending, it took approximately 1 hr, 20 min, for a nearly 8-fold increase in computation
time. Animations of the maneuver revealed that in both simulations (with and without
bending) the net wraps around the debris, but opens again and leaves the target after a
certain time, because of the spin of the debris. The effect of including bending stiffness

was found to be substantial from inspection of the simulation recordings.

The impact of including bending stiffness is also visible in Figure 4.15, where the mouth
shape at different time instances with and without bending is compared; in each snapshot,
the instantaneous direction of the debris is depicted in gray. It can be observed that, in
both simulations, just before contact (t = 9 s) the net is almost deployed and the mouth
shape is symmetric. Contact with the target happens at around ¢t = 9 s for the simulation
with bending, and at around ¢ = 13 s for the simulation without bending: at ¢t = 14 s, the
effect of contact is visible in both plots and the net shape becomes asymmetric; the two
shapes differ strongly from each other, with the net in the simulation without bending
that is partially entangled, and the net in the simulation with bending not entangled
at all. At subsequent times, the differences grow among the two simulations: a t = 27
s, for example, the net appears more entangled in the simulation with bending; at t =
44 s, both nets appear to have opened again, but the net with bending stiffness has a
larger mouth area; finally, at ¢ = 82 s, the net has left the target, traveling away from
it in both cases, but the two section shapes and positions do not agree at all. Overall,
the dynamics of the net during the capture phase appears to be very different in the

two simulations. Due to the dissimilarities already appreciated in the deployment phase
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FIGURE 4.15: Mouth shape at different time instances in simulation of capture of ro-
tating target. (a): without bending stiffness representation; (b): with bending stiffness
representation.
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(see Section 3.1), the net impacts the debris at different instants in the two simulations
(about 9 s in simulation with bending stiffness representation, about 13 s in simulation
without bending stiffness representation): therefore, the first impact between the net and
debris occurs with the debris at different orientations, which has an important effect on

the subsequent dynamics evolution.

The dynamics of the net was found to be more perceptibly influenced by the dynamics of
the target spacecraft when bending stiffness representation is not included: the net takes
less time to wrap around the target, and leaves it more quickly afterwards; the net with
representation of bending stiffness takes more time to entangle the debris. This difference
can once more be explained by the physical implication of bending stiffness, which causes
resistance to changes in the shape of the net which are being imposed by the motion of
the corner masses and the contacts with the debris. In spite of such large differences in
the motion of the net during the capture maneuver, it was observed that the “global”
results for the two simulations were comparable: in both cases the net wraps around the
target but then opens up and leaves it after a few seconds. Also, the acquired rotation
of the net about the positive z-axis, which corresponds to the initial condition given to
the debris, can be recognized in both simulations, especially in the phase during which

the net leaves the debris.

4.7 Robustness of net-based capture

One of the presumed advantages of using tether-nets over more traditional technologies
in capture of debris is its robustness to inaccuracies in the capture process. In fact,
uncertainties in the motion and inertia properties of the target are expected; a capture
method proven to be robust to these uncertainties would be preferred. The deployment
dynamics of the net itself, however, might be affected by inaccuracies — or worse, failures
— in the ejection of the corner masses. The aim of this Section is to present a sensitivity
study on the effectiveness of net capture in different mission scenarios. This is achieved by

performing multiple simulations of the capture dynamics, and by inspecting the results.

In the nominal condition for the ejection of the net, it is assumed that its center is initially
aligned with the origin of the debris part (which is close to the geometric center), and
that the four corner masses are all ejected with the same initial velocity, symmetrically.
The simulation parameters employed for investigating the robustness of capture are the
same as in Table 4.4. Two nominal scenarios are considered: in scenario 1, the maximum
dimension of the debris target is aligned parallel to the initial plane of the net; in scenario
2, it is perpendicular to the initial plane of the net (see Figure 4.16). In both cases, the

target spins about its major axis of inertia. Simulations with the target spinning about
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its minor axis of inertia were also performed but are omitted here because this condition

is not likely to occur for realistic debris.

(a) Scenario 1 (b) Scenario 2

FIGURE 4.16: Nominal capture scenarios considered to study the robustness of net-
based capture.

Let us indicate with (i,j,f{) a reference frame oriented as the inertial reference frame
but centered in the debris. Let us define with (ibjb, Eb) the debris body-fixed reference
frame: ip points through the nose of the debris and lies on a plane of symmetry; jb and
k;, lie on a plane perpendicular to this, and complete the orthogonal triad. The initial

angular velocity vectors for the two nominal scenarios are:

wrr = u}ka = wTk

wry = wrky = wrj

The presence or absence of the characteristic features introduced in Section 4.1 in the
simulated capture maneuver was evaluated thanks to their visualization, and by post-
processing the simulation data (namely, the position of the net nodes in time). In nominal
alignment and deployment conditions, the net envelops the target for a time sufficiently
long for a closing mechanism to work (estimated as 10 s) in both scenarios. In this set
of simulations, no closing mechanism was used and it was observed that the net, after
enveloping the target, also slips off it in both scenarios. On the other hand, after slipping
off the target, the net flies away from it only in scenario 1 (see the screenshots in Figure
4.1). In scenario 2, the rotation of the target helps the net to not fly away from it: after
the net slips off the target, contact is recovered thanks to the spin motion of the latter,
which collides with the open net and drags the net around itself. On the other hand, in
scenario 1 the spinning motion of the debris is transferred to the net upon contact, and

this is found to make the net open again and fly away.
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4.7.1 Robustness of capture to inaccuracies

The success of capture may depend on the relative attitude between the target debris and
the direction of the launch of the net, as well as on the magnitude and direction of the
initial velocity imparted to the corner masses, and on the distance from the target at the
time of launch (these two last parameters being related). On the other hand, net-based
capture of debris is expected to be compliant to position and attitude misalignments, and
robust to errors in the ejection of the corner masses. The flexibility of the simulator at
hand, which is a characteristic anticipated in Chapter 1, allows to perform a sensitivity
study on the robustness of capture by specifying simulations with different net ejection

conditions, as well as target positions and orientations.

The effectiveness of capture in a certain number of non-nominal conditions is described
in Table 4.6 for scenario 1 and in Table 4.7 for scenario 2. In these tables, the criteria
identified in Section 4.1 to describe the success of capture are employed. The non-nominal
scenarios simulated are defined in the first column of these tables; partial CM failure
indicates a condition in which one of the corner masses is ejected with half the velocity
with respect to the others; Total CM failure indicates an extreme condition in which one of
the corner masses is not ejected at all (its initial velocity is null). Different misalignment
conditions are taken into account, both associated with the relative position and the
relative orientation between net and target. Relative position misalignment is considered
in the inertial z- and y-directions separately; the magnitude of a realistic misalignment
was chosen by assuming that the attachment between the net and the chaser spacecraft
is provided by a 50 m long tether, and that ejection of the net takes place with an error
in the shooting angle of approximately 5°. Relative orientation misalignment is examined
only about the inertial x-axis in this set of simulations; in this case, the initial angular
velocity of the target is defined as:

wri = wrky = —wrsin(0,)j + wr cos(f, )k

A~
.

Wy = wrky = wy cos(0,)j + wr sin(&x)f{

with 6, the relative orientation misalignment, depicted in Figure 4.17. A non-nominal
situation regarding the relative distance between net and target at the time of ejection
of the corner masses is also studied; in this case the error is 20% of the nominal distance.
Finally, some of the misalignment and the corner mass failure conditions are combined.
This set of twelve non-nominal scenarios, despite not being exhaustive with respect to
all the possible non-nominal conditions, can be used to determine the robustness of the
capture maneuver to possible failure modes of the net deployment, such as inaccuracies

of the firing mechanism, or pointing errors.
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Envelopment
Envelopment | sufficiently long Slip off | Fly away
for closure

Nominal capture yes yes yes no
Partial CM failure yes no yes yes
Total CM failure no no yes yes
2 m misalignment x-dir. yes no yes yes
4 m misalignment x-dir. no no yes yes
2 m misalignment y-dir. yes no yes yes
4 m misalignment y-dir. yes no yes yes
0, = 10° misalignment yes yes yes yes
0, = 20° misalignment yes yes yes yes
2 m distance error yes yes yes yes
2 m misalignment y-dir.
+ Partial CM failure yes noe yes yes
4 m misalignment y-dir.
+ Partial CM failure 1o e yes yes
2 m misalignment y-dir.

yes no yes yes

+ 6, = 20° misalignment

TABLE 4.6: Comparison of effectiveness of net-based capture in nominal and non-
nominal conditions for scenario 1.

Envelopment
Envelopment | sufficiently long Slip off | Fly away
for closure

Nominal capture yes yes yes yes
Partial CM failure yes yes yes no
Total CM failure no no yes yes
2 m misalignment x-dir. yes yes yes no
4 m misalignment x-dir. yes yes yes no
2 m misalignment y-dir. yes yes yes no
4 m misalignment y-dir. no no yes yes
0, = 10° misalignment yes yes yes no
0, = 20° misalignment yes yes yes no
2 m distance error yes yes yes no
2 m misalignment

x-dir. + Partial CM yes yes yes no
failure

4 m misalignment x-dir.

+ Partial CM failure yes yes yes no

2 m misalignment x-dir.

+ 6, = 20° misalignment yes yes yes no

TABLE 4.7: Comparison of effectiveness of net-based capture in nominal and non-
nominal conditions for scenario 2.
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(a) Scenario 1 (b) Scenario 2

FIGURE 4.17: Reference frames and direction of initial angular velocity in tether-net
capture scenarios 1 and 2, when non-nominal relative orientation is considered.

From Table 4.6, it can be verified that envelopment success in scenario 1 is robust espe-
cially to inaccuracies in attitude misalignments and to errors in the relative distance. All
the other non-nominal conditions lead to insufficient envelopment time for closure, or to
complete failures. From the results of simulations for scenario 2, it is observed that net
capture success is robust to multiple inaccuracies and imperfections in the corner masses
ejection and in the alignment between the initial configuration of the net and the target.
In fact, in Table 4.7 it can be appreciated that only two situations lead to a capture
failure: a total failure in the ejection of a corner mass, and a misalignment of 4 m in the
y-direction; in all other cases, the net wraps around the target and remains entangled
for an amount of time sufficient for successful capture, similarly to what happened in the

nominal scenario.

For scenario 2, it is clear that the direction of the relative position misalignment matters.
A misalignment in the inertial z-direction is mitigated by the rotational motion of the
debris target, which results in the profile of the target presented to the net varying from
3.9 m (i.e., its diameter) to 11 m (i.e., its length) during the simulation. On the other
hand, throughout the whole simulation the target spans only 3.9 m in the y-direction;

therefore, misalignment in this direction is more critical.

Comparing the results of the two sets of simulations, for scenario 1 and scenario 2, it is
apparent that the latter is more successful, both in nominal and non-nominal conditions
of net deployment. The effectiveness of capture in scenario 2 seems to be less sensitive
to inaccuracies: while 10 out of 12 non-nominal conditions led to a sufficiently long
envelopment in this scenario, only 3 of them guaranteed successful capture in scenario
1. In scenario 1, the net also flies away from the debris target afterwards, which is
not desirable. Overall, it can be stated that the more robust nominal net deployment
condition to capture an object tumbling about its major axis of inertia appears to be

when the spin axis of the debris is perpendicular to the net launch direction. However, a
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certain level of robustness is observed in both scenarios: the net enveloped its target in

most of the non-nominal ejection conditions.

4.7.2 Need for a closing mechanism

In the previous Section, it was ascertained that debris can be captured with a net even
in presence of inaccuracies in the net ejection and of debris/net misalignments. However,
in every single case the net was observed to slip off the target after capture, and in some
cases even fly away. The slippage observed might not be present in case of debris with
many protrusions, as was observed — for example — in parabolic flight experiments where
Envisat mock-up was captured with a net. However, results of the presented simulations
suggest that a closing mechanism needs to be included in the tether-net system, in order
for the net to secure a target such as a launcher upper stage in it and grant its removal

through a tugging action.

The absence of a closing mechanism and of the main tether in the previous sensitivity
study does not allow to draw conclusions on preferred capture scenarios. In fact, the
presence of tension in the main tether might cause unwanted transmission of loads to
the chaser spacecraft. Although scenario 2 is preferable from a robustness point of view
(i.e., capture can be achieved in more non-nominal ejection and misalignment conditions),
scenario 1 could result in a safer capture (i.e., a capture in which chaser and target remain
at a larger distance). This issue will be treated in Section 5.3.3, after possible closing

mechanisms are introduced.






Chapter 5

Capture dynamics with closing

mechanism

In Chapter 4, the fundamentals of the dynamics of net-based capture were investigated,
and the robustness of capture to multiple net ejection inaccuracies was ascertained. How-
ever, it was observed that a closing mechanism needs to be provided in the tether-net
system to maintain the net closed around its target during the removal phase of the
mission. Several other researchers have reached the same conclusion and have proposed
closing solutions to ensure that the net remains closed around the target in preparation
for the towing phase of the mission. All the proposed mechanisms rely on a cinch-cord
running between the corner masses or along the net perimeter; however, different solutions
to activate closure have been suggested: spring-loaded reels placed in the net corners and
actuated after contact with debris [10, 11, 19, 22|, the action of corner masses initiated by
breakage of tension links [18], and - more recently - the use of the winching of the main
tether [23, 24]. The third solution for a net with the same geometry as considered in this
Thesis was proposed by Sharf et al. [23] and is called tether-actuated closing mechanism.
In the remainder of this Thesis, the alternative closing mechanism, independent of the

winching of the main tether, is called standard closing mechanism.

In this Chapter, before introducing closing mechanisms in the tether-net system, an anal-
ysis of the effect that spooling the main tether has on the capture of a realistic target
debris is presented (see Section 5.1). Then, in Section 5.2, modeling of the tether-actuated
closing mechanism is proposed and results of capture with it are shown. Standard closing
mechanisms are modeled and employed for capture simulations in Section 5.3. To over-
come problems in simulation of capture of satellites with thin appendages, an alternative
model of the threads of the net is proposed in Section 5.4. Capture of a small asteroid
with a tether-net is the subject of Section 5.5. Finally, Section 5.6 concludes Part III

with closing remarks on capture dynamics.

111
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5.1 Effect of main tether on capture dynamics

In Section 3.4, it was suggested that modulation of the winching profile of the main tether
could be exploited to ease the capture of the target spacecraft. The effect of tensioning of
the main tether on capture dynamics is here evaluated by prescribing different open loop
winching controls and by analyzing their effect on the performance criteria introduced in

Section 4.1.

5.1.1 Model of Zenit-2 stage 2

FIGURE 5.1: Stage 2 of Zenit-2 rocket. a) Graphics model. b) Collision geometry.

Existing research revealed that most of the high-risk objects in LEO are stage 2 of Zenit-2
rockets [4]. A model of this object was assembled in the Vortex Editor: its graphics model
and collision geometries are shown in Figure 5.1. Stage 2 of Zenit-2 rockets is 11 m long,
3.9 m wide, and its mass is of 9000 kg; its inertia matrix was estimated by approximating
the debris with a thick-walled cylindrical tube with open ends (10.2 m long, 3.9 m wide,
with a 3 cm thick wall). The position of its center of mass in the part reference frame,
whose origin lies at the intersection of the red and green lines shown in Figure 5.1 and

whose orientation is indicated in the top right corner, is:

rcor =10 0 —1.183"m (5.1)
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The inertia tensor in the same reference frame is:

94880 0 0
I; = 0 94880 0| kg - m? (5.2)
0 0 46295.5

5.1.2 Results of capture

The results presented here were obtained assuming that the target is non-rotating and
oriented such that the axis of the main cylinder is parallel to the direction of net ejection.
This makes the scenario similar to that depicted in Figure 4.2 and allows to use the
quantitative capture performance criteria identified in Section 4.1; otherwise, the success
of the capture maneuver in the absence of a closing mechanism remains ambiguous. The
origin of the target part is initially centered with respect to the net, at a distance dp = 20
m from the initial plane of the net, such that the top surface is at a distance of 15.9 m
from it and the initial position of the center of mass of the target in the inertial reference
frame is: rg = [0.55 0.55 — 21.183]" m. The simulation parameters are identical to

those in Table 3.9; however, the dynamics is simulated for a longer time (¢; = 60 s).

Different open loop winching controls were prescribed to change the length of the main
tether during the capture phase, similarly to what was done for the deployment phase in
Section 3.4. The winching profiles are depicted in Figure 5.2, where meaningful capture
events are also indicated: the times of first closure and reopening are shown with solid
vertical lines, and the intervals for which the corner masses are farther than the distal
part of the target are delimited by dashed vertical lines. With a free tether (see Figure
5.2, control C1), the net impacts the top surface of the target spacecraft at ¢ = 15.6
s; the corner masses reach a distance from the chaser farther than the distal surface of
the target spacecraft at ¢ = 24 s and remain in that region until ¢ = 37.7 s; closure and

re-opening of the net as defined above happen at t = 29.2 s and at ¢t = 45.5 s, respectively.
The open loop winching controls employed in the analysis of capture are:

C1: the tether is free to spool out as it is tensioned by the net;

C2: the tether is free to spool out, apart from the interval between ¢ = 18 s and ¢t = 19
s, when it is spooled in at a rate of 2 m/s;

C3: the tether is free to spool out, apart from the interval between ¢t = 29 s and ¢ = 31
s, when it is spooled in at a rate of 2 m/s;

C4: the tether is free to spool out, apart from the interval between ¢t = 24 s and t = 32
s, when it is spooled in at a rate of 1 m/s;

C5: the tether is free to spool out, apart from the interval between ¢t = 17 s and t = 30

s, when it is spooled out at a rate of 0.5 m/s;
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FIGURE 5.2: Prescribed open loop winching controls (black dashed lines) and obtained

tether length rates (gray solid lines) in simulations of capture, with indication of mean-

ingful capture events: times of first closure and reopening (solid vertical lines), and

intervals for which the corner masses are farther than the distal part of the target
(delimited by dashed vertical lines).

C6: the tether is free to spool out, apart from the interval between ¢t = 18 s and ¢ = 19
s, when it is spooled in at a rate of 2 m/s, and between ¢t = 19 s and ¢ = 30 s, when

it is spooled out at a rate of 0.5 m/s.

These profiles were chosen such that the effect of different controls applied at different
times relative to the capture events could be evaluated. With control C2, the tether is
spooled in for a burst of time after impact but before beginning of closure; with control
C3, the tether is spooled in for a burst of time during closure; spooling in for a longer
time during closure is applied with control C4. The effect of spooling the tether out
for a moderately long time is studied with control C5. Finally, control C6 provides a
combination of spooling the tether in with a burst and then out for a moderately long

time. Practical values were chosen for the magnitudes of the spooling velocities.

Since the time of contact with the top surface of the target is the same for each of the
proposed simulations, it is not shown in Figure 5.2. From an analysis of the other closure-

related events, it was found that spooling the tether in before closure only for a short
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FI1GURE 5.3: Comparison of capture-related events in simulations of capture with differ-

ent tether controls. Dark green: interval from beginning of deployment to first contact

between net and target; light green: interval from first contact to time when the corner

masses are farther than the target; yellow: interval with corner masses farther than the
target.

time (i.e., with control C2) makes the closure happen faster and the net remains closed
around the target for a longer time with respect to the free case. On the other hand,
spooling the tether in after closure (such as with controls C3 and C4) has a negative
effect on the time the net stays around the target; also, the pulling force in the tether
increases the risk that the net returns towards the servicing spacecraft after slipping off
the target. Spooling the tether out after capture (i.e., with controls C5 and C6), does
not seem to make the net stay closed around the debris for longer time. In all control
scenarios, the net was seen to open again after “capture”: this corroborates the idea that

a closing mechanism is needed to secure the spacecraft in the net.

In Figure 5.3 a comparison of the intervals for which the corner masses remain farther
than the distal part of the target is shown for the different winching controls. From the
numerical values of the intervals for which the corner masses stay in the desired position,
which are reported in the yellow bar (in seconds), the best winching profile appears to
be the one in which the tether is simply spooled out for some time after the net impacts
the target (i.e., control C5): the interval is increased by around 20% with respect to the
case with a free cable. On the contrary, spooling the tether in at any time and for any
duration (e.g., with controls C2, C3, C4, C6) shortens the time available for the actuation
of a closing mechanism. Spooling in decreases this interval so much that even spooling
the tether out for a long time afterwards (e.g., as per control C6) only recovers a situation
similar to that obtained with the free tether case. Nonetheless, it can be noticed that the
interval in question is higher than 10 s in any of the performed simulations: this time is

deemed sufficient for a closing mechanism to work.
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Overall, it was found that an actuated spooling out of the tether, initiated after the first
contact between the net and debris, can be useful for the corner masses to remain on
the distal side of the target for a longer period of time. This would be beneficial for
a standard closing mechanism. A tether spooling out freely from the winch during the
capture maneuver is also a good option. On the other hand, a tether-actuated closing
mechanism requires tensioning of the main tether, and hence a spooling-in action; this is

achievable, but would require accurate timing of winch actuation.

5.2 Capture of debris with tether-actuated closing

mechanism

The tether-actuated closing mechanism, proposed by Sharf et al. in [23], consists in
exploiting the winching capabilities of the main tether to close the perimeter of the net.
The main tether is extended by making it pass through a ring at the center of the net
(instead of attaching it there) and then through several rings along the net perimeter;
the end of the tether is fixed at some point on the net perimeter. Upon actuation of the
winch placed on the chaser, the length of the tether can be reduced, therefore causing
closure of the perimeter of the net. In order to limit the spooling velocity of the winch
required for closure, multiple tethers along different parts of the net perimeter can be
provided instead of one; if n; is the number of tethers forming the cinch cord, a winching
velocity of Lt is sufficient to close the net perimeter at a rate ntLt. An illustration of the
proposed closing mechanism with two tethers forming the cinch cord is shown in Figure
5.4.

FIGURE 5.4: Illustration of the proposed tether-actuated closing mechanism with teth-
ers forming the cinch cord [23].
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5.2.1 Modeling of tether-actuated closing mechanism

To model this closing mechanism in the Vortex-Dynamics-based simulator, frictionless
ring constraints were added between several nodes of the net (i.e., rigid bodies) and the
tethers: these constraints keep the tether and the rigid body on the net in the same place
(i.e., where the ring is placed), and maintain the sum of the lengths of the portions of

tether on the sides of a ring constant (or varying at the prescribed rate).

The modeling of rings in Vortex Dynamics is based on the work by Servin and Lacoursiere
[91]. According to that work, one cable passing through J + 1 rings attached to rigid
bodies would increase the size of the constraint Jacobian by one row only, for maintaining
the length constraint. The constraint for total length conservation says that the sum of
the lengths of the J segments is always equal to the length of the cable L;(t) (considering

that the length of the cable can vary because of a winch):

J

s =D Li(t) = Li(t) =0 (5.3)

j=1
In a velocity-level formulation, one can write:

J

b =Y () = Ly(t) = 0 (5.4)

j=1

where Lt(t) is the tether length rate at time t. Before introducing the net closing mech-
anism in the model, the modeling of the tethers with rings was tested separately, in
simpler configurations and in the absence of the net: for a sample of the benchmark tests

developed, the reader is referred to appendix B.

Due to limitations of the Vortex Dynamics engine at the time of writing, the cinch cord
modeled in the simulator is somewhat different from what is envisaged and from the cinch
cord employed in the experiments presented in [23], but it maintains the same principle
of operation for achieving the net closure. It is composed of n; = 4 separate tethers, all
reeled on the same winch, and each passing through a ring at the central node of the
net, then through a ring at a corner node on the net and a ring at the central node on a
side of the net. Finally, each tether is attached to the next corner node, with respect to
the corresponding “ringed” corner of the net. The topology of the four tethers, rings and
attachments comprising the closing mechanism in the model is sketched in Figure 5.5. In

this figure, the flow of the tethers is shown with arrows, for one of the tethers (in green).
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FIGURE 5.5: Sketch of topology of four tethers, rings and attachments of closing mech-
anism implemented for simulations. Green arrows indicate the flow of the green tether.

5.2.2 Results of capture

Simulation of capture of a realistic debris target with a tether-net system equipped with
the proposed closing mechanism was performed to confirm its feasibility for ADR pur-
poses. Stage 2 of Zenit-2 rockets was employed again; this time, in light of the consid-
erations on the safety of capture in Section 4.7.2, the initial orientation of the target is
set such that the axis of the main cylinder is parallel to the z-y plane (see Figure 5.6(a))
and the initial position of its center of mass is: rg = [0.55 1.733 — 157 m. Most
of the parameters collected in Table 3.9 are used for this simulation; exceptions are the
simulation time ¢; = 120 s (chosen to verify that capture is sustained) and the distance
between the chaser and the net d., = 7.25 m. Although the choice for d., makes the
system less realistic, it was dictated by issues due to limitations of the Vortex Dynamics

engine at the time of writing.

During the deployment phase, the winch constraint is set to free, so that the tether can
be spooled out freely as it is tensioned by the net. As was observed in Section 5.1, the
tether-actuated closing mechanism requires good timing of the tether spool-in to initiate
the net closure. Here, a closed loop PD control is used, such that the tether is reeled
in slower and slower as the net closes around the target. Spooling in of the tether is
initiated at t = 15 s, after the first contact between the net and the debris target, and
is controlled according to: Lt = Kpd + KDd, where Kp = 0.1 1/s, Kp = —0.01, d is
the length of the portion of a tether along the perimeter of the net, and d its derivative.
In order to prevent high tensioning of the tethers, the winch constraint was modified as

follows: if at any time the tension in any of the tethers exceeded a value of 1 N, the winch
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(d) t=40s (e)t=78s |  (f)t=100s

FIGURE 5.6: Simulation of net deployment, envelopment and containment of rotating

debris: (a) net starts deploying, (b) net and debris are in contact, (c¢) closing mecha-

nism is activated and tethers are shortened, (d) debris is captured, (e)-(f) capture is
sustained.

was locked until tension returned to below the aforementioned limit. It is noted that
the particular controller represents one of many possible control algorithms that could be
employed to demonstrate the performance of the closing mechanism proposed. Further
work on control strategies for this task is suggested to ensure optimal performance within

practical hardware limitations and is beyond the scope of the present work.

Figure 5.6 displays several screenshots from a complete capture simulation starting with
the folded configuration of the net, through deployment and to the closure of the net
around the debris. It is confirmed that the tether-actuated closing mechanism behaves
as expected, i.e., it shortens the tether around the net perimeter, herein keeping the
net closed around the target spacecraft for more than 100 s. The same simulation was
performed with different integration step sizes to ascertain the proper functioning of the
closing mechanism and the time the net remains around the debris. After closure, the
response is more sensitive to the step size, varying from the net remaining around the
target for longer, to slipping off it. The latter occurs due to the modeling of a single ring
only to constrain each side of the net to the cord of the closing mechanism. Ideally, more

rings would be constraining the tether to the net perimeter, and the net would remain



Chapter 5. Capture dynamics with closing mechanism 120

60

40

L; [m]

20

Ly [m/s]

FIGURE 5.7: Length, length rate, and maximum tension of one of the tethers during
simulation of capture with tether-actuated closing mechanism.

consistently closed around the target. As was previously mentioned, current limitations in

Vortex Dynamics engine prevented a more accurate modeling of the closing mechanism.!

In Figure 5.7, the length, length rate, and maximum tension of one of the tethers during
capture are plotted, to verify the correct winching. It is observed that the tether elon-
gates under low tension during the deployment of the net, when it is free to spool out;
afterwards, as the tether is winched in, its length decreases and the tension rises. The
highest peak in tension occurs at the initiation of closure, at ¢ = 15 s. For the whole
simulation, tension remains within reasonable limits, although it exhibits high-frequency
fluctuations. In the phase of spooling-in, the tether length rate remains under 2 m/s,
which is within the working range indicated by Lanzani [92] for reel mechanisms. Control
law design to optimize the response of the system during the closing of the net should be

explored further.

Although these results were obtained with the standard lumped-parameter model of the
net, corresponding simulations with inclusion of the bending stiffness of the threads of

the net were performed: notwithstanding some differences in the dynamics of the net,

IFollowing notice of these issues to the marketing company, capabilities of the Vortex Dynamics engine
are being extended.
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the results of capture showed similar success and confirmed the working principle of the

closing mechanism.

5.3 Capture of debris with standard closing mecha-

nisms

Because of the issues encountered in the simulation of capture with the tether-actuated
closing mechanism, results in the remainder of this Thesis are obtained with an imple-
mentation of standard closing mechanisms. These consist in additional threads running
between the corner masses or along the perimeter of the net, that are winched in inde-
pendently from the main tether, thanks to winches placed in some of the corner masses

(see, for example, reference [10]).

5.3.1 Modeling of standard closing mechanisms

(a) (b)

FIGURE 5.8: Model of standard closing mechanism: (a) between corner masses; (b)
around net perimeter.

Two versions of standard closing mechanisms were implemented in the simulator at hand:
one made of tethers among the corner masses only (see Figure 5.8(a)), and one interlaced
with the perimeter of the net (see Figure 5.8(b)). In the second type, two attachments
are added on each side of the net so as to divide it in three parts of similar lengths; for

example, on the side of the net on the z-axis, the attachments are placed at the nodes
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of indices ¢ = |(Ns —1)/3] and j = N — i (the reader can refer to Figure 2.1 for the

numbering of nodes and the orientation of the x- and y-axes).

These closing mechanisms are modeled in a simplified way. Several distance joints between
contiguous nodes along the closing mechanisms are created in the initialization phase
(with maximum distance set to zero), but are left disabled during deployment of the
net. From the time of activation of the closing mechanism (chosen by the user), constant
forces are added between each couple of adjacent nodes along the closing mechanisms, that
bring the nodes together. When the distance between two adjacent nodes on the closing
mechanism decreases below 1 m, the abovementioned distance joints are enabled, so that
the constrained rigid bodies are kept together for the rest of the capture maneuver. In
Figure 5.8, these constraints are represented with white springs; the white dashed curves

represent the tethers forming the closing mechanisms so modeled.

It is recognized that this modeling approach does not take into account real properties
of the closing tether and of the winching of the closing mechanism; however, it allows to
perform different assessments on the capture capabilities of tether-net systems, as will be
shown in the following Sections. More realistic models could be implemented in Vortex

Dynamics when the limitations on the number of rings are removed.

5.3.2 Capture of rotating debris

Simulations of capture of rotating stage 2 of Zenit-2 rocket were performed with both
standard closing mechanisms. All the simulation parameters are the same as in Section
5.2, apart from d., = 0.1 m. The target is assumed to be rotating about its major axis of
inertia at a rate of 5°/s. The main tether is simply attached to the winch on the chaser
and to the central node of the net; it is left free to spool out during deployment, and it

is locked at t = 15 s. The standard closing mechanism is also actuated at ¢t = 15 s.

Figures 5.9 and 5.10 show some screenshots of the capture sequences obtained with the
two versions of the standard closing mechanism, respectively. As a results of actuation
of the closing mechanism, in Figure 5.10(b) it is seen that the corner masses and the
attachment points on the sides of the net start approaching; although the effect of the
closing mechanism is not visible in Figure 5.9(b), it is apparent from Figure 5.9(c) that
the corner masses are brought together as desired. In both cases, debris appears to
be successfully captured at ¢t = 24 s. However, later in the simulation, debris remains
contained in the case of the closing mechanism interlaced with the net only, as shown in
Figures 5.10(d)-(e); the net slips off the debris for the closing mechanism between the

corner masses, as shown in Figures 5.9(d)-(e).
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(b)t=15s (c)t=18s

(d)t=24s (e)t=46s (f)t=80s

FicURE 5.9: Simulation of capture with a standard closing mechanism among the
corner masses: (a) net starts deploying, (b) net is fully open, (c) closing mechanism is
active, (d) debris is captured, (e)-(f) net slips off.

From the outcome of these simulations, it was observed that a closing mechanism running
simply among the four corner masses cannot guarantee containment of the considered
debris after capture. In fact, the opening left by the part of the perimeter of the net
between two corner masses is sufficiently large for the net to slip off the debris. On the
other hand, inclusion of a closing mechanism with two attachments on each side of the
net demonstrated successful capture of debris. For the net used in these simulations, the
closing mechanism modeled as per Figure 5.8(b) has attachments at nodes of indices i = 7
and 7 = 16. It can be verified that the largest distance between two attachment points
of this closing mechanism is 9 m; if one assumes that a circular space is created upon
closure of this portion of the perimeter of the net, then the circle has a diameter of 2.9
m, smaller than the diameter of the target (i.e., 3.9 m), which guarantees containment of
the latter.
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(a)t=0 | (b)t=15s | (c)t=18s

(d)t=24s | (e)t=46s | (fit=80s

FicUrE 5.10: Simulation of capture with a standard closing mechanism around the
perimeter of the net: (a) net starts deploying, (b) closing mechanism is activated, (c)
closure is achieved, (d) debris is captured, (e)-(f) capture is sustained.

5.3.3 Preferred capture scenario

In Section 4.7.2, the issue of safety of the capture procedure was raised: it was observed
that the presence of tension in the main tether when debris is successfully contained
might cause unwanted transmission of loads to the chaser spacecraft. In order to identify
safer capture scenarios, simulations of capture of rotating Zenit-2 stage 2 in different
initial orientations relative to the direction of ejection of the net were compared. In the
following, scenario 1 indicates a situation similar to that illustrated in Figure 4.16(a),
and scenario 2 indicates a situation similar to that illustrated in Figure 4.16(b). In both
cases, the net is equipped with a standard closing mechanism along the net perimeter.
As in all previous studies, the chaser is free-floating and uncontrolled. Simulation results

presented here were obtained with ¢; = 300 s for scenario 1 and with ¢y = 60 s for scenario
2.

Figure 5.11 compares the results of simulations in the two scenarios. The z-coordinates
of notable points on the chaser and on the target during capture are shown in Figures

5.11(a) and (b): for the chaser, solely the center of mass is analyzed; for the rotating
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FIGURE 5.11: Results of capture of rotating Zenit-2 stage 2 with standard closing

mechanism interlaced with the net perimeter.

(a)-(b):

z-coordinates of chaser and

target. (c)-(d): attitude of chaser. (e)-(f): Snapshots at end of simulation.
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target, a point on the surfaces closer to and farther from the chaser (called top and
bottom respectively) are also considered. It is clear at first sight that the dynamics in
the two scenarios are very different. In scenario 2, the chaser is dragged towards the
target by the tension in the main tether; just after one minute, the distance between the
center of mass of the chaser and the center of mass of the target is of 5.77 m, that is
the same as the distance between the center of mass and the bottom point of the target.
At the end of the simulation time frame, in Figure 5.11(b) it is seen that the center of
mass of the chaser (dashed black lines) and the envelop of the target (lightweight red
dotted line) are very close, suggesting that an impact is imminent. Even in scenario 1, a
free-floating chaser is dragged towards the target by the tension in the tether (see Figure
5.11(a)); however, this effect is much less pronounced, and chaser and target remain at a
safe distance even after 5 minutes (e.g., a distance of more than 10 m between the center
of mass of the chaser and the top of the target at ¢ = 300 s).

The attitude of the chaser in the two scenarios is represented in Figures 5.11(c) and (d).
Once again, it is evident that the orientation of the chaser is much less perturbed in
scenario 1; the rotations happen slowly, and the maximum rotations are of around 10°.
In scenario 2, instead, the chaser undergoes fast and large rotations. Although outside of
the scope of the present work, the results on the attitude of the chaser in scenario 1 could

serve to identify requirements for the design of the attitude control system of the chaser.

Snapshots of the system at the end of the simulations ease the visualization of the dif-
ferences in the final configurations in scenarios 1 and 2 (see Figures 5.11(e) and (f)). All
these results suggest that a safer capture scenario is one in which the target spin axis is

aligned with the direction of ejection of the net, as was anticipated in Section 4.7.2.

5.4 Capture of Envisat

One of the most-wanted debris objects is Envisat spacecraft [4], a satellite for Earth-
observation now decommissioned. Precisely because it is large and massive, orbiting in
one of the highly populated Sun-Synchronous orbits, and it is owned by ESA, Envisat
is the foreseen target for the first demonstration ADR mission [11]. Parabolic flight
experiments to demonstrate that nets can capture Envisat have been performed recently
[30, 38]. The topic of this Section is the simulation of capture of a target modeled after

Envisat.
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FIGURE 5.12: Model of Envisat. Notice the antenna (the thin element on the top of
the spacecraft) and a solar array (the thin large element at its bottom).

5.4.1 Model of Envisat

A graphics model of Envisat spacecraft was created by scaling up the specification of
a mock-up used for validation on a parabolic flight by Golebiowski et al. [30]. The
model for Envisat is shown in Vortex Editor in Figure 5.12. The dimensions of its main
body are of approximately 10 m x 2.5 m x 2.5 m; moreover, Envisat is equipped with
thin structural members, such as an antenna and a solar array. The dynamics model of
Envisat was implemented by assuming a uniformly distributed mass of my = 8000 kg
and by using patched primitive collision geometries. The position vector of the center of
mass in the body-fixed reference frame (i.e., the part reference frame) shown in Figure
5.12 (with origin at the intersection of the green and red lines, and orientation of the axes

as indicated by the vectors at the top right corner) is:
roo = [—1.220 3.509 — 1.464]"m (5.5)

The inertia tensor in the same reference frame is:

96977.9  680.194  205.104
I = |680.194  14015.2 —7999.64 | kg - m? (5.6)
205.104 —7999.64  94688.4

5.4.2 Capture of Envisat with lumped-parameter model of net

Simulation of capture of Envisat was performed with the lumped-parameter model of the

net. The same parameters collected in Table 3.9 are used for this simulation, apart from
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(a)t=1s | (b)t=15s (c)t=16s

(d)t=22s (e)t=40s (fit=60s

FIGURE 5.13: Capture of Envisat with net represented with the lumped-parameter
model.

t; = 60 s. Envisat is assumed to be rotating with wy = 5°/s about an axis parallel to
the inertial z-axis and passing through its center of mass; this value of wr is almost the
double of the best knowledge of the angular velocity of Envisat, which is of 2.67°/s [93].
The material of Envisat is assumed to be Aluminum. The net is equipped with a standard

closing mechanism interlaced with the mouth of the net, to be actuated at ¢t = 15 s.

Screenshots of the capture sequence are shown in Figure 5.13. The net is ejected at

= 0; at t = 15 s it is fully deployed and the closing mechanism is actuated (its effect
on the mouth of the net is visible in Figure 5.13(b)); closure is achieved at t = 16 s. In
the later screenshots, it is observed that, although capture of Envisat is sustained, the
lumped-parameter model of the net fails to correctly detect collisions with certain parts
of Envisat. For example, looking at the screenshot for ¢ = 15 s, one would expect that
the net will envelop the large and thin antenna placed at the top of Envisat; instead,
such envelopment is not confirmed in the later screenshots (see also Figure 5.14 for a
closeup view). The tumbling of Envisat, visible through the whole simulation, is due to

its asymmetric inertia distribution.

The main drawback of the lumped-parameter net model presented in Section 2.1 is that
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F1GurE 5.14: Illustration of inability of lumped-parameter model to correctly detect
collisions with thin structural elements of Envisat.

it is not capable of detecting collisions along the threads of the net: in fact, only the
small rigid bodies at the physical knots of the net possess mass properties and collision

geometries. This causes two main issues:

1. only collisions with objects whose minimum dimensions are larger than the distance
between two physical knots of the net can be correctly detected (e.g., see the problem
in detecting collisions with the antenna and solar array of Envisat in Figure 5.14);

2. the physics of contact may be considerably different from what happens in real-
ity, since the contact forces are lumped at the knots of the net, instead of being
distributed along the threads of the net.

In order to remedy these issues, two options were considered: (i) adding multiple nodes
along the threads of the net within the lumped-parameter approach, and (ii) modeling
the threads as series of rigid bodies and constraints. The second solution, referred to
as cable-based model, was implemented and is described and employed in the rest of this

Section.

5.4.3 Cable-based model of net

In the cable-based model, each thread of the net is modeled with a flexible cable (i.e., a
series of slender rigid bodies and prismatic constraints) in Vortex Dynamics. Each cable
is attached to two of the physical knots of the net, or to a corner of the net and a corner
mass. The physical knots of the net and the corner masses are modeled as small spherical
rigid bodies, as in the lumped-parameter model. The mass of the knots of the net is my,ot,
and the mass of the corner masses is simply mejys; both these quantities were defined in

Section 2.1.2. Contrarily to the lumped-parameter model, the mass of the threads of the
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net and of the corner threads is not lumped at the adjacent knots and corner masses;
instead, it is distributed along the slender rigid bodies (called sections) composing the
cables (details on the modeling of cables in Vortex Dynamics were provided in Section
3.4.1).

In order to limit the number of rigid bodies, which is a bottleneck of the simulation, it was
chosen to use four sections for each thread of the net (ng. = 4). The initial configuration
of each cable was selected such that the physical knots of the net are in the same positions
as those defined by the stowing ratio a,; in the lumped-parameter model. This is done
as sketched in Figure 5.15(a): each cable is defined to pass through three way points

(shown in red) whose position vectors in the inertial reference frame (i, j, k) are

ra; =T1; + aa + bB
Ip; =T1; + 2aa (57)

rc; =Ty + 3aa — bb

where r; ; is the position vector of one of the knots to which the i-th cable is attached,

and the coefficients and the unit vectors in equations (5.7) are:

o anetlnet,o A— o; —T14
Nsec ||I'2’7; - r17i||
I 2
t,0 " A ©
- (_) e b——axk
Nsec

The resulting initial configuration of a net with Ny = 6 nodes on a side, compressed with
et = 0.25 is shown in Figure 5.15(b). It should be noted that, due to this packaging, the
cables composing the net should not be allowed to collide at the start of the simulation:
therefore, contacts among cables, that is the threads of the net, are not allowed at the
time of writing. For collisions between cables and other bodies in the simulation, one can
choose to model the cables with capsule-like collision geometries around each section, or
with spheres of the same diameter as the cable placed at the same position as the center
of mass of the section. The second approach is more convenient in terms of memory and
computational effort, but very similar to the lumped-parameter method as far as collision
detection is concerned. Therefore, the first approach was taken. The contacts between

cables and the target, at the time of writing, are assumed to be inelastic.

The implementation of the cable-based model was validated by comparing the results of
deployment simulations against those obtained with the lumped-parameter model, using
the same data collected in Table 2.2, apart from the simulation time (here ¢ty = 3 s) and
the mesh and corner thread lengths (respectively, l,e0 = 0.5 m and lorp = 0.707 m); a

small l;,,; = 0.005 m was also considered, for the knot parts to have non-zero mass. In
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node 2,i
node 1,i

(a) (b)

FIGURE 5.15: (a): Initial shape of the cable modeling a thread of the net (in blue),
passing through way points (in red). (b): Initial configuration for a net with Ny = 6
(dimensions of the knots and threads not in scale).

Quantity Maximum Average
RMSE,;s (m) 0.120 0.0837
RMSE, (m/s) 0.957 0.648

TABLE 5.1: RMSE at position and velocity levels between the results of deployment
simulations with the cable model and the standard lumped-parameter model of the net.

order to limit the complexity of the problem for the preliminary simulations presented
in this Section, the bending stiffness of the cables was neglected and ball and socket
joints were chosen to model the attachments between knot parts and cables. Simulation
was performed with a time step of 5 x 107 s, and took about 17 min of computation
time with an Intel®Core™ i7-4712HQ CPU @ 2.30 GHz processor (without showing the
graphics at run-time). Comparison of the mouth shape of the net obtained in simulation of
deployment with the cable model and the standard lumped-parameter model is shown in
Figure 5.16. RMSEs at position and velocity levels between the knot parts are collected
in Table 5.1. Results show very good agreement, in the absence of bending stiffness.
Although the RMSEs are not negligible, they are commensurate with the discrepancies
expected because of the inherent differences in the model (e.g., the mass distribution).
The overall dynamics remains very similar, as Figure 5.16 clearly demonstrates. This
agrees with recent results by Shan et al., who found very similar deployment results with
the standard lumped-parameter model and with an ANCF cable element model without
bending stiffness; both these works suggest that the actual shape of the threads of the

net is not important in the deployment phase, when bending stiffness is negligible [94].



Chapter 5. Capture dynamics with closing mechanism 132

351
t=3s _
3?! ——————————————————————— 1
\
1 \\\ /7 !
2.5F A\ ~= - I
| \ e t=2s - / !
_____ /
2+ 1 \ N P i 1
! \ AN P { 1
_ 7
15F 1 \} WSl t=1s __~, A 1
! \ \I__T:_-'_II 1 1
— 1k | A 1% § 1
£ 1 \ { 1
05F 1 H f [\ \ 1
1 1 7 i \ |
Or 1 1 Il:,__\__ \ \ 1
1 ! / BN
P ad AN \ 1
-0.5F 1 1 ;’ \\ \ 1
1 i 7 . \ I
-1r1 Lo e T —— \ ]
I v ‘f’ "\\ A
15l &7 Cable model ~23 "
e ——————— - - —LPmodel b \
-2 - i T T i I
-2 -1 0 1 2 3
x [m]

FIGURE 5.16: Comparison of the mouth shape of the net in time, in deployment
simulation with the cable model and the standard lumped-parameter (LP) model.

5.4.4 Envelopment of thin structure with cable-based model of

net

The aim of this Section is to demonstrate the capability of the cable-based model of the
net to properly detect collisions with structures with the smallest dimension less than
the mesh size of the net. Unfortunately, the number of cables that can be added in
the simulation is very limited at this time, especially when capsule collision geometries
are specified, so that the full capture of Envisat with a cable-based model could not be
simulated. Instead, a simplified target object is considered, in particular, a thin structure
with the same geometry as the solar array of Envisat spacecraft (4.9 m x 7.2 m x 0.12
m) and fixed on a plane parallel to the z-y plane. A 9 x 9 m? net characterized by N, = 5
starts in a fully deployed configuration on the z-y plane and falls under gravity onto the
target. A standard closing mechanism running among the corner masses is actuated after
1.5 s.

Figure 5.17 presents selected snapshots of the simulation. From inspection, it is confirmed
that collisions between the net and the thin structure are correctly detected. Contact with
the target is seen at ¢ = 1.5 s; the effect of the closing mechanism is visible at t = 2 s;
closure around the solar array is verified at ¢ = 3 s (in Figure 5.17(d), a zoom on a corner
of the thin structure is also included). Differently from what was observed in Section 5.4.2
for collisions between the net and the thin structures on Envisat spacecraft, the threads

remain around the panel as expected and the net properly envelops the structure. This
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(a)t=0s (b)t=15s

(c)t=2s (d)t=3s

FI1GURE 5.17: Capture of Envisat solar array with net represented with the lcable-based
model.

confirms the suitability of the cable-based model to simulate net-based capture of debris

with thin structural elements.

5.5 Application of net-based capture to asteroids

The aim of this Section is to demonstrate another possible application of tether-nets in
space. In fact, in addition to their ADR applications, tether-nets could be used to capture
small asteroids, for example for scientific examination or planetary defense [95]. In this
Section, simulation results for capture of a small asteroid modeled after Bennu asteroid
are presented. The inertia properties of the modeled asteroid are assumed to be those of
an ellipsoid with semi-axes 12.5 m x 10 m x 10 m and with uniform density? of 1300
kg/m3. The resulting mass is mr ~ 5.45 x 107 kg and the resulting inertia tensor in a
body-fixed reference frame (ib,jb, l}b) where ib is in the direction of the semi-major axis
of the ellipsoid is:
8.71 0 0
I = 0 11.16 0| x 10° kg - m? (5.8)
0 0 11.16

2Density was assumed similar to the bulk density of Bennu.
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F1GURE 5.18: 3D model and collision geometry of asteroid.

Asteroids are expected to be rotating slowly. For the hypothetical asteroid considered
in this Thesis, an angular velocity® of wy = 0.0004 rad/s was assumed about the major

moment of inertia axis: wr = wrky.

A 3D graphics model of Bennu*

was scaled down to the chosen dimensions, and a convex
mesh collision geometry was added based on this 3D model (see Figure 5.18, where
the I, and jb axes of the body-fixed reference frame are also shown in red and green,
respectively). This type of collision geometry was chosen because patched primitives
(used for Zenit and Envisat) are not well-suited to represent the shape of the asteroid,;

however, deterioration of computational efficiency is expected as a result of this choice.

Asteroids being larger and more massive than space debris, the tether-net system was
scaled-up compared to those used previously in this Thesis: the net has a side length of
40 m and a total mass of 23 kg. The parameters for the simulation of asteroid capture
are collected in Table 5.2. The same materials for the net and tether as in the rest of
the simulations in this Thesis are used. A search in the literature was performed to
identify parameters for contact between the net and the asteroid material; ranges for the
Young’s modulus of rocks reported in [96] are large and a value of E, .4 = 50 GPa was
chosen in the upper range of carbonaceous materials, since many asteroids are made of
carbon silicates. The other parameters for contact were chosen arbitrarily in reasonable
ranges: Vpoek = 0.25, and fhrock—net = Mrock—al = 0.2. The net is ejected from the chaser
at a distance of 25 m from the target. A standard closing mechanism among the corner
masses only was actuated at t = 22 s to close the net around the asteroid; the main tether

is free to spool out during deployment of the net, and is locked at the same time.

3Estimated from the rotation period of Bennu, available at nssdc.gsfc.nasa.gov/planetary/
factsheet/asteroidfact.html, last accessed on June 24, 2017.

4Available on NASA 3D Resources website nasa3d.arc.nasa.gov/detail/bennu, last accessed on
June 15, 2017.
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Chaser spacecraft Winch
dep (m)  Len (m)  mey (kg) rw (m) he (m) — my (kg)
0.1 2.0 1600 0.1 0.02 0.1
Tether
re (m)  pr (kg/m?®) B, (GPa) & (-)
0.003 1390 70 0.014

Lnet (H’l) lnet,O (m) Tnet (m)

Net and corner masses

Prnet (kg/mg)

Enet (GP&) ga (_)

40 2 0.001 1390 70 0.106
lknot (Hl) lero (Hl) ror (m) PCoMm (kg/ m3) mcem (kg)
0 2.8284 0.001 2700 4.0
Initial conditions Simulation data
Venet e (mfs) 0 () et (-) tr(s)  At(s)
0 2.9 36.87 0.05 60 1073

TABLE 5.2: Data for simulation of capture of a small asteroid.

(b)t=23s

(d)t=30s (e)t=40s

FicURE 5.19: Capture of a small asteroid with net represented with the lumped-

parameter model.

(c)t=26s

(fit=60s
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FIGURE 5.20: Tension developed during capture of a small asteroid: in the main tether
T}, in a corner thread To7 1, and in one of the tethers of the net 7.

Simulation with an Intel®Core™ i7-4712HQ CPU @ 2.30 GHz processor (showing the
graphics at run-time) took around 3 hours, 12 min. Figure 5.19 reports snapshots for
the capture sequence. It is clear that, although the angular velocity of the asteroid was
accounted for, its effect is negligible in the time frame of capture. At ¢t = 23 s, it is seen
that the main tether is locked, the net is around the asteroid, and the closing mechanism
is functional. Closure is almost achieved at t = 26 s and is confirmed at ¢ = 30 s. For the
remainder of the simulation, capture of the asteroid is sustained. It is observed that the
chosen closing mechanism was sufficient to guarantee containment of the asteroid during

capture, differently from what was observed for capture of Zenit-2 stage 2 in Section 5.3.2.

These simulation results suggest that tether-nets could indeed be used to capture not only
large debris, but also small asteroids. However, for the design of the ejection mechanism,
it must be considered that the mass of the net and corner masses will be substantially
higher in this application, due to its larger size. Attention should also be paid to the
tensions developed in the main tether and in the threads of the net during capture; the
results for the presented simulation are collected in Figure 5.20 and show peaks soon after
closure is achieved (i.e., at t &~ 26 s) and towards the end of the simulation (i.e., at ¢ ~ 58
s), especially in the main tether and in the corner threads. Omnset and distribution of
tension in the system, however, would depend on several features of the system and of its

control. Issues such as the control of the main tether and the set-up and control of the
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closing mechanism need further investigation to ensure that tensions remain reasonable

and that the load distribution is balanced in the system.

5.6 Closing remarks on capture dynamics

This Section brings Part III to an end. In the last two Chapters, the dynamics of capture
was studied to different degrees of detail. A large part of Chapter 4 focused on the
fundamentals of capture dynamics and its implementation for the application at hand.
Several continuous compliant contact force models and micro-slip friction models were
presented and implemented; the effect of choices on the modeling of contact dynamics
between the net and debris was evaluated in a simplified capture scenario. The effect of
taking into account the bending stiffness of the threads of the net on capture of realistic
rotating debris was later investigated; it was found that - notwithstanding differences
in the dynamics - the success of capture was similar. Finally, the robustness of capture
to multiple non-nominal ejection conditions was confirmed, while the need for a closing

mechanism was suggested.

Subject of Chapter 5 was the capture of realistic debris with a net equipped with a closing
mechanism. Two types of solutions to close the net were considered: a tether-actuated
closing mechanism and a standard mechanism actuated thanks to winches in the corner
masses. Tensioning of the main tether is necessary to actuate the first closing mechanism;
instead, an actuated spooling out of the main tether could help capture with a standard
mechanism. A model for the tether-actuated closing mechanism was implemented and
allowed to confirm the feasibility of this solution for ADR missions; current limitations
in the simulation framework, however, prevented a realistic simulation of this set-up.
Simulations with a standard closing mechanism of two types showed that capture is more
reliable if the closing tethers are interlaced with the mouth of the net, and that capture
is safer if the spin axis of the target is aligned with the direction of ejection of the net.
Simulation of capture of Envisat spacecraft manifested that the lumped-parameter model
of the net is unable to detect collisions with thin structural components of the target.
In order to overcome this issue, a cable-based model of the net was proposed; although
simulation of capture of Envisat could not be performed with this model due to memory
limitations of Vortex Dynamics, its potential was demonstrated. Finally, simulations

suggested that tether-nets could provide a viable solution for capture of small asteroids.
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Chapter 6

Conclusions

6.1 Summary of results and discussion of contribu-

tions

Tether-nets have only recently been proposed as capture mechanisms for Active Debris
Removal (ADR). Although some simulators existed before the research presented in this
Thesis, the technology readiness of this capture solution was low, and many aspects of
tether-net ADR missions remained overlooked. Through this research, new knowledge,
results and insights on the deployment and capture phases of a tether-net ADR mission

were produced.

One of the main contributions of this Thesis is the implementation of a simulator for the
deployment and capture phases of a tether-net ADR mission. This simulator includes the
chaser, the main tether with the winch to spool it in and out, the net, closing mechanisms,
and multiple realistic debris. Throughout this Thesis, the functioning of the different
elements of the simulator, its ability to represent various scenarios, and the possibility to
use it to perform diverse studies on the dynamics of tether-net systems and planning for
tether-net ADR were demonstrated.

A standard lumped-parameter modeling of the net was implemented in the simulation
tool (based on the commercial Vortex Dynamics multibody dynamics simulation frame-
work). The implementation of this model was verified with energy and linear momentum
principles, as well as by comparing deployment results with the same model created in a

MATLAB environment, and against experimental results.

Although multiple works published previously and concurrently to this research have
studied the deployment dynamics of nets in space, none have considered the effect of

inertia properties and tensioning of the main tether on the quality of deployment. Indeed,

141
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to the author’s knowledge, no other simulator of tether-net systems for ADR can simulate
the winching of the main tether to date. In this Thesis, it was demonstrated that the
spooling of the main tether — and the consequent modulation of tension in it — can
be exploited to improve the quality of deployment, as well as to speed up the capture
dynamics, or to keep the net around its target for a longer time. For the sake of achieving
a reliable capture, it was recommended to keep the tether free to spool out, or to actively
spool it out with moderate velocity, during deployment. It was also observed that, if a
standard closing mechanism is to be used, spooling the tether out during capture would
be beneficial; on the other hand, if a tether-actuated closing mechanism is to be employed,

accurate timing of the actuation to winch the tether in is needed.

Novel to the body of literature on nets for ADR is also an analytical study of the deploy-
ment dynamics, based on the work-energy and the linear momentum principles. Expres-
sions for the centroidal velocities at several milestones in the deployment process (defined
by an energy quantity for the system), as well as limits for these, were found; it was
confirmed that these findings are valid notwithstanding the stiffness modeling choices.
Moreover, the analysis allowed to determine in a formal way the key parameters that
govern the deployment dynamics: the total mass of the system, the ratio between the
mass of the corner masses and the net proper (or the total mass), the magnitude and
direction of the initial velocities. A numerical sensitivity study showed that these param-
eters impact the quality of the deployment variably; it also allowed to suggest ranges of

their values that should be used to achieve a more lasting deployment and safer capture.

Simulation of contact dynamics for tether-net ADR applications was basic before this
research. The first effort to evaluate the effect of employing different continuous compliant
contact force models on the capture dynamics was performed for this Thesis, using a
simplified scenario: the effect was found to be moderate from the time of first contact of
the net with the debris to net closure, and important after closure; however, the overall
performance of the capture maneuver was not significantly affected by the contact force
modeling choice. With a view to achieving reliable but efficient simulation of capture
of debris with a realistically sized net, simple non-linear models were recommended. It
should be noted that, following this work, other researchers have adopted non-linear
continuous compliant contact force models. However, to date, this work is the only one

to consider micro-slip friction modeling for tether-net ADR applications.

The first analysis of the importance of taking into account the bending stiffness of the
threads of the net was performed in this Thesis; this was enabled by implementations
of lumped-parameter models for the net with and without representation of the bending
stiffness of the threads. It was found that, notwithstanding significant differences in the

dynamics of the net, the success of capture in the two scenarios remained similar.
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In all simulations without closing mechanisms, the net was observed to slip off the target
after the envelopment phase. In order to overcome this issue, a novel tether-actuated
closing mechanism for a net was modeled and simulated. Despite the limitations of the
modeling — dictated by limitations of the underlying simulation framework at the time of
writing —, it was demonstrated that a tether-actuated closing mechanism could be used

to secure debris in the net after capture.

A standard closing mechanism was also implemented in the simulation tool. The current
modeling approach does not allow to account for the inertia and stiffness properties of the
closing tether, nor to simulate realistic winching profiles; however, it allowed to perform
different assessments on the capture capabilities of tether-net systems. It was shown that
a closing mechanism interconnecting the four corner masses only does not ensure that
debris such as spent rocket stages remain contained in the net after capture. Simulations
also allowed to conclude that a scenario where the net is ejected in a direction parallel to
the axis of rotation of the target is safest; however, it was also found in this Thesis that

capture in this scenario is less robust to inaccuracies in the ejection of the net.

It was demonstrated in this Thesis that lumped-parameter models, albeit widely used for
nets for ADR, are inherently deficient in representing collisions between the threads of
the net and thin structural elements on the debris target, such as solar arrays. Solutions
to this problem were considered and an alternative model, based on cables in Vortex
Dynamics, was proposed. The capability of this model to represent collisions with thin
elements was verified in simulations of capture, with the solar array of Envisat spacecraft

as a target.

Overall, simulations of capture of launcher upper stages, of Envisat, and of a small asteroid
with representation of the main components of the system were presented and confirmed
that it is feasible to capture large and massive debris of different shapes and under rotation

by using a tether-net system.

6.2 Suggestions for future work

Although novel and useful insight into the dynamics of deployment and capture of debris
was achieved with this Thesis, some issues remain open, and new interesting directions

for research are discussed in the following.

Tools to evaluate the effect of bending stiffness on the deployment and capture dynamics
were provided in this Thesis. However, uncertainty on the actual stiffness properties
of braids in the environment of space exist; therefore, before clear conclusions on the

need to take into account the bending stiffness of the threads of the net can be drawn,
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experimental characterization of these properties in microgravity and vacuum conditions

is needed.

The modeling and implementation of the tether-actuated closing mechanism needs further
development to match that proposed for the actual mission scenario: more rings have to
be added around the net perimeter, and a lower number of main tethers (ideally just
one) should be used. In this Thesis, it was demonstrated that timing of the actuation
of such closing mechanism is critical to the success of the capture maneuver; therefore,
optimization studies on the tether control law could be considered. The standard closing
mechanism could also be implemented more accurately, including actual winches and
tethers. More realistic models of both closing mechanisms could be implemented in
Vortex Dynamics as soon as the limitations on the number of rings along a cable are

overcome.

Although some experimental validation of the simulation tool was included in this Thesis,
the need for more extensive and quantitative validation is acknowledged. One foreseen
validation activity is the comparison of simulation results with the parabolic flight ex-
periments on net-based capture of a mock-up of Envisat. This will be possible once
developments in the multibody dynamics simulation framework allow to simulate the
realistic capture of Envisat with the proposed cable-based model of the net; room for

improvement in the modeling of contact parameters for the threads of the net exists.

It would be interesting to perform a sensitivity study on the robustness of capture in non-
nominal ejections of the net, similarly to what was presented in Section 4.7 of this Thesis,
but in the presence of closing mechanisms. It is foreseen that the timing of actuation of

the closing mechanism would be key to the success of capture in this case.

One topic of great interest is the capability of tether-net systems to dampen the rotational
motion of the target in the post-capture phase. Some studies in the literature have
approached this problem by modeling the effect of the net with a few fixed attachments
of the tether to the target. The simulation tool at hand could enable such studies at a
higher degree of fidelity, by veritably considering the action of the threads of the net on
the target; however, more attention would need to be paid to the modeling of friction
and of torsional stiffness and damping in the main tether. Control to stabilize the post-
capture dynamics of the chaser should also be introduced. Finally, orbital dynamics was
neglected in this study, in light of the short duration of the deployment and capture
phases of a tether-net ADR mission; for longer simulations, involving the post-capture
dynamics, the effect of orbital dynamics and of perturbations (such as those due to the

gravity gradient) should also be considered.

After stabilization of the system, the disposal of the target should also be investigated.
A first option is to tug the target to its disposal orbit; alternatively, the target can be
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retrieved by shortening the main tether. In both cases, the final disposal is achieved by
maneuvering the chaser. The dynamics of the system composed of chaser, main tether,

net and target should be controlled attentively to avoid collisions.
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Appendix A

Analytical derivations

In Section 3.2, an analysis of the deployment dynamics based on the work-energy and
linear momentum balance was proposed. In those derivations, it was suggested that p;(0),
i.e., the magnitude of the relative velocity of the i-th node with respect to the center of

mass, depends on the magnitude and direction of the ejection velocity. Here, proof of

this statement is provided.

A.1 Proof that p;(0) depends on the magnitude and

direction of the ejection velocity

By definition:

£i(0) = |[pi(0)[| = [|vi(0) — v.(0)|| =

= \/(vm(o) = Ue(0))? 4 (0iy(0) = 0ey(0))? + (03,2(0) = 0.2(0))?

Due to symmetry:

Therefore:
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Remembering that v, = v, = v.sinf/ V2 and v, = v, cosf as defined in Section 2.2:

pi(0) = \/vg sin? 0 + (v, cos — v..(0))% =

= \/vg sin® 0 + v2 cos? 0 + v2,,(0) — 2v. cos 0v,..(0) =

= \/vg + 92 _(0) — 2v, cos 0. (0)

This shows that p;(0) depends on the magnitude of the ejection velocity v, and the cosine

of its angle relative to the direction of deployment 6.



Appendix B

Benchmark tests for cables in Vortex

Dynamics

Here are presented the most relevant benchmark tests devised to validate the behavior
of cables in Vortex Dynamics. The results presented here were obtained with a flexible

tether, with distributed mass and stiffness properties.

B.1 Simple tethered mass under gravity

ké
lg
g k mg

6 =mg/k

@

(a) (b) (c)

FIGURE B.1: Tethered mass under gravity. (a): system in Vortex Dynamics; (b):
analytical approximate model; (c¢): equilibrium.

In this scenario, a mass m is attached to a fixed part through an elastic tether of length
Ly and stiffness per unit length (EA); the tether elongates under the effect of the Earth’s

gravity. The cable is assumed to have negligible mass'. The system is represented in

In Vortex Dynamics, a very small density is specified for the cable, because a flexible cable always
has mass.
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Figure B.1(a), where parts are shown in white and the cable is shown in black. For this
problem, the analytical approximate model of the system is shown in Figure B.1(b), and
the deflection at equilibrium can be easily found as shown in Figure B.1(c). For m =1
kg, (EA) = 100 N, and Ly = 1 m, the stiffness of the cable is & = 100 N/m, and the
static deflection is 6 = mg/k = 0.0981 m.

In a first simulation, the default number of sections in the cable n,.,. = 3 was employed,
and a noticeably smaller deflection (§ = 0.065 m) was found. This made it apparent that
the stiffness of the cable is higher than the theoretical (EA)/Lqy. This is due to the fact
that for ng.. sections, only n,.. — 1 prismatic joints are introduced; as a consequence, the
total length of the cable accounted for as elastic is smaller than the total cable length L
(see Figure 3.14). In fact, if one assumes that a prismatic joint models the extension of
a section of the cable of length L; = Lg/nse., then the axial stiffness of each prismatic
joint is found as: k; = (FA)/L;, for i = 1,...,n4. — 1. The equivalent stiffness k. is the
stiffness of ng.. — 1 springs in series. For the problem at hand and ng.. = 3, this would
result in a static deflection of § = mg/k. = 0.065 m, which corresponds to the value
found in simulation. The analytical solution would be recovered with the same process

but considering n.. springs of stiffness k; in parallel.

In practice, the correct stiffness for a flexible cable in Vortex Dynamics can be recovered by
employing a modified value for (F'A), dependent on the physical (EA) and on the number
of sections ng.. as per equation (3.28). For ng. = 3, one should use (FA)(ngee — 1) /Nsec =
2(EA)/3; then, the correct tension force and deflection at equilibrium are retrieved, as
can be seen in Figure B.2. The first plot shows the length of the cable, which goes from
1 m to 1.0981 m at equilibrium, after an overshoot; the second plot shows the elongation,
which starts at zero and settles at 0.0981 m, after an overshoot; the third plot shows
the maximum tension in the cable (maximum because in general different joints can be

subject to different tensions), which at equilibrium is 9.81 N, equal to mg.

The same results were obtained after replacing the fixed part at the top with a winch

part, and locking the hinge constraint.
B.2 Simple tethered mass under gravity - with locked
winch and massive tether

The same simulation as in Section B.1 was performed with a massive cable. The axial

force T'(x) and deflection u(z) at the coordinate x in a beam under concentrated tip load
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F1GURE B.2: Results of simulation of tethered mass under gravity till equilibrium, with
flexible cable model and (EA)%see=1t,
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FicUrRE B.3: Analytical equilibrium solution for massive beam with tip load under
gravity.

mg and distributed load p;g (see Figure B.3) are:

T(z) = mg+ pg(Lo — ) (B.1)
u(zx) = /0 %cﬁ +ug=..= (E—lA)(mgm + pgLoxr — pigLi/2) (B.2)

With the data defined in Section B.1 and with a linear density set at p; = 1.0 kg/m, the

maximum tension in the cable T,,,, and the static deflection at the tip ¢ are:

Tae =T(x=0)=(m+pLo)g=(14+1)-9.81=19.62 N (B.3)
1
§=u(z = Ly) = m(mgL0 + pgL3/2) = 0.1472 m. (B.4)
In simulation, if the linear density is set to p; = 1.0 kg/m, the correct deflection is

recovered, but the maximum value of the tension in the cable is lower than 19.62 N. The
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i 6 = F/kb
El, L, :
F Pl
k, = 3 El/L,>

FIGURE B.4: Analytical equilibrium solution for a beam with tip load, valid for small
displacements.

correct maximum tension (i.e., 19.62 N) can be recovered for any number of sections by
specifying a linear density modified according to: pjnse./(nsec—1); however, the elongation
predicted in this case is higher than the expected value. The difference found with p; is
due to the fact that in Vortex Dynamics cable modeling, the mass of cable in the section
above the first prismatic joint (see red portion in Figure 3.14) does not have an effect on
tension since it is fixed to the top; for this Thesis, it was decided to use p;, acknowledging

the existence of this error.

B.3 Simple tether with transverse force at its tip

In order to verify the correct value of the bending stiffness to be input, a simulation was
performed with an elastic but almost massless tether with bending stiffness (ET) attached
to a fixed part and with a tip mass subject to a constant transverse force F'; in this case,
gravity was neglected. For this problem, the tip displacement at equilibrium can be found
modeling the cable as a beam, as in Figure B.4. For Ly =1 m, ' =10 N, and (FEI) = 50
Nm?, the equivalent transverse spring constant is k, = 3(EI)/L3 = 150 N/m, and the
static tip displacement is § = F'/k, = 0.06 m.

Similarly to what was found in Section B.1, it was observed that the tip deflection obtained
in simulation is far from the analytical solution, when (ET) is used as an input. The best
agreement in the static tip deflection was found for (ET1)(nge. — 1)/nsee. Unfortunately,
the dependence on ng,.. is reduced, but not avoided, unlike the case of axial stiffness.
The results obtained with different parameters are reported in Table B.1, where it can
be observed that the relative error is of around 10% for a cable composed of 5 sections,
and 0.3-1.5 % for a cable composed of 20 sections, in all cases where the deflection of the
cable is small. Even for a scenario involving large deflections (i.e., the first line in the

table), the relative error remains under 10 %.
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Ly F (EI) o Rel. error
(ns =5) (ns = 20) (theory) | (nsee = 5)  (nsec = 20)

[m] [N] [Nm? [m] [m] [m] %] %]
1 30 50 0.194717 0.215068 0.2 -2.64 7.53
1 10 50 | 0.0605499  0.066153  0.066666667 -9.18 -0.77
0.8 10 50 | 0.0309304  0.034122  0.034133333 -9.38 -0.03
0.8 4 50 0.0123009 0.01358 0.013653333 -9.91 -0.54
1 4 50 0.0240345  0.0262627  0.026666667 -9.87 -1.51

TABLE B.1: Static deflections of the cable tip under transverse load, in different sce-
narios, and comparison with theoretical results.

B.4 Simple tether with motorized winch and rings

FIGURE B.5: Screenshots of simulation of motorized tether with rings, spooling in
without gravity, and flexible cable model.

This section presents a scenario with a simple tethered system with a motorized winch
and rings (see Figure B.5), in order to validate the correct functioning of these elements.
Three parts (shown in white) are set: the part at the top of Figure B.5 is fixed and has
a winch; the second, where the cable (which is shown in black) bends, is equipped with
two rings (with their axes parallel to each of the segments of the cable); the third is free
to move, and the tether is attached to its center. In this scenario, the winch spools the
tether in at a rate of L = 0.1 m/s. Three screenshots of the simulation are collected in
Figure B.5: it can be seen that the cable length diminishes in time. Moreover, the two
segments remain vertical and horizontal as they were at the beginning of the simulation.
The profile of the tether length during the simulation is collected in Figure B.6. One can
notice that the expected cable length is recovered, apart from some initial oscillations

and a small constant offset.

From these simulations, it appears that the motorized winch and rings work as expected.
However, simulations were observed to fail when more than three rings are added, at the

time of writing.
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FIGURE B.6: Results of simulation of motorized tether with ring, spooling in without

gravity, and flexible cable model.



Appendix C

Validation of friction force models

In Section 4.3, the modeling of contact dynamics was presented. Here are collected the

results of validation activities on the implementation of friction force models.

C.1 Validation of bristle friction model

The scenario used for validation is described in Section 3.2 of the paper by Liang et al.
[81]. A point mass m slides on a plane inclined with an angle # from the horizontal plane,
starting with an initial velocity vy = O.4j m/s, Wherej is directed as shown in Figure C.1.
Due to the gravity, the point mass also slides along the i axis. The situation is depicted

in Figure C.1, and the parameters used in the simulation are collected in Table C.1.

FIGURE C.1: Inclined plane simulation scenario (the same as in [81]).

In the following plots, unless otherwise specified, blue lines represent the results published
by Liang et al. [81] (digitized from the paper), black lines represent the results obtained
with the implemented code for the undamped formulation (i.e., equations (4.16)—(4.19)),
and red lines represent the results obtained with the implemented code for the damped
formulation (i.e., equations (4.20)—(4.22)); continuous lines refer to quantities in the y-

direction, whereas dashed lines refer to quantities in the z-direction.
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Parameter Symbol Value
Mass m 1 kg
Bristle stiffness . 50000 N/m
Bristle damping Cor 80 Ns/m
Threshold velocity Va 0.001 m/s
Inclination angle 0 15°
Static friction coefficient I 0.6
Kinetic friction coefficient Lk 0.5

TABLE C.1: Material parameters used in Liang et al’s simulation.

Results in terms of positions, velocities, friction force and bristle deflection are collected
in Figure C.2. It can be noticed that important oscillations characterize the undamped
model results. The amplitude of oscillations obtained with the damped model for quan-
tities in y-direction are similar to those that characterize Liang et al.’s results (that also
consider damping). Overall, there is quite good agreement between the results of the
two simulations, but some discrepancies can be seen; some differences may be due to
imprecise digitization of the paper’s data (e.g., the offset visible in Figure C.2(a)), but
the directions of friction force and bristle deflection in the second part of the time frame

(see Figure C.2(c) and (d)) are actual differences.

It was confirmed that the correct modulus of the friction force is recovered in sliding.
An analysis was performed on the directions of friction, bristle deflection and relative

tangential velocity vectors (see Figure C.3). Directions were found as:

OF = acos(—Fm/ F2 + F{i) (C.1)
0, = acos (vtz/ vi + vfy> (C.2)
0, = acos (sm/ s2, + S?y) (C.3)

It was found that, in sliding, the model used in this Thesis recovers the direction of the
friction force as prescribed by Coulomb’s model (see Figure C.3(a)); Liang et al’s results
seem to indicate that their model did not recover this direction (see Figure C.3(b), that

shows data coming from digitization of plots and spline interpolation with Matlab).

As part of the validation efforts, a simulation was performed with an implementation
corresponding to the model in [81]. The results are reported in Figure C.4. Better
agreement to Liang et al.’s results is found, especially as far as the directions of the
bristle deflection and the friction force are concerned. Small differences still exist in the

sticking regime.
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F1GURE C.2: Comparison of results with undamped bristle model (black lines), damped
bristle model (red lines), and results in reference [81] (blue lines).
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FiGure C.3: Directions of friction, bristle deflection and relative tangential velocity
vectors.
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FIGURE C.4: Comparison of results reconstructed from reference [81] (blue lines) and
obtained implementing the model by Liang et al. (red lines).

C.2 Comparison of simulations with bristle and John-

son’s friction models

In this section are reported the results of a simulation in which a point mass is dragged on
a horizontal plane by applying a force linearly increasing with time along the z-direction:
F.(t) = at. The parameters used in the simulation are collected in Table C.2. According
to the chosen parameters, the mass is expected to start moving at around ¢ = 0.25s. The

integration was performed for a time horizon of 0.5 s.

With the bristle friction model, integration took about 0.7 s. The results are collected
in Figure C.5. It is observed that, indeed, the mass starts moving after about 0.25
s, in the z-direction (see Figure C.5(a)); no movement is observed in the y-direction,
as expected, while the z-coordinate is subject to numerical oscillations about its initial
value (computed so that the normal contact force equilibrates the weight of the body).

Similar trends are found for velocities. Friction force magnitude versus time is illustrated
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Parameter Symbol Value
Mass m 2 kg
Multiplicative coefficient for F, a 39.24 N/s
Bristle stiffness kp, 500000 N/m
Bristle damping Chr 80 Ns/m
Threshold velocity V4 0.001 m/s
Static friction coefficient s 0.5
Kinetic friction coefficient i 0.4

TABLE C.2: Material parameters used in the simulation of one mass dragged on the
ground.

in Figure C.5(b), together with the magnitude of the applied force and the magnitude of
wF,, the limiting magnitude of the friction force: it can be noticed that before ¢t = 0.25 s
(i.e., in the sticking regime), the magnitude of the friction force is lower than uF;, and
such as to equilibrate the applied force. At t = 0.25s, F; = usF, and remains constant
for a few time steps, as long as the relative tangential velocity is lower than the threshold
value vy. As soon as the magnitude of the relative tangential velocity is higher than
the threshold, the body slips, and a jump to a lower value of the friction force, which is
equal to pi fn, is seen. In Figure C.5(c) and C.5(d) the trend for v; can be appreciated,;
in particular, the second is a plot of v; and of the threshold value in the first instants
of the simulation, and shows oscillations that are soon damped thanks to the damping
coefficient ¢,.. If a lower value of ¢, or of vy was used, these oscillations would exceed v,
and a few initial stick-slip transitions (of negligible effect on the overall dynamics) would

occur.

The same scenario was simulated with Johnson’s friction model. For comparison to the
results obtained with the bristle model, Figure C.6 reports the x-coordinate, the friction
force and the tangential relative velocity obtained in this case. It was found that the
simulation results are more sensitive to changes in the value of the stiffness coefficient k;,
that discontinuities are created, and that it takes much longer to integrate (about 32 s,
compared to 0.7 s with the bristle friction model). In particular, many more transitions
between stick and slip are observed; each of these transitions causes a discontinuity in

the dynamics.
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FiGure C.5: Results of simulation of one mass dragged on the ground, with bristle
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