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summary

Present and future operational spacecraft have an increasing risk to collide with defunct satellites, which
is becoming one of the key problems of today’s space domain. Thus, mitigation strategies which elimi-
nate existing debris, such as with Active Space Debris Removal (ASDR) missions, are more important
than ever. One of the considered ASDR approaches uses a net as a capturing strategy. This net is
deployed from a chaser spacecraft and connected to it by a tether. The benefits of such strategy are to
allow for a large capturing distance, high compatibility for different space debris sizes and reduced accu-
racy requirements. It can be deduced that a key requirement of ASDR missions is that while capturing
existing debris, no new space debris is to be generated during the process. However, when simulating
net capturing, usually assumptions are made with respect to the physical properties and shape of the
defunct objects, neglecting any potential of breaking-off of vulnerable structures, like antennas, solar
arrays or other flexible appendages. With an enhanced risk of failure, especially if these are already
damaged, these could lead to even more space debris.

Thus, this Thesis assesses what are the Risks of Secondary Space Debris Generation from Net
Capturing in Active Space Debris Removal Missions. Given the problem statement, several Research
Questions (RQ) were defined:

RQ1) How can the risks of secondary space debris generation for net capturing ASDR missions be
modelled?

RQ1.1) How can secondary space debris generation be defined?

RQ1.2) Which simulation scenarios and mission phases are adequate to model secondary
space debris generation using net capturing?

RQ1.3) What are the main factors which contribute to the risk increase related to the physical
and dynamical interactions between the tether-net, chaser and space debris?

RQ1.4) What are the relevant results from RQ1.2 and RQ1.3 that can be used to characterise
the generation of space debris?

RQ2) What preliminary mitigation techniques can be formulated to reduce the risks of secondary
space debris generation in ASDR missions using nets?

RQ2.1) How sensitive is the risk model w.r.t. the physical and dynamical properties of the
interactions between the tether-net, chaser and space debris?
RQ2.2) Which mitigation techniques could be used to reduce the risks?

Given the openness of these questions, this study is performed in the form of a risk investigation.
As an initial step to define and identify which risks could occur (RQ1.1), the potential of material
surface fracture due to impact was preliminarily checked and excluded. Due to the low velocities of
net deployment and impact, only risks related to structural breaking of flexible appendages, during
capture and towing were found to be the most plausible. Specifically, these are related to the appendages
connections and interfaces (due to their lack of resistance and intrinsic design against large stresses). In
fact, in a preliminary system analysis, four main weak structural locations were identified.

Recognising the aforementioned risks, adequate simulation scenarios were defined for RQ1.2. The
main case study for this work is ESA’s Envisat, a 25 m-long satellite which has been dysfunctional
since 2012, selected due to its threat and its multiple flexible appendages, most notably a 10 m-long
Advanced Synthetic Aperture Radar (ASAR) antenna, a 2 m-long Ka-band antenna and a 16 m-long
solar array. Given this target, a nominal simulation scenario of capture was required as the main focus of
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this investigation. A discrete Multi-Spring-Damper (MSD) net model was used to simulate the 20 m/s-
deployment of a 30 m x 30 m net onto an Envisat mock-up. Contact dynamics between the net and mock-
up were computed using the so-called penalty-based method. The forces and moments, experienced by
the satellite as modelled by the method, were then retrieved by post-processing. These were finally fed
to two dynamical models, both representative of the Envisat system, assuming, first a single-rigid body,
and secondly two rigid bodies connected by a Single-Degree-of-Freedom hinge connection. Lastly,
another simulation scenario was then advised to be made related to the towing phase of the mission.
For this phase, the net was approximated as a simple Spring-Damper connector with the chaser being a
point-mass, and the motion being restricted to be two-dimensional.

First, for the nominal simulation scenario, several dynamic and structural risks had a high likeli-
hood to occur. The independent motion of the spacecraft’s solar array, combined with its large size and
fragile structure (10 mm-thick) showed to be detrimental in the capturing process (RQ1.3). Excessive
torque loadings were computed at two of the solar array identified weak locations which could indi-
cate breaking. These were mainly due to the propelling bullets, leading to significant tension forces
and thus large contact loads. Additionally, the 2 m-long Ka-band antenna was found to have a high
likelihood of structural breaking. This was specifically due to its length inducing buckling and thin
connections creating excessive shear loading at its dish-beam interface. Thus reflecting on RQ1.4,
structural breaking could occur at the hinge-solar array interface and at the antenna beam-dish interface,
leading to the generation of a 5 m x 14.3 m debris and a 0.9 m x 1 m antenna dish, respectively. Fur-
thermore, to answer RQ1.3 and RQ1.4, the towing phase shows also a potential risk. The chaser mass,
tether stiffness and propulsion force were found to be critical design parameters that could affect solar
array and tether coupling resonance phenomenon. This resonance could lead to significant solar array
vibrations, consequently leading to structural breaking at the solar array root.

Secondly, having identified the structural and dynamical risks, three sensitivity analysis were im-
plemented to aid in designing preliminary mitigation measures (RQ2). The first mitigation sensitivity
analysis focused on the analytic effect of the net deployment characteristics: deployment velocity (V)
and shooting angle (6,), the net contact material properties («, F; and v;) and space debris rotation rate
wq. Due to the small wy, V; is found to be the most significant indicator of structural breaking risk. By
investigating RQ2.1 and RQ2.2, V, was found to affect the normal contact force by two to three orders
of magnitude. Given this, the structural breaking indicators discussed for RQ1, required the impact
velocity to be limited to 2.0 m/s. Furthermore, the numerical sensitivity analysis made on the bullet-
mass-to-net ratio (my/mye¢) has found that even though a certain minimum value is required for proper
net wrapping around the object, a maximum value must also be set to avoid internal net structural and
solar array breaking. These considerations resulted in a net design space as follows:

4
4 - Ve - cos(fe) <2.0m/s, for0.25 < i

(mnet +4 mb) Mnpet

< 1.25.

From all input parameters, the bullet mass (1) and initial deployment lateral deviation (Axzcas0) were
chosen for the second numerical sensitivity analysis. As for m;, Azcaro also greatly affects the risk
indicators. Therefore, it was suggested to only capture the Envisat’s main body. Last but not least. the
final sensitivity study was performed on the simplified towing dynamical model. It was shown that a
chaser mass of 850 kg, a tether stiffness of 3622.7 N/m and a propulsion force of 440 N allowed the
damping of the detrimental tether-solar array resonance phenomenon.

With secondary space debris being potentially generated, net capturing is found to be riskier than
originally thought. This work’s innovation lies in the literature gaps separated in four main categories.
First, this Thesis analysed the effect of the net loads on a satellite with a large solar array two-body
dynamics. This is essential to accurately model complex and flexible satellite systems, which in the
literature are only modelled as rigid bodies. Secondly, a simple structural analysis was implemented to
identify locations of failure. Thirdly, this work was the first in the literature which evaluated if structural
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failure occurs due to net capturing. Lastly, these aforementioned considerations are used as the basis
for design recommendations for net capturing missions.

Finally, confirm the results of this investigation, it was recommended to first verify the loadings on
the Envisat’s main body, as small antennae, cables and the thermal blanket were neglected. Furthermore,
the MSD net model only assumed tensile stresses. This is not a conservative approach as in reality those
stresses would be greater due to lateral loading. Lastly, it was suggested to perform an integrated net-
spacecraft dynamic model analysis without sequential modelling. This would also entail the need of
performing a numerical structural analysis of stresses in the identified weak locations and a numerical

simulation of the possibility of material impact fracture due to impacting bullet interactions with the
solar array and the ASAR antenna.
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Introduction

1.1. Space Debris Problem and Relevance

One of the key problems of today’s space domain is the increasing risk of impacts of debris objects at
hyper-velocities with operational satellites. This is due to the space debris population, which has been
increasing nearly at an exponential rate as can be seen in Figure 1.1.
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Figure 1.1: Categorised space debris population, from 1955 to 2022, with the abrupt increases due to the Chinese ASAT test
in 2007 (1), the Iridium and Cosmos impact in 2009 (2) and another ASAT Russian test done in 2021 (3) [57].

This development was already anticipated by Kessler and Cours-Palais in [42], with the so-called
the Kessler syndrome. This is a scenario in which after passing a certain critical mass or number of
space debris, a rapidly increasing chain reaction of impact collisions will lead to the destruction of
many operational satellites. Most of these satellites are an essential component of today’s space infras-
tructure essential for the present globalised and interdependent world. Furthermore, space exploration,
which in the near future could be crucial for humankind survival, will also be endangered. In fact, the
creation of several space debris orbital belts will limit the possibility of sending next-generation satel-
lites, spacecraft and probes to low-Earth Orbit (LEO). Added to that, the entire key space infrastructure
related to Earth Observation activities, but also the global monitoring of food production, water man-
agement and climate, not even counting communication and navigation, are all found to be exposed and
in critical danger [79]. Thankfully, the UN, at an international level, and the Federal Communications
Commission or FCC, at the USA national level, have both provided their own rules related to how long
a satellite/spacecraft can stay in orbit. The UN has proposed a 25 year rule”, which ESA follows, rec-
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ommending satellites re-entry to the atmosphere after 25 years from the mission’s completion [28]. The
FCC itself has recently shown to be more strict by limiting this number to 5 years, for all USA-licensed
space missions and this rule even applies for other nations which also want to enter the USA space
market [96]. Lastly, it has been estimated in [48], that 5 to 10 space debris objects must be removed
per year, to stabilise the space debris population increase. The urgency of this ever growing problem is
clear and most surely requires future space missions to take responsibility and act accordingly.

With the space debris problem not only being a threat for future space missions and the space infras-
tructure, it is also a threat on the ability of governing agencies to regulate the orbital space environment.
It is thus essential for the increasing space debris population trend to be stopped. The latter can be done
through various mitigation techniques and strategies, which have the goal to reduce the creation of ad-
ditional space debris, when new spacecraft are launched. Other than that, passive removal techniques
are also implemented. These take advantage of the space environment, leading to re-entry and burning
of the space debris into the atmosphere. However, these cannot be applied to all satellite debris. Ac-
tive Space Debris Removal methods (ASDR) hold the key to an efficient management and elimination
process of the existing space debris population.

1.2. Active Space Debris Removal- A State-of-the-Art Overview
ASDR Missions mainly consist of two major types. The first one is the capturing method and it is to
ensure that the debris (target) is properly captured and connected to a chaser spacecraft. These can be
classified into: flexible and stiff-connection capturing and electro-dynamic tethers. The second major
type is removal methods. These consist on moving the debris from its original orbital path to another
one, or to lead to re-entry. Whereas sometimes these are combined together, for e.g. the removal method
is implemented after properly capturing the target and then removed, there are removal methods which
ensure that no capture is even necessary in the first place. Several removal methods have already been
proposed, from using drag-inducing devices (such as inflated balloons, foams or even heat expanding
fibers), contact-based slingshot or adhesive removal to even contactless removal methods which limit
contact between the chaser and target as well as using lasers or ion beams [74]. The focus of this
overview is mainly on capturing methods, specifically focused on the net capturing tool.

1.2.1. Capture-based methods

A capture-based space debris removal mission usually follows several mission phases, from launch and
orbital injection of a chaser spacecraft, to rendez-vous with the target, which is then captured and later
removed. Within this type of missions, there are various categories, divided by the capturing tool used.

Stiff-connection capturing and removal

Stiff-connection capturing strategies focus on creating a solid or stiff connection between the chaser
and the target. This link can be made with one or multiple capturing arms using robotic arm technology,
or via tentacles which encircle and close the target in its grip.

Robotic arm technology is similar to the Canadarm?2 [55] or DARPA’s Orbital express [88]. How-
ever, it is difficult to integrate this technology for space debris removal applications. In fact, this inte-
gration has been the focus of the DLR in its Deutsche Orbital Servicing Mission (DEOS), the European
Proximity Operations Simulator (EPOS), the Front-End Robotics Enabling Near-Term Demonstration
(FREND) by DARPA and for two-arm robotic capture there is the UK-based Advanced Tele-robotic Ac-
tuation System (ATLAS) [74]. With this type of method, multiple forms of docking connections, called
mechanical end-effectors [74], have already been proposed. These range from using probes which en-
ter thermal rocket engines [94] to simple grippers and hand mechanisms [95]. However as this method
requires some elaborate form of docking, ensuring that the connection is locked and stiff, a high level
of tailoring is needed.

The tentacles capturing method does not require such special docking end-effector, to be tailored
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in the same manner as the robotic arm(s) require it. Within this type of stiff capture, the “capturing
before touching” strategy is seen to be the safest as it ensures that the debris is first encircled, and then
locked, limiting any recoil and thus any problematic de-tumbling issues [74]. Such a strategy has been
proposed for the e.Deorbit project in [12] and with the project CADET [20] by Aviospace. Both projects
are visualised in Figure 1.2.

(a) CADET visualisation of the tentacles  (b) e.Deorbit version of the tentacles concept
concept [20]. [12].

Figure 1.2: Two examples of tentacles-based capturing methods.

Flexible connection capturing and removal

The second type of capturing strategy is based on creating a flexible connection between the chaser and
the target. In contrast with the aforementioned type, this method allows to reduce the cost, mass and
complexity resulting from the requirement of stiff connection [74]. A flexible point connection can be
implemented instead by using a tether-gripper mechanism, a harpoon or even a net.

First, the tether-gripper has been proposed in the Robotic Geostationary Orbit Restorer (ROGER)
project [13] (see Figure 1.3a) and by Huang et al. in [39] with the Tethered Space Robot (TSR). This
method consists of using an end-effector gripper, similar to the stiff-connections, which is shot at the
target. This however lowers the flexibility of the method, as in order to appropriately grip onto the target,
a specific part of the debris must be targeted [74]. The latter translates to high accuracy requirements
and can also lead to the generation of additional debris in the case of large impact velocities or if the
specific part of the target is missed.

Second, the harpoon method consists on deploying a barb-tipped harpoon or bullet onto the target
debris and sticking to it through perforation. As it is very simple to test on ground [74], the method has
been already proposed by ESA in [63] (see Figure 1.3b). However, due to the need of penetrating the
target, micro-fragments of various size are created, which result in secondary space debris and can be
detrimental for neighbouring or future satellites.

Finally, the net capturing method consists of sending or deploying a net with four or more weights
(called bullets) from the chaser satellite. This net then encircles the target and through simple inertia or
thanks to a closing mechanism, fully wraps around it. With the fully wrapped target, the chaser can then
de-orbit via the slingshot method or by re-entry into the atmosphere [74]. This method has also been
presented in the ESA sponsored ROGER project [13] to retrieve a debris in Geostationary Earth Orbit
(GEO) and place it into a higher graveyard orbit. Another ESA sponsored mission, e.Deorbit, as can
be seen in Figure 1.3c, the net capturing strategy was thought to be a promising candidate [12]. Lastly,
multiple universities, from the Boulder University of Colorado (with the REsearch and Development for
the Capture and Removal of Orbital Clutter) [100] to the Politecnico di Milano (with Debris Collecting
Net) in Italy [47] have long standing projects in which the main focus is to model, simulate, analyse
and validate the dynamic characteristics and the efficiency of the net capturing method.
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(b) e.Deorbit version of the (¢) e.Deorbit version of the net
(a) Tethered-gripper debris removal strategy [13]. harpoon concept [63]. capturing concept [12].

Figure 1.3: Three main types of flexible capturing methods.

Advantages of net capturing

When choosing the type and capturing strategy tool, it is essential to verify that it can be tailored to
the space removal mission needs and requirements. In the case of using nets as a capturing strategy, it
has been shown to have multiple advantages which can be used in the design process to outweigh its
drawbacks [74].

These advantages are as follows: a lowering of positioning and deployment accuracy requirements,
allowing for a large capturing distance and an expected high compatibility for different space debris
sizes [74, 92]. Furthermore, by avoiding close contact rendez-vous, docking, rigid connections and
target penetration with an enhanced risk of collision and structural breaking, the method’s flexibility,
low mass and cost seems to be the most encouraging type of ASDR strategy.

1.2.2. Net capturing modelling state-of-the-art

An essential part of analysing and evaluating if a method is adequate or feasible for capturing, is its
correct modelling and simulation. The net capturing method requires two major types of models for
a complete simulation. First, the net internal and deployment dynamics have to be modelled, and the
second fundamental part is to correctly simulate the contact dynamics between the net and space debris.

Net deployment modelling

An indispensable goal when modelling the net dynamics, is to find the most optimal net model which
shows good accuracy and is not computationally expensive. Various different models have been thor-
oughly presented and analysed in the literature [68]. These are the Multi-Spring-Damper Model (MSD)
(also called lumped-mass model) developed in [10, 69], a net discretisation cubic B-spline model [32],
the Absolute Nodal Coordinate Formulation (ANCF) described in [50, 68], an elastic structural/con-
tinuum model (ECM) [51] and the Multi-Rigid Body model (MRB) [92]. Several of these relevant
concepts are visualised in Figure 1.4.

First, with regards to the cubic-B spline method proposed in [32], a fishing net has been discretised
with more than 3 million point nodes (as can be seen in Figure 1.4d). This very high number is needed
to accurately model the net’s bridle, surface smoothness and continuity [68]. Due to the complexity and
computational expensiveness of this discretisation, this model has mostly been used in marine fishery
applications and rarely for ASDR.

The second modelling strategy is related is the discretisation of the net threads as solid or rigid
bodies in MRB modelling [92] (see Figure 1.4c). However, this model lacks elasticity implementation
which is an essential aspect of the dynamic behaviour of nets [68].

The third ECM net modelling method has been described in [S51]. In contrast with the aforemen-
tioned MRB model, it allows the adequate modelling of large elastic displacements. The model has
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already been applied to elastic orbital tethered systems [51] and has been validated for large displace-
ments in [45]. However, due to the high complexity of the system equations and the low computational
efficiency, the model can be seen to have too many disadvantages compared to other more recently
improved methods [68].

Lastly, both the ANCF (Figure 1.4b) and lumped mass MSD (Figure 1.4a) models have been the
most widely used in ASDR net dynamic studies [10, 68, 15, 76]. The ANCF-based model, first proposed
by Liu et al. [50], then further analysed, characterised and validated by Shan et al. [76], consists of
computing the absolute positions with their position gradients resulting in a elastic-flexible description
of net thread elements. Furthermore, it is mainly used for high precision net tracking. The MSD model
discretises the net into point masses which are all linked by linear-elastic spring-damper connectors.
Whereas the ANCEF is the most precise and realistic model, it is computationally expensive [68]. It was
concluded in [68], that even though the MSD model showed a slightly larger difference compared to the
ANCF-based model, it was still validated with a parabolic net deployment experiment (with an average
relative error below 15%) and seemed to be more efficient as it was found to be 15 times faster than the
ANCF model [68].

Bullet 1

Bullet 2

(a) Advanced net lumped mass modelling [68].

@EX

n,
m, My
My_y My

(¢) Multi-Rigid Body net modelling concept [92]. (d) Fishing net modelled with the cubic B-splines [32].

Figure 1.4: Four net modelling methods.

Net-target contact modelling
The second most important step in net capturing simulations is to accurately and efficiently model the
contact between the net and its target. Recently, two major methods for net contact dynamics modelling
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have been prominent in the literature [10, 15, 68]. The Penalty-Based Method, which results in a
response force, and the Impulse-Base Method which computes the impulse.

The first method focuses on computing a time-continuous force which results from the penetration
of one object w.r.t the other. All force-contact based methods have been thoroughly described in [33].
The net’s discretised point masses are assumed to be small spheres with radii similar to the net cable
elements [10]. Contact between the target and the net is thus an accumulation of N impact penetrations
between net spherical nodes and the target wall, using Hertzian elastic theory. The penalty method
computes the virtual penetration of one object w.r.t the other and feeds it directly into a force model.
From the literature, the focus of using the linear damping model [8, 10, 69] has shifted to using a non-
linear damping contact force model [16, 71], which better describes the real behaviour of normal contact
forces and energy dissipation [33]. However, as it was found in [68], this method is highly sensitive
to the contact stiffness and penetration values. The second method, which was first fully described
and applied by Shan Minghe [68], avoids the need to define such parameters (which must be obtained
through experimentation and highly vary depending on material and shape properties) and focuses on
impulse and kinematic relations. Therefore, the impulse-based method computes the contact impulse,
which is then fed to the linear and angular velocities of the net nodes and target dynamics.

1.2.3. An essential requirement lacking in the literature

What can be observed throughout the literature is that an essential and key aspect of these ASDR mis-
sions which is also a crucial requirement, is lacking. During the capturing and removal of the debris,
no additional space debris should be generated. However, as found in the literature when simulating
net deployment and capturing, too often unrealistically simplified assumptions are made with respect
to the space debris. These range from the physical properties and shape of the defunct objects, to its
material and structural properties of its integrated structures.

It is actually common to neglect vulnerable structures, like antennas, solar arrays or other exposed in-
struments, and assume that they are indestructible (part of the rigid-body assumption). When analysing
such elements, there is an enhanced risk of critical breaking or structural failure, especially if these are
already weakened by existing damage. Given this possibility of breaking, there is an undermined risk,
that ASDR missions could contribute to even more space debris.

1.3. Research Objective

From the overview of existing literature, several gaps in the body of knwoledge were clearly identified
and characterised. Due to the importance of actively eliminating space debris, whilst not creating more,
a research objective has been formulated. Thus, the objective of this Thesis is:

To predict if secondary space debris could be generated during net capturing by numerically
modelling the dynamics and material response of the debris during the capturing and towing phase of
the Active Space Debris Removal mission.

1.4. Research Questions
Considering the specific gaps in the knowledge present in the literature, the relevance of this problem
statement and the aforementioned objective of this Thesis, several Research Questions (RQ) are formu-
lated.

These are listed below with their associated sub-questions:

RQ1) How can the risks of secondary space debris generation for net capturing ASDR missions be
modelled?

RQ1.1) How can secondary space debris generation be defined?
RQ1.2) Which simulation scenarios and mission phases are adequate to model secondary
space debris generation using net capturing?
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RQ1.3) What are the main factors which contribute to the risk increase related to the physical
and dynamical interactions between the tether-net, chaser and space debris?

RQ1.4) What are the relevant results from RQ1.2 and RQ1.3 that can be used to characterise
the generation of space debris?

RQ2) What preliminary mitigation techniques can be formulated to reduce the risks of secondary
space debris generation in ASDR missions using nets?

RQ2.1) How sensitive is the risk model w.r.t. the physical and dynamical properties of the
interactions between the tether-net, chaser and space debris?
RQ2.2) Which mitigation techniques could be used to reduce the risks?

Therefore, the first part of this study, associated to RQ1, focuses on defining secondary space debris
generation and creating simulation scenarios which can be used as a basis for a numerical simulation.
With these two aspects given, the net dynamics and spacecraft interactions will be analysed both in a
nominal simulation and secondly in a sensitivity analysis. Specific factors and failure risk indicators
should also be found. These must then be described and verified, in the case that secondary space debris
is an actual possibility.

Later, as a response to RQ?2, this study wishes to show the sensitivity of the proposed numerical
simulation models and the aforementioned risks. From this sensitivity study, further information can
be obtained and used to see how to mitigate these risks.

1.5. Thesis Outline

Given the Research Questions presented above, it is now essential to mention how these will be an-
swered and discussed. From a first reading, it could be suggested to perform a basic experimental
set-up in which a physical net is deployed and impacts a dummy spacecraft model. With the latter,
one could try to identify multiple aspects related to the structure experienced stresses and perform a
structural analysis. This however would be limited by the premise itself, in which the dummy design
(size, shape and material) would dominate the work of this Thesis resulting still in unrealistic and too
specific conclusions. These would in fact not be particularly helpful to have a larger overview of the
aforementioned problem.

In this Thesis, it is decided to focus both on the spacecraft dynamics caused by the net capturing
process and on simple analytical structural models which would seem to verify if, in fact, the structures
would break under those loading scenarios.

The Thesis will therefore be structured in the following manner. First, the Mission and Simulation
Scenario will be presented in Chapter 2, followed by a general overview of the modelling strategy in
Chapter 3. The presentation of the different dynamical and structural models will follow, first with
the net dynamics in Chapter 4, secondly the contact dynamics Chapter 5 and thirdly the spacecraft
dynamics in Chapter 6. These will then be investigated for their potential risks in Chapter 7. A secondary
investigatory study based on a sensitivity analysis can be found in Chapter 8. Lastly, a tertiary study
related to the towing phase dynamics and mitigation strategy can be found in Appendix C. Before
presenting any conclusive remarks on the subject of this Thesis, the models can be found to be verified
and validated in Chapter 9, with the conclusions and future recommendations made in Chapter 10.






Mission and Simulation Scenarios

2.1. General Mission Definitions
The different actors or systems involved in a net capturing ASDR mission are the following:

1. Target spacecraft: this refers to any space debris object ranging from an entire satellite and upper-
stage rocket body to parts of a satellite or rocket (for e.g. solar panels, antennas and others).

2. Chaser spacecraft: this is the spacecraft, able to reach the target debris, eject the net, capture the
debris and facilitate its removal (by towing or storage).

3. Tether-Net: this refers to the capturing tool and its connection (tether) to the chaser.

Given these definitions, a general representation of a net capturing scenario of a satellite-like debris can
be seen represented in Figure 2.1.

Tether-Net

Chaser ¥
]

Figure 2.1: Generic mission representation with coordinate system origin O (chaser), target space debris, y—direction
representing the direction of flight, the radial coordinate as x—direction and the z—direction completes the frame. The red
dots represent the bullets of the net.
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2.2. Mission Phases
Any net capturing ASDR mission can be divided into the following mission phases [19]:

Pre-orbital activities and Orbital Phasing
Rendez-vous (with orbital corrections)
Net deployment

Impact and Momentum Transfer

Net wrapping and closing

De-Tumbling

Towing

NNk =

Re-entry or Debris storage.

In this Thesis, only phases 3 to 7 will be discussed in order to reduce the scope of the study. With this,
it is assumed that phases 1 and 2 are completed successfully and do not result in any uncertainties which
could propagate into the subsequent phases. Lastly, due to the complexity of the re-entry aerodynamics
and spacecraft disintegration characterisation, phase 8 is also omitted. This is also justified by the fact
that any secondary space debris would be directly disintegrated or safely stored during the process.
Hence, it is assumed that any potential risks of creating additional orbiting debris is minimal and thus
phase 8 can be ignored.

2.3. Secondary Space Debris Generation
Secondary space debris should first be clearly defined and secondly, its sources should be classified.

2.3.1. Defining debris generation

As a preliminary understanding, the generation of secondary space debris is understood as the breaking
of flexible appendages of the target, the connecting tether, the capturing net, or even the chaser. The
ejecta from target-debris collisions are also considered as secondary space debris. Furthermore, any
unsuccessful capture caused by a miss or slipping of the target from the net would have a high future
potential of causing secondary space debris due to their associated uncertainty. However, in this study,
secondary space debris generation is limited to structural failure and break-off.

2.3.2. Identifying sources of Risk
Given this definition, the various causes and origins need to be investigated. A discovery tree in Fig-
ure 2.2 presents the various risks of generating additional debris, separated in two categories, the first
is the space debris object, and the second, is the net-tether denoted by SCD and NET, respectively.
The space debris object is seen to have many potential risks, such as propellant sloshing-based ex-
plosion (SCD-FUEL), appendage breaking (SCD-APP), surface fragmentation (SCD-SUR) with the
inclusion of already existing damage (SCD-DAM) increasing the likelihood of these events to happen.
On the other hand, the tether-net related events are more limited to tensile (NET-TEN) or friction failure
(NET-FRI). These mostly occur if the maximum tensile force is reached or in the case of small to large
surface discontinuities, these could lead to net deterioration and facilitate tensile breaking. Collisions
(COLL) between the chaser and target could also occur, both due to the net and space debris object dy-
namics, leading to partial/total fracture. Within the appendage category, the different types of loadings
are also identified, from torsion (TOR), bending (BEN), shear (SHE) to structural vibrations (VIB).
Lastly, all these risks can also be categorised by the means of how these can occur. In fact, propel-
lant sloshing, appendage and net breaking are the result of the overall capture dynamics and structural
characteristics, whereas total or partial fragmentation is only a function of initial impact conditions and
material characteristics. Pre-existing damage follows as an intermediary category as it affects both the
dynamical aspect of capture and the potential of structures to break due a solid impact. Within this
Thesis, all these considerations will be evaluated based on their likelihood and consequence.
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Figure 2.2: Risk Discovery Tree Diagram for the space debris object (SCD) and net-tether (NET), with sub-categories
related to failure (FAIL) and the load (LOAD).

2.4. Main Systems Characteristics

2.4.1. Net-tether physical characteristics

Throughout all the different potential materials that could be used for a net, Kevlar is typically chosen
from the other potential candidates being Dyneema, Zylon and Vectran [74]. Being simultaneously
strong, tough and light, it has been shown to be able to carry 1000 kg without any failure with a I mm-
tether [8]. In this Thesis, the net material will thus be assumed to be Kevlar. The relevant properties of
Kevlar can be found in Table 2.1.

Table 2.1: Kevlar material properties [15]

Property Symbol [unit] Value
Ultimate Strength ouit [GPa] 2.8
Elastic Tensile Modulus FE [GPa] 70
Maximum elongation €maz [Y0] 4.0
Density Pret [kg/m3] 1440

The main body of the net is chosen to be of a square shape as it has been found to be the most
efficient for mass and capture efficiency [74]. Four outer bullets are then connected to the main body
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to provide the necessary forward momentum for deployment and wrapping around the target. As a rule
of thumb, the total mass of the bullets must be chosen to be higher than the net’s mass [7], such that the
net is stable enough for the capture process.

2.4.2. Targets

Two LEO-target spacecraft will be presented in this section, one used as this study main focus, with
the second used for verification. Given, the high risk that ESA’s Envisat presents, it is decided that the
latter will be the basis of this study, whilst the Jason series satellites will be used for verification.

Envisat

This Thesis focuses mainly on the net capturing process of the Envisat (ENVIronmental SATellite),
which is a deactivated Earth-observing satellite, launched in 2002 by the ESA (European Space Agency).
Due to unexpected loss of contact, the mission officially ended in 2012.

This inoperative satellite, which is currently in a polar LEO at an altitude of 772 km, is considered
as one of the highest hazards of collision risk. This is due to its mass-to-area ratio, as its orbital path will
require 150 years to completely decay [66]. With a large EOL mass of 7892 kg and size 0of 26 x 10 x 5m,
this large-sized satellite could start a hazardous chain reaction (Kessler syndrome) if it collides with an
object of only 10 kg [34]. The satellite has three main characteristic appendages: a large 14.3 m-long
solar array (of 338 kg), a 10 m-long ASAR (Advanced Synthetic Aperture Radar) antenna and lastly
a 2 m-long Ka-band antenna of approximately 10 kg, as visualised in Figure 2.3. All of these have a
potential to break during the net capturing process, especially due to the high uncertainty in their precise
structural health status.

TOP VIEW = 24.7m -

5m

10m -

SIDE VIEW

Figure 2.3: Top and side view of Envisat, with associated body-fixed reference frame (ESA) [11, 25]
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Jason satellites

Spacecraft from the Jason series are satellites which are in high LEO, at an altitude of 1336 km and
inclination of 66 degrees [61]. These have been the first successful missions after the TOPEX/Poseidon
mission in terms of measuring the ocean surface topography. In this study, they are chosen due to the
fact that Jason-1 and Jason-2 have been deactivated in 2013 and 2019, respectively, and are still in orbit,
with Jason-3 (with the same shape and layout as Jason-2) having its End-of-Life (EOL) planned around
2024. Furthermore, they constitute optimal targets, due to their generic shapes and their presence in
high LEO.

The spacecraft dimensions are approximately 1 x 2 x 3.7 m when the solar panels are undeployed,
with a total wet mass of 600 kg [61], making them medium-sized satellites. The solar panels are com-
posed of four elementary panels of 0.8 x 1.5 m and a yoke of approximately 0.85 m [61]. The Jason-2
spacecraft can be seen in Figure 2.4, with its simplified mock-up model in Figure 2.5.

Figure 2.5: Jason spacecraft equivalent mock-up model with
body-fixed reference frame.

Figure 2.4: Jason-2 spacecraft in orbit [NASA].

Choosing the main case study

Last but not least, it is essential to mention that Envisat shows a much higher risk as a colliding body
compared to the Jason satellites. This is due to the fact that the Envisat is in a much lower and more
crowded orbit. Additionally, its large size makes it a higher hazard of collision with other satellites and
space debris, hence increasing the probability of initiating Kessler’s chain reaction. Due to the higher
urgency to capture the Envisat, this Thesis study will focus mainly on the latter and uses the Jason
satellites as a verification tool for the net capturing process. The classical satellite shape of a Jason
spacecraft means that the capacity to capture it can be transferred to any other satellite with a similar
layout, making it the optimal candidate for a net dynamics model verification study.

2.5. Target Structures

This section presents a brief description of the three flexible appendages of the Envisat spacecraft.

2.5.1. Ka-band antenna
First, this study will investigate briefly the characteristics of the Ka-band antenna. Being the shortest
appendage of the Envisat spacecraft, the Ka-band antenna can be visualised in Figure 2.6 and Figure 2.7
with its approximate dimensions summarised in Table 2.2.

Lastly, it should be noted that the antenna has a total mass of 13 kg and the boom is connected to
a pointing mechanism, placed at the root of the beam, which drives the boom to its deployed position
and locks it, for a pointing accuracy of 0.070 deg [67]. The primary and secondary materials of this
pointing mechanism are Ti6A 14V (titanium alloy) and the aluminum alloy 7075 [67].
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STATIC
EMVELOPE

Figure 2.7: Technical drawing of Ka-band Envisat antenna within
the Ariane 5 rocket static envelope (ESA). [52]

Table 2.2: Ka-band antenna dimensions.

Characteristic dimension Symbol Value
Antenna dish diameter dra 0.90 m
Boom length Iy 1.97m

Boom max. and min. diameter  (dp)maz & (dp)min  0.146 m & 0.0486 m

2.5.2. ASAR antenna

The second structure is the 10 m-long ASAR antenna placed on the main body which can be seen both
in Figure 2.8 and Figure 2.9. This is the largest of the 10 instruments on board (see Figure 2.9) and had,
at the time, highly advanced capabilities to cover large areas of oceans, land and icy terrain [24].

Figure 2.8: ASAR antenna flight model from Matra Marconi Space, UK. [24]



2.5. Target Structures 15

MIPAS
MIPAS Statracker oy ics Module

Electronics Panel

MERIS 4 SCIAMACHY
& g Cooler

ASAR

Antenna

Figure 2.9: ASAR antenna location on the Envisat with other instruments (ESA). [3]

The structure itself is separated into five rigid frames made out of CFRP (Carbon Fibre Reinforced
Polymer) and connected in parallel with two Radio-Frequency distribution networks [24]. The ASAR
is inclined w.r.t the main body by an angle of 26.19 deg. The dimensions of the entire structure can be
found summarised in Table 2.3.

Table 2.3: ASAR antenna dimensions [3].

Characteristic dimension Symbol Value

Length Lisarg 10m
Width wasAr 1.Om
Approx. thickness tasar  0.156m

2.5.3. Solar array

The last and most prominent feature of the Envisat is its 14.3 m-long solar array, connected to a 3.1 m-
long yoke as seen in Figure 2.3. In terms of the solar array platform itself, it is composed of 14 rigidly
connected panels of size 1 m x 5 m. Furthermore, the solar array is attached rigidly to a beam used for
deployment with a PDM (Primary Deployment Mechanism) as can be observed from Figure 2.10. The
solar array is also connected to the yoke beam via the PDM Interface Plate (PIP), which contains two
of the most important hinges for the Envisat deployment phase. The PIP is hence the primary interface
between the secondary hinge, connected to the solar array yoke, and the 10-mm thick panel.
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(a) Supportive beam under the solar array [27]. (b) Fully deployed solar array [26].

Figure 2.10: Envisat solar array and deployment beam. (courtesy of Airbus Netherlands B.V.)

In order to fully characterise this large structure, the deployment sequence Figure 2.11, can be used
to identify its main elements. From Figure 2.11, the solar array deployment yoke has three main hinges
which are located at the yoke root and the two other near the solar array PIP. As these have not been
designed for strength but only for stiffness, these hinges constitute potential locations of failure during
the capturing process.

12) =OLD-DOsN RELEASE PRIMARY DEPLDYMENT )
VENT (4] MIDOLE HINGE ODEPLOTHEMT
FRIMASY DEPLOYHEMN!

L
(3] ROOT WINGE CEPLOTWENT

PRIMAR T DEPLOVMEMT
(S5) TO# WINGE DEPLOYED

SECONDARY DEPLDVHENT
I6) SOLAR PANEL DEELOYMENT

Figure 2.11: Envisat solar array deployment sequence. [101]

Furthermore, the PIP is a 50 mm-thick honeycomb structure which connects the yoke to the solar
array and can be seen at the far right of Figure 2.10b. Its skins are made of CFRP and a small beam
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spans the three hinge connections. Due to its size and thickness, this interface is a structurally weak
location and thus it is seen as a potential sight of failure during the capturing process.

Finally, the entire solar array system stiffness needs to be presented. These vibrational properties
have been obtained during a vibration qualification tests, in which Zwanenburg [101] has found two
main vibrational modes with frequencies of 0.05 and 0.06 Hz.

2.6. Preliminary Evaluation of Impact Fracture Risk

This section makes a preliminary assessment of the fragmentation and critical perforation risks.

2.6.1. Catastrophic fracture condition
A potential risk that could be caused by net capturing is that the net knots or/and bullets could potentially
break themselves or break parts of the space debris at impact. A rough order approximation of the
collision risk of breaking can be done using the Energy-to-Mass Ratio (EMR) [21]:
1 2
EMR = M, (2.1)
my

where m,, and m; are the projectile and target masses and V), is the relative impact velocity. According
to the standard model, if EM R > 40 J/g, a total fragmentation or catastrophic event will happen.
IMPACT, another impact model [21], refers to a value of 10 J/g, as a transition between highly energetic
and low energetic impacts. Assuming the lower estimate, the model then predicts a catastrophic event
in which larger fragments are created. Below these two thresholds, only cratering or partial break-up
events can occur. To verify the latter values, simple ballistic theory will be used. The ballistic impact
velocity for breaking to occur is adapted from [90] to include a non-zero post-impact velocity as:

v B 2mriogty 25
(Vp)tim = ma (2.2)

where 7, is the projectile radius, oy is a measure of the target’s structural strength, ¢, is the target wall
thickness and ay is an additional factor assuming that the end velocity is a factor ay of the initial impact
velocity ((V,) s = av(V}p)o). Interestingly, by combining Equation 2.2 to Equation 2.1, the projectile
mass seems to not have an effect on the failure £ M R threshold. Thus, from this simple analysis, it
could be understood that the threshold of EM R for a catastrophic event to occur, is mainly a function
of the target geometry (%,,), material strength (o) properties and total mass (m;), and the impactor
characteristic size (7).

Therefore, for a catastrophic event, ay ~ [0 — 0.5], and by assuming an average target mass m; ~
1720 kg [38], rp ~ 10 cm, t,, ~ [0.1,10] cm and o; ~ 107 Pa, an average EMR in the range
18 — 2435 J/g is obtained by applying Equation 2.2. This computed range contains the nominal values
of 10 J/g and 40 J/g and is in agreement with [62].

Thus, a first order analysis considers the following input ranges: the impact mass m,, is referred
here as the mass of the net bullets m; = [0.5 — 4] kg (associated net mass: mpe: = [2.0 — 14] kg),
impact velocities V}, = [0.5 — 50] m/s and m; = [0.1 — 8000] kg. A summarising plot of differently
sized satellites (represented by coloured regions) and catastrophic events curves for the Envisat system
a function of impact velocity and bullet mass can be found in Figure 2.12.
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Figure 2.12: Energetic impact analysis: catastrophic event regions for different satellite masses with sub-system inclusion
of the Envisat satellite.

From Figure 2.12, one can see that the risk of total fragmentation with net capturing is a possibility
only to nano-satellite targets in the case of high velocities (50 m/s). Additionally, using the example
of the Envisat, one can observe that whereas it is considered to be a large satellite (above 1000 kg), its
sub-elements behave in the same manner as lower satellite categories. This means that when analysing
satellite impacts, it is recommended to evaluate what would happen to an impact relating not only to
the entirety of the system but also of its sub-elements (solar arrays, instruments and long appendages).

Therefore, even though the largest consequence event of total fragmentation is highly unlikely for
small to large satellites (most problematic space debris objects are in this range), their sub-structures
could still be at risk for masses m; < 1 kg. However, usually bullets will hit the spacecraft structures
with a fraction of the total impacting velocity (from conservation of impulse and momentum). Thus,
the probability of the bullets impacting these sub-structures with the maximum velocity of 50 m/s is
itself very low. Given the latter, it is concluded that this type of event is highly unlikely, and hence will
not be discussed more in detail in this Thesis. It is still recommended for future research to evaluate the
potential damages made on sub-structures of nano-satellites at low velocities (V}, < 25 m/s).

2.6.2. Impact characteristics

Given this first-order estimate, a secondary analysis taking into account material properties can be made.
Impact events can be divided into two categories: soft and hard impact. Soft impact refers to an impact
in which the projectile breaks, whereas hard impact results in target penetration. A limit criterion can
be defined in terms of the projectile density p,, stress threshold o, and velocity V},, compared to the
target’s ultimate compressive strength o; [44]:

V2

D PPTe g 2.3)
Ot (o

Due to the low velocity of net capturing (< 100 m/s), the impact is considered to only perforate the

material without shattering or even melting it. Thus, defining the type of impact is usually not enough.
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Its physical characteristics (depth, diameter and ejecta) can provide a better overview of the potential
that net capturing has in breaking structures. This can be done by using a semi-empirical model which
provides the penetration depth, ¢, and crater diameter d¢; of an impacting object with diameter d,
obtained with [84]:

op = Ky - dy* - V2 - (cos(Oimp))*™® - ppt - pE?, 2.4

dey =2 K. - 6, 2.5)

where p; is the target density, 0;,,,;, is the incidence angle, K1 = 5.24- BHN -4 07 2/3 (with Brinell
hardness and speed of sound, BHN = 93 and Cs = 5.3 km/s, respectively) and the constants a; = 0.5,
ay =2/3,a3 = —0.5, a4 = 19/18, a5 = 2/3 and K with a range of 1-10.

One can then obtain the critical projectile diameter, d., threshold for significant damage to occur
when the penetration is approximately equal to the target wall [84]:

tw 1/aq

d — )
‘ Ky Ky - Vpa2 : (Cos(aimp))% 'Pgl 'P??)

(2.6)

where Ky = 1.8, 2.2, 3.0 and t,, is the target wall in cm. Given this, the required bullet mass diameter
to break the solar panel can be seen in Figure 2.13. The evaluation of this model for lower velocities
than 3 km/s is allowed as the net capturing scenario is situated only in the perforating damage regime
[37].
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Figure 2.13: Critical net bullet diameter as a function of impact velocity.

It can be concluded that as the net impact velocity regime results in a minimum critical bullet size
of 6 cm at 50 m/s, the risk of breaking is very low, but still not zero as typical bullet sizes are from
0.1 to 5 cm [15, 68]. Additionally, with more realistic impact velocities ranging from 1-20 m/s, these
would require bullets of diameter ranging from 10 to 60 cm, which are much higher than presented
in literature. Due to this, fracture breaking can be assumed to be highly improbable and is not to be
discussed further in this study.

As a final note, with a 10 mm-thick solar array, a certain fragility is still present and for future work
it is suggested to perform an impact-material numerical simulation, to completely rule out the possibility
of fracture in the case of bullet-appendage impact.
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2.6.3. Low-velocity impact risk considerations
From the above sub-sections, total fragmentation events have been deemed to be extremely unlikely and
critical perforating events have also been seen to be improbable, and hence a reduced priority. However,
whereas this eliminates the aforementioned risks, low-velocity impacts are not without consequences.
Indeed, impact ejecta of around 50 mg can occur from spacecraft body surfaces for V), ~ 100 m/s
[37, 93]. Paint, thin or less massive sub-systems and upper layers of thermal blankets could be at risk.
These small-sized secondary space debris objects could lead to hyper-velocity micro-impacts on other
operational satellites, potentially limiting their functionality.

Thankfully, the probability of impact of these objects with other satellites is very limited and with the
order of potential micro-sized secondary space debris of 10~ kg, the dynamics-related risks described
in section 2.3 seem to be more significant and need to be prioritised.

2.7. Simulation Scenarios

Due to the limited penetration capability of a net, especially at the typical speeds of 0.5-50 m/s [15, 68],
damage caused by the net on the main space debris body at the moment of impact has been deemed
highly improbable with low risk in section 2.6.

Additionally, large and long-period oscillations would be required for propellant sloshing (see sub-
section 2.3.2) to generate sufficient friction which could potentially cause an explosion. Due to the
limited time-frame of the towing phase in which the space debris experiences the highest oscillations,
propellant sloshing explosion is deemed as highly unlikely. Thus, the focus of this study is placed on
the breaking of flexible appendages, the tensile failure of the net itself and finally the accounting of
existing damage in the aforementioned appendages. The latter is seen as highly likely due to the high
probability of impact of the solar panel or ASAR antenna with micro-debris, creating holes and cracks
in the structure.

With these considerations in mind, it is now possible to design two specific simulations scenarios
which allow an investigation of these dynamics-related risks. The first simulation scenario, which will
dominate the Thesis, will be related to the net dynamics and impact phase with the Envisat spacecraft.
The following aspects of the simulation scenario will be investigated:

1. net deployment,
2. satellite appendages - net impact,
3. wrapping net around the satellite.

The second simulation scenario will focus on the towing phase and how to safely perform the final
removal process by limiting any risk of breaking of the satellite’s long flexible appendages.

2.8. Target Orientation and Modelling

As the Envisat is considered to be the highest priority space debris and the target of interest of this
Thesis study, it is essential to know its orientation defined w.r.t its Local-Vertical-Local-Horizontal
(LVLH) coordinate system and to model it appropriately.

2.8.1. Target attitude and orientation

As can be understood from Figure 2.14, the Envisat constantly rotates around a spinning axis (.5) with
a rate estimated from 0.4 to even a maximum of 3.5 deg/s (estimated in January 2013) [85]. This rate
seems to be decreasing with time, from January 2013, as found by Koshkin et al. [46] and Sommer et
al. [80]. This would lead to a rotation rate in May 2023 of 0.9-1.1 deg/s.
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AT Before R

Figure 2.14: Envisat attitude orientation before and after mission end, from which it spins around the spin axis S, with
coordinate vectors R (radial), N (along angular momentum) and AT (along-track). [43]

The Envisat’s attitude can be assumed to be fixed during the entirety of the capturing phase. The
latter is a reasonable assumption as typical net capturing ejection durations are between 0.5 to 5 s [15,
68]. Within this time, the Envisat would rotate 0.1 deg to a maximum of 5 deg which can be considered to
be negligible due to the versatility and flexibility of the net capturing method. This is further confirmed
by Shan et al. [76, 72], which showed that below a rotational rate of 0.7-1.5 rad/s, the net is still able
to properly wrap around the debris without a closing mechanism. For the Envisat specifically, a more
conservative maximum value of 5 deg/s is proposed by Benvenuto et al. [9] due to the large capturing
distance and low velocity of 5 m/s. Thus, due to the small rotational rate of the Envisat and the high
versatility of the capturing net, the Envisat’s rotational rate around its spinning axis can be neglected
for net capturing simulations.

2.8.2. Target modelling

Given these details, an assumed attitude needs to be selected for the reminder of this work in order to
initiate the multi-disciplinary analysis. It is decided to fix the orientation of the Envisat to two attitude
configurations or scenarios, visualised in Figure 2.15, with configuration (B) being implemented in the
work of Shan et al. [76, 72] and orientation (4) being mostly related to other ASDR missions presented
in [11, 25].

It can also be observed from Figure 2.15, that the Envisat is simplified to its main body, the ASAR,
Ka-band antenna and the prominent single solar array. The antenna dish is modelled as a sphere with
the same diameter, as it can be seen in Figure 2.7 that the Zg-dimension is approximately equal to the
dish diameter. The ASAR antenna is modelled with a null inclination angle, simplifying the contact
detection algorithm. This choice is assumed to have no particular effect on the dynamic and structural
analysis, as the main loading will be in compression.
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4) (B)

Figure 2.15: Envisat mock-up model with its both orientations, denoted as (4) and (B), within the net capturing context
with origin O (chaser), y—direction representing the direction of flight, the radial coordinate as x—direction and the
z—direction completes the frame.

For the solar panel, its sub-elements are modelled as straight to simplify the analysis, but also due
to their very small relative angle of +3.18 deg (see Figure 2.3). Furthermore, the entire solar array is
modelled without a slanted angle (see Figure 2.3). The latter conservative choice is made to simplify
the contact detection and dynamics modelling, whilst also providing the worst case scenario both in
terms of net capturing and the potentially highest solar array experienced forces and moments.

Finally, the dimensions and other specifications of the simplified Envisat model can be found in
Table 2.4. Lastly, the mock-up can be chosen to be scaled by a factor fr,, (0 < fEn, < 1), scaling

all the dimensions presented in Table 2.4. This last specification can be used to alleviate the contact
detection algorithm by allowing for lower computational time.

Table 2.4: Envisat mock-up model parts and dimensions (based on [25, 85]) with fg,., = 1.

Envisat Part Characteristic Dimensions (and angles)
Main body 10.0 [m] x 2.8 [m] x 2.6 [m]

Solar array connection le = 3.15m, a. = 40 deg

Solar array 14.3 [m] x 5.0 [m] x 0.30 [m]

SAR antenna 1.50 [m] x 10.0 [m] x 0.010 [m]

Ka ant. boom (length, diameter) and dish diameter [, = 2.0 m, d, = 0.146 m, dg, = 1.0 m




Overview of the Dynamics Modelling
& Implementation

In this chapter, the overview of the dynamical modelling strategy involved in an net capturing ASDR
mission is presented. First, the general modelling strategy in section 3.1 will be presented, followed
by the main system dynamics assumptions in section 3.2, and lastly the integration methods will be
presented in section 3.3.

3.1. General Modelling Strategy and Assumptions

Given the fact that there are four different models in this study, an efficient modelling strategy is required.
Indeed, there are three (to four) different models that have to be presented. The first model is associated
to the net deployment and contact dynamics, for which the space debris object is assumed to behave as
arigid wall. The latter means that the space debris is unaffected by the net contact dynamics. From this,
contact and quasi-static forces are obtained as outputs, which are then directly fed to the space debris
dynamic model. This model is composed of two system dynamics models, a vibrational or dynamic sub-
model which shows the displacements that occur at the various spacecraft connectors, and a structural
sub-model that provides stress estimations resulting from the various loading configurations. With these
final outputs a simplified failure model checks in a binary manner if failure occurs, and if yes, where
and what is the size of the newly created secondary space debris.

Thus, due to the complexity of the problem and the interactions of the aforementioned models, it
is decided to decouple the various models present in this study in order to simplify the implementation
of the simulation whilst still providing a vast preliminary investigation on the subject. The sequential
nature of the strategy can be visualised in Figure 3.1. Thus, it is essential to mention that even though
the space debris is not directly affected by the net contact dynamics, a post-processing simulation of its
translational and rotational dynamics is implemented. The aforementioned would allow, in a prelimi-
nary manner, to see what are the effects and potential risks that net contact and wrapping can cause.

3.2. Main System Dynamics Assumptions
Given the multitude of models to be used, it is essential to simplify the system modelling process.

3.2.1. Chaser system modelling assumptions

First, in this study, the chaser is the spacecraft that ejects and deploys the net for it to capture the debris
object. For all the discussed mission phases, it is assumed to be a point mass, as it was discussed that
its potential risks in generating more space debris are very low during net deployment and contact.
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3.2.2. Space debris system dynamics assumptions

Secondly, when considering the dynamics as a potential source of generating additional debris, all space-
craft debris are assumed to be single or two-rigid body systems. With this definition, multiple dynamic
scenarios are envisaged with the purpose to identify if secondary space debris would be generated dur-
ing the mission. Simple rigid-body shaped space debris are used as a verification and validation tool,
whereas the Envisat (main case study) is modelled as a composite cuboid with a spherical antenna (see
subsection 2.8.2). System failure is verified by post-processing normal and shear stress values.

3.2.3. Net system dynamics assumptions

Thirdly, the net system is modelled differently depending on the phase of the mission. For the deploy-
ment and impact phases, the net is modelled as a Multi-Spring-Damper mass system. The entire mass
of the net body is assumed to be equally distributed over its nodes, with the connecting threads being
massless. Their tensile behaviour is modelled using the Kelvin-Voigt linear spring-damper connector
and thus any lateral component of the tension force is neglected. The self-interaction between the net
nodes is also ignored, as the effect of net entanglement is assumed to have a small dynamic effect.
Lastly, during the towing phase, the net is modelled as a bridle connected to the debris in one point.

3.2.4. Net-debris contact assumptions

Finally, a contact dynamics model will be established using a hybrid contact-force method. For the
contact definition, Hertzian theory is used assuming that an elastic collision occurs at the intersection
between a sphere and a plane. A virtual inter-penetration is computed, which results in a normal and
tangential response force. These are then used to compute the final nodal velocity and position, as a
kinematic constraint, fed back to the net dynamic model.

3.3. Integration Methods
A large number of differential equations will be used, resulting from the relevant dynamical problems.
Thus, integration methods are required. Depending on the problem in question, two time fixed methods
will be used with the addition of odeint (python module) !. These are symplectic Forward Euler (FE)
and a 4" order Runge-Kutta (RK4).

First, it is essential to mention that any generic differential equation can be written of the form:

y(t) = Ft,y(t)), G.1)

where g(t) is the time derivative of the system state y(¢) and can be written as a function of the latter.
Thus, to solve such a differential equation, a time integrator is required which approximates the
state y(t) and propagates it forward in time. The symplectic FE integrator estimates the state y(t) as:

y(t; + At) = y(t:) + At - f(ti, [w(t:), &t + A1)]T) + O(AL), (3.2)

where At is the time-step, z(t;) is the state position component and Z(¢; + At) is the velocity at the
next step. This method is simple with a At?-order local error, but can be unstable for specific At values.

Secondly, a multi-step time integration method known as RK4, provides a more precise estimate of
the propagated state. Due to its multi-step nature, there are intermediate integration steps:

ki=nh-f(ti,y:), (3.3) ko =h-f(ti+h/2,y:+k1/2), (3.4)
ks=nh-f(ti+h/2,y; +k2/2), (3.5) ki=h-f(ti+h,y; +ks3), (3.6)

with the final update of the state as:
Yyt +h) =yir1 =y + é - (k1 + 2ko + 2ks 4 ky) + O(h). (3.7)

Here h is used as the time step for simplicity, and the local error of this method can be seen to be of order
h®. Thus, RK4 can be a more efficient algorithm, requiring a larger h than FE for similar accuracy.

"https://docs.scipy.org/doc/scipy/reference/generated/scipy.integrate.odeint.html
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Net Dynamics Modelling

4.1. Reference System
A rotating Local-Vertical-Local-Horizontal (LVLH) coordinate system will be used, as it is the typical
choice for in-orbit servicing operations. The chaser spacecraft is chosen as the origin, O, of the reference
system. In this thesis, the following notations for the axis will be used:

e z: Radial.

* y: Along-track or flight direction.

* z: Cross-track.

In this work, the net deployment direction is assumed to be in the flight-direction. All of this can be
found visualised in Figure 4.1.

Figure 4.1: Representation of the coordinate system with origin O, y—direction representing the direction of flight, the
radial coordinate as x—direction and the z—direction completes the frame.

4.2. Net Modelling for deployment and impact phases
For the contact and capture phases, the net model must now deal with the impact and wrapping around
the target. This requires the modelling of the flexibility behaviour of the net. By taking the previous
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final state as the initial conditions for this phase, the net is modelled using a Multi-Spring-Damper
Model (MSD) [10, 15, 69].

4.2.1. Net characteristics and mesh generation

The MSD model discretises the net into N node masses all connected with each other by spring-damper
systems, where /V; is the number of nodes on one side of the net. In this thesis, the net has the following
characteristics:

1. The net is of square shape with side length L,,c;.

. The net mass is distributed over point masses, m;, called nodes (for i € 0, ..., NZ?).
Four equal bullet masses, my, are externally attached to the corners.

All the threads have the same unstretched length, /o, and diameter d,;.

The threads can only stretch in the longitudinal direction.

v A W

The elasticity behaviour of all threads is purely characterised by the axial stiffness, k4, and damp-
ing coefficient, c,.

Given these characteristics, the mesh of the main internal net can be created using the same strategy
as proposed by E. Botta [15]. The i*" and j*" nodes of the ¢ thread are generated as follows [15]:

(G=i+1Ai mod N; #0)V (j=1i+N;) (4.1)

forall: =1,2,..., NZ-2 andj=i+1,..., NZ-Q. With the four additional bullet masses, the total number
of nodesis N = Nf + 4 with N, internal corner cable elements as N, = 2N; - (N; — 1).

4.2.2. Tether-net modelling
To connect the net to the chaser spacecraft a tether is used with a methodology created in this work. For
odd values of V;, the connection is simply the middle node i; = (N? +1)/2. However, in the case that
N; is even, an additional middle node is required. The node index is then i; = Nf + 1, with the four
other connections related to nodes:

. N;+1
Jt13 :Ni2_ < Z2 ) - N, (4.2)
jt2,4 - jtl,Z + L 4.3)
A visual representation of the net mesh nodes and added threads for even N; can be found in Figure 4.2.
N:(N;—1) +1 )
d N;
/ jtg jt4
T
(B
N - -
]tl ]tz
1 2 N;
X

Figure 4.2: Mesh generation for the net system (xz plane) and zoomed net-tether connection indices for even IV;.
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4.2.3. Multi-Spring-Damper force modelling
Having accurately defined the basic assumptions of net modelling and the generation of its nodes, their
interactions must now be modelled.
To avoid for the possibility that the cable elements would compress, the linear Kevin-Voigt model
[69] is used. The tension vector, T';;, on node ¢ due to j within the thread ¢ is as [73]:
Tij _ {(_ﬁq (Tij — lo) —Cq - TU)% for T4 > qu (4‘4)
0' % fOI‘?”ij S l()

where k, and ¢, are the spring and damping coefficient of the mass-spring-damper model which describe
the cable material, r;; is the relative position vector with norm r;; between the it" and j*" nodes and
745 1s relative velocity.

The first constant to be computed is the spring constant or axial stiffness, £, of the q'" thread:

_EQ'Aq

kg = , 4.5)

lo,

where E; is the thread material elastic Young’s Modulus and A, is the cable cross-sectional area. A
major assumption for this equation is that the net is made of a homogenous isotropic linear material
and thus as mentioned above assumes no lateral loading.

The damping coefficient ¢, can be estimated experimentally such as in [81] using:

Ca =20/ pret +lo, - Aq - ko, (4.6)

where ( is the damping ratio and p,; is the density of the material.
A simplified representation of the net with its point masses and spring-damper elements can be seen
in Figure 4.3.

Bullet 1 Bullet 3

One cable element,
no additional mass points,
one segment

Mass Point Sy

Spring Damping Element

Bullet 2 Bullet 4

Figure 4.3: Multi-Spring-Damper mass model for flexibility modelling (obtained from [70]).

The same tension model is used for the connecting tether. The latter, however, is modelled as a
double-mass-spring-damper with properties k;, ¢; and [y, computed using Equation 4.5 and Equation 4.6,
with its design process described in Appendix C.
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4.2.4. Equations of motion for net systems
The equations of motion (EoM) which govern each net lumped point mass, m;, can be obtained using
Newton’s second law in the inertial reference frame of the chaser:

N P
miti =Y Tij+ > Fear,, (4.7)
=1 p=1

where V; is the number of adjacent cables connected to the ith mass and Fext,ip any external force con-
tribution and disturbances that are present in the space environment such as solar radiation, aerodynamic
drag and the contact forces.

In order to integrate the aforementioned EoMs, the state s = [X”, V717, is defined, where X and
V are the stacked net nodes position (;) and velocity vectors (;). The state derivative, § can hence be

obtained as [15]:
. \%
§= <M1Fsys) (4.8)

where M is the diagonal mass matrix of all net and bullet nodes masses, and Fys = Tyys + Fey 1s the
stacked, internal (T,,s) and external (Fc,) forces exerted on the net. These are stacked as follows:

N¢ T Nt T T
Tsys:(zjleOj ijlTNj) : (4.9)
P pr P pr r
Fen = (S0 1 Fhug, -« Sha Flun,) (4.10)

4.2.5. Impact of orbital dynamics

As the net is in orbit around the Earth, it is necessary to correct Equation 4.7 by including the influence
of relative orbital dynamics between the target and the chaser. Knowing that the reference frame used is
arelative one (w.r.t the chaser), Clohessy-Wiltshire equations [22] can be used. These equations assume
that (1) the chaser-target distance is small compared to the orbital radius, (2) the chaser orbit is circular,
and (3) that the orbital angular rate is constant. This leads to the following:

3z Ui 1 Ny 1 P
Fi=wi | 0 |42 wn|—di|+—-D Tij+—-> Fearp (4.11)
. 0 mi mp
7 J p

where one can identify the gravitational corrections of the frame of references with the mean motion
wn, = +/1/a3. Therefore, depending on the orbital semi-major axis, a, the correction terms highly vary.
In the case of net capturing, relative distances are of the order of 10 m, whereas relative orbital speeds
vary from 1 to 25 m/s [15, 68].

Given that the main case study is the Envisat, one can assume an altitude of 772 km. The mean
motion is then w, = 1.044 - 1073 rad/s. With the aforementioned range of relative distances and
velocities, the two correction terms would be of order 10~ m/s? and 1072 m/s?. Due to the usually
small capture time of around 1 to 50 s [16, 17, 69, 71, 72], and the magnitude of the tensile forces
ranging from 1 to 1000 N, these corrections can be neglected. These linear orbital dynamic corrections
would further decrease in the case of the Jason satellites (high LEO), to even net capturing in MEO
(Medium Earth Orbit) to GEO (Geostationary Earth Orbit) as w,, would significantly decrease.

4.3. Initial and Nominal Conditions
Two sets of initial conditions can be defined. These will be discussed in this section.
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4.3.1. Deployment phase

The simulation of the net deployment is initiated by assuming that the entire net is packed by a factor
Nnet, Where 0 < n,er < 1 as done in [15]. The bullets are symmetrically ejected with velocity V, and
shooting angle ., whereas the main body of the net has a purely horizontal (along y-direction) velocity
Vet = v Ve. The 1y factor represents the latency that the net body has w.r.t to the bullets and has been
shown to improve the accuracy of the deployment phase simulation [15].

4.3.2. Nominal impact conditions
Ideally, the moment that the net hits the spacecraft, a certain set of conditions would need to be met for
optimal capture. Therefore, the simulation would start from the following ideal initial conditions (IID):

1. The maximum net mouth area, Sy, is 100% the maximum capacity (L%et).

2. The net mouth area and bullet threads are perpendicular to the direction of motion (y—direction).
3. The Center-of-Mass (CM) of the net is centered for x = z = 0.

4. All threads are unstretched.

4.3.3. Non-nominal impact conditions

In order to attain such conditions, it is assumed that the net is fully deployed without ejection or is
controlled by a net robot unit system (TSNR) [98]. For the non-nominal initial conditions before impact,
these would be set from deployment with the space debris positioned such that the net would have similar
impact optimal conditions as in the nominal case. The target for the impact net mouth area (IID1) would
be changed to Sy,4, > 0.85L2., and IID2 would be removed. Thus, to position the chaser accordingly,
certain capture mission properties will be discussed in the next section.

4.4. Capture Mission Net Dynamic Properties
The final dynamic net characteristics that need be presented relate to the mission itself. These are the
capture distance, and deployment and capture time.

The distance at which the net will impact the space debris is chosen to correspond to the distance
when the net fully deploys. This is found to be a geometrical property as suggested in [65] and can be
computed as follows:

V2Lyot /2
tan(6,)
where Lo corresponds to the total size of the size (Ltot = Lnet + 2lp,) and 0. is the bullet shooting

angle. Following the capture distance, the deployment time can be computed using the net center-of-
mass velocity Vs and the principle of impulse and momentum [65]:

(4.12)

dcapt ~

4my

VC]\/[ = ( . ‘/c . 005(96) + Vneta (413)

mnet)tot
from which the time is then simply t4cp, = deapt / V. However, as the target wrapping would also be
of interest, the simulation end time must be larger. A relationship for the wrapping time, which assumes
a cubic target shape, can be found in [65]. By adapting the latter relationship [65] to a more generic
space debris geometry, the following is obtained:

0.57 - (Ltot — S)

twrap =15 9. VCM

(4.14)

where s corresponds to the smallest front dimension of the target. Finally, the factor 1.5 is added to
correct for the underestimating analytical nature of the equation [65], providing also an additional buffer.






Contact Dynamics Modelling

In this chapter, the methodology for contact dynamics (section 5.1) and detection (section 5.3) modelling
is presented. Lastly, the model’s limitations are shown in section 5.2.

5.1. Penalty-based Method

The penalty-based contact method is presented in this section from its basic principles to the application
on the net dynamics.

5.1.1. Basic principles
The basic principle of the penalty-based contact dynamics method, is that the contact is based on the
response contact force F'.:

F.=F.n— Fg, (5.1)
where F, and F} are the normal and tangential force components with unit vectors 7 and £, respectively.

Computing these two forces results in the time-dependent continuous force estimate experienced
by the colliding bodies. The estimation method for both is laid down in the following subsections.

5.1.2. Normal force
The normal force is computed assuming that the impact between two bodies is equivalent to the com-
pression phase of a mass-spring-damper system as can be seen in Figure 5.1.

A

Vr

Figure 5.1: Collision impact equivalence modelling between sphere with mass m; and infinite plane m;, with (non-)linear
spring-damper system (k, and d,,) connected to an equivalent mass m.q and virtual deflection 4.
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Furthermore, there are three essential characteristics which are required to have a consistent impact
model:

1. The normal force should be zero at zero penetration.
2. The normal force should always be positive.
3. The normal force should accurately model damping effects.

There exists three varying models for this contact force which are thoroughly described by Gilardi
and Sharf [33], with a summary in Table 5.1.

Table 5.1: All Contact Dynamic Force Models with typical use comparison, augmented table from [68, 23]

Contact Models Expression Typical Use
Spring-dashpot model Fo=ky,-04+d,-0 Fast and simple (low accuracy)
Hertz’s model B, =k - o é(;v]v impact speeds (hard materials)

Non-linear damping model ~F,, = k,, - 6™ +d,, - 6 - 6" High accuracy required

In the expressions described in Table 5.1, d,, and k,, are the damping and spring coefficients, ¢ and )
are the penetration depth and rate, and n is the material exponent dependent on the object’s geometry and
material (usually chosen as 1.5 [77]). The dynamic behaviour of these forces can be seen in Figure 5.2.

E, F, F,
z / Y
2 /
Vs _ / V4

Fy
" 7 . . —

(A) (B) (C)

Figure 5.2: Contact dynamics force models; (A) Spring-dashpot model. (B) Hertz’s model. (C) Non-linear damping model.
(taken from [23] and modified from [68])

In this Thesis, the non-linear damping model is chosen due to its various advantages compared to
the linear and Hertz models [33]. In fact, as can be directly seen in Figure 5.2, the linear model results
in a non-zero force at zero penetration depth, which is unrealistic. Additionally, the model assumes that
the coefficient of restitution is independent of the pre-impact velocity, which was proven to be false by
Goldsmith in [35]. Lastly, the Hertzian model assumes no energy dissipation (no damping included)
which is also unrealistic and confirms the aforementioned choice. The normal force model is hence:

Fo=ky-6"+d, 66" (5.2)

As an initial modelling step of the net node impact, each net node is assumed to be a sphere with
radius R;, taken as the thread radius (R; = d,;/2, see section 4.2). The virtual deflection, in the normal
direction, is thus given by:

(5.3)
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where r;/, is the net position w.r.t the debris surface.
Given the non-linear spring-damper contact force model, one can finally write the associated equa-
tion of motion related to the virtual deflection 9:

Megd = —Fp, (5.4)
where m., is the equivalent mass of impact of masses m; and m; and can be computed as

(5.5)

In the case of net capturing, the mass of one net node ¢, is much smaller than the target’s mass (1m;) or
m; << m; which results in m., =~ m;.

The last step, is to estimate the equivalent constant parameters of F;,. Due to the size difference
between a net node and the target’s surface, the collision is modelled as a sphere-plane impact (see
Figure 5.1). With Hertzian contact theory [71, 87], the stiffness (spring) constant is:

b= Vs (5.6)
3 - (h1 + hg)

where R, is the net node radius and with h; as follows:

1— 2
hi = Eowithk =1,2 (5.7)
7I‘Ek

for which Ej, and vy, are the elastic Young’s modulus and the Poisson’s ratio material properties of the
net node (k = 1) and target (k = 2) surface.

The last force coefficient is the damping coefficient, which can be estimated using the Hunt and
Crossley method as follows [68]:
_ 3aky,
=
where « is an experimental variable varying in the range [0.08, 0.32] s/m [9]. For this equation to be
correct, low velocities are assumed for which the coefficient of restitution e can be written as:

dn

(5.8)

e=1—aV, 5.9

with V;, = (V - f2) being the normal component of the velocity vector before impact.
Lastly, the initial conditions at the moment of impact, §y and dg, are chosen using Equation 5.3 and
the normal component V,,, respectively. These are the initial parameters used to solve the system of

equations of Equation 5.4 with the state § = [4,d]”.

5.1.3. Friction force
Secondly, given the normal force and tangential velocity, the friction force F'; can be directly computed
using Hollar’s model [68]:

pug, + 2emi) | g for V; > Vi
(i)

F, = (5.10)

(W) - oo+ 2=t | B for Vi < Vi

Vi
\ H_(Vtv())
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F, = —Ft, (5.11)

where s and py, are the static and kinetic friction coefficients, tis tangential unit vector, V; o is the
break-away or transition velocity between static and dynamic friction and V; is the tangential velocity.
The latter velocity component, V', is computed as:

V.=V, - Vi (5.12)

where V.. is the relative velocity between the net and the space debris. Lastly, the tangential unit vector
is computed using a sign relaxation method at speeds below V; o to avoid numerical errors [65]:

| %4
7;:7 for ‘/t > VCoul

3
ngul <§V!§ul - % (chiul) ) Jfor Vi < Vioow
where Vi, is the Coulomb velocity threshold obtained using the approximation of the Stribeck curve
Veoou = \/5%70/10

With both normal and tangential forces presented, the reaction force on the space debris can be
computed as —F'...

>
Il

(5.13)

5.2. Model Limitations

Having described the penalty-based method, it should be noted that the method has limitations and
further issues. It seems to have strong instabilities and high dependence on the initial virtual deflection
(at the moment of contact). Due to these issues, the method seems to present different results depending
on the configuration of the problem in question.

This problem is thoroughly described in [68], in which the differential equations of motion are
defined as stiff, therefore requiring a highly fine tuned initial deflection. Shan Minghe [68] presents a
solution by removing the need of the virtual deflection and modelling the collision using the principle
of impulse and momentum. The impulse-based method simply describes the change in velocity, due to
the impulse j; = j;n (see details in section 6.2). This is then added to the node velocity (V';) and debris
linear and angular velocities (V 4 and wy) at the impact position r; 4 as [68]:

Vi=Vi+ {ZT" (5.14)
1
Vi=v;-la (5.15)
mq
wh =wy =171 (r;)q x jif), (5.16)

where 1 is the debris mass moment of inertia matrix. However, this method yields the impulse caused
by the impact, which would need to be translated back to a force for it to be useful in this study with
F. = dj/dt. Consequently, this would be highly dependent on the integration time step and for the
impact assumed instantaneous, it would result in an averaged constant value.

Given this, a hybrid penalty-based method is chosen. In the latter, for the net’s reaction only the
velocity and final positions are retrieved from the internal integration procedure during contact with the
spacecraft. These are then artificially applied to the net model for the i** node as:

(Vi)y =05+ (Vo)y, (5.17)
and for the net node position (z;) is set to:
(xi)y = ()0 + ndo, (5.18)

where the subscripts 0 and f denote, respectively, the initial and final conditions (before and after)
the impact. This effectively makes it a discrete model similar to the impulse method for the net contact
dynamics, with reaction velocities retrieved from the continuous model. The response force is then used
as an input to the dynamic spacecraft model as the physical dynamic load experienced by the spacecraft.
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5.3. Contact Detection

As the last part of contact dynamics modelling, it is essential to mention how a contact itself can be
detected. For the latter, a modified version of the Axis-Aligned Bounding Box or AABB method pre-
sented in [68] will be used. For this method, the different systems are contained within their bounding
boxes defined by their most extreme coordinates.

The contact detection strategy is divided in a hierarchical four-level step process. This starts with the
zeroth” level, in which the maximum y—coordinate of the net is verified to be lower than 0.75 - v,
(space debris surface). This is used to reduce the computational time by avoiding any unnecessary
checks.

The first level of detection activates after that and verifies that there is no intersection between the
bounding boxes of the net and space debris object. This is followed by the second level, which identifies
that the bounding boxes do intersect. From this, the distance between the surface of the bounding sphere
of one node and the body surface is checked to be positive (or above a threshold €;). A visualisation of
level one to two can be found in Figure 5.3.

8
-]
N 4

u 2 -

y = ° 'E'

: . M
N -4
zy —6
e w——

10 12 14

Figure 5.3: Simulation scenario example of contact boxes Level 1 to 2 for both net and target systems.

Lastly, the third-level results in the actual identification of detection in which the distance between
surface of a net node and the debris surface is negative or zero (below the threshold €;). When that
is the case, the contact surface and direction are retrieved and then the normal, n, and tangential, t
vectors are computed accordingly. If the space debris is shaped as a parallelepiped, the different faces
of contact dictate the direction of n. The direction of the face (positive or negative) is obtained from
the maximum node-debris distance. For a sphere-sphere contact, the normal vector is obtained directly
as the unit direction from the center of the target to the net node.

Given this information, the unit vectors can be defined and the contact force (see Equation 5.1) is
then integrated (with Equation 4.7) to provide the velocity when the sphere stops intersecting the target.
A summarising representation of the scheme can be found in Figure 5.4.
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Figure 5.4: Contact Detection Scheme Diagram.



Spacecraft Dynamics Modelling

In this chapter, the space debris dynamics and all associated modelling strategies and assumptions will
be presented.

6.1. Reference Frames

The net dynamics reference frame was already presented in Chapter 4 and was chosen to be a LVLH
O-zyz rotating frame attached on the chaser spacecraft (denoted as £). For the target spacecraft, the
assumption of ignoring the impact of orbital dynamics is no longer valid, thus requiring additional
reference frames to write the system’s EoMs.

All dynamics must be defined w.r.t an inertial reference frame N with origin N (placed at Earth’s
center) and its basis vectors {ni,n92,n3}. The target spacecraft is assumed to orbit around the Earth
in a circular orbit and is characterised by its body-fixed reference frame B3, origin B and basis vectors
{bl, by, b3} Furthermore, in the case of co-moving solar arrays, a reference frame H can be defined
with origin H (at the solar array hinge) and basis vectors {hl, h2, h3} The basis vector hl follows the
anti-parallel direction to the solar array cg (.S,), hs defines the rotation axis of the hinge (with angle 6)
and hs completes the basis. Each body has its own center of gravity (CG). This can be seen depicted in
Figure 6.1.

~
Orbital trajectory "~

Figure 6.1: Visualisation of reference frames: the inertial frame N, target body-fixed and hinge frames (1 and H) and
chaser attached O-zyz frame (£). The main body, solar array and entire spacecraft centres of gravity are B., S. and CG.
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6.2. Impact of the Small Disturbance Assumption
The target’s main body is assumed to not be influenced by the net. Its rigid body dynamics are therefore
ignored in this study. This can be justified by using the principle of impulse and momentum [68]:

> mVi+mVy =Y miVi +maV], 6.1)
=1 i=1
N;

Idwj = Idwg + Z(Tz X jzflz), (6.2)
=1

9

where the superscripts and "+ refer to pre- and post-impact conditions, n; is the normal unit vector
of the i*” contact plan, V ; and wg are the debris linear and angular velocities, V; and m; are the i*” node
velocity and mass and lastly I; and m are the debris inertia matrix and mass (MMOI), respectively.
As a first order estimate, one can approximate the net impact as a point mass where the impulse, j,
is given by [68]:
. —(e+1)V,~
D ma e + 20 (13 (rijq % 2) X 75/0)

(6.3)

where V,™ is the net relative velocity, e is the coefficient of restitution and r; /4 is the net impact position.
By assuming a large and heavy space debris (large diagonal entries for I; and m respectively):

jr—(e+ 1)V, myet. (6.4)

Given this, with a typically high net mass and velocity range of 1 — 10 kg and 0.5 — 25 m/s, for a space
debris, similar to the Jason series and Envisat (mass range of 500 — 8000 kg), a high bound on the
space debris post-impact relative speed would approximately be in the range 1.25 - 104 — 0.5 m/s. It
is important to mention that this would be an overestimate due to the fact that, after the initial impact,
the net would then wrap around the debris causing a recoil backwards (due to the bullets) lowering
the gained speed. Additionally, if the impact is symmetric, the rotational impulse would be null (see
Equation 6.2).

Thus, in this Thesis, the effect of the net impact on the target’s overall dynamics can be initially
neglected. This further confirmed as an assumption done in [15]. Given this, the effect of the net on
the spacecraft dynamics should still be evaluated for the risk analysis. The latter will be done by a
first order approximation in which the entire spacecraft system is assumed to be a rigid-body, with the
second analysis including the relative dynamics of the large solar array.

6.3. Single Rigid-Body Dynamics
The rigid-body assumption itself consists on neglecting terms related to changes of mass and mass
moment of inertia, and assuming that the body-fixed coordinate system has its origin at the center of
mass. Given these assumptions, the translational and rotational motions are derived in this section in
different reference frames to simplify the analysis.

6.3.1. Translation dynamics
Knowing that a net capturing scenario can be considered to be a typical rendez-vous between two space-
craft, the Clohessy-Wiltshire equations of relative motion can be used. These are defined w.r.t the LVLH
O-zyz frame and are the linearisation of the general relative orbital motion of the target’s EoMs w.r.t
the chaser.
In order to present the dynamics it is essential to start from the general formulation of the EoMs in
the £ reference frame which are:
P
..d -d d
Mgl =Y Fepry — 2mawp n X 7% — mawp/n X (Wejn X Tajo) — Md g, We/n) X Tap0- (6.5)
p=1
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where m, is the space debris mass, F'c;; j, refers to the p'" orbital perturbation (aerodynamic, magnetic
or net contact), rq/o and 'i"dﬁ are the space debris (CG) relative position and velocity w.r.t the chaser
(O) in the L-frame. Lastly, wy/yr is the rotation rate of the £-frame w.r.t N, which by assuming a
circular orbit is constant in time with magnitude w,,. From Equation 6.5, one can identify the Coriolis,
centrifugal and Euler inertial loads, in that order. In this case, as the orbit is assumed circular, the Euler
term is null.

Thus, by eliminating the Euler term and linearising the EoMs (with the assumption that the relative
distance both objects compared to the orbital radius is small) the translational EoMs in the £-frame, the
Clohessy-Wiltshire equations, can be written as follows:

3- Zq yd 1 N
Fao=w2| 0 | +2-w, | —dq|+ — Y F., (6.6)
—2q 0 d =1

where for simplicity the £ subscript has been removed and 4, y4 and z4 are the radial, along-track and
cross-track components of 74 /.

6.3.2. Rotational dynamics and kinematics
For the rotational dynamics, it is essential to start from the definition of the space debris angular mo-

mentum H ; as:
Hd = Idwd (6.7)

where 1 is the debris inertia matrix and wy is the the rotation of the body B-frame w.r.t the inertial
N-frame (or wp/ ). By taking the time derivative of Equation 6.7, one can obtain the rotational EoMs:

d

N
&(Hd) I\ = ;MCG,Z‘ (6.8)

where M g ; refer to all the applied moments around the space debris center of gravity (CG).
In order to take the time derivative, the transport theorem is used:

d d
a() v = &() 5 +ws/n X (). (6.9)

Combining the latter with Equation 6.8, results for a rigid-bedy spacecraft (dI;/dt |z = 0) in:

Tiwg +wg x lgwg = Z Mcg, (6.10)
i

As this study focuses on the net influence, all other disturbances (orbital, aerodynamic and solar radia-
tion) are neglected. Given this, M cg,; can be computed as:

Mcgi =7ijcG X Fey, (6.11)

where F'¢; and ;¢ are the i*" net node contact force (see Chapter 5) and relative position w.r.t CG.

Lastly, a kinematic equation is required to relate the dynamic Euler equation and the physical ori-
entation of the B-frame with angles fx, 8y and 6. Thus, the body rotation rate éd can be computed
using wy as:

1 cos(fy) sin(fx)sin(fy)  cos(fx)sin(fy) sin(fz)
0, = os(d 0 cos(fx)cos(fy) —sin(fx)cos(fy) | wy + 77; cos(fy )cos(0z)
cos(0y) 0 sin(fx) cos(fx) cos(0y) sin(fy )sin(fz)
(6.12)

where 8 is the derivative of the Euler angles 6x to 67 (summarised as the §-state) and hence correspond
to the pitch (0x), roll (6y') and yaw (67) rates.
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6.4. Two Rigid-Body Dynamics

With the first order approximation done, the space debris object is now divided in two parts: main body
and solar array(s), each assumed to be rigid bodies themselves connected by a hinge connection. As in
reality the solar array will rotate and add to the angular momentum of the overall system, there exists
therefore a coupling between the rotational motion of the satellite and its large solar array(s). The goal
of this section is to briefly present the new EoMs which describe this two-body system in order to later
see the effect of the net contact dynamics on the solar array.

6.4.1. Equations of Motion for two rigid-body systems

The two bodies are assumed to be joined by a joint connection, here modelled as torsional-damping
system, which allows the solar array to rotate only in one direction by an angle 65 (see Figure 6.1).
This can be confirmed by literature [36, 78], in which the solar array Primary Deployment Mechanism
(PDM) has been assumed to be functional. In order to model the dynamics of the solar array, a similar
methodology as presented in [2] is used, in which the EoMs of the main body and solar array are coupled
to each other.

The combined body system dynamics are described by [2]:

(e ) () - () o

where one can identify that the first row mainly relates to the translational dynamics with the relative
body acceleration 7 g /N and the inertial forces, V7., €xperienced by the satellite. The second row
mainly focuses on the satellite’s rotational dynamics expressed by the rotational acceleration w, and
the inertial torque load ¥ .. The expression of matrices [A], [B], [C] and [D], as well as the inertial
acceleration ¥ 7,4, and v g, can all be found in Appendix A.

In this work, the coupling between the rotational and translational dynamics is removed by using
the CG instead of the origin of the body-fixed frame B. This still results in a coupling between the solar
array and spacecraft rotational dynamics, however it removes the added and unnecessary complexity
related to the translational motion.

By performing the aforementioned transformation, the main body rotational dynamics can be written
in the same manner as Equation 6.10, leading to [2]:

) d - -
Liwg +wq % Ljwg + a(ldﬂgwd + (Inyho +msad-rg /o x h3)0s+

éswd X (IhQiLQ +msa d""Sc/C X ﬂg) + 93 msA d""SC/C X ill = ZMCG’i’ (6.14)

where [ h; is the solar array MMOI around fzj, mg 4 1s the solar array mass, d is the solar array moment
arm, rg_ ;o 1s the relative position of the solar array cg w.r.t the spacecraft cg and last but not least,
0, and 0, are the solar array angular velocity and acceleration. Additionally, one can observe that the
previously assumed null term d(I)|;/dt is present and refers to the MMOI local derivative caused by
the solar array relative motion.

Having presented the main body dynamics, it is now essential to show the solar array EoM. The
solar array angular motion (represented by ;) can be found by solving [2]:

1

05 =by, Wy +

—n@s—d998+ZMH,i'il2

+ (Ihg — Ihl + mga dz)whSWhl —mga dibg . (wd X (wd X rH/C))} , (6.15)
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where by, is the coupling term (see Appendix A), « and dy are the hinge stiffness and damping, wy,; is

the projection of wy on the ﬂj—direction and ), My ; is the total dynamic moment around the hinge
point H experienced by the solar array.

6.4.2. Hinge dynamic loading

Lastly, given that the solar array is assumed to be fixed around the other two directions, the hinge will
experience two loading torques (L g, and Lp,) in the direction of basis vectors hi and il3. These can
be computed using the torques around the solar array (denoted here as Ly,) as [2]:

le = Ihl (wd . ill) -+ ([h3 — Ihz)(wh2 + és)wh37 (6.16)

LSS = Ih3(wd : i"3) + (IhQ - Ih1)(wh2 + és)whr (617)

Using (6.16), (6.17) and back-solving (6.15) for Ls,, the net load around the hinge point, L can be
computed using the torque of solar array around its cg, Lg [2]:

Ly =0Lg +7'S/H X (mSA'F'SC/N)a (6.18)

where 75/ is the inertial acceleration experienced by the solar array around its point .S.

Finally, these loads can be used to investigate if the maximum loads of the specific hinge in question
have been exceeded and hence if failure at the connection point has occurred. The maximum moment,
Mpr,,..» related to the torsional spring can be computed as [1]:

3
Tdgy Oall

— 1
2K, (6.19)

Msprmal ~ Kg
with o,y = 1.206 GPa [1] being the structural strength of the spring, the diameter of the spring d,,
can be assumed to be around 4 mm [1], K| is the spring correction factor around 1.444 [1] and K ~
3-10° — 6-10° is the added factor that takes into account the real size of the solar array (compared
to the design performed in [1]). This results in a range M., ~ 1.7 — 3.4 kKNm. The hinge will also
be loaded with out-of-plane bending moments. As there is little to nearly no literature on the latter, it
will be assumed that M, is a quarter of the maximum spring torque. This is due to the fact that the
spacecraft hinge was not designed to withstand large loads in those directions as discussed in (M. Kroon,
Priv. Comms.), seen in [86] and as confirmed by the deployment sequence shown in Figure 2.11.

6.5. Antenna Vibrational Dynamics

The third largest flexible appendage of Envisat is its Ka-band antenna. Whereas, it is still essential to
see if the latter breaks during its loading due to impact vibrations, the two-rigid-body dynamics model
is not necessary. A simple impact-vibrational model can be used for the Ka-band antenna in order to
see if the latter breaks during contact.

The simplest possible dynamical model is the SDOF (Single Degree of Freedom) spring-damper-
mass model. The entire mass of the beam is assumed to be concentrated at its end, and the flexural
behaviour is simulated with a spring and damper connector. This beam simplification process can be
visualised in Figure 6.2.
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Figure 6.2: Simplified scheme showing approximation process from already simplified representation of a composite beam
with loads w(2’, t) to a SDOF spring-damper-mass system with effective stiffness, damping and equivalent force
F(w(Z,t)).

6.5.1. Basic principles
Any loading configuration, creating a small displacement Ay can be written using Newton’s second

law as:
F(t)

m

Ajj+ A g 4 Rt t (6.20)
m m

where c.rr and ks are the effective damping coefficient and stiffness of the beam, m is the mass of
the beam and F'(t) is the load applied to the beam. In the specific case of net capturing, this load is
the impulse forcing caused by the net-target momentum exchange. Lastly, Equation 6.20 assumes that
the wall is at rest, which means that the relative speed of the target main body is not taken into account.
This is assumed to be valid for the antenna case, as the net capturing impact is a small disturbance for
the entire satellite which would not cause an excessive tumbling response (see section 6.2).

6.5.2. Spring and damping coefficients
Following the basic principles, a methodology to compute ks and c.ry is required. Using the first
mode of the natural frequency (f1) or the fundamental frequency, the spring constant is obtained using
[49]:

kepp = (27 f1)*m. (6.21)

Secondly, to compute ¢, ¢, the relation is as follows:

Ceff = 20/ mkeyy, (6.22)

where ( is the damping ratio of the beam. This ratio is usually obtained experimentally using the half-
bandwidth method [4]. However, for the purpose of this study, these will be chosen. For the solar
panels themselves without any rigid connection, it can be assumed to be very small as shown to not
be modelled in [49]. The latter is also confirmed by Wijker in [89], which mentions that typical space-
craft structures have low ratios of 2 — 10 %. Wijker further mentions that structures to be connected to
hinges (such as solar panels) should be designed with { = 2 — 3 %, whereas other appendages (such
as antennas) have on average ( = 0.2 — 0.3 %. Given these recommendations, it is decided to choose
2.5% and 0.25% for the solar panels and antennas, respectively.

6.5.3. Antenna modelling

Given the basics and the short-lived nature of the impact, the input force will be modelled as square pulse
input with maximum F,,,,, and duration At;,,. These two parameters will be discussed in Chapter 5.
The scenario of interest can be found visualised in Figure 6.3.
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Ay(t)

Myish

Figure 6.3: Scenario of impulse force input on L, —long (Ka band-)antenna tip with beam and dish masses my, and mgisp.

The antenna dish is assumed to be a point mass with the beam structure of the antenna assumed to
have a circular cross-section with diameter dp. Due to the lacking material knowledge in the literature,
a material must be chosen as reference. Two potential candidates for the Ka-band antenna are: carbon
reinforced polymer (CFRP) as done in industry [91], or a combination of a typical Aluminum alloy
with a Titanium alloy (TiGAI4V) used for the antenna’s deployment mechanism [67]. The properties
for both materials are summarised in Table 6.1.

To determine k. ¢, the structure can be assumed to be a clamped Euler beam of which the natural
n‘" mode frequency, f,, can be written as:

_ (\WIL)? | EI
In = . SALT (6.23)

where I and A are the second moment of inertia and area of the cross-section, p is the density and A,
is the eigenvalue natural frequency computed as the roots of cosh(\,, L)cos(A\, L) = —1.

Table 6.1: CFRP fiber and TiGAI4V material properties [54, 83]

Property CFRP TiGAI4V
Ultimate tensile Strength (fibre direction), o,,;; [GPa] 3.5 0.95
Ultimate Strength (perpendicular direction), o, [GPa] 0.20 0.95
Ultimate compression Strength, o, ,, [GPa] 1.05 1.07
Ultimate shear strength, 7,,;; [MPa] 50 — 140 550
Elastic Tensile Modulus, & [GPa] 250 113.8
Maximum elongation, €,;; [%] 1.5 0.83
Density, p [kg/m?3] 1800 4420

In order to check if breaking-off occurs, the maximum allowable deflection that occurs at failure
can be computed geometrically with the perpendicular-to-fibre-direction ultimate strength o, :

Uultng
3E dy)2

Lastly, to simulate the vibrational behaviour of the antenna, the mass and second moment of area are
required. The total mass of the structure can then be computed as:

2

d
m = Mgash + p - Wzb - Ly, (6.25)

Ayyair ~ (6.24)



6.6. Structural Modelling 46

with the second moment of inertia (in all directions) I being:

d4
I= ﬂé. (6.26)

6.6. Structural Modelling

There is a range of different structural models, varying in complexity and implementation. Due to the
multi-disciplinary nature of this Thesis, simple structural models will be chosen by first identifying the
weakest locations of failure, computing the structural loads and lastly by comparing them with critical
values.

6.6.1. Identifying weak locations

When identifying weak locations, it is important to seek for long, fragile or small sub-structures. As
these were not designed to withstand considerable loads, any contact load from a capturing net could
result in structural failure.

Solar panel structure

For the solar panel, two main locations are found using the solar panel layout represented in Figure B.1.
These are mainly: the main deploying hinge found at the root of the entire solar panel, and the PIP
interface between the secondary hinge and panel. The latter is considered to withstand approximately
200 — 1000 Nm in out-of-plane bending (M. Kroon, Priv. Comms.), with the main hinge strength being
already described in section 6.4 having an equivalent torsional spring constant of 5000 Nm/rad (M.
Kroon, Priv. Comms.).

Antenna structure

For the antenna, when observing Figure 2.7, one can see that the dish-beam interface and the antenna
hinge can be seen as potential sights of failure. The first location is identified as risky due to its thin
structure (48.6 mm-radius) maintaining the dish in place. The second sight is justified due to the 2
m-long moment arm in which out-of-plane bending stresses could lead to hinge failure.

ASAR antenna structure
The second largest structure of the Envisat was identified to be the ASAR antenna in subsection 2.4.2.
As one can observe from Figure 2.9, this antenna is rigidly connected to the satellite’s main body with
eight joints (four on each side). This means that the load will mainly be distributed over these joints.
For this study, it will be assumed that the external forces are equally distributed over the eight
connections. However, due to the lack of literature on these joints, in terms of geometry, material and
structural strength properties, and the fact that all these joints will share an eighth of the external forces,
this structure is not expected to fail from the net impact and wrapping process. This hypothesis is
emphasised by how critical the structural integrity is for the two other flexible appendages compared
to this one. In fact, the ASAR antenna is 1.5 m wide by 0.156 m thick (see Table 2.3), compared to the
minimum and maximum beam diameters of the Ka-band antenna (48.60 mm and 146.0 mm) and the
fragility of the PIP interface and 44.0 mm-diameter of the solar array connecting beam. Given this, it
is decided to focus on the solar array and Ka-band antenna structural analysis, with the ASAR antenna
analysis being recommended as future work to confirm the choice made in this study.

6.6.2. Structure local reference system and major assumption
An important first step in modelling a structure is to define the reference systems and fully characterise
it, such that the loads can be translated to stress in the most realistic manner.

First, it is essential to define the local coordinate system of the space debris structure which can be
found visualised in Figure 6.4.
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Figure 6.4: Beam element and local coordinate system, 3, used with positive deflections (u, v, w) directions and positive
bending neutral axis. The left part represents the cross-section of the beam with its Z{-coordinate system.

Secondly, as a preliminary step it is essential to make a few assumptions to simplify the analy-
sis. The solar panels and antennas are assumed to be Bernoulli-Euler beams which assume that all
perpendicular cross-sections are geometrically unaltered (’plane sections remain plane”) and that all
angular deformations are small. The latter assumptions work well when the beam length is higher than
the cross-sectional dimensions, which is clearly the case of the solar array yoke and antenna beams.
Having defined the aforementioned reference frame and stated the assumptions, the different types of
structural loadings will be presented.

6.6.3. Structural forces and moments

In order to compute the stresses experienced by the structure, it is first essential to compute the structural
loads. These can be computed by making a virtual ”cut” in the structure and solve for the new unknown
structural loads on the basis of the same system dynamics performed in the previous section. A visual-
isation of this process for the specific example of the solar array can be found below in Figure 6.5 with
the identified weak locations (see subsection 6.6.1).

MsaTs. /N

Legend
— : Contact Force

I:l : Weak locations
/ : Cut location (ct)

Figure 6.5: Overview of the identified weak locations of the Envisat satellite and visualisation of structural load
computation strategy (with the solar array concrete example at weak location 2).

For the forces, one can obtain the two shear and normal loads, and in terms of moments, two bending
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moments and one twisting torque can be found. By “adding” these unknowns, one can compute the
structural force and moment F'g and M g using:

Fs=myi; v — > Fei, (6.27)

Mg=H; 6 -> M, , (6.28)

where j refers to one of the single-rigid bodies (the satellite, the solar panel or the antenna), j. is the cg
of the latter, H ; , is the derivative of the angular momentum of the j-system around the cut location ct,
and lastly M ciyy is the moment related to the contact force F', around the cut location ct. In the case

where the system can be assumed to be in static equilibrium, #;_, ;- and H j,e: are null, and the structural
force and moment simply equal to the total contact forces and moments around that location.

6.6.4. From forces to stresses
Given the methodology to compute the structural loads experienced by the two flexible appendages and
their weak locations, it is now possible to present stress loadings present in this capturing scenario.

Bending loading
The first and major type of loading all beams will experience is bending. This occurs from impact and
then gradually decreases as the wrapping of the net progresses. However, as the net exerts forces onto
the structure, these can be translated to bending moments and thus resulting in bending stresses 0. The
relationship of o3 within the B-frame (Z, § and Z are denoted as , v, and  to simplify heavy notation)
is [53]:

(Mylyy — Mylyy)y + (Mylyw — Myluy)z

Loalyy — I:?:y 7

Ub(fL', Y, Z) = (629)
where M, M, are the internal bending moments in the x— and y—direction of the local coordinate
system and I, I, and I, are the area moments of inertia of the cross-section. Given a symmetric
structure, such as a solar panel or the circular cross-sections of the antenna and yoke beams, I, = 0.
This then simplifies the equation to:

M, M
op = —y+ —Zzx (6.30)
Ixaﬂ Iyy

If the applied loading results in a bending stress above the ultimate stress, oy, > 04, then the structure
is assumed to have failed at that cross-section location.

Combined shear loading
As the net starts wrapping around the space debris, the structure could also experience high torques
and fail due to an excessive shear stress 7. The torque is the third component in the z—direction of the
applied moment M.

For solar panels, thin wall approximations can be applied to the solutions for a plate, resulting in a
maximum shear stress as follows [53]:

3Mrp

v (6.31)

(Tmax )plate =

where M is the applied torque, s and ¢ are the width and thickness of the plate.
The second vulnerable structure type is antennas. Simple antenna structures can be modelled as thin
circular shafts. For these, the shear stress becomes:

(T)circ = — (632)
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where p and Jr are, respectively, the radial distance and torsional area moment of inertia of the shatft.

To torsion, one must not forget about simple shear stress due to shear forces, F,,, in the zy—plane.
Indeed, the structure is loaded with many different types of loads, which is known as combined load-
ing”. Hence, imagining that the structure could survive all the loads on their own, it could fail when
these are combined. Thus, the maximum shear stress can be computed using Equation 6.31 or Equa-
tion 6.32 with an added term P,,/A. As for bending, if the maximum shear stress experienced by the
structures is above the ultimate value, 7,;;, shear breaking occurs.

Compressive and buckling loading

During the aforementioned wrapping phase, the net can also cause high compressive forces, specifically
onto the solar panel and SAR antenna. In fact, as the net fully wraps around the target with the bullets
retracting backwards, the tension forces at the ends of the appendages orient in such a manner that the
appendages are compressed. Due to the latter, the solar panel and/or SAR could fail due to compression
or buckling.

The compression stress, 0., can be computed (with its constraint) as:
P,

Oe=—r < O (6.33)

where P, is the compression load and A is the cross-sectional area of the appendage. A specific phe-
nomenon that occurs during compression is buckling which for a free-clamped appendage or plate hap-
pens for a critical stress, 0., as:
o — (BT Jerf
cr Lg . A b

with (ET).ys being the flexural rigidity of a beam or plate and L. being the effective buckling length
(Le = 2L). This criterion can also be considered to predict failure due to the high instability of buckling.
As the structure buckles, its structural strength is highly reduced and hence failure could occur thereafter.

(6.34)

6.6.5. Accounting for existing damage

Relevance

As space debris are usually damaged, partially destroyed or even fragmented spacecraft structures, it
is important to account for existing damage. Even for complete non-operational satellites, such as the
Envisat, there is an existing chance of micro-debris impact with its solar array or SAR antenna, resulting
in cracks.

Damage itself comes in many forms, such as cracks, voids or discontinuities within the spacecraft
structure. A typical example of cracks in spacecraft structures are the previously mentioned cracks on
solar panels caused by micro-debris hyper-velocity impacts. As this probability of collision is high for
objects with projectile diameters above 1 mm, for collisions with an impact velocity average in the
range 10 — 12 km/s [58], these can result in craters (see Equation 2.5) of around 0.007 — 2.0 m. With
these sizes, the diameter-to-width ratio for the Envisat can reach 40% and high reduction in structural
strength.

Furthermore, if the crack failure condition is reached, the crack propagates with a velocity being
a fraction of the elastic wave propagation speed Cyy = /F/p and can reach values from 1000 to
1400 m/s (for steel) [99]. Hence, the severity of fracture confirms the necessity to include this simplified
consideration into the structural model.

Least but not last, this aspect has not been found included in the literature when analysing the impact
of the capturing tool on a damaged structure in the context of ASDR missions.

Basics and Failure Modes
The effect of existing damage in a loaded structure can be modelled using the basic principle of fracture
mechanics. A basic conceptualisation of the effect of cracks or voids can be found using a simplified
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1D model for ductile materials [97]:
o

= 6.35
oeff =1-p (6.35)

where the effective stress, oy is higher than o due to the presence of a reduced surface area, A, rep-
resented by the factor D = A.f¢/A. For ductile materials, failure can therefore occur due to crack
growth or by void coalescence in which connections between different voids occur. It is crack propa-
gation which will be the main focus of this study.

For a damaged structure, there are three main modes of crack loading which are [31]:

Mode I: Crack propagation or opening due to tensile loading pulling damaged surfaces apart.
Mode II: Shear crack propagation due to crack surfaces sliding (in the main crack dimension direction).

Mode III: Out-of-plane shear crack propagation due to crack surface sliding (perpendicular to main
crack dimension direction).

The most relevant crack propagation mode in engineering applications is Mode I [31]. This is due to the
fact that it shows the highest level of severity during the breaking of a structure and that other modes
re-orient themselves to become Mode I during crack propagation.

Residual strength
To translate the presence of cracks in this model, the concept of stress concentrations K and intensity
K, is used. These occur at the crack ends which further reduce the structural strength of the object.
If the failure condition K, > Kj¢ is reached, where K¢ is the fracture toughness, fracture failure
occurs. This can be translated to a critical stress threshold, called residual strength as:

Kic

Ocri = m7 (6-36)

where a is the crack length and Y is the geometry function. The latter is a function of the geometry of
the crack and also the loading applied. The relevant equations for Y, especially focused on bending,
are found summarised in [82].

For sandwich composite structures, it is useful to model the crack as a hole (Equivalent Hole Model).
The theoretical computation of stress concentrations is usually performed by evaluating the material’s
notch sensitivity [60]. Typical composite material behaviour exhibit partial notch sensitivity. Insensi-
tive corresponds to perfectly ductile materials (for e.g. metals), whereas perfectly brittle materials are
referred to notch sensitive. This means that composite residual strength is between (o, /0un )ins and

(on/oun)s [40, 64], computed as:
<""> -4 (6.37)
Oun / ins b

On 1-— %
() = (6.38)
Oun / ¢ 2+ (1 — %)
where o, and g, are the notched and unnotched strengths, d is the equivalent diameter hole associated
to the crack and b is the plate width. An estimator of the residual strength is therefore taken as the

simple average between the two limits, which matches results for CFRP plates from [40, 64]. This is
visualised in Figure 6.6.
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Figure 6.6: Perfectly brittle and ductile limits of the strength reduction, with the mean estimator” of strength loss.

The aforementioned material would match the case of the Envisat solar panel and ASAR antenna
[25]. Furthermore, as it is known that the thin sheets of fibre-reinforced polymers carry the majority of
the stress, the aforementioned relations are found to be adequate to model the presence of a crack.

Finally, the following condition for failure, on the applied stress o is added to the structural model:

0(Ta,Yar 2a) = Tulty (6.39)

where 0,4, is the notched ultimate strength and (z4, ¥, 24) is the damage center location.

6.6.6. Secondary space debris size
Having defined the conditions for failure to occur, it is now essential to define a first order preliminary
assessment of the potentially resulting secondary space debris. This will be done by taking the location
(Zbr, Yor, 2br) in Which the stresses are higher or equal to the maximum allowable critical stresses. As
this is a first order evaluation, it is assumed that the presence of a crack only locally affects the strength
of the appendage and hence the maximum allowable stress will slightly vary throughout the structure.
With this computed location, the structure is assumed to fail in a straight line with a cross-section
perpendicular to the stress principle direction. Two parts would then be created in which the separated
piece from the spacecraft main body is defined as the secondary space debris with its associated dimen-
sions being of interest. In the case of failure due to the presence of existing damage, it is assumed that
the crack propagates in a straight line which corresponds to the direction of the principle stress axis.






Dynamic Investigation of Net
Capturing - Results and Discussion

A specific capturing scenario of the Envisat with the capturing net has been simulated which will be
presented and discussed in this chapter.

7.1. Simulation inputs

The simulation inputs of the capturing scenario with the Envisat (attitude configuration A, see subsec-
tion 2.8.2), can be found respectively in Table 7.1 and Table 7.2. The time step used is 5 - 1075 s and
the initial net’s CM deviations w.r.t the Envisat’s geometric center are zero.

Table 7.1: Simulation inputs related to net dynamics.

Simulation input Symbol Value

Mesh length lo, 0.8824 m

Net side length Lipet 30 m

Average thread stiffness kq 62308.25 N/m
Average thread damping Cq 1.58 N/(m/s)
Bullet mass my 1.786 kg
Ejection velocity Ve 20 m/s
Mock-up Envisat reduction factor  fzy, 0.75

Table 7.2: Main simulation inputs related to contact detection and dynamics.

Simulation input Symbol Value

Thread radius R, 1 mm

Bullet radius Ry 1 cm [68]

Static friction coefficient s 0.19[15]

Dynamic friction coefficient Lo 0.152 [15]

Material constant n 1.5 15, 68]

Contact stiffness k, 1.622 - 108 N/m!®
Experimental damping constant « 0.05[15]

Contact damping dp, 1.216 - 107 N/(m?5s)
Maximum penetration Omaz 1.74-107*m
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7.2. Net Capturing Process

In this section, the success of the capturing process itself will be checked.

7.2.1. Visualisation of the net impact and wrapping
The first step in analysing the net capturing process, the capturing sequence itself, projected in the
xz-plane (L—frame), can be visualised in Figure 7.1.
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Figure 7.1: Mock-up Envisat net capturing sequence (with time references) with frontal impact of V;,e; = 20 m/s.

From Figure 7.1, one can observe that the impact occurs around ¢ ~ 0.1 s at the ASAR antenna.
The first cycle of the wrapping process finishes at ¢t ~ 2.4 s with the entire Envisat wrapped around the
net. The following cycle ends at ¢ ~ 5 s, with the next cycle resulting in an impact between a bullet
and the ASAR at ¢ = 7.422 as can be observed in Figure 7.1. Lastly, the simulation ends at ¢ = 15.10
s, with the Envisat mock-up being entirely wrapped with two bullets being nearly at rest.

7.2.2. Net dynamic properties

As performed throughout the existing literature on net capturing, one can verify the success of the
capturing process using the net mouth index (Figure 7.2a), net depth (Figure 7.2b) and Center-of-Mass
(CM) dynamic properties (Figure 7.3). The net mouth index is the ratio between the net mouth area,
S(t), wrt L2,,. In the addition to these properties, it is suggested to also verify that no net breaking
occurs. For the latter, the maximum tension experienced by the net will be checked in Figure 7.4.
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Figure 7.4: Maximum net experienced tension force from a frontal net impacting with Ve = 20 m/s.



7.3. Resulting Contact Forces and Moments from Net Impact 56

To begin the net dynamics analysis, it can be observed in both Figure 7.2a and Figure 7.2b, that
there are three main cycles of the wrapping process each lowering the net mouth and depth indices. In
contrast however to the stabilising of the net mouth index, revealing the success of the wrapping process,
the net depth shows to increase again from ¢t = 8.5 s. This is due to the bullet impact with the ASAR at
t = 7.42 s, which results in a bouncing effect which seems to damp out at the end of the simulation. This
is confirmed and cross-verified by the dynamics results of the net CM. The identified abrupt change in
velocity at ¢ ~ 7.42 s, and position slope confirm the bullet impact event. Furthermore, the settling of
the CM velocity can be observed to be near 0 m/s from ¢t = 12 s (Figure 7.3b). This confirms that the
driving bullets are loosing velocity and that the system is approaching a rest configuration. Last but
not least, the successful wrapping of the Envisat is also observed in the settling of the net CM position
components which seem to converge to the Envisat’s x—, y— and z— CG position.

The last check needed to be made refers to the structural condition of the net. In fact, as observed
in Figure 7.4, the net does not break during the capturing process as the maximum tension force never
reaches the allowable 2100 N value. Thus, this means that an impact of V,,.; = 20 m/s is considered to
be a safe deployment velocity for the net.

Thus it could be concluded using both these results and subsection 7.2.1, that on a pure net capturing
basis, the mission would be successful with no risks of generating secondary space debris to be predicted.
However, this brief analysis does not present the net-spacecraft contact characteristics and hence it is
recommended to investigate further by starting with the net contact forces and moments.

7.3. Resulting Contact Forces and Moments from Net Impact
The resulting contact forces and moments can be found in Figure 7.5a and Figure 7.5b.
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Figure 7.5: Resulting contact loads from a frontal net impacting with V,.: = 20 m/s.

First, it must be noted that in order to artificially extend the simulation time and observe several
dynamic phenomena, artificial dissipation was added to the contact loads doubling the simulation time.
This is allowed as it can be seen in Figure 7.5a and Figure 7.5b that around the end of the simulation
(t = 15 s), the contact loads start to decrease exponentially.

Secondly, one can observe from both Figure 7.5a and Figure 7.5b that the highest loads of 8 kN
and 100 kNm, occur at the moment of impact (near ¢ ~ 0 s). As expected, the highest force is in the
along-track or y—direction with the contact moment being therefore mostly in the yaw or Z —direction.

Lastly, these then highly decrease and oscillate around -1.5 and 1.5 kN for forces and -20 and 20 kNm
for moments. The latter is due to the main net wrapping which takes around 10 s, with then the contact
dynamics starting to settle as the net has successfully wrapped around the target. A significant event is
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however observed at ¢ = 7.5 s (see Figure 7.5b) and is related to the contact between one of the bullets
and the Envisat ASAR antenna. This impact of around 1 kN could result in impact breaking. For future
work, it is suggested to simulate the latter event in detail using computational structural modelling to
see the extent of the damage. In this Thesis, the focus is mainly placed on the effect of this loads on the
system dynamics.

7.4. The Dynamical Risks

The aforementioned contact loadings are now taken as inputs for the Envisat dynamic analysis using the
methodologies presented in Chapter 3 and Chapter 6. Before being able to define the initial conditions,
it is essential to present the Envisat’s inertial and geometric properties for the simulation. These can be
found summarised in Table 7.3

Table 7.3: Envisat inertial properties.

Inertial property Symbol Value
Satellite mass msc 7821 kg [25]
Solar array mass msA 338 kg [25]
Solar array arm length d 7.740 m [18]
Solar array stiffness K 5000 Nm/rad (M. Kroon, Priv. Comms)
Solar array damping ratio ¢ 2.5 % [89]
17023.3 3971  —21714
Body-fixed MMOI Matrix I; 397.1  124825.7  344.2 [25]
—2171.4  344.2 129077
1800.0 0 0
Solar array MMOI (principle axis) I 0 10669.4 0 [18]
0 0 11290.9.

The initial conditions of the Envisat main body and solar array translational and rotational dynamics,
before being hit by the net, are summarised in Table 7.4.

Table 7.4: Envisat initial conditions for single- and two-body dynamics.

Initial condition Symbol Value

Initial debris CG position  (rg/0)o [-5.46,22.36, -1.19] m
Initial debris velocity (a/0)0 [0, 0, 0] m/s
Euler angular state 0x,, Ovy, 02 [0, 0, 0] deg
Body self-rotation 04)o [0, 0, —1.0] deg/s
Solar array state [0y 0s,] [0 deg, 0 deg/s]

7.4.1. Single rigid-body risks

When assuming that the Envisat spacecraft is a single-rigid body system, the aforementioned contact
forces and moments, will lead to a dynamic response of the satellite related to its translational and
rotational dynamics.

Translational dynamics

The first dynamics of interest are related to the CG perturbation in the £-frame. The perturbation of
the CG position and velocity w.r.t. its initial position before impact can be found in Figure 7.6a and
Figure 7.6b, respectively.
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Figure 7.6: Resulting translational dynamics of single-rigid body caused by a frontal net impacting with V,,c; = 20 m/s.

One can observe that the contact forces act as Dirac pulse inputs resulting in the satellite having an
impulse response for its velocity. With the latter, the highest perturbation is in the along-track direction,
which is expected as it is in the main net impact velocity direction. The high oscillation in Figure 7.6b
are due to the bullet wrapping which occurs cyclically in multiple direction until the entire satellite is
covered.

Additionally, the response reaches a settling value at a total velocity magnitude of 0.026 m/s, which
is lower than the maximum allowable value that could have resulted from an ideal plastic impact. Given
that velocity, one can see that the position variation in the along-track direction is also dominant with
a slope equal to the settling value (verifying the latter result). However, as this variation in cg reaches
0.7 m in only 30 s, this shows the importance of active control in order to remove the danger that the
spacecraft would leave the net (known as net slipping). To mitigate the latter risk, it is recommended
to use a closing mechanism as done in [15, 76] with the addition of tether-length control system.

Lastly, due to the positional and velocity oscillations, a final risk related to the vibrational coupling
between the tether and the solar array of the Envisat could arise [5, 6]. In the case of such coupling, a
resonance phenomenon would occur in which the solar array could highly vibrate and break, leading
to ejecta and potentially smaller debris escaping the net. Due to the high likelihood of the latter, it
is suggested to mitigate this risk by appropriately designing the tether which will be the subject of
Appendix C.

Given the translational dynamic analysis, the variation in the variables were found to be low. Whereas
an exception can be made on the severity of the resonance-related risk, three control methodologies are
still suggested to limit any type of perturbations. From the identified risks, it is clear that no significant
events resulting in catastrophic failure can be observed. A similar analysis is required to be made for the
rotational dynamics in order to evaluate if catastrophic failure, specifically related to net-tether breaking
could occur.

Rotational dynamics

The second analysis is related to the contact moment input and its effects on the Envisat’s rotational
dynamics. The relevant results, related to the rotation rate and angular deviation can be found in Fig-
ure 7.7a and Figure 7.7b, respectively.
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Figure 7.7: Resulting rotational dynamics of single-rigid body caused by a frontal net impacting with V;,ex = 20 m/s.

It can be immediately observed that as with translational dynamics, the contact moment results in
impulse responses for the rotation of the system. Furthermore, the net impact itself acts as a yaw rotation
rate damper as the magnitude of 0, decreases from its initial value to 0.55 deg/s (see Figure 7.7a).
Whereas, the impact has positive de-tumbling effect on the yaw rotation rate, it however induces a
significantly large roll (from 0 deg/s to a settling value of -0.45 deg/s). Both results are to be expected
as with the low effect on pitch motion, these are all due to the Envisat geometry itself. The yaw-related
moment arms are the largest (due to the long solar array end being around 16 m away from the spacecraft
cg), followed by roll moment arms as can be visualised in Figure 2.3.

These constant settling values can however lead to several issues, one of which can be observed in
Figure 7.7b. After only 30 s, the spacecraft would have rotated in the yaw axis of -17.5 deg, which can
be translated to a distance deviation in the y-direction of around 6 m. With such a significant deviation,
the tether could entangle itself with the net body, resulting in a limited control authority during the
towing phase or frictional tear and consequently net opening. Another potential risk has been described
in Shan et al.[75], in which as the spacecraft continues to rotate. This induces a pulley-effect which can
lead to a chaser-target collision. As any type of collision between the chaser and the 10 mm-thin solar
array could result in solar panel breaking, secondary space debris would then be generated. As with the
translational dynamics, it is suggested to have a tether-length control system which would immediately
de-tumble the induced rotational rates, as done in [75].

7.4.2. Two-Body system risks

In the previous section, the Envisat was assumed to be a single-rigid body system. With already the
single rigid-body simplification, several risks were identified. This leads to the necessity of verifying
what happens to the solar array if it is allowed to move independently from the main body.

Identifying the risks of solar array dynamics
The relevant results are limited to the coupled rotational dynamics of the solar array in Figure 7.8 and
of the main body in in Figure 7.9a and Figure 7.9a.



7.4. The Dynamical Risks 60

\ q\/ﬂ

—— Angular motion: 85

w
L

N

=

o

|
N
L

|
w
L

|
IS
|

Angular velocity: és

|
[8,]
L

Solar Array rotation [deg], [deg/s]
|

0 5 10 15 20 25 30
Time t [s]

Figure 7.8: Angular motion of the solar array subjected to a frontal net impact of Vj,o; = 20 m/s.

0.0 ++4

—-104

Body rotation rate, 0 [deg/s]

Angular displacement, 6 [deg]

—0.8 —— 6x (Roll)

. -154 —— 6O
“10 By (Pitch) oy

— Bz (Yaw) — 6
-1.2 -20 ’
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time t [s] Time t [s]
(a) Main satellite body-frame self rotation velocity éd due to net impact. (b) Main body Euler angular motion due to net impact.

Figure 7.9: Resulting rotational dynamics of the two-rigid body caused by a frontal net impacting with V,,e; = 20 m/s.

First, one can observe from Figure 7.8, that with large contact torques, the solar array would initially
oscillate between -5.2 and 3 deg, and exponentially damp out. Even though this result might seem
insignificant, the deviations could lead to breaking near the hinge-panel interface. Additionally, these
deviations can also be translated to 1.37 m in the z-direction, which could cause the net to break by
cutting effect or exceeded elongation.

Lastly, as can be seen in Figure 7.9, the presence of an oscillating large solar array exacerbates the
risks mentioned in the previous section. As one can see from Equation 6.14 and Equation 6.15, due to
the large mass, moment arm and overall size of the solar array, the highest coupling term related to mg 4
and d2, is significant. This coupling results in a higher mean settling value of ; ~ —0.6 deg/s and
Ox ~—0.7 deg/s. These higher values show a significant increase in the Euler angles (Figure 7.9b), as
Envisat would now rotate around the yaw and roll axis by -19 deg. These findings increase the severity
of the aforementioned risks and with an increased likelihood of catastrophic failure of the solar array.
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Risks at the primary hinge location

The severity of the dynamic results is accentuated by the actual loads experienced by the main solar
array hinge as observed in Figure 7.10 with Mg, referring to the components of Mg in the hinge’s
local frame. '
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Figure 7.10: Structural hinge moment loading, M, in hinge frame due to the frontal net impact of Vj,.; = 20 m/s.

Before presenting the entirety of the graph, it is essential to mention that the maximum loads of
50 kNm and 15 kNm (in h3 and ho- directions) have both a duration of 10~° s and are not to be consid-
ered in the structural analysis of the hinge. Whereas rejecting this large load would be seen as sufficient
and the hinge could be assumed to be safe, it still experiences a consistently re-occurring +4 kNm
(Ms,,) and £5 kNm (M, 5h3) loads from ¢ /= 0.25 s. These two loadings largely exceed the maximum
hinge loads in all directions (see section 6.4) and can be assumed to result in failure. Additionally, with
such loadings, the hinge-panel interface can be found to experience a maximum out-of-plane load of
4.1 kNm. This means that at that location, failure would also have been expected to happen, as typical
values of the interface strength vary from 200-1000 Nm (see section 6.4). Due to the closer location
of the hinge-panel interface (see Figure 6.5), it can be assumed through the propagation of the stress
waves, that this location would fail first, generating a 5 X 14.3 m secondary space debris.

It is still important to mention, that the latter results are mostly conservative due to the assumed
higher moment arm (see subsection 2.8.2) and the post-processing implementation of the contact loads
effect on the spacecraft. Additionally, the methodology used to compute the contact loads has been
observed to show some irregularities in its results (see section 5.2). However, even with the latter,
the assumptions made are still justified by the fact that Envisat’s mass and size are much larger than
the impacting net and hence the effective real loads would not be lowered sufficiently to be near the
maximum allowable loads of the hinge-panel interface. Last but not least, the magnitude of the loads
themselves will also be validated in Chapter 9, which further confirms the urgency of the risk.

7.4.3. Risks of antenna breaking

The final structure of interest which needs to be checked is the Ka-band antenna. Given the methodology
in section 6.5, the risk of dynamic breaking at the moment of impact can now be investigated. All initial
conditions for the deflection, Ay and deflection velocity, Ay are assumed to be null before impact.
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Vibrations analysis
First, before presenting the deflection in both local X — and Y — directions for both CFRP and the
Titanium alloy, it should be noted that the difference in behaviour between these two materials can be
assumed to be negligible due to the similarity of the materials’ \/ F/p ratios (see Equation 6.23). Due
to the latter, the material effect on the tip deflection is negligible.

Secondly, the contact force and tip deflection for the CFRP antenna can be observed in Figure 7.11.
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Figure 7.11: Resulting contact and vibrational dynamics of the Ka-band antenna by a frontal net impact with V;,ex = 20 m/s.

From Figure 7.11a, maximum loads 0f 0.405 kN and 1.105 kN (x— and y—components respectively) can
be observed. On average, and as expected due to the frontal net impact, the contact force in y—direction
is higher than the one in x. This then results in an overall larger Y-tip deflection (see Figure 7.11b).
The maximum deflections in the X- and Y-directions are approximately the same of +0.15 mm. This
maximum occurs both around ¢ ~ 0.234 s and ¢ ~ 1.585 s, when the two highest contact forces affect
the antenna, at impact and during the first bullet re-direction cycle (see Figure 7.3). Regardless, of these
events, the antenna does not break due to vibration as the allowable material deflections for CFRP and
Titanium are 7.306 and 76.24 mm (obtained using Equation 6.24).
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Structural analysis
Lastly, the stresses experienced at the two weak locations were computed from the structural forces and
moments (see subsection 6.6.3) and can be found in Figure 7.12.
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Figure 7.12: Resulting normal and shear stresses of the Ka-band antenna from the contact dynamics of a net impact of
Vet = 20 m/s.

From both figures, one can see that at the dish root, both types of stresses are higher by one to two
orders of magnitude due to the significantly lower cross-section (see Table 2.2). This means that the
interface between the dish of the antenna and its beam is a more critical region for breaking to occur.

First, recalling the maximum allowable material properties for ultimate normal stress (3.5 GPa and
950 MPa) and shear stress (50-140 MPa and 550 MPa) summarised in Table 6.1 and for both materials,
it can be seen that the Ka-band antenna will not fail due to bending and axial tensile stress in either of
the two locations. Additionally, the antenna will not fail in compression as its negative normal stresses
observed in Figure 7.12a do not reach even a third of its ultimate material values.

Secondly, in the case that the antenna is made of the Titanium alloy, shear is also not an issue and
will not result in structural failure. However, in the case of CFRP sub-structures, a high uncertainty is
present due to the maximum of 134 MPa, and the re-occurring 30-80 MPa values (see Figure 7.12b).
As the maximum and subsequent shear stresses are near the highest extreme of the allowable interval
([50-140] MPa), it is thus possible that the Ka-band antenna would fail at the interface between the dish
and the main beam (weak location 4, see Figure 6.5). In the case of breaking, a secondary space debris
would be created being the Ka-band antenna dish and further ejecta from the fracture process.

Thirdly, the likelihood of (compression-related) breaking is accentuated by the high probability of
buckling. Indeed, by computing the critical stress of the Ka-band antenna beam (see Equation 6.34),
(0er)TiGa = 207.248 MPa (Titanium alloy) and (0. )crprp = 455.290 MPa (CFRP) are obtained.
The metallic alloy is therefore more prone to buckling and hence to high instability, compared to CFRP.
However, as the ultimate compression load is still significantly larger, failure seems to be improbable.
The second limit related to CFRP, even though not reached during the simulation, is very close to the
”maximum” of -350 MPa (see Figure 7.12a). This added to the high probability of shear failure seems
to increase the risk of breaking.

In conclusion, due to the uncertainty related to the Ka-band antenna material properties, a risk of
shear failure at weak location 4 combined with buckling does exist. However, due to the simplicity of
the method and models used, it is suggested to perform a robust numerical analysis of the stresses to
definitely conclude if the latter is likely happen.
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7.4.4. Brief note on the ASAR structural integrity

The 10 m-long ASAR antenna was assumed to not be a critical object of secondary space debris due
to its large cross-section and eight-joint connection with the main body. As a result of the simulation,
a maximum compression and tensile load of 2000 N and 640 N were obtained at the connection sight
with shear loads reaching 500-750 N (see Figure 7.13).
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Figure 7.13: Resulting structural forces and moments at mid-ASAR position from the contact dynamics of a net impact of
Vet = 20 m/s.

These divided by the cross-sectional area (see Table 2.3), result in a compressive and tensile stresses
of 8.55 kPa and 2.78 kPa, which are five to six orders of magnitude lower than the ASAR’s CFRP frame
ultimate capabilities (see Table 6.1). Furthermore, when observing the total normal stress in Figure 7.14,
which adds the contribution of bending, the latter is further confirmed as a maximum values are only of -
1.0to -1.75 MPa (three orders of magnitude below the ultimate strength). Shear stresses, in all directions,
also seen from Figure 7.14, are insignificant compared to the ultimate material properties. Thus for
failure to occur, a damage size-to-width ratio, d/b = 0.98 would be required (see Equation 6.6.5). This
however has not been seen by Pleiades satellite observations [85] and is hence highly unlikely.
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Figure 7.14: Normal and shear stresses in mid-ASAR location due to the frontal net impact of V;,e; = 20 m/s.
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Finally, with eight joints (approximately 25-50 mm in diameter Figure 2.8), the loads present in
Figure 7.13 would result in a maximum normal stress of 100 kPa, which itself is still lower than the
material ultimate stresses of commonly used joint-related materials. Therefore, ASAR structural fail-
ure, due to net loadings, is thus confirmed to be a highly unlikely event and does not require further
investigation.

7.5. Investigation Summary with mission design recommendations
In this section a summary of the dynamic investigation, from net to satellite dynamics, will be presented,
ending with mission design recommendation.

7.5.1. Net and single rigid-body dynamics

Before presenting the spacecraft results, the net dynamics and internal stress analysis showed that no
particular event could be used as a predictor of spacecraft structural failure (apart from the ASAR-bullet
impact event). This means that the net dynamics are not a sufficient indicator of the mission overall
success. The first risk-related finding was obtained by assuming that the Envisat is a single-rigid body.
The risks related to its dynamics were shown to be lower for translational motion than for rotational
motion due to the satellite’s size and geometry. Nevertheless, two risks were identified related to the
dynamics of the connecting tether and the potential of a chaser-target collision (through a pulley effect),
resulting in a high amount of secondary space debris. Given this, a dynamic towing phase simulation
will be performed in the next chapter, resulting in an optimal tether design.

7.5.2. Two-rigid body dynamics

The second finding was obtained by considering the Envisat as a two-rigid body system. The solar array
was found to increase the aforementioned (single-rigid body) risks and create new problems leading to
net cutting or/and solar array partial breaking. The primary hinge and panel-secondary hinge locations
were found to be critical with the second one being were structural breaking would most likely occur
first, creating a secondary space debris with size 5 x 14.3 m and a mass of 338 kg.

7.5.3. Antenna structural dynamics

Thirdly, the antenna vibrational dynamics and structural analysis were performed. It was concluded
that whereas dynamic failure would not be present, the antenna would most likely break at its dish root
interface due to a combination of shear and buckling failure. This would create a secondary debris as a
0.9 m radius Ka-band antenna dish with the additional 230 mm-long (48.6 mm wide) supporting beam.

7.5.4. Mission design recommendations

Finally, given these results, several recommendations can be made. Three of the recommendations strive
to lower the contact forces experienced by the satellite, with the third eliminating them completely (or
at least to a significant extent) the final one focuses on designing an optimal control system ensuring
optimal control authority and status monitoring.

The first recommendation is to lower impact velocity of 20 m/s used for these simulations, to 2.5 m/s.
This is expected to lower contact loads by a factor of 10 and is more in-line with existing literature.
Additionally, due to the lower velocity, the stability of the penalty-based method (see section 5.2) would
highly improve and the force values’ uncertainty would be diminished. The second recommendation
would then be to design the net with a high dampening effect. This can be implemented by a thorough
material selection and an inflatable thread design, similar to [56]. As with the first point, it is expected
to lower the contact loads and hence the likelihood of failure. Lastly, to limit the severity of a bullet-
ASAR impact, it is recommended to increase the net size. This is expected to reduce the bullet velocity
and the impact likelihood itself. as the net wrapping is more evenly distributed.

Given these three methods, it also be suggested to deploy the net such that to avoid impact and
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wrapping of the solar array. With this method, the solar array would only vibrate due to its base, lowering
not only solar array vibration (seen as increasing dynamical risks in subsection 7.4.2), but also the
structural loads on the PIP and hinge weak location sights. This recommendation would also be simple
to implement and could result in a lower net mass, thus lowering also the chaser mass itself. Furthermore,
in the case of that a control system is wished to be used, the functions and requirements on the latter could
be alleviated by focusing only on tether-length control (see subsection 7.4.1) and on the dampening of
the solar array oscillations during the towing phase (see Appendix C).

The final recommendation is to design an optimal control system for both the chaser-tether system
and the bullets. The first one will ensure that the dynamic perturbations caused by the impact will
be eliminated and should limit any oscillations during the towing phase. The second one relates to
already existing in literature robotic bullet systems with active control [98]. These in turn would ensure
optimal impact, wrapping and net closing under non-nominal impact conditions. With the additional
benefit which could be to design the bullet’s control system to lower the probability of bullet-flexible
appendage hard impact and solar array hinge loadings which were both observed during the simulation.
By decelerating during the wrapping process, the loads on the flexible appendages and connection sights
would be significantly lowered, decreasing the probability of generating secondary space debris.



Sensitivity Analysis of Net-Spacecraft
Dynamics

Given thorough descriptions of all dynamical models, and the results of the preliminary investigation,
a sensitivity analysis can be made, as part of a better understanding which physical net dynamic prop-
erties accentuate secondary space debris generation. With this, it is essential to select the crucial input
parameters and perform a sensitivity analysis.

8.1. Strategy Overview for Sensitivity Analysis

Given the complexity and the interactions of the different models used in this Thesis work (see Chap-
ter 3), two types of sensitivity analysis will be made. The first one will be purely analytical by focusing
on the phenomenological nature of the penalty-based method and understanding to which extent the
inputs have an influence on the normal component of the contact force (see section 8.2). The reason for
this analytical approach is that numerical simulations would only provide the time distribution of the
contact forces, but their magnitude which is highly related to the breaking process is simply computed
analytically.

The second type of sensitivity analysis will focus on the net dynamics simulation, varying two of
all the relevant input parameters presented in Chapter 4 and evaluate their influence on the tension and
contact forces and moments. These should be chosen as part of numerical simulations, as their influence
is the result of an accumulation of multiple dynamic interactions resulting in a non-analytical behaviour.

For the first type of analysis, an analytical evaluation of the effect of net dynamics on the contact
force will be performed. In contrast, for the numerical simulations, the parameters will be chosen via a
selection procedure with their increasing/decreasing impact evaluated on a coarser mesh.

8.2. Sensitivity analysis of the analytical contact force relation
A simple sensitivity analysis is presented here which allows to rapidly and efficiently predict the varia-
tion of net deployment variables without requiring a time-consuming multi-variate Monte-Carlo simu-
lation.

The deployment variables V, and 0., and initial debris body-fixed rotation rate w, o, can be seen to
have an effect, during a frontal impact, on the penetration & and rate &, which can be approximated as

follows: .
§ a2 Ve - cos(0e) £wq - ri/c - sin(§) 8.1

AS~ 6§ At (8.2)

where ;¢ is the point of contact relative position z—component to the debris center and § refers to
the complementary of the normal incidence angle. As these parameters affect an input parameter of the
normal force, it is understood that they will also affect the contact dynamics.

67
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Therefore, by defining a nominal simulation, described with subscript 0, resulting in Fn(&)) and a
maximum possible contact force (F},)maz| éo taken from literature [15], an approximation of the effect
with a different conditions (1) can be found with:

) . 5\ 1 + 3ad, s\ 1 + 3ad;
Fu(b1) ~ Fo(bo) - | = | - —2— < (F)masls, | = | - —2— (8.3)
do 1+ 50[(50 do 1+ 50&60

The effect of other variables is hence limited by this maximum value in order to increase the realism of
the simplified analysis.

Given Equation 8.2 and Equation 8.3, the effect of changing V. and 6. can be quickly determined
without the need of multiple time-consuming numerical simulations. It must be noted that the deploy-
ment and impact time can also be easily altered by a simple velocity ratio in the same manner as Equa-
tion 8.3.

Thus, a simplified and analytical Monte-Carlo analysis will be performed by distributing the inputs
presented in Equation 8.2 uniformly with input-specific ranges. The deployment velocity and angle
will be limited to [0.5,20] m/s and [15,65] deg, respectively [69]. The net node position 7,/ will
also be distributed uniformly from -7.0 m (most extreme position of the Envisat’s hub CG) to 20 m
(second extreme location of the solar array from CG). Lastly, given the potential of space debris rotation
(see subsection 2.8.2), this will be distributed uniformly from [—1.5, 1.5] deg/s with the impact angle
assumed to be normal (£ = 90 deg).

8.3. Selection of Net Dynamics Input Parameters

As an initial observation, one can identify more than six input parameters related to the internal physical
and dynamic properties of the net to fully parametrise the MSD model, seven initial conditions required
to initialise the numerical simulations and two parameters that define the bullet mass and location.

8.3.1. Net and bullets physical properties inputs

To properly define the net dynamics, one must define its material (1), geometry (2), internal tension-
related properties (3) and bullet mass and location (4). Thus there are four main categories observed
which can aid in the selection process. As a initial step, it is decided to fix the net material (hence
fixing the Young’s Modulus E and net density p,¢;) to Kevlar, as this one will be decided mainly in the
beginning of mission design for similar reasons presented in subsection 2.4.1. Furthermore, both the
net mesh size (lp,) and bullet tether length (lo, ) are fixed based on the high sensitivity and limitations
of the contact detection algorithm, and on literature [15, 68].

The net physical parametrisation starts with the geometry being full defined by the net side length
Lt and thread diameter d,. These two parameters will influence the contact detection algorithm, but
also the distribution of stresses in the net and on the spacecraft. Having defined the net geometry, the
stiffness and damping constants (k, and ¢,) follow. By assuming only tension, the stiffness is already
fully defined by the latter variables whereas the damping constant only requires the damping ratio ¢.
This usually is taken in literature as 0.1 [15, 68] to ensure that the net’s EoMs are stable in time. Lastly,
the bullets are purely defined by their mass m; which is usually a free-variable and can be used in the
selection procedure.

8.3.2. Net initial conditions
Now that a geometry is defined, the kinematic initial conditions are essential to initialise the net (de-
ployment) dynamics. These are the following:

1. bullet deployment velocity V,
2. bullet deployment angle 6.,

3. net compact ratio ¢,



8.3. Selection of Net Dynamics Input Parameters 69

4. net-body velocity ratio 7y,
5. Center-of-Mass deviation, Arg, in zz-plane (LVLH-frame) w.r.t the target geometrical center.

From basic intuition, the effect of 7y is assumed to negligible due to the very restricted typical range
of values used in literature [15, 16, 68, 72]. Furthermore, the compact ratio 7, is also assumed to not
have a great effect on any of the important aspects to be considered in this study. Its effect would mostly
affect the net deployment dynamics quality and not its potential to break the satellite’s sub-structures.

8.3.3. Final choice of parameters

To select the most relevant parameters, a similar method to the graphical trade-off matrix will be imple-
mented. The positive, negative or neutral qualitative (or quantitative) influence on the various important
aspects of the capturing process will be evaluated. These aspects with their associated weights of im-
portance (in brackets) and ID are listed below:

» wrapping capability, WP (3/10),

« effect on the distribution of tension forces, DTF (1.5/10),
* severity of the impact, SI (3/10),

* net momentum distribution, NMD (2.5/10).

Both WP and SI are given the highest weights with NMD second, as those are expected to have the
highest influence on the risks of structural breaking. Thus, the lower the wrapping efficiency and the
higher the impact severity, the higher the risk of structural breaking can be expected.

The increasing effects of input parameters on the aforementioned aspects can be found summarised
in Table 8.1, in which green means that there is an expected high variation (score of 100%), blue is for
an expected medium-level variation (80%), yellow reveals little effect (score of 50%), gray is when it
is uncertain if variation could occur (score of 40%) and red when no effects can be predicted (score of
0%). The input parameter(s) with the highest potential will be chosen.

Given these summarising explanations, scores can be attributed and the selection of parameters can
be finalised. The ranking of the parameters with associated scores can be found below.

Bullet mass, my (8.8/10),

net side length, L. (8.5/10),
initial CM deviation, Arq (7.5/10),
deployment velocity, V. (7.3/10),
thread diameter, d,; (5.3/10),
deployment angle, 6. (4.3/10).

A o e

First, interestingly enough, one can identify that the highest scores are given to net physical character-
istics, whereas the third and fourth places are related to the net’s kinematic initial conditions.

Secondly, from the ranking, m; and L,,.; are winners of the selection procedure, with scores indi-
cating a possible significant difference w.r.t the other parameters. However, the difference within the
two pairs: Arg and V., and mj and L, are minimal and cannot be used to definitely reject one or the
other. On the other hand, d, and 0. are clearly not relevant parameters to be used for the sensitivity
analysis due to their considerably lower scores.

Finally, it is decided to not select V., given the fact that the effect of V. will be analysed in the
analytical sensitivity analysis. Additionally, as it would be more optimal to vary the type of parametric
input type for this sensitivity analysis, it is decided to select both the bullet mass and CM deviation.
Last but not least, it is also decided to perform the simulations assuming a frontal impact without sim-
ulating deployment. This is due to the fact that the main deployment characteristics are dominated by
Ve and 6., and as these were not selected there is no need for net deployment numerical simulations.
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Table 8.1: Graphical Trade-off matrix between possible sensitivity analysis parameters with dynamical aspects. Column
width is proportional to the aspect’s/criterion’s weight.

Input

Aspect

Lnet

Aro

WP (3/10)

Whereas a minimum
dg is essential to not
break, increasing d,
has little effect above

the minimum value.

[Yellow]

Above the minimum

30-45 deg, an in-
crease should not
change wrapping.

[Yellow]

DTF (1.5/10)

my affects the
net corner ten-
sion, with little
effect on the to-
tal stress distri-
bution.[Yellow]

SI (3/10)

Contact forces are ex-
pected to have some
limited variation. [Yel-
low]

8.4. Risks as a function of net input parameters
As a first step, the analytical sensitivity analysis will be presented followed by the numerical type and
a final summary of this secondary investigation of the net physical and dynamical properties.

NMD (2.5/10)

Deviations
should

result

in variations
of momentum

exchange.
low]

[Yel

8.4.1. Analytical evaluation and mitigation of risks related to contact-force model
First, the sensitivity of ), w.r.t each input parameter will be estimated to select which one will be used
to check under which conditions failure occurs.
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Analytical risk evaluation
The sensitivity results can be found in Figure 8.1.
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Figure 8.1: Sensitivity Results from a Monte-Carlo population on normal force variation w.r.t deployment initial conditions
Ve (with « variation), 6. and spacecraft initial conditions wg,0 and location of impact ;¢

A first observation from Figure 8.1c and Figure 8.1d shows that due to the small allowable range
of wq o being only from -1.5 to 1.5 deg/s, its variation and that of ;, show no particular pattern. This
is due to their multiplicative combination wg o - 7;/c in Equation 8.2. Thus, in the case of small values
of wy o, the target’s rotation rate is not an interesting parameter to evaluate its effect on the potential of
structural breaking-off. Whereas the impact location also does not result in any specific trend, it is still
important as it will dictate the magnitude of the contact moment.

A second observation can be made for the deployment initial conditions V. and 6. in Figure 8.1a
and Figure 8.1b. As expected, varying V. from 0.5 to 20 m/s results in an overall F;,-variation of one to
two orders of magnitude (depending on «). This is due to the approximate 6"+ term in Equation 8.3.
Additionally, an increase in the contact parameter o shows, for high values of V, an approximate
gradual increase in the force (Figure 8.1a) as can be predicted from Equation 8.3. In contrast with the
latter are the results shown inFigure 8.1b. One can observe that the distribution of these values for 6,
is less pronounced for intermediary Fj,-values. The maxima and minima are still affected by highly
varying 6., but only by a factor of 1.6. This is confirmed in how 6.-values are distributed in Figure 8.1c
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and Figure 8.1d, compared to the regular trend for V.. Thus, it can be concluded that only V, can be
considered to be a clear indicator if secondary-space debris could be generated.

Mission design risk mitigation strategy

Let us now recall that from a 20 m/s-frontal impact, breaking-off of the Envisat’s solar array and Ka-
band antenna occurred at two specific locations. Given the results obtained in this section, it is now
possible to evaluate the variation of the maximum hinge-panel interface moment and structural stresses
as a function of the impact velocity. This would allow to estimate the maximum impact velocity, and
hence given a deployment angle, the maximum allowable deployment velocity. The results for the PIP
interface and antenna dish root can be found in Figure 8.2.
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Figure 8.2: Sensitivity plots of structural breaking indicators as a function of impact velocity.

From Figure 8.2a and Figure 8.2b, two maximum allowable impact velocities are obtained being
12.0 m/s and 2.50 m/s respectively. Therefore, the aforementioned shows that the solar array structural
integrity is more critical and highly constrains the impact velocity to a fourth of the simulation scenario
results presented in Chapter 7. Thus by limiting the impact velocity to 2.0 m/s (1.25 ultimate safety
factor), both the Ka-band antenna and solar array will not break. Using Equation 4.13, this can be
ensured by an optimal combination of V. and 6., resulting in the mission design constraint:

4 my
R - Ve - cos(fe) < 2.0 m/s. (8.4)
8.4.2. Risk and mitigation evaluation via numerical method
Before presenting the numerical results it is decided to normalise the bullet mass w.r.t the total net mass
in order to provide a general suggestion for the net design. Additionally, the interval of bullet-to-net
mass ratio mp/mye is: [0.125, 2|, with my/mye; = 0.75 corresponding to the nominal simulation
from Chapter 7. The deviation of the net is focused on the x-direction with an interval: [—10, 5] m.
Furthermore, to alleviate the computational time, the time step is set to At = 0.75-10~* s and the total
simulation time is limited to 10 s.

Risks of net dynamics and tensile breaking
Given the set of input parameters in Chapter 7, only the effect of m;,/m,.; variation on net dynamics
will be checked. The entire net dynamics sensitivity results can be found in Figure 8.3.
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Figure 8.3: Sensitivity Results on net dynamics as a function of varying bullet mass (with step size At = 0.75-10™* s and
total simulation time of 10 s).

First, an overview of the trends can be analysed and verified. One can see from both Figure 8.3a
and Figure 8.3d, that as my,/m.,.; increases, (mean) tension and net mouth proper increase, respectively.
In fact, as the bullets become more massive, the mean maximum tension felt by the net increases from
2% to 15%, with the minimum net mouth proper increasing from 20% to 27.5% (decreased wrapping
capability). With only these two sets of results, it could be assumed that a high bullet mass is undesirable.
However, as their mass increase, their maximum velocity decreases (see Figure 8.3¢), from a mean value
of 32.5 m/s to about 21 m/s (approaching the impact velocity). This decrease and the general lack of
trend for the minimum mean velocity suggest the inverse of what was previously mentioned, as a high
maximum velocity can lead to a hard impact breaking the solar array or ASAR antenna.

Secondly, it can be seen from both Figure 8.3b and Figure 8.3d, that above mp/mpe: > 1.50, the
net breaks (Ty,q: /T > 1) at the thread location of one bullet. The bullet is thrown into space (see
quasi-linear variation of CM in Figure 8.3b after ¢ = 5 s) resulting in 1-10 cm-sized secondary debris.

Lastly, given these results, it is suggested to have the mean maximum and absolute maximum tension
ratios below 10% and 50% as a safety requirement to avoid that any internal damage/imperfections
result in tensile or lateral breaking. Thus, to allow for optimal capture whilst not breaking the net, the
following interval is suggested:

0.25 < my/mper < 1.25. (8.5)



8.4. Risks as a function of net input parameters 74

Structural risks

The second part of this study is to investigate the effect of changing bullet mass and CM deviation on
the structural breaking indicators (7,4, and Mg, ) as done in Figure 8.2. The results for the bullet
mass and CM deviation can be found in Figure 8.4.
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Figure 8.4: Total Sensitivity Results on breaking indicators as a function of varying bullet mass and CM deviation.

First, with these results one can identify common traits in Figure 8.4b and Figure 8.4d between
increasing the bullet mass and translating the net in the positive x-direction, leading to an increase in
the mean structural moment experienced by the hinge-panel interface. This is due to the fact that as
the bullet mass increases, the transferred increase in momentum is directly applied at the solar array.
For Azcr, as the net is sent towards the solar array (away from the main body), this also increases
the experienced loads (Figure 8.4d). The significantly higher maximum shear values of 300 MPa in
Figure 8.4c are thought to result from the increased step size used for the sensitivity analysis, compared
to the nominal case Azcaro = 0. A final note can be made on the maximum impact moment, which
does not vary with my,/m,.; (see Figure 8.4b) as the contact force is not dependent on m,.

Secondly, to further explain the results, the same pattern (with same drop at the nominal value) can
be observed for the net tension in Figure 8.5.
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Figure 8.5: Sensitivity result of the maximum and mean tension ratios as a function of the CM deviation.

As the net is sent towards the main body (negative Azcy), the antenna is directly in contact with the
net, leading to higher shear stresses (see Figure 8.4c). This is not the case for Azcaro = —10 m, in
which the net is barely able to wrap around the Envisat’s solar array leading to a decrease in mean net
tension (as observed in Figure 8.5) and thus a decreased stress. Additionally, as the net is sent towards
the solar array (positive Az o), the maximum shear stress of the antenna increases. An explanation
for this is that while Az increases, the net wraps mostly the panel, decreasing the hub wrapping.
As this occurs, the tightening (see Figure 8.5) around the Envisat hub end increases, leading to a higher
Tmaz- Therefore, there is a direct relationship between mean tension and the Envisat’s stresses.

Dynamical risks

The last and final step is to present briefly the sensitivity, represented as relative dependencies (see
methodology in [69]), of the rotation rate and solar array deflection, which can be found in Table 8.2.

Table 8.2: Relative sensitivities for the selected simulation inputs on the object’s rotation rate and solar array deflection.

Dynamic parameter  my/m,-Sensitivity [Yo] Az caro-Sensitivity [%]

Mean rotation rate 85.46 17.76
Array max. deflection 361.4 —21.58

By analysing the results in Table 8.2, an increase in bullet mass can be seen to be highly detrimental
both in creating higher space debris oscillations and leading to fracture of the solar array (with a critical
dependency above 100 %). Additionally, a decrease (towards negative values) of Az, can be seen
to be advantageous as it decreases the maximum solar array deflection, whilst not increasing highly the
space debris rotation rate (see relatively small Ax ¢y o-sensitivity magnitude).

8.4.3. Conclusive mitigation strategies from numerical method
Thus, it can be concluded that changing my,/mye: and Az M0 leads to different risks. Whereas, it is
essential to keep a sufficiently large bullet mass to properly propel the net forward, the same interval as in
Equation 8.5 is suggested (due to the low variation in array structural moment above mp/mpe; > 0.75).
The need to send the net towards the main body is the second result of this analysis. Thus, the
solar array is less affected by the net impact loads. Therefore, in order to also limit T}, /Ty < 0.5
(see Figure 8.5), it is suggested to only capture the Envisat’s main body, corresponding to a —10 m
deviation (or -13.3 m when corrected), and leave the solar array free. However, as high space debris
rotation rates can be expected (see Table 8.2), an analysis of the array free vibrations during towing is
required to limit the resonance between the tether and the appendage (see Appendix C).






Model Verification and Validation

9.1. Defining Verification and Validation

There are many definitions of Verification and Validation present in literature and industry. In this
Thesis, the focus is on modelling and not specifically on designing a system. Thus, verification focuses
on simulation and modelling implementation and if the simulation model(s) used correctly describe the
chosen physical models. Within verification one must check if the numerical simulation results are as
expected with the known attributes of the associated physical model, e.g., the case of the numerical
contact dynamics model which should show a hysterisis loop behaviour. To fully verify all the results,
the individual models and their associated interfaces described in section 3.1 will be verified.

Finally, validation is defined in this Thesis as checking if the numerical simulation results actually
conform with reality or the physical problem. For this, one might design an experimental test case in
order to show that the numerical results are close to reality. One can also use an already widely used
validated model to validate the obtained numerical results.

9.2. Verification of Net Dynamics Modelling

In order to verify the numerical results from Chapter 7, first the net deployment dynamics will be
checked to see if the MSD behaves as expected. Then a simplified test case will be used to verify the
contact dynamics model. Lastly, the integration of the shape model and net contact dynamics is checked
using three different shapes.

9.2.1. Multi-Spring Damper net dynamics verification

Two different aspects of the tether-net dynamics will be verified. This will start, by verifying the ini-
tialisation and entire net deployment dynamics and lastly by identifying that specific net deployment
dynamic characteristics are present. The latter also refers to the connection point between the tether and
the main net body. Due to the importance of this connection for the towing phase, this interface should
be thoroughly verified. Thus, the net dynamics verification process will then end with the checking of
the additional tether-net body connection by simply limiting the tether length to a small value.

Verification of correct sequence for deployment dynamics
First, the deployment characteristics of a 20 m x 20 m net (discretised by 25 side nodes), deployed
with velocity V. = 30 m/s and 6, = 45 deg can be found in Figure 9.1.
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Figure 9.1: Deployment sequence of a 20 m x 20 m net dynamics, discretised with 25 side nodes, a deployment velocity
and angle of V. = 30 m/s and 0. = 45 deg.

With Figure 9.1, the correct behaviour of deployment dynamics and spring-backwards effect asso-
ciated to the MSD modelling can be observed [68]. Lastly, the capture distance (see Equation 4.12)
computed analytically to be dcqp: = 16.3 m is confirmed numerically at ¢ ~ 0.9715 s, when the net is
at its highest deployed area point. Thus, the net internal dynamics verification test is successful.

Tether connection to chaser verification
The final verification is a tether limit test which verifies the tether-net interface in Figure 9.2.
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Figure 9.2: Sequence of the 10 m x 10 m net dynamics, discretised with 100 nodes, a frontal velocity V,e: = 30 m/s, a
tether length of 2.5 m and a chaser mass of 500 kg.
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As can be seen from Figure 9.2, the net simply moves forward until ¢ = 0.0671 s, which from that
point, it has travelled exactly its tether length. After that, the pulling effect of the tether starts, and the
connection point stays fixed to the chaser. Additionally, the chaser (represented in black), seems to not
move due to its significantly larger mass of 500 kg compared to the net’s total mass of 0.95 kg.

When the chaser mass is artificially reduced to a small value of 0.5 kg, the chaser is found to be
propelled forward (travelling a distance of 2 m after 0.4 s). This is in accordance with the conservation
of linear momentum, where a velocity change of 57 m/s is expected. Furthermore, the aforementioned
means that with a sufficiently massive chaser, no significant errors in the net attitude dynamics are
expected to occur. Given these results, the tether connection and coupling to the chaser’s dynamics are
verified.

9.2.2. Contact dynamics model verification
In order to verify that the contact dynamics provides the correct results, a simplified test case of a falling
and bouncing ball can be used.

The verification can be complete if four different aspects are identified: first the height must expo-
nentially decrease after each bounce, secondly the normal force is always positive, thirdly a complete
hysterisis loop is present and, lastly, the contact normal force as a function in time is a skewed impulse.
The results associated to this simple test case can be shown in Figure 9.3.
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Figure 9.3: Contact dynamics test case: a falling 1 kg-ball with 0.1 m radius from rest with ground constant o« = 0.08.

First, as can be seen in Figure 9.3a, the altitude of the ball exponentially decreases due to the loss of
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energy (the impact is assumed to be inelastic). Secondly, the normal contact force is never negative (see
Figure 9.3b) and decreases as the impact velocity decreases. Lastly, the force characteristic hysterisis
loop as function of virtual penetration ¢ and its skewed impulse behaviours are also both present in
Figure 9.3¢c and Figure 9.3d. With the aforementioned results, the contact dynamics model is verified.
This test has also been performed successfully during the contact between the net and space debris.

9.3. Verification of Shape Contact Model Integration

Due to the complexity of the Envisat mock-up model which is comprised of multiple cuboids, cylindrical
connections and a spherical mock-up antenna, it is essential to verify individually if the net model is
able to handle multiple different shapes. Furthermore, space debris have different shapes, making it
essential that to verify if the net model can capture all shapes correctly.

9.3.1. Capturing sequence of shapes and composites
The capturing sequence for the cuboid, spherical and cylindrical shapes can be found in Figure 9.4.
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Figure 9.4: Capturing sequence for cuboid (first column), sphere (second column) and cylinder (last column), all with
equivalent size (2.6 m) for a 25 m x 25 m net, discretised with 27 side nodes, and a frontal velocity V.. = 25 m/s.

As can be seen from Figure 9.4, the net model is well integrated with all three of the shape models,
contact algorithms and also contact dynamics.
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Lastly, as a final step it is essential to see what occurs for a composite cuboid such as a satellite. For
this, the Jason layout (Figure 2.4.2) is used and the capture sequence can be found in Figure 9.5.

t=0.0201s]) t=0.2618 [s]

L

t = 4.1988 [s]

Figure 9.5: Capturing sequence for Jason-type satellite (1 m x 2 m x 3.7 m with 6 m-long arrays) for a 30 m x 30 m net,
discretised with 32 side nodes, and a frontal velocity Vy,er = 25 m/s.

The net model can be seen in Figure 9.5 to successfully capture a complex shape model with optimal
wrapping. However, as a final note, it is essential that the thickness of the solar arrays is set to be around
the mesh length [y, of the net. This is necessary to ensure that the contact algorithm detects correctly
the collision with the array’s sides. The latter does not affect the realism of the contact loads, as the
increased thickness ensures that only one net segment touches the thin structure.

Thus, it can be concluded that the contact detection algorithm, the shape models, and the contact
dynamics of the net are behaving as expected and are verified.

9.3.2. Net breaking and shape model verification
The last verification test as part of verifying the combined net deployment and contact dynamics, is
to check that given the condition of tensile breaking of the net, the program successfully models net
breaking whilst still capturing an object.

To observe net breaking, a 17 m x 17 m net discretised by 21 side nodes is sent towards a cuboid
shape with a high impact velocity of 50 m/s and bullet masses of 0.610 kg. "The results of this verifica-
tion case can be found in Figure 9.6.



9.4. Net Deployment and Contact Dynamics Validation

82

-
o

=
@

e
o

=
S

e
b

=)
o

Number of breaking events [-]

T T T T T T
0.45 0.50 0.55 0.60 063 L]

=
el
e
4
=

030
Time [s]
(a) Number of thread tensile breaking events as a function of time
for the 50 m/s net impact.
t = 0.6415 [s]
B
.
L% S AW it 50
L«
L X
] eeg 25,
a*1s ., I..‘ E
% 0.0 =,
O. N
" -25
L
=5.0
=1.5
—.

58
=

00 25 50 75 104 125 150 17.5 200
m

(¢) Side view visualisation of at least three broken threads at
t = 0.6415s.

I N R = Thread 350
107 4 =+ Failure Load: Fna: = 2199.11 [N]
Lo}
=
— 10! 4
c
S
v 1wt
3
=
ho] 107?
[1+]
p
I'E 10
1077 1

0:3 D.I4 Ojﬁ G'.I?

Time [s]

0.5

(b) Thread (number 350) tension time series with ultimate tensile
force, breaking at ¢ = 0.315s.

[t = 0.7261 [s]|
=
H
=
-
73 ..., 1
5.0 ‘e, 2
N 25 - ~ [ ]
'§' 0.0 %
‘-
—_25 ]
-5.0 L] 75
. 5.0
2.5
- 0.0 <€\\
20.0 —25 8
17.5
15.0 1, ¢ 50 *
yf; 100 75 _, -15
mj 025 4,

(d) Final capturing time-shot at t = 0.7261 s, showing successful
capture with a net area index of 40%.

Figure 9.6: Verification results of a 17 m x 17 m net (discretised by 21 side nodes) high impact velocity (Ve = 50 m/s)
with a cuboid (3.9 x 3.25 x 3.9 m).

With this capturing scenario, one can see from Figure 9.6a, that four tensile breaking events have
occurred after ¢ = 0.3 s, with three being nearly consecutive and the final one at ¢ = 0.48 s. The result
is confirmed by the time series of one of the breaking threads (number 350) in Figure 9.6b, which after
breaking must be set to zero as it is in fact the case. At least, three threads can be seen in Figure 9.6c,
showing that a breaking thread with one node does not mean that all other connections should be broken
(as the nodes stay connected to the main net body). Even with these four events, which constitute a
significant failure for the net structural integrity, a successful capture is still possible, with the contact
dynamics, shape and net model interfaces still working.

All four models are hence verified not only individually but their connecting model interfaces have

also passed their related verification tests.

9.4. Net Deployment and Contact Dynamics Validation
The validation process will be implemented visually, using an existing deployment and contact dynam-
ics model by Shan Minghe [68], which has been validated through a deployment experiment [76].
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9.4.1. Validation inputs and simulation scenario

The validation simulation scenario consists of the capturing of a cube space debris object with a side
length of 0.12 m, placed at a capturing distance of 1 m [68]. A secondary simulation has been done for
a spherical debris too and can be found in Appendix D. The input parameters for the validation process
can be found in Table 9.1 and Table 9.2, with the RK4 integrator and step size of 107 s.

Table 9.1: Simulation net dynamics inputs similar to [68].

Table 9.2: Contact detection and dynamics inputs.

Input sets  Value (unit) Input sets Value (unit)

(Lnet, lo,) (0.48m, 0.08 m) (Rq, Ry) (0.8 mm, 1 cm)

(kg ¢q) (1.094 - 103 N/m, 0.02 N/(m/s))  (ps, pi)  (0.1,0.152)

(Ve, 0e) (1.50 m/s, 25 deg) (kn, dp)  (1.31-103 N/m'9,1.97-102 N/(m?*s))
mp 0.05 kg (o, B, v;) (0.1, 10° Pa, 0.3)

9.4.2. Validation results
The visual comparison of the results can be found in Figure 9.7, with the proposed model in Figure 9.7b

and validated model in Figure 9.7a.
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(a) Visualisation of net deployment and contact dynamics sequence of a 0.12 m-side length cube debris using the
validated model (image retrieved from [68].)
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(b) Visualisation of net deployment and contact dynamics sequence of a 0.12 m-side length cube debris (own model).

Figure 9.7: Visual validation comparison results given the simulation scenario (top: validated model, bottom: own model).
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First, by comparing Figure 9.7a and Figure 9.7b, one can see that the model is virtually the same,
with a minor difference. The latter refers to how the proposed model is found to be slightly ahead in
time w.r.t the validated model. Specifically, this can be seen at £ = 1.4 s, in which the closing is more
advanced than the validated model.

An explanation for the aforementioned is thought to be related to the tether stiffness at the net edges.
In fact, as explained in [68] and found in the model input file, the edge stiffness of the validated model
is set to be higher than for the internal threads. With stiffer edge threads, the flexibility of the net is
reduced which is clearly the pattern found in the validated model at ¢t = 1.4 s.

The second reason might be related to the contact model itself. The validated model directly imple-
ments the contact forces and applies these to the net, whereas the proposed model uses a hybrid model
that imposes kinematic constraints obtained through integrating the penetration EoMs (see section 5.2).

Lastly, the initial conditions of the net state is not the same. For the validated model, the net is
packed in a specific folding sequence (see [68]), whereas the proposed model is simpler by simply
reducing the net size by a factor n,,¢;. Even though this difference exists, the overall behaviour is nearly
identical and any combination of the three major differences in the model are still justified.

Given the success the visualisation part of the validation process, a secondary result related to the
bullet displacement as a function of time will be used to confirm the validity of the model. The bullet
displacements can be found in Figure 9.8.

1.5
S
= E
= 1f —%—y (w.om) | ] .
g Z (w.om) o
% —#—x (w.m) %
1 — & -y (wm)
% 0.5 Z (w.m) E
A | —2—x(aNCF) a
A S| —+—y (ANCF) )
o z (ANCF) | |
N L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 0.0 02 04 0.6 08 10 12 14
Time [s] Time [s]
(a) Bullet displacement of the net deployment and contact dynamics (b) Bullet displacement of the net deployment and contact
sequence of a 0.12 m-side length cube debris using the validated model ~ dynamics sequence of a 0.12 m-side length cube debris (own
(directly retrieved from [68].) model).

Figure 9.8: Visual validation comparison results given the simulation scenario (left: validated model, right: own model).

To finally validate the net MSD and contact dynamics, a comparison between the validated (see the
”w.0.m” case of Figure 9.8a) and own model (Figure 9.8b) bullet displacements, shows that the linear
trends and values for the y-direction (z-direction for the validated model) are the same. Furthermore,
the two other axis displacements are also very similar in trend and values.

The aforementioned difference between the two models is again confirmed with these results. As
it can be seen, the slopes of the z— and z— displacements change at ¢ ~ 0.7 s for the validated model
(see Figure 9.8a), compared to ¢ = 0.67 s (see Figure 9.8b). This confirms the delay argument, with
the difference being the edge thread stiffness. Given this and the additional test for a spherical debris
in Appendix D, the net deployment and contact dynamics model has been validated.

9.5. Spacecraft Dynamics Verification

The final step in the verification process of the capturing net-spacecraft dynamics modelling is to in-
dependently verify the spacecraft dynamics model. This can be done in a two-step process: first the
magnitude of the input contact forces needs to be verified, and secondly the dynamic model of the space-
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craft (translational and rotational) will be checked by applying known inputs and verifying if expected
outputs are observed.

9.5.1. Contact loads verification
In order to verify that the magnitude of the forces is correct, one can compute the total impulse on the
spacecraft and compare it to the maximum AV obtained using the principle of impulse and momentum
conservation.

From the specific case with V,,; = 20 m/s and m¢; = 12.7 kg, the maximum allowable forward

AV is computed using:

AV = Vet Vnet ©.1)
msc + Mpet
which results in AV = 0.032 m/s.
The total impulse, I, experienced by the spacecraft during contact and wrapping (of ¢y duration)

is calculated using:
Ly
I, = / F.dt, 9.2)
0

resulting in a magnitude of 203.9 Ns. The latter can be translated into a velocity impulse by dividing
it by the spacecraft mass resulting in a velocity increment of 0.026 m/s. Thus, the actual magnitude is
lower than the allowable value.

The latter means that the maximum magnitude of the forces does not violate the principle of impulse
and momentum conservation as it results in a lower impulse. Secondly, this observed difference of
around 6 mm/s is due to the wrapping process in which the direction of the bullets changes from the
”forwards” to ”backwards” directions resulting in a ”negative” AV". It can be concluded that the contact
forces themselves can be assumed to be realistic and valid.

9.5.2. Input-output model verification

With the contact loads verified, it is now important to perform an input-output verification test of the
spacecraft dynamics model. For this, a load in the y-direction will be applied on the spacecraft. The
satellite’s single rigid-body reaction both in translational and rotational dynamics will be compared to
analytical equations. Lastly, the solar array vibrations will be added leading to additional terms in the
EoMs of the main body.

Single-rigid body dynamics verification

A constant force with a magnitude of 10 N is applied on the Envisat for 50 s at a body-relative position
rijcq = [5, 0, 0]7 m. With this type of simplified loading, two (approximate) quadratic analytical
relationships associated to the satellite’s y-translation and Z-rotation can be used:

1 F. .
y(t) = §m7;’ct2 + Yot + Yo, (9.3)
1 M,, .
07(t) = 37 t2 + Oz, + 07, (9.4)
Z7Z

where ¢ is the time and I, is the satellite’s MMOI around the Z-axis. Given this, the satellite’s trans-
lational and rotational reactions can be seen in Figure 9.9.
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Figure 9.9: Verification results of an applied constant force of 10 N in the y—direction (L-frame) at ;/c = [5, 0, 07,
inducing a contact moment and a rotational reaction represented in angular displacements (using the odeint Python
integrator, a time step At = 0.01 s and relative and absolute tolerances of 10~ *2).

First, it can be noted from Figure 9.9a and Figure 9.9c¢, that due to the fact that two different reference
frames are used, F¢, induces not only a Z—direction (body-fixed) moment but also generates two other
minor moments (due to the body-frame rotation). This is as expected and is also the main reason why
one can see from Figure 9.9d that the other two angles (6 x and fy-) also change to a significant extent
(mainly linearly as M, = 0 after ¢ = 50 s). The second reason for their variation is the coupling
between the axis that is present from the rotational EoM (see Equation 6.8).

Secondly, the numerical behaviour of the main motions in y- and Z-directions can be seen in Fig-
ure 9.9b and Figure 9.9d, to fit very well the predicted analytical relations. In fact, as the contact
force is set to 0 (no linear or angular acceleration), the approximate quadratic behaviour becomes an
approximate linear behaviour. These two different trends are confirmed by the linear and then constant
variation of their respective derivatives, which reach a plateau of 0.0639 m/s and 0.577 deg/s, which
can be identified as the respective slopes after ¢ = 50 s.

Lastly, from Figure 9.9b, two small displacements in z- and z-directions can be noted, with the x
perturbation being more prominent. This can be explained through the translational EoMs themselves
(see Equation 6.6), in which only a coupling between the x- and y-directions exists, with the z-direction
being an uncoupled a harmonic oscillator. Thus, this coupling and the similar trend for the z- perturba-
tion, explains the observed behaviour.

The spacecraft single-rigid body dynamic model is conclusively verified and the inclusion of the
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solar array vibrations can now be added.

Two-body dynamics verification

The addition of the solar array induces an inertial torque M 54 ; which leads to a coupled rotational
reaction with the satellite. Thus, to verify that the two-body spacecraft dynamics model is correct, the
same verification test is used. For this test, three typical trends should be present and identifiable. The
additional moment and the satellite’s reaction can both be found in Figure 9.10.
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Figure 9.10: Verification results of an applied constant force of 10 N in the y—direction (£-frame) at 7;,c¢ = [5, 0, 0"
on the Envisat dynamics and with added solar vibrations with an initial condition 85, = 2 deg (odeint integrator is used with
a time step At = 0.01 s and relative and absolute tolerances of 10~2).

First, the solar array can be seen to behave as a simple damped oscillator in Figure 9.10a. This
is due to the dominant term — (k05 + dyf) in Equation 6.15. The analytical half-time (not including
coupling) is 68.9 s. However, 58 s can be found from Figure 9.10a. This is due to the coupling, which
adds a damping term from Equation 6.14. Hence, the solar array motion behaviour is as expected.

Secondly, Ay seems to hardly be affected and 0, can still be well approximated by Equation 9.4
(all compared to Figure 9.9d). The lack of variation in the Y —direction is expected due to the induced
torque magnitude behaviour being highly damped (see Figure 9.10b). Furthermore, both MMOI around
the Y — and Z—directions are significantly higher compared to the remaining direction (see Table 7.3).
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Thus, for both directions, induced angular accelerations remain small, consequently leading to similar
trends observed in Figure 9.9d. The oscillatory behaviour for the rotation rate (Figure 9.10d) is thus only
the product of the damped oscillations of the additional induced torque in the Z-direction (Figure 9.10b),
as it still can be seen to reach a mean plateau at around ¢ = 80 s of 0.57 deg/s (similar to the single-rigid
body response).

The final observation is that due to the additional induced torque created by the solar array (see
Figure 9.10b), the rotation around the X -axis 6 x and fx, is highly affected as can be seen in Figure 9.10¢
and Figure 9.10d. In fact, the coupling with the solar array leads to unstable dynamic behaviour in
the X —direction as the induced torque increases with the angle’s rotation rate as well. This unstable
behaviour is expected and has been already identified in literature [36] and is related to the fact that
I,  1s one order of magnitude smaller than for the other two directions (see Table 7.3).

In conclusion, all three predictions for the two-body dynamics model were observed confirming
that the model is correct and verified.
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Conclusion and Recommendations

In this chapter, a summary of the results and associated Research Questions answers obtained from
all three investigations will be presented in section 10.1. These investigations consisted on a main
frontal impact case study, a sensitivity study on the simulation parameters and, lastly, a tertiary study
on the towing effects on the space debris object solar panels. This chapter ends by presenting potential
recommendations for future work in section 10.2.

10.1. Conclusions associated to Research Questions

Due to the ever growing threat of space debris, a net capturing strategy for ASDR mission has been pro-
posed and analysed throughout the literature. However, what was found to be lacking was the analysis
of the effects of net capturing on the space debris itself, specifically related to the risks of generating
more space debris.

After analysing the literature, the goal of the Thesis was set and a general theme (GT) was defined,
focused on what are the Risks of Secondary Space Debris Generation from Net Capturing in ASDR
mission. To answer this open theme, two main Research Questions (RQ) were derived, relating both
to the risks themselves and what contributes to the generation of secondary space debris (RQ1), and
secondly, what preliminary measures can be put in place to mitigate those aforementioned risks (RQ2).

Before presenting further the various sub-research questions and their associated answers, it is es-
sential to mention that this work is presented in the form of a preliminary mission design investigation.
ESA’s largest space debris, the non-operational Envisat satellite, has been selected as the main case
study, not only due to its considerable threat and size, but also due to its multiple flexible appendages
which were thought to show the highest level of structural breaking risk. Thus, this work started by
preliminarily defining and selecting how space debris generation can be defined and which risks are to
be prioritised in Chapter 2. Within the same chapter, the Envisat target is selected and is consequently
simplified to a mock-up version used for the main investigation simulation scenario. An overview of
the modelling strategy for such a multi-disciplinary project was required and was defined in a sequential
manner in Chapter 3. All dynamic models followed, from the net MSD deployment and penalty-based
method contact dynamics in Chapter 4 and Chapter 5, to the spacecraft single and two-body rigid dy-
namics and structural modelling in Chapter 6. The first part of the investigation followed using as a
main case study the 30 m x 30 m net 20 m/s-impact with an Envisat mock-up (see Chapter 7). Sec-
ondly, a two-part sensitivity study was performed to complete the investigation in Chapter 8, with the
verification and validation of the results implemented in Chapter 9. Lastly, a tertiary study was focused
on the towing phase in Appendix C, in which the simulation was further simplified.

89
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With regards to the Research Questions, several answers and associated conclusions were made.

RQ1) How can the risks of secondary space debris generation for net capturing ASDR missions
be modelled?

RQ1.1) How can secondary space debris generation be defined?

» Secondary space debris was specifically defined as the breaking of the satellite
sub-structures and the net threads. The unsuccessful capture, due to net slip-
ping or sub-optimal wrapping was considered, but the secondary space debris
generation definition is limited to failure, break-off and ejecta.

» Two main sources of risks were identified, relating to the net-tether and space
debris systems. For net tether-related risks, tensile breaking during the captur-
ing phase has been found as the main candidate of risk, whereas for the space
debris, long flexible appendages breaking due to shear, bending and vibrations
were identified.

RQ1.2) Which simulation scenarios and mission phases are adequate to model secondary
space debris generation using net capturing?

 The Envisat satellite has been modelled as a composite cuboid mock-up with its
main solar array, ASAR and Ka-band antenna dish modelled as a spheroid. The
solar array thickness has been artificially increased for contact to be detected.
During the capture, the attitude of the Envisat is taken in its A-configuration
(see subsection 2.8.2), and initial rotation rate of 1 deg/s.

* A frontal 30 m x 30 m Kevlar 20 m/s net impact is simulated, by modelling the
net as a MSD system with equally distributed mass along point masses (called
net nodes).

+ Contact between the net and Envisat is modelled using Hertzian theory in which
the normal force is computed via the non-linear damping model and friction is
based on Hollar’s model. Due to the limitations of this penalty-based method,
the model is re-formulated to a hybrid formulation with kinematic constraints.

* Lastly, the Envisat is modelled first as a single rigid-body and later as a more
refined two-rigid body system with a Single-Degree-of-Freedom (SDoF) hinge
connecting the solar array to the main body.

RQ1.3) What are the main factors which contribute to the risk increase related to the
physical and dynamical interactions between the tether-net, chaser and space
debris?

* With regards to the net’s structural integrity, the impacting velocity, bullet
mass and total net size are considered as potential factors of net breaking. The
bullet mass effects were investigated and a sensitivity analysis limited the pa-
rameter to 1.25 times the net mass. During verification, the net size was found
to result in tensile breaking, if the parameter was not large enough compared to
the object size. The deployment velocity of 50 m/s was also a main contributor
to net structural breaking.

* Due to the impact velocity of the net, the maximum magnitude of contact forces
and moments was found to be 8000 N and 10° Nm at impact, later followed by
re-occurring +£1000 N and +10% Nm loadings.

* The vibrational motion of the solar array (for the two-rigid body dynamics),
associated to a high coupling results in aggravated rotational related risks.
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» The Ka-band antenna was found to not fail due to structural vibrations. How-
ever it was observed that due to its 2 m-length and thin supporting structure,
failure can occur when loaded in bending, shear and compression.

* With regards to the impact force magnitude only, the rotation rate was con-
cluded to not be a factor of structural breaking.

* Finally, as part of the towing modelling (see Appendix C), the chaser mass,
tether stiffness and propulsion force were all found to be high contributing
factors of a resonance coupling between the solar array and net-tether. Addition-
ally, due to the solar array large geometry, the design space for these parameters
was found to be limited.

RQ1.4) What are the relevant results from RQ1.2 and RQ1.3 that can be used to char-
acterise the generation of space debris?

* From the main simulation scenario, first related to the net structural integrity
itself, no tensile breaking was found. During the wrapping process, however
one bullet was found to impact the ASAR antenna (with a 1 kN force) and lead
to a momentarily decrease in the net’s wrapping capability. However, apart
from the latter, an impact velocity of 20 m/s was considered to be safe w.r.t the
net’s structural integrity alone.

* Given the magnitude of the contact loads from net-satellite contact, and assum-
ing a single rigid-body Envisat model, rotational dynamics were found to be
the highest inducing risk indicator of structural breaking, due to the inability of
the net to properly damp the rotation rate of the satellite. Thus, this can result
in a potential pulley-effect with the chaser [75], which consequently leads to a
collision.

* Furthermore, a maximum deflection of 5.2 deg was found for the 16 m-long
solar array which could result in a combination of net-solar array breaking.

* From four identified weak locations of failure, all being related to structure in-
terfaces, two were found to be the most critical. These are the solar array-hinge
interface (PIP) and the Ka-band antenna dish and supporting beam connection.
The first is related to the design being focused only on stiffness and not strength,
whereas the second is due to the small thickness of the supporting beams of the
antenna. For the second, an excessive shear load of 134 MPa combined with
unstable buckling and an uncertainty in its material properties, showed a high
likelihood of structural failure.

* Due to bending, shear and buckling failure, two large secondary space debris
objects are thought to be generated. The first one is the 5 m x 14.2 m solar panel
with ejecta related to the interface connection and the second one is the Ka-band
0.9 m radius antenna dish. Additionally, due to an impact event identified in
the main case study investigation, there is a high probability of ejecta being
generated due to bullet - ASAR antenna impact.

RQ2) What preliminary mitigation techniques can be formulated to reduce the risks of sec-
ondary space debris generation in ASDR missions using nets?

RQ2.1) How sensitive is the risk model w.r.t. the physical and dynamical properties of
the interactions between the tether-net, chaser and space debris?

» From the analytical sensitivity study, a variation of impact velocity from 0.5
to 20 m/s, resulted in the highest variation of contact force (three orders of
magnitude), with the second being the net material property « varied from 0.01
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to 0.1 (one order of magnitude) and the deployment angle, third, varied from
15 to 65 deg (less than one order of magnitude).

* The numerical study showed that the bullet-to-net-mass ratio (/M) and
the lateral deviation in initial position (Azcar,), yield different results of the
structural breaking indicators. The first, results in a general increase of the
maximum and mean tension values by 25% and 15% respectively. The antenna
maximum shear and mean solar array moment also have been found to increase
by 50 MPa and 900 Nm. In terms of Azcar,, a variation of £100 MPa and
500 Nm were found for these indicators.

RQ2.2) Which mitigation techniques could be used to reduce the risks?

* First, the net size (L¢;) should be increased to limit the likelihood and intensity
of a bullet-ASAR antenna impact.

» As aresult from the analytical and numerical sensitivity studies, a maximum
impact velocity of 2.0 m/s is allowed, with a maximum bullet mass, resulting in
the following design space for the deployment velocity, angle and bullet mass:

4
e Ve - cos(fe) < 2.0m/s, for 0.25 < M

(mnet +4 mb) Mnet

< 1.25.

 The second result of the numerical sensitivity study showed that the lateral devi-
ation of the net initial condition should be mainly focused on the main Envisat
body. The latter can be translated to a (corrected) value of —13.3 m.

* Finally, having performed a sensitivity analysis on the towing model (see Ap-
pendix C), a tether design has been completed. This resulted in a chaser mass of
850 kg, a propulsion force of 440 N (bi-propellant) and lastly, a tether stiffness
of 3622.7 N/m (constraining the tether diameter and length).

What can be deduced as a major conclusion and innovation from this Thesis, is that net capturing
is riskier than originally assumed throughout the literature. With the simplifications and assumptions
made in this investigation, it is suggested to further investigate these findings by verifying and validating
these results.

10.2. Recommendations for Future Work
The recommendations for future work can be divided into three major parts: net dynamics modelling,
overall dynamic modelling strategy and lastly the structural modelling.

10.2.1. Net modelling improvements
The first set of recommendations are related to the assumptions made when modelling the net itself,
both in terms of flexibility and contact dynamics.

Flexibility modelling improvements

The net mesh size has been found to be very limiting when modelling the contact between the net
and thin structures such as the Envisat solar array. Thus, it is recommended to improve the so-called
flexibility modelling of the Multi-Spring Damper (MSD) model in three possible manners. One can first
add intermediary nodes which would be the first step in modelling lateral effects on net threads as done
in [68]. The second possibility is to add directly lateral modelling by using, similar to the first option,
intermediary net nodes, but also by adding to the net stiffness a lateral component as done in [15]. This
would also ensure that the proper net tension values would be computed, which is not the case now, and
could provide more certainty in modelling the net structural integrity. The final possibility could be
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to reject the MSD model itself, and implement the Absolute Nodal Coordinates Formulation or ANCF
model implemented in [68]. Whereas, this model was found to be considerably more computationally
expensive [70] compared to the improved MSD model, it has been found to be more realistic using a
net deployment experiment [76], both in terms of deployment and contact dynamics.

Contact dynamics formulation recommendations

The net modelling can also be improved by formulating a robust contact dynamics model. As it was
found in section 5.2, the penalty-based method is highly unstable and provides different results with
minor changes in initial conditions and allowable maximum penetrations. It is thus recommended to
apply the impulse-based momentum formulation found in [68], from which the impulse would then
be translated into loads by using numerical differentiation. Whereas, with the ANCF method, this is
also more computationally expensive, the model is more robust and shows a less stiff set of differential
equations.

10.2.2. Overall strategy for dynamics modelling recommendations

As presented in section 3.2, the modelling strategy is sequential in order to lower the modelling com-
plexity of moving and rotating space debris contact detection and dynamics. Whereas this assumption
is still thought to be valid due to the fact that the Envisat satellite is much larger and massive compared
to the capturing net (by two to three orders of magnitude), the additional component of dynamic motion
of the so-called shape wall model could result in slightly lower contact forces and moments. As these
are fundamental in understanding if secondary space debris is generated, it is recommended to directly
integrate the dynamics of the space debris system and verify the validity of the assumption.

It is lastly recommended to include an analysis of the effect of deployment, capture and de-tumbling
on the chaser, by modelling the latter as a rigid-body. Furthermore, this would also entail in formulating
a more realistic and 3-dimensional towing model, in which the chaser dynamics are also extended to a
6 DoFs system of equations.

10.2.3. Improvements required for structural modelling

The final set of recommendations is related to the structural modelling of stresses induced by the net
and spacecraft contact dynamics. In this Thesis work, any structure was assumed to be a 1-dimensional
Bernoulli-Euler beam with the rigidly attached boundary condition. With the latter, analytical equations
could be used to translate structural forces and moments into normal and shear stresses. However,
as for typical spacecraft structures, these assumptions can be be seen as unrealistic. Therefore, it is
recommended to perform two different types of advanced analysis.

First, the analytical relationships should be replaced with a more advanced structural Finite Elements
Method (FEM) or using the ANSYS software. This would ensure that the computed stresses, at the
identified weak locations, can in fact result in structural failure for the nominal case and could yield a
more accurate design space for the net impact velocity and bullet mass.

Lastly, as it was recognised at the very beginning of this investigation and during the nominal case
scenario, it is suggested to perform a numerical impact-inducing fracture analysis. This is due to the
fact that there is a high probability of bullet-structure impact which could result in fracture (and thus
secondary space debris) for thin or fragile structures (or surfaces) such as the solar array or smaller
instruments on board of the Envisat.
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Multi-Body Dynamics of Satellite with
Large Solar Array

In this chapter, the necessary matrices and inertial loads of the two-rigid body EoMs (see Chapter 6)
will be fully described here.

A.l. Solar Array Dynamic Matrices

The dynamics of the i* solar array depend on the summarising dynamical accelerations ag,, bgsi and
co,, written as [2]:

mSA-di ~
ayg, = — t h;s, A.l
CT (I, +msadd) (A-D
1 . .
by, = — [I. &), it i % B ] A2
i (Isi,Q + mSAidzz) ( o2 s Z> 2 ¥ s A /B b ( )
1 . ~
CHSZ, (Isig T mSALd%) [ RiUs; 0,Ys; + ext,Hi 2

+ (Isi,B - Isi,l + mSAid’Lz>w3i,3wsi,1 - mSAidiiI'i73 ) (wB//\f X (wB/N X "'Hz’/B))] , (A3)

where mga,, I, oy and d; refer to the i*" solar array mass, mass moment of inertia around the jth axis
and moment arm respectively. Furthermore, the reaction of the solar array to its motion is described by
the linear rotational stiffness and damping x; and dp, to the external torques M . pr; (W.r.t to the ith
hinge line H;). Lastly, the angular rates of the solar array ws, ; are the projection of wp,\r w.r.t the ith

hinge line axis h; ;.

A.2. Total System Dynamic Matrices
The full expressions of the dynamic matrices [A], [B], [C] and [D] can be found below [2]:

N

[A] = msclss + Y mSAidihi,saéii, (A.4)
7
N A

[B] = —mgcé + Z mSAidihiBbg;i? (A5)

(2
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N

[C] = msc€+ Y (s, ,hiz + mgadirsei/p * hi,s)ag;i, (A.6)
:
N A~

D] =1IscB + Z(Isi,2hi,2 +msa,ditsci/B ¥ hi,S)bZ‘Li> (A7)
:

where mgc and Isc g are the mass and mass moment of inertia (in the B-frame) of the entire spacecraft
and ¢ is the skew-matrix representation of the CG vector c.

A.3. Total Inertial Loads

The last step in fully defining the system dynamics of the multi-body satellite, is to define the loadings

VTrans and V. The first term refers to the total inertial force experienced by the satellite and is
expressed as [2]:

VTrans = Msc Fo/n — 2msc - € X wg/ny — msc - wg/n X (W/n X €)
N
-3 (mSAidiegihi,l + mga,dico,, hi,3) , (A8)
7

where ¢’ is the local time derivative of the CG location c.
Given the translational dynamics, the total inertial torque experienced by the system is [2]:

N
VRot = — ) [(931513//\[ + co,I3x3) (Ls, s iz + msa,dirsei X hi3) + msa,difls,rse; X hi,l}
i
Ny
—wp/vIsc,Bwp/n — Uso pwi/n + Z M, (A9)
K

with Zév’“ M, being the sum of the external torques on the spacecraft and I’y 5 is the local time
derivative of the spacecraft mass moment of inertia.



Envisat Solar Array Layout

Due to the size and complexity of the Envisat solar array, it is essential to have a overview of the structure
to be able to identify different points of failure.
The layout can be found in Figure B.1.
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Figure B.1: Envisat solar array technical drawing with relevant dimensions, locations and local coordinate system (courtesy
of Airbus, Dutch Space B.V).
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Tether Design for Safe Towing
Dynamics

An independent, but still essential, part of mitigating the risks of secondary space debris generation
(and identified in Chapter 6) is the tether design. In this chapter, three important considerations will be
presented on how to appropriately design the tether, especially related to the towing phase.

C.1. Limiting Tether Breaking due to Thruster Heating

During the towing phase, the tether pulling the space debris will come in some form of contact with
the thruster plumes of the chaser/tug spacecraft. In the case that these plumes create excessive heat,
the tether could melt and break at the base. In this section, a simplified and preliminary insight will be
made such that no failure or secondary space debris is generated due to the thruster plumes.

C.1.1. Simplified plume model
To have a preliminary idea of the plume size, the plume can be modelled as a cylindrical black body
with diameter being the same as the exit thruster diameter d. and length [, = 10 - d. [59].

As found in the previous section, for a 440 N-thruster (which is required as seen in [12] and sec-
tion C.4), d. ~ 0.29 m [14] and hence I, ~ 2.9 m. This means that there is a 2.9 m region of the tether
affected by the thruster plume. This preliminary value is similar to what is obtained in [12] where a
maximum heat flux is obtained around 2 m along the tether dimension. For that part of the tether, a
thermal reinforcement is required, such as steel. The latter is due to the high melting point of steel
(around 1750 K). This steel reinforcement is therefore added at a region of 1 - 3 m.

C.1.2. Heat flux consideration and design options
Within the study made by Biesbroek et al. [12], for a four thruster combination, a maximum heat
flux of 0.3 MW/m? was found at a distance of 2 m along the tether direction. Even though, the steel
reinforcement is placed, this value must be decreased. Three options can be seen as depicted in [12]:
(1) place only two thrusters resulting in a maximum heat flux between 0.05-0.1 MW/m?2, (2) place the
thrusters with an incident angle around 30 deg or (3) place the thrusters on a different side entirely.
Option (3) is directly rejected as it would add high complexity to the control system during the
towing phase with additional torques on the system. Additionally, a thicker region of thermal protection
would be required resulting in an added mass. For Option (2), the heat flux is then highly limited but
it would result in a high decrease in manoeuvrability which as for the previous option would increase
complexity. Lastly, option (1) shows two advantages, as with only two thrusters, Biesbroek et al. found
that two burns could be made in order to de-tumble and de-orbit the space debris, compared to the
four-thruster option, with the second advantage being a mass reduction. Whereas Biesbroek et al. [12]
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decided to implement option (1), due to a reduced manoeuvrability of tilting thrusters, an improved
option (1) must be selected. By limiting their separation, Biesbroek et al. predicts a further decrease in
heat flux without any significant maneuvrability complications.

C.1.3. Minimum tether diameter
With two thrusters separated by a 50-cm distance a maximum heat flux of around 0.05 MW/m? is
expected as obtained in [12]. With this high amount of heat, Zylon is selected out of the typically used
four options for net-tethered systems (Kevlar, Vectran, Dyneema and Zylon). This is due to the fact,
that it has the highest heat capacity and melting point around 650-780°C.
To compute the tether properties. the heat flux should first be calculated with:

) dr

q—pcé-a, (C.1)
where ¢ is the heat flux input, c is the heat capacity, d the structure thickness (in this case the tether
diameter) and dT'/dt the temperature gradient w.r.t. time. Thus, the required minimum diameter of the
tether, for a 0.05 MW/m? heat flux input is:

_ aAt,
PZ ATz CZ7

where Aty is the burn time (around 250 s [12]), AT )02 ~ 650 K, pz = 1550 kg/m? and c is the heat
capacity of Zylon of 2000 J/kg/K [12]. One can see from Equation C.2, that the Material Index (to be
maximised) is M.I. = p ¢ AT),q2 and is found to be the highest for Zylon, confirming its choice. This
results in a minimum diameter of 6.2 mm, for the approximate 4 m-region of the tether affected by the
plumes. After 4 m, the heat input was found to be negligible [12], and hence to optimise for mass, the
tether diameter is set to 2.5 mm for the rest of the tether.

In conclusion, resulting from the initial design process requirement is a minimum localised required
diameter thickness of 6.2 mm, needed to resist a maximum temperature change of 650 K for a 4 m-
tether region. Lastly, at around 1-3 m, a steel or other form of thermal reinforcement should be placed to
provide a sufficiently large heat flux resistance margin and redundancy. The design of the reinforcement
will not be analysed in this study due to the complexity of the Zylon-reinforcement interaction during
the heating process.

(C.2)

dmin ~

C.2. Limiting Vibrations during Towing Phase

A second risk that can be studied in a preliminary manner, is to limit the vibrational coupling that can
occur during the towing phase. This coupling occurs when the tether eigenfrequecny is close or equal
to the flexible appendages natural frequencies. If this coupling is not well damped, breaking of the solar
panels and other flexible appendages can occur during the towing phase [5, 6, 30].

C.2.1. Simplified towing phase modelling

As presented in the work of Aslanov and Yudintsev [5, 6], specific aspects of the net tether and the
chaser can be therefore designed such that vibration coupling is suppressed to a minimum. This can be
done by assuming a straight-line towing scenario with constant applied thrust F;. The tug-boat chaser
is assumed to be a point mass. The vibration behaviour of the i*” flexible appendage can be computed
using the normal-mode expansion method:

ni= > fi(&)a (1), (C3)
=1

where 7); is the lateral beam deflection dependent on &;, the along-beam distance, f;(&;), the mode shape
function and g;;, a modal subset of coordinates for the it" flexible appendage.
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For the mode shape function, the beams can be assumed to be fixed-free and can be written as [41]:

A2, A%, A2, A%,
fi(&) = K; |cosh( Jl‘é ) — cos( ]l‘é ) — d; | sinh( Jl‘g ) — sin( Jl‘g ) (C4)
where [; is the undeformed length of the i* flexible appendage, K ; is a constant such that f;(l;) = 1,
A; 1s a non-dimensional frequency (similar to section 6.5) and d; is a constant obtained as [41]:

cos()\Jl-/z) + cosh()\jl-/Q)
dj = — 1/2 . /2y " (€5)
sin(A;"”) + sinh(A,;"7)

The non-dimensional natural frequencies are the roots of [41]:

cos()\;ﬂ) -cosh()\;ﬂ) = -1, (C.6)

which result in the first five numerical solutions: A\; ~ 3.51, Ao &= 22.03, A3 =~ 61.70, A4 ~ 120.9 and
A5 ~ 199.9.

Given the aforementioned assumptions of straight translational motion, a set of differential equa-
tions (Equation C.7) are derived in [6]. These further assumed that the space debris has two identical
solar arrays (q11 = ¢12) and that only the first shape mode (j = 1) is necessary due to its higher order
of magnitude in its dynamic influence of the system [6]. With this, the set of equations is the following:

{c’j = Cqqq + Cye€ 7

. F
€ = Ceqq + Cec€ + 77

where e is the tether strain and the constants cqq, C4e, Ceq and c.. can be found derived in [6] and are a
function of the space debris, chaser, tether and thrust characteristics.

C.2.2. Investigating tether-solar array resonance
Given the aforementioned simplified dynamics, it is now possible to investigate the severity of the
coupling effect between the tether and solar array. This can be visualised in Figure C.1 and Figure C.2.

T T T
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Figure C.1: Tether strain as a function of time for different values of tether stiffness and chaser masses with the visualised
resonance phenomenon for k; = 2156.1 N/m and m. = 250.0 kg (I = 20 m and F};, = 500 N).
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Figure C.2: Tip solar panel oscillation as a function of time for different values of tether stiffness and chaser masses with
the visualised resonance phenomenon for k; = 2156.1 N/m and m. = 250.0 kg (I = 20 m and F;, = 500 N).

As can be seen from both figures, the resonance phenomenon can lead to tether breaking (see Fig-
ure C.1) or/and a highly cyclical and significant increase in the solar panel tip oscillation (see Figure C.2)
leading to a structural break-off through fatigue and/or crack propagation of the solar panel. As these
two are critical for the mission success and the evaluation if secondary space debris is going to be gen-
erated, it is essential to mitigate the latter situation by appropriately designing the tether-net and by
selecting an adequate chaser mass.

C.2.3. Dynamic tether design considerations

The particularity of this work is that as the set of equations can be solved analytically, and that an
approximate expression for the tether net stiffness k; and the mass of the chaser, m., can be related to
the eigenfrequencies and discriminant, D, of the dynamic system. The latter can be written as:

1
D = 2 (cqq — Cee)? + CgeCeq- (C.8)

In order to avoid the coupling, [6] proposes to avoid the local minima of D. This clearly defined minima
of the discriminant can be found analytically in terms of the critical tether stiffness, (k:). which can be
found visualised in Figure C.3 and is written as [6]:

EImc[MIy(M —mc) — Ng pro I3 (M +m,)| 14

C9
(N7 1aT2 — M1)? ’ €9

(kt)c ==

where ET is the flexible appendage’s flexural rigidity, u, and m, are the flexible appendage linear
density and mass and M = mg + m. + Nym, (with N the number of flexible appendages). For the
Envisat, only one solar panel is present and hence Ny = 1. Finally, I, I and I, refer to the mode
shape integrals [6] which can be computed numerically:

la
I = / f1(6) de. (C.10) I = /0 F2(0) de, (C.11)
la
= [ ene) de, (C.12) n-[Cuere  cn
0 0
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Figure C.3: Colour map of the Discriminant of the dynamic system (Envisat-chaser) as a function of the tether stiftness and
chaser mass, with the critical tether-line.

As can be seen in Figure C.3, with an increasing given chaser mass, the critical tether stiffness
increases and the exclusion zone (mostly represented in dark red) seems to widen for different chaser
masses. Indeed, as the chaser mass increases, the tether stiffness required for the dangerous coupling to
occur increases as the tether approaches a solid beam structure. The stiffer the tether becomes, the more
the chaser-space debris system becomes rigidly connected. With this, increasing the tether vibrations
directly transfer to an increasing of the space debris and hence solar panels vibrations.

Given this explanation, the last step of the tether design process is to choose the optimal combina-
tion of tether diameter and length (see Equation 4.5) which follow from Equation C.9, and take into
consideration the maximum tip oscillation, 7,,,4,, and maximum tether strain €,,,,. This will be done
via a sensitivity analysis. One must then finally verify with Equation C.8 that the optimal solution is
far from the local minimum shown as a red exclusion zone in and Figure C.3.

C.2.4. Towing model sensitivity analysis

Before presenting the sensitivity analysis, a chaser mass should be selected. This can be done by limit-
ing the chaser mass’ minimum, taking into consideration the momentum exchange from the net ejection
phase. When ejecting the net, the chaser will experience a AV which should be as small as possible,
taken as 0.1 m/s [12], to reduce the corrective manoeuvres (corrective propellant limited to 50 g) re-
quired to compensate for the considerable drift. The minimum mass is thus:

4myVcos(6)

.14
A‘/maalc (C )

(mc)min =
With 8 = 50 deg, and assumed high values of ejection velocity V. = 25 m/s and bullet mass m; = 1
kg, one obtains (m.)min = 642.8 kg. This estimate is close to the proposed wet mass of 878 kg by
Biesbroek et al. [12]. Thus, a value of 850 kg is set as an independent variable and input to the design
process.
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To illustrate the effect of k; and m, on the maximum tip oscillation of the Envisat solar panel, a
sensitivity analysis is performed and can be seen in Figure C.4.
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Figure C.4: Sensitivity Analysis on Envisat solar array maximum tip oscillation, 7,4, and tether strain €,,q, for all inputs.

First, when comparing the effect of the inputs, one can observe that a narrow range of chaser masses
(see Figure C.4a) should be avoided and has little effect on the tether strain Figure C.4c. However, 9,42
highly increases near (k;). and reaches a steady plateau for k; > (k). (see Figure C.4b). The latter is
due to the fact that as k; increases, the tether approaches the behaviour of a solid beam of that length.
From the latter, no matter the stiffness, the maximum oscillations cannot be damped due to the fact that
the tether strain (see Equation C.7) highly decreases Figure C.4d.

C.2.5. Tether dynamic breaking

Secondly, what has not been covered in the work of Aslanov and Yudintsev [6], is that the tether itself
should not break. In fact, the tether stiffness must be higher than 1615 N/m, in order to avoid tether
breaking (see Figure C.4d) and the additional creation of space debris. Therefore, the design region for
the tether stiffness is limited and linearly dependent on thrust-to-tether-length ratio (see Equation C.7).
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The relationship found, for (k¢ )i, is as follows:
(k¢ )min = 64.6 - —2. (C.15)

Additionally, as the maximum strain does not vary significantly with chaser mass (see Figure C.4c with
a maximum change of 0.1%), the minimum allowable stiffness can therefore be seen as chaser-mass
independent and hence Equation C.15 is valid for all chaser masses above 100 kg.

C.3. Tether Breaking at Equilibrium
It is however essential to mention that the tether should also not break in the static condition when the
tether tension and thrust are in equilibrium. This can be translated into the following requirement on
the stiffness: r
ke > (ki)st = L Ew (C.16)
€utt
where €,;; is the maximum material elongation of the tether. With all potential material candidates for
the tether having an maximum allowable elongation between 2.8 — 3.5%, the proportional constant is in
the range of [28.57 — 35.71]. This range is much lower than the dynamic solution (see Equation C.15),

which means that tether breaking at the equilibrium condition is not a driving design requirement.

C.4. Tether Final Design and Summary

Given these three design limits, the thrust can be limited to 440 N [12], such that the re-entry manoeuvre
from Envisat’s altitude of 772 km to the re-entry orbit of 120 km [29] only consumes 95 kg (assuming
a bi-propellant with effective exhaust velocity of 3149 m/s [14]) and can provide sufficient margin for
more than two emergency burns of 220 N, in the case of postponement of the total de-orbiting burn
[12].

Furthermore, the tether length should be designed such that the net can safely capture the Envisat
target at a distance d.qp¢ (see Equation 6.2 in section 4.4) and can satisfy all three design requirements of
heat flux, dynamic solar panel vibrations and equilibrium conditions. As the largest Envisat dimension
is 24.7 m, a 37 to 50 m-large net is required, which would lead to a range of tether lengths dependent
on the shooting angle 6. This however would be a harsh minimum as the vibrations condition seems to
be driving the design of the tether length as discussed before.

With a proposed tether length of 275 m (near half what is proposed in [12]), (k¢)min = 1033.6 N/m
and (k¢). = 6790.96 N/m (which is independent of the tether length). By further understanding that the
tether has a 2.5-mm diameter for a length of 271 m, compared to the small 4-m region with a diameter
of 6.2 mm, the effective spring constant of the entire cable is assumed to be dominated by the largest
length. This is justified mathematically as the tether can be seen as an equivalent system of two springs
(k1 and k2) in series with equivalent spring constant keg:

_ kyke
eq—kl_’_kzv

(C.17)

where in this case k; is found to be of order 10% N/m whereas k5 is only of order 103. With these
values, k4 is equal approximately to the lowest (and hence longest) spring constant. The effective
tether stiffness is thus k; = 3622.7 N/m, which is well between the bounds set above.

Finally, the tether mass would then be: m; = ps - (A1l + As2le2) ~ 2.250 kg, which can
be accounted into the total mass of the chaser (~ 0.27 %). Within this 275 m-long tether, 271 m
consists of a 2.5 mm Zylon material. Only 4 m of the tether near the thruster area, has a thicker 6.2 mm
diameter with steel reinforcement. The tether is thus designed to accommodate both heating flux and to
lower solar panel vibrations which could lead to solar array breaking and thus secondary space debris
generation.
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C.5. Tether Design Verification
To verify the towing model, the same test case as within the work of Aslanov and Yudintsev [5, 6] will
be used. The input values are summarised in Table C.1.

Table C.1: Simulation inputs related to tether design model verification [6].

Simulation input Symbol Value
Array length lo 5.0 m
Array flexural rigidity E.J 184.0 N/m?
Array linear density La 10 kg/m
Tether initial length lo 50 m
Target mass mgq 2800 kg
Mode 1 constant A1 3.516 [-]

Given these inputs, the resonance behaviour with and without critical values can be verified numer-
ically with the plot of the appendages’ oscillations in Figure C.5a. Furthermore, the minimum critical
stiffness computed analytically to be 178.72 N/m (using Equation C.9) can be compared to the analytical
results of the discriminant in Figure C.5b for a chaser mass of 450 kg (as done in [6]).
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(a) Time oscillation behaviour of flexible appendage as a function (b) Discriminant of the dynamic system (target-chaser), computed from
of time for critical and non-critical values of tether stiffness and analytical and basic relations, as a function of the tether stiffness and for
chaser mass. a chaser mass of 450 kg.

Figure C.5: Tether design verification tests figures.

From Figure C.5b, not only it can be observed that the critical stiffness is correct, but also that the
general (Equation C.8) and analytical relations of the discriminant overlap exactly. Thus, there is no
difference between the two curves, confirming the correct implementation of the method. Lastly, the
expected behaviour of resonance at the critical point is confirmed in Figure C.5a with the change of
critical mass showing a high decrease in oscillation as the ”design point” (see Figure C.3) is away from
the critical resonance region. With this, it can be confirmed that the tether-chaser-target dynamic model
is verified.



Additional Net Deployment and
Contact Dynamics Validation

The validation process done in section 9.4, can also be implemented for a spherical space debris of
radius 0.08 m with similar input parameters and RK4 integrator with At = 10~ s. The visualisation

can be found in Figure D.1.
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(a) Visualisation of net deployment and contact dynamics sequence of a 0.08 m-radius spherical debris using the validated
model (image retrieved directly from [68].)
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(b) Visualisation of net deployment and contact dynamics sequence of a 0.08 m-radius spherical debris (own model).

Figure D.1: Visual validation comparison results given the simulation scenario of ball capture (top: validated model,
bottom: own model).

As with the cuboid, the spherical debris capture is nearly identical and not only cross-verifies the
cube capture results, but also further validates the proposed model.
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