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Executive Summary

Space engineering has progressed through leaps and bounds from its inception up until current
times, however launcher limitations have become increasingly important as it becomes more
and more desirable to create bigger and heavier structures. Furthermore, since the loads ex-
perienced during launch are exceedingly high in comparison to those felt in orbit, traditional
monolithic spacecraft have a much heavier and sturdier structure than would be necessary
during their operational lifetimes just so they can withstand launch. Taking this into consid-
eration, modular concepts that permit not only servicing but assembly directly on orbit have
received increased interest. One of the fields of satellite design most affected by this issue is
space observation, where an increase in size of the usable aperture directly translates to an
increase in performance. With the launch of the James Webb Space Telescope (JWST), on
December 24th 2021, the limits to which apertures can be launched without orbital assembly
or manufacturing has been reached provided no new launch opportunities arise.

Whilst on-orbit assembly (OOA) of modular structures is not a new concept, enabling tech-
nologies have not been sufficiently developed to permit a large amount of demonstration mis-
sions. However, advances in robotics, sensing equipment and computational systems could be
repurposed to the space sector in order to advance such concepts. One of the missing pieces in
the technological development of such projects is the development of standardized interfaces
capable of mechanical, electrical, digital and thermal transfer. To address this gap, this the-
sis aims at developing such an interface to be used for space telescopes specifically, with the
in-built flexibility to allow for easily serviceable/maintainable systems that can be launched
into orbit by bypassing launcher constraints, at reduced costs and scheduling limitations.

To satisfy this goal, a need analysis of space telescopes is performed, this time not based on
a single point design, but instead on the basis of a whole range of reference missions, some
launched, some at a conceptual level, such that future requirements for space telescopes can be
synthesized for short- to long-term timeframes. These estimates serve as preliminary interface
design requirements and are further refined based on existing interface performance, as well as
the critical goals of reusability across multiple missions/platforms and ease of serviceability.
Based on these refined interface requirements, the Modular Interface for Space Telescopes
(MIST) design is created with an initial slide-in mechanism requiring a significant amount
of sensors during proximity operations and assembly. Various iterations are performed to
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this first design, lessening the need for sensing, as well as reducing the requirements for
the robotic assembly satellite that would use this system for OOA. Further work includes
addition of redundancy and lowering of risk of damage during operational lifetime through
simple design changes. Following significant simulation of all interface models including a
scaled down version that is comparative in size to existing interfaces (used in a performance
comparison), a proof of concept (PoC) is manufactured and tested within the thesis budget.

The final iteration of the interface (MIST V2.2) not only satisfies all requirements defined
during this thesis but, according to the simulation results, outperforms all existing state-
of-the-art interface concepts from a mechanical point of view (from a minimum of 194.17%
increase in performance for the bending moment in the Z-axis, to a 1537.61% increase under
compressive loads). With respect to electrical transfer, it is capable of passing 100 V and 100
A, and has the ability to pass 1 Gbps of data. This design signifies an improvement compared
to available options and, given more testing and a space demonstration, can become a worthy
choice for a plethora of space observation missions or even other mission types that employ
large platform-like structures (i.e. communication missions or even large solar farms). If
this concept is sufficiently explored and validated through experimental work, MIST has the
potential of becoming a key technology for the development of next-generation space systems
that are no longer constrained by launcher limitations, and can be increased in scale up to
sizes that have been previously impossible to achieve - due to the high structural performance
shown in simulations. For space telescopes, this means the potential of increasing humanity’s
knowledge and understanding of our galaxy and universe as a whole.
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Chapter 1

Introduction

The space sector has provided unimaginable insight into the scale and inner workings of the
galaxy since its inception. From space exploration to using the resources around us in a more
efficient way, space missions have added a myriad of discoveries that advanced our knowledge
and due to stringent requirements necessary to achieve such feats, humanity has been forced to
further technological development constantly. However, progress is currently greatly limited
by the launch capabilities available, both in terms of volume, as well as mass. One of the
main fields in which this is an issue is space telescopes, where the current upper limit is the
James Webb Space Telescope (JWST), recently launched on December 24th, 2021. In order
to solve this, the development of modular concepts that enable on-orbit assembly or even
on-orbit manufacturing have become necessary as a workaround to the current limits.

The aim of this thesis is to design a standardized interface for modular space telescopes
that can enable assembly in orbit, with sufficient flexibility to allow usage across multiple
missions, thus becoming a stepping stone in the development of the space sector. In other
words: "Create an interface for modular space telescopes which can enable on-orbit assembly
(OOA), such that launch constraints can be bypassed, and cost and scheduling limitations can
be attenuated". This leads to the creation of the Modular Interface for Space Telescopes or
MIST for short. The design requirements are based off of an analysis of a significant amount
of reference missions, that have either already been launched or are at a conceptual stage due
to the limitations of current launcher technologies.

The purpose of this thesis report is to document the final design of MIST, albeit still pre-
liminary, as well as the entire process that led up to and guided it. The design allows for
ease of serviceability and maintainability, thus opting to use a sliding system instead of other
means that necessitated movement in the locking plane of the interface for disassembly /re-
moval. The first step that led to this was the creation of a literature study which addressed
three major topics: modular spacecraft design, on-orbit servicing, and integration of small
satellites. During this process, some major gaps were identified in the literature pertaining
mainly to enabling technology for OOA - the most critical of these was the creation of an
interface for modular systems.
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As such, based on the results of the evaluation of state-of-the-art OOA concepts and enabling
technology, the main research gap identified is: modular spacecraft design for OOA using
smart interfaces. Based on this, the main research question is defined as follows:

Can a flexible modular spacecraft design for OOA be created, in order to bypass
launcher constraints, and offset costs and scheduling limitations?

This can further be refined into sub-questions that together lead to the answer of the main
research question. The reasoning that led to these is also included below:

1.

What mission types are enhanced by OOA? - This question serves to select a number
of different missions that could reap the most advantages from making use of OOA.
The main criteria of evaluation are if the considered mission type is subject to launcher
constraints already, and if systems of a much larger scale that cannot be launched with
current technology would significantly outperform existing missions. Furthermore, an
important factor that need be considered is if modularity is possible for the mission type
evaluated. For example, an exploration mission that uses fuel-based propulsion may be
enhanced by adding more propellant, however modularizing a very large propellant tank
raises some technical difficulties with regards to interfacing compared to other mission
types. Since modular interfaces are still a fairly new topic of study and design, it is
desirable to restrict mission types to those that do not present such issues.

Which mission type is most benefited by the advantages provided by OOA? - It is
important to limit the scope of the design, as very different spacecraft structures will
affect how the system can be broken up into modular parts. This not only affects
number of modules, but interface placement, locking technology and lastly, but most
importantly, the needs that drive the interface design (such as structural performance
and electrical and data transfer capabilities).

What is the optimal choice of assembly method for the selected mission type? - Any as-
sembly technology option will have some influence on how a modular design works. One
example of this is that using self-assembly has two main consequences, the limitation
in reach creates a size limit, and the fact that the assembly subsystem is attached to
the main spacecraft makes it so that it cannot be reused for other missions that employ
the same interface design. On the other hand, making use of a free-flyer concept makes
it so that multiple systems using the same interface design can be assembled by the
same spacecraft, however stricter requirements involving proximity operations need to
be taken into account (for the assembler spacecraft).

Is homogeneous or heterogeneous modularity more advantageous for the selected case?
- This choice mainly influences the interface design itself. For example, considering
heterogeneous modularity may require the creation of a suite of interfaces with varying
capabilities depending on placement within the spacecraft system. In this case some
interfaces may require transfer of data and/or electricity, or only structural performance,
depending on how the spacecraft design is framed. Although this may create a more
streamlined design in some cases, the choice of using a suite of interfaces raises some
issues with respect to servicing and mass production.

. To what extent should the spacecraft be modularized? - The answer to this question

affects the number of interfaces to be produced, as well as the available volume in each
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module in which spacecraft sub-systems can be designed. Furthermore, the smaller the
module, the more convenient it is in terms of costs for launch, as the possibility of
piggy-backing becomes available.

6. What interface requirements are dictated by such a design? - This question aims at link-
ing the top-level need analysis on the selected mission type to the technical requirements
that drive the detailed interface design itself.

7. Which technologies are most suited for implementation in inter-modular transfers?
(This includes thermal and mechanical loads, as well as data or even power transfers
between different modules) - The choice of having or not having transfer capabilities for
data, power, as well as structural and thermal loads influences the complexity of the
interface design, which in turn affects the modular spacecraft design itself.

8. Can an interface satisfy the requirements imposed by the modular design? - This ques-
tion is derived from the need to evaluate if current technology is sufficiently developed
to create a working standardized interface that can be used for OOA.

9. What testing or simulation methods should be applied in order to qualify the interface
for use in an OOA demonstrations? - The answer to this is meant to link the interface
design produced in this thesis with the work necessary to qualify it for space usage. Due
to the scope limitations of this work, not all phases required for raising the technological
readiness level of such a concept can be achieved, however a detailed plan of the steps
necessary to do so will be included in the recommendations for future work section.

In light of these questions, the following main goal is proposed:

Create a flexible inter-modular interface design for OOA by designing a mod-
ular spacecraft conceptually in a top-down manner, such that mission-specific
requirements can be synthesized.

Which can further be divided into sub-goals:

e Choose OOA application such that a top-down spacecraft design can be performed
o Trade-off assembly technology options

o Based on mission type and chosen assembly method synthesize potential mission re-
quirements

o Top-down conceptual spacecraft design

o Trade-off different designs for a conceptual modular solution

e Synthesize detailed interface requirements based on top-level mission need analysis
e Detailed interface design

o Trade-off inter-modular transfer technologies (mechanical and thermal loads, data and
power)

o Create prototype based on final interface design specifications
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e Choose testing methodology for qualifying interface for future OOA demonstrations

Test prototype

Evaluate results of testing and success of prototype

Provide drawbacks as well as recommendations for future work

Although the above list represents a comprehensive step-by-step plan for achieving the main
goal of the thesis, due to schedule and budget limitations, the scope needs to be reduced to a
certain extent. With this in mind, a revised list of main goals that will be addressed in this
work are:

1. Choose OOA application - this includes both mission type and assembly technology
2. Based on a top-level mission need analysis, synthesize a list of interface requirements
3. Produce an interface design that can satisfy said requirements

4. Create a prototype of the interface

5. Analyze performance of prototype

Based on this list this thesis aims at producing a successful modular interface that will po-
tentially satisfy a few important enabling technology needs for OOA (i.e. standardized me-
chanical interface, power and data transfer capabilities and ease of assembly [18]). If flexible
enough, this design can be adopted as a starting point for standardized interfaces for the
chosen mission type as well as other missions that employ large plane-like structures, as will
be further explained in Chapter 3.

This list of goals coupled with the need for better observation missions, the performance of
which is directly dependent on aperture size and number of pixels of the instrument, led to the
decision of using a top-level need analysis of space telescope missions as a basis for generat-
ing preliminary interface requirements. These requirements were further refined into detailed
interface requirements by considering future goals for space observation, flexibility in usage
across multiple missions, and comparative performance with existing modular interface de-
signs. Using these requirements, MIST was designed and iterated for improved performance.
Following extensive simulation of all the different iterations, the final one was manufactured
and tested.

The thesis report is structured as follows: Chapter 2 gives a short summary of the litera-
ture study performed before the writing of this work, giving the most prominent examples
of on-orbit servicing (OOS), assembly (OOA) and manufacturing (OOM), based on which
the research question and sub-questions to be tackled as well as the thesis goals were iden-
tified. Subsequently, Chapter 3 handles the selection of both mission type, and assembly
methodology, followed by a top-level need analysis of space telescope missions for which the
interface will be designed. Using the first-order estimations of requirements resulting from
the previous sections, Chapter 4 refines a list of detailed interface requirements, which are
used to perform the preliminary interface design. The setup of the ANSYS simulations as
well as the corresponding results are also included in this chapter. Subsequently, Chapter 5

Andrei Hutan (4195744) Master of Science Thesis



details the design logic and choices that led to the first iteration of the interface, as well as
the associated simulation results. Chapter 6 elaborates on the final iterations of the interface
design, the results of vibration simulations, and clearance considerations for the final concept.
This is followed by Chapter 7, where all the physical experiments performed on a manufac-
tured interface prototype are described. Finally, Chapter 8 synthesizes the conclusion of the
interface design, including main performance parameters, and defines a list of future work to
be performed in order for the MIST design to be used successfully and adopted in the space
industry.
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Chapter 2

Literature Study

In order to refine the goal of the thesis and set some achievable standards, it is necessary
to evaluate both the history of the topic at hand, as well as its evolution over time through
a literature study. An overview of on-orbit assembly operations and an introduction of the
Crawl-Walk-Jog-Run terminology is given in Section 2-1. A series of examples and enabling
technologies are investigated for the Crawl and Walk stages in Sections 2-2 and 2-3, respec-
tively, whilst the current state-of-the-art is considered as part of the Jog stage, discussed in
Section 2-4. A different approach to modularity, namely fractionated systems, is explored in
Section 2-5. Finally, the value proposition, applications of OOA and current needs will be
discussed in Section 2-6.

2-1 Short Overview of On-Orbit Assembly

On-orbit assembly (OOA) is not by any means a new concept, however to this day it is still
considered an area of technological innovation. In order to understand this phenomenon,
one need only look at the first successful instance of this technology, the International Space
Station (ISS), the very first international collaboration in the space sector. Various segments
have been added or upgraded, starting from the 90s and continuing to date [19], [20]. Due to
the length of this time frame, the evolution of OOA over time can be quantified to some extent,
from a task mainly involving astronauts and relatively high risk space walks, to helper robots,
tele-operated systems, and even autonomous operations, with varying extent of supervision.
The trend that can be observed here is a minimization of risk to harm by lowering or even
eliminating human involvement in such tasks. Thus, a need for systems with higher levels of
autonomy is readily apparent. As a result of this fact, it is considered appropriate to limit
the scope of this thesis to mechatronic systems that do not require direct human involvement.
From a technological standpoint, this reduces the options for OOA to self-assembly, use of
small satellite assembler units, or autonomous robotics.

When considering the applications of OOA, these can be divided into near-term and long-
term. When examining the former, it is very important to note the similar problems tackled
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by both OOA and on-orbit servicing (OOS), such as module replacement, upgrade operations,
collision avoidance, as well as proximity operations. This fact is further reinforced by a study
performed by the Aerospace Corporation [1], giving a roadmap of OOA activities, as well as
their respective needs, which shows the commonality between enabling technologies for OOA
and OOS, as shown in Figure 2-1.

Phase
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Hurnarv-in-the-loop Inter-vehicle on-orbit Intra-vehicle on-orhit Space fleets for planetary
on-orbit servicing and assembly (i.e., servicing) assembly - exploration
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r L R 8 - ;
£
\ f} R$
= Construction and = On-orbit repair of * (n-orhit assembly, * Reconfigurable
servicing of the malfunctioning satellites | reconfigurability, and telescope
Imernational Space through remaoval and property function » Reconfigurable moon
Station with more than replacement of initially transferability with an outpost
Demonstration 1000 hours of space external systems in LEQ assembly of mass- » Reconfiqurable Ma
examples walks and GEO, followed by producible CubeSats sufoce vehice
» Servicing of the Hubble satellite design changes |  and an evolving "smart” ace velicle
5 Tel to allow complete interconnect interface
pace Teleeope refurbishment
* Basic procedures and * Short-range wireless * |nter-component * Longer-range wireless
best practices for zero- links and networking as (on same vehicle) links
gravity construction and | well as extemal vehicle- | communication, short- | & com UTONOMoLS
interface development to-vehicle proximity range wireless links, and .mw !
» Same standarcized communication wireless | networking capabilities
mechanical interfaces links and networking (up | Widespread
for docking of modules | t0afew 100 minrange) | sandardized
and spacecraft » Some standardized mechanical, electrical,
mechanical and power power, and thermal
interfaces interfaces
* Foundations for = Technology refresh * Unprecendented mission | » Large and modularized
international and » Life extension flexibility exploration missions
industry culla:bnralmn o Reduced costs . H.educedl spacecraft I:lmill o n'l_atd1| \
* "Safe” learning o Reduced risks complexity (interjnational budget
environment » Fase of entry into oycles
market
= Variety of spacecrft
capabities
* Reduced costs
* Reduced risks
= |50 (subjcommittees = CONFERS = None to date « None to date
= NASA = CCSDS
= (ther international = |[OAG
space agencies

Figure 2-1: Roadmap of current and future OOA technologies, courtesy of [1]
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2-2 "Crawl|" Stage - Early Modular Concepts 9

This roadmap also gives rise to the analogy of "Crawl","Walk","Jog","Run" which can be used
to quantify the evolution of OOA technologies, creating a clearer definition by which working
groups can be classified. Two important conclusions can be drawn from this, firstly the fact
that this roadmap can serve as an initial evaluation of what level of progress has been made
for OOA technology up until this point, and what possible future applications can look like.
Secondly, due to the similarity in enabling technologies between assembly and servicing, one
can argue that any advances in OOS preceding the same level of performance in OOA, can
be used to further develop the latter, and vice-versa.

In order to have a good overview of the evolution of OOA, one must first identify the current
state of the art so as to define areas of research. Considering the terminology established in
Figure 2-1, it is clear that the "Crawl" and "Walk" phase contain concepts that have already
been used or are gaining popularity, in the case of the latter. Whilst any concepts that
can be categorized under "Jog" are the current state-of-the-art, with numerous instances of
conceptual projects, but very few realizations of such. With this in mind, an overview of
the literature study can be given using the aforementioned classification. Furthermore, it is
considered that any concepts pertaining to the "Run" class can be excluded from the study
for now, as the enabling technologies are not at the level where these should be considered.

2-2 "Crawl" Stage - Early Modular Concepts

Even before the ISS was launched, early patents for modular concepts were made, varying
greatly in modularity in the short span of a couple of years. The earliest patent, published
in May 1989, involves at least two, substantially identical modules to be launched using the
Space Shuttle [2] and assembled through simple mechanical interfaces, as shown in Figure
2-2.

R .
F .\\\\\ﬁ\\\\‘\\\“»

A

Figure 2-2: Modular Spacecraft System Patent May 1989, courtesy of [2]

A few months later, in November 1989, a patent for a multipurpose, adaptable spacecraft,
with different modules designed to satisfy separate functions [3] is created. This shows a
trend of increased modularity as early as the inception of such concepts. Figure 2-3 shows
the proposed structure of the spacecraft. The observant reader will note that there are a
relatively high number of interfacing points between the modules, and that due to the fact
that each is meant to satisfy a different spacecraft function, the interfaces cannot be the same.
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Figure 2-3: Multipurpose Modular Spacecraft Architecture Patent November 1989, courtesy of

8]

The trend of increased modularity continues after the launch of the ISS with the idea of a core
structure extending radially being proposed in [4]. This concept suffers from the same problem
as the previous one, with interfaces needing to be different depending on what modules need
to mate with each other, however it does have the advantage of structural variety as shown
in Figure 2-4 - modules can be assembled in various directions and orders, thus the overall
spacecraft structure is not immediately set, as for the previous concept.

Figure 2-4: Modular Spacecraft Architecture Patent November 1999, courtesy of [4]

Unfortunately, these patents were never pursued, and the only successful instance of a "Crawl"
OOA concept remains the ISS. Despite this fact, these concepts served to highlight the main
challenges of servicing and assembly, so that future missions could try to contribute to enabling
technologies that did not exist during these early times. With respect to OOS, the servicing
missions of the Hubble Space Telescope (HST) [21] remain the only successful instances in
this category. For more information on the specifics of the four servicing missions and the
operations performed on the HST, the interested reader is referred to [22].

2-3 '"Walk" Stage - On-orbit Servicing (00S)

Although servicing missions for existing satellites have not been very common, the field of OOS
has not stagnated in the least, constantly developing and creating demonstration missions
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aimed at reducing human involvement to a minimum as well as propagating the idea of
serviceable designs. In essence servicing an existing spacecraft that was in no way designed
with OOS in mind is a daunting task which requires unnecessary complexity to be added to the
servicing mission itself, thus a shift was necessary at the design philosophy level. One of the
first studies to tackle such concepts was the Spacecraft Modular Architecture Design (SMAD)
study performed by the US government [23], which identified six potential advantages granted
through OOS:

Overall reduced life cycle costs

o Increased availability payload sensors

o Extended mission lifetime

e Enhanced mission capabilities

o Enhanced flexibility and operational readiness

e Pre-launch spacecraft integration flexibility

Based on this, [23] goes on to provide a definition for serviceable spacecraft as "any spacecraft
for which the benefits of on-orbit servicing outweigh the associated cost. The purpose of
servicing can be to replace degraded or failed components, to upgrade existing capabilities,
or add new functionality or capabilities." Based on this, four different options for servicer
spacecraft were investigated which can be summarized as follows:

e The servicer permanently docks with the satellite.

e The servicer is essentially a modular spacecraft comprised of a bus module, and two
payload modules carrying replacement parts. The attachment to the target spacecraft
to be serviced is only temporary.

e The servicer docks temporarily and leaves nothing permanently attached to the target
satellite (in other words, only refueling is possible).

e The servicer is outfitted with propellant and replacement components sufficient to ser-
vice two satellites (this concept requires a longer lifetime).

By categorizing components by replaceability, in other words by how minor or major the effect
of servicing the current architecture influences the mission in terms of design changes, this
paper then considers a Rendezvous/Docking (R/D) Servicer concept and provides a baseline
for its design [23]. Applying this mission to the initial SMAD concept showed that savings
between 10.3% and 38.2% could be achieved, reinforcing the expected benefits of OOS.

In 2004 an entirely different concept is explored by the Naval Research Laboratory (NRL)
called the SUMO mission (spacecraft for the universal modification of orbits) [5]. Although
based on the previous work this could be qualified as a servicer corresponding to option 4,
SUMO does not provide refueling services. Instead it aims at rendezvousing with the target
spacecraft and, using its own highly efficient propulsive capabilities, push the target back into
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its desired orbit. This not only allows for a very simple design consisting of only a payload
and a propulsion module, as illustrated in Figure 2-5, but also serves as a demonstration
bed for machine vision, robotics, mechanisms and autonomous control algorithms designed
to rendezvous and grapple a variety of interfaces.

Payload Module Propulsion | _
Module Amay

C = Controller

DVP = Digital Video Processor Solar
VDP = Video Data Processor Array
VPC = Video Process Controller
PDU = Power Distribution Unit
PCU = Power Control Unit

RIU = Remote Interface Unit
IMU = Inertial Measurement Unit

Figure 2-5: Conceptual SUMO system block diagram, courtesy of [5]

Depending on the required timeframes, this concept is expected to be able to service between
5 and 20 spacecraft before it needs refueling. For more information on ground testing and
the proposed flight demonstration, the interested reader is referred to the base material.

A similar concept to SUMO is found in a US patent, namely the Satellite Inspection Recovery
and Extension (SIRE) spacecraft [24]. Although it also aims at satisfying trajectory changes,
or even planned re-entry or deorbit maneuvers, it aims at doing so through simpler means than
the SUMO concept. As such, there are no signs of using high-end robotic arm technologies,
as illustrated by Figure 2-6, courtesy of [24].
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Figure 2-6: Conceptual SIRE system

In order to aid demonstration missions, real-time simulations were also developed to serve as
training grounds for OOS. One such software was created by the German Aerospace Center
(DLR) in 2011 [6], and consists of four different modules: the manager module which hosts
the central logic of the system, the haptics module which controls the haptics device as well
as covering the force computation and collision detection fronts, the physics module in charge
of the rigid-body physics aspects, and the visualization module which produces high-quality
renders of the interactions and results. These four modules are linked through the logical
structure shown in Figure 2-7.

Client

Manager Haptics
Module Module
/rr“\‘ /"‘\\
w< | Simulation Simulation |« ’%:En/e/-
—3 T I =
¥ -
Communication 3 » Communication
Server Client
Physics Visualization
Module Module
\Scene/ Simulation Simulation |« »&g@
t ¥ X —x
4 h 4
Communication »| Communication

Client

Figure 2-7: Logic structure of simulation architecture, courtesy of [6]

Five different on-orbit scenarios were considered: removing multi-layer insulation (MLI), tak-
ing measurements, loosening/tightening of screws, flicking a switch and module replacement.
Out of these only the three latter scenarios were implemented at the time of writing of [6],
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although it is mentioned that future work will include implementation of the other two sce-
narios as well as exploring alternative real-time physics engines and optimization algorithms
for the haptic rendering.

Whilst simulation plays a big role in enabling and enhancing OOS capabilities, so does analysis
as it reinforces the benefits of this field in a quantifiable manner, such that the usage of such
technology is more desirable for all stakeholders involved. One such highly comprehensive
analysis is introduced in [25], where a Functional Dependency Network Analysis (FDNA) is
utilized to showcase the impact of functional dependencies between systems and subsystems
in OOS scenarios. This study can be classified as spanning two different levels, a lower one
and a higher one.

On the lower level, modular satellites that contain modules that are easy to replace or service
are considered, spanning ten distinct missions that can be categorized as belonging to one of
three types: communication, observation or experimental. The goal of this level of analysis is
to gain insight into the effects of interdependencies, redundancy and various architectures. A
random generator is used to create the given architectures based on probabilities suggested
from current engineering practices. The inputs required for the FDNA are the topology
of the network and the evolution of self-effectiveness of a given spacecraft over time. The
latter simulates self-effectiveness loss, with a timestep of a single month, based on three
distinct factors: aging/wearing out/losses, degradation through minor failures, and major
failures/accidents/catastrophic events.

The higher level uses the results of the former to model the architecture of possible constel-
lations of satellites and their overall operability as a function of the individual operability
of each satellite. This method essentially groups all mission types considered, including the
OOS elements as a System-of-Systems (SoS). Of course, some simplifying assumptions are
considered:

o Servicing spacecraft are not subject to failure

e The cost analysis only accounts for the §V required in servicing target satellites

o Different stakeholders and their effects on both design and servicing are not considered
e Servicing is assumed to always be successful

e The tools described are solely used for analysis and not to guide design decisions for
the production of the SoS

After defining the 10 missions used as inputs, as well as their orbits, and payload details (i.e.
number of sensors, antennae or experiments), 1000 instances of quantifying the operability of
individual modules as well as architectures are run. Based on these simulations, an expected
value of overall operability is computed, as well as the evolution of said parameter over time.
Based on how critical the desired capability of each mission is, the percentile of instances
where OOS would be necessary for each mission type is computed. The way in which this
is done is by assigning a servicing mission once operability decreases below 70%, using a
relatively long timeframe of 100 months as mission duration. The results of the FDNA are
summarized in Figure 2-8, courtesy of [25].
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107.55 8.53% 30.63 km/s 2.68 16.087

Figure 2-8: Summary of FDNA results

In essence this analytical tool offers critical information for various applications, including but
not limited to optimization of architectures, analysis and comparison of different architectures,
and decision-driving metrics for design. It is also mentioned that the model can be enhanced
through the addition of more interdependencies and inputs for the risk analysis, simulating
the servicing satellites as prone to failure, as well as the implementation of time-variation for
the interdependencies themselves. Although this would indeed improve the results, this paper
still has merit in quantifying the attractiveness of using OOS options in various mission and
system architecture types as is.

Moving away from simulation and analysis tools, as one would most probably expect, the
most advancements in enabling technology for OOS is detected in the field of robotics, as
high-end robotic arm technologies have not only been pushed forward by space engineering
but all other fields which employ automation in their manufacturing process. A review of such
robotic technologies aimed at enabling OOS is compiled in 2013 [26], giving a comprehensive
view on each historical advancement as well as its utility. Due to space constraints all of these
will not be detailed here but summarized in a few words, although the interested reader is
referred to the source material for more information on this topic.

o Shuttle Remote Manipulator System (SRMS) - 15.2m long, 6 degree of freedom
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(DOF) robotic manipulator developed by the Canadian Space Agency (CSA); used on
the Space Shuttle and ISS.

« Space Station Remote Manipulator System (SSRMS or Canadarm?2) - 17m
long, 7-DOF, capable of walking around the ISS; modular design for easy maintenance
and force-moment sensors for advanced robotic control

o Robot Technology Experiment (ROTEX) - developed by DLR to study and
demonstrate robotic technologies on board the ISS.

« Robotics Component Verification on the ISS (ROKVISS) - designed by DLR.

o Robonaut 1 (R1) - designed by the National Aeronautics and Space Administration
(NASA) to assist astronauts with Extra Vehicular Activities (EVA).

e Robonaut 2 (R2) - designed by NASA in conjunction with General Motors; upgrades
include higher bandwidth, greater dexterity, larger range of motion and increased force
sensing capabilities.

o Exprimental Test Satellite VII (ETS-VII) - developed by the Japan Aerospace
Exploration Agency (JAXA), included a 2m long 6-DOF robotic arm.

e Orbital Express - developed by the Defense Advanced Research Projects Agency
(DARPA), more details in Subsection 2-3-1.

» Front-end Robotics Enabling Near-Term Demonstration (FREND) - a 7-DOF
flight robotic arm system, currently used in the DARPA Phoenix mission, detailed in
Subsection 2-3-1.

o Demonstration for Autonomous Rendezvous Technology (DART) - sponsored
by NASA with the objective of validating hardware and software required for au-
tonomous rendezvous and proximity operations.

e Technology Satellites for Demonstration and Verification of Space Systems
(TECSAS) - jointly developed by DLR, CSA and the Russian Space Agency (RKA)
it was discontinued due to a priority shift of the collaborating agencies.

o Advanced Telerobotic Actuation System (ATLAS) - consists of a dual-arm
robotic manipulator system.

In addition to the systems mentioned here, this review also summarizes advances performed in
the kinemo-dynamics of robotic manipulators, innovations registered in the observation and
planning phase as well as the final approach phase, and techniques that enhanced flexibility
and vibration suppression [26].

On the other hand, a less comprehensive review that tackles robotic technologies for OOA
is performed by DLR in [8]. It is important to note that due to the significant similarities
between these applications with respect to robotic technologies, most of the information
provided overlaps with the previous review.

In 2017 however, a new concept for space assembly robotics is presented by the US Naval
Academy (USNA) the next-generation Intelligent Space Assembly Robot (ISAR) system [27].
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The idea is to expand on the existing set of robotic arms housed in a 3U CubeSat previously
developed by USNA. Using a CubeSat for demonstration drastically reduces the costs required
to validate this system in its intended operational environment, as well as mitigating losses
in the case of failure. The system is equipped with both the RSat arm and the ISAR, in
order to better quantify the difference in performance between the two. Whilst [27] gives an
overview of the software employed and the simulation results for the ISAR arm, [28] delves
deeper into both the design process and ground testing of said technology.

Finally, in 2018, the ISAR is further improved through the addition of a centrally mounted
3D camera, a miniaturization at the system level, as well as the implementation of a more
advanced control software [7]. In addition to these, a DOF was removed (specifically the
shoulder joint) due to the ability to maintain high manipulability at the end-effector level.
The differences between the initial model and improved design are illustrated in Figure 2-9.

Figure 2-9: Initial (top) and final (bottom) configuration of ISAR robotic arm in stowed config-
uration, courtesy of [7]

Although this concludes most of the work that can be classified into the "Walk" stage, the
work provided by DARPA with the Orbital Express and Phoenix project is borderline in
between the two stages, as it not only enables the "Jog" stage but systems designed in these
works can be repurposed for current state-of-the-art systems, as will be seen in Subsection

2-3-1.

2-3-1 Orbital Express and Phoenix

The conceptualization of the Orbital Express program by DARPA is documented in 2000 [29].
The goal of this program is to enable refuellable and upgradeable satellite constellations as
well as their support architecture. The intent is to shift the paradigm from monolithic tradi-
tional spacecraft design to modular design by providing fuel and module servicing as "space
commodities" in a post-2010 timeframe. The demonstration mission envisioned here consists
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of two individual entities, the Autonomous Space Transporter and Robotic Orbiter (ASTRO)
- a permanently orbiting servicing spacecraft - and the Next Generation Serviceable Satellite
(NextSat), which is designed in a modular manner to permit ease of servicing, nonintrusive
refueling and compatibility with the ASTRO spacecraft. An initial schematic of NextSat is
provided in Figure 2-10, courtesy of [29].

Microsat
» V77
% Fuel
ASTRO
Z Grappling
NextSat

Avionics [/,
Module

Figure 2-10: NextSat architecture and corresponding standardized interfaces between various
modules

At a system level, the Orbital Express concept considers:

o Target satellite maneuverability

o Target satellite performance recovery given hardware replacement

o Target satellite performance enhancement when performing hardware upgrades
« Capability /operations, location and sizing of servicing ground control station

¢ Required responsiveness of OOS services

e Duration of OOS mission

¢ Level of autonomy desired or required of the servicing spacecraft

e OOS satellite ground control coordination with other control station or ground com-
mand centers

o Potential demand and opportunities for OOS
e Implications of OOS-imposed redesign of potentially serviceable satellites
It is also mentioned in [29] that using a built-in microsatellite hosting capability on the

servicing spacecraft could widen the variety of space applications such small satellites could
be used for. In 2008, a summary of the Orbital Express program is published at the SPIE
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Defense and Security Symposium, detailing a mission overview as well as the results and
unexpected problems said demonstration had to overcome [30]. One of the most critical
mission requirements for said demonstration was the raising of Technological Readiness Level
(TRL) of various technologies:

e "Non-proprietary servicing interfaces"
uA : . ) . "
. utonomous operations and servicing software

e "Autonomous proximity operations and Autonomous Guidance Navigation & Control
(AGN&C); Autonomous capture and mating"

e "ORU transfer" (ORU refers to Orbital Replacement Unit, in other words a module
used in servicing)

e "Zero gravity fluid transfer"
« "Avoidance of contamination of NextSat"

e "Advanced robotics"

The Orbital Express demonstration mission was launched on March 8, 2007, and was suc-
cessful in attaining a 492 km circular orbit with an inclination of 46°, however this happened
approximately 10 seconds earlier than expected. This was in no way the only unexpected
event, as during initialization the SIGI space receiver on the ASTRO failed to initialize com-
pletely. This led to the choice of switching to reaction wheel control, however it was noted
that the RWA (reaction wheel assembly) pitch axis was saturating. Upon investigation of
this system, it was discovered that the flight software assumptions were incorrect for said axis
of the reaction wheel installation and a corrected version was sent along with a new RNP
matrix, state vector and time tag, which served as preparation for the SIGI GPS reinitializa-
tion. The issues did not stop there as upon GPS reinitialization it was observed that the Star
Tracker attitude quaternion had a deviation of nearly 180 degrees away from what the SIGI
quaternion indicated. This led to the ASTRO immediately turning away from the Sun, thus
taking the Sun off both NextSat and ASTRO solar arrays, leading to a loss in communication.
Although the ground team was successful in sending a command to ASTRO to switch to Free
Drift mode, this ended up disabling the Antenna Manager, thus putting it in toggle mode.
As a last resort, the team requested NextSat take control over the stack by disabling all fault
protection and sending a command directly to NextSat telling it that it was unmated.

The following pass it was verified that NextSat was in control and slowly turning the mated
couple towards the Sun and, approximately two hours later, power was restored to both space-
craft. Due to these series of unfortunate events, even more problems had arisen such as the
propellant lines freezing over and the battery capacity of ASTRO being slightly compromised,
however these were settled without much trouble. Once the SIGI GPS was reinitialized the
vector error was solved however the SIGI was closely monitored thereafter. Further issues
such as one Thermal Control System and two OEDMS (Orbital Express Demonstration Ma-
nipulator System) related anomalies were experienced but overcome successfully. Lastly a
ground station transmission anomaly was also detected where the upload was 3048 blocks
whereas the receiver could only permit 3045 blocks to be transmitted. This was solved by
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stitching the last 4 blocks to the previously uploaded blocks and installing it once the second
transmission was achieved. After all these issues, finally the Orbital Express demonstrations
could start.

The first scenario considered consisted of a coupler system mating (with ASTRO approaching
NextSat) and leak check, as well as a pressure-fed hydrazine propellant transfer from ASTRO
to NextSat. ASTRO successfully delivered 19 pounds of hydrazine to NextSat, followed by
a reverse transfer (from NextSat back to ASTRO) of 52.5 pounds. The first ORU transfer
was also performed, consisting of moving the battery from ASTRO and integrating it with
NextSat. This marked a historic first for battery transfer among spacecraft [30]. After
multiple more fluid transfers in both directions, Scenario 0 was concluded successfully.

Scenario 1 essentially consisted of ASTRO using its robotic arm to grapple NextSat, release
the separation ring band attached to it and extend said satellite to pre-berth position. In
spite of a slight anomaly being discovered in the robotic arm system, this segment was also
completed with success. Scenario 2 was the first unmated demonstration where ASTRO
would demonstrate final approach and direct capture of NextSat from a separation distance
of 10 meters. This entire scenario was performed at autonomy level 4 and following the
capture, two battery transfers were demonstrated at autonomy level 3 (higher level than
previous scenarios). Scenario 3 was planned to be a "Free-Flyer" capture scenario at a range
of 30 meters, however during operations ASTO experienced a failure of the primary sensor
computer. As rebooting failed to fix this issue, ASTRO autonomously aborted said maneuver
and began station keeping at roughly 120 meters away from NextSat. Further actions from
the ground team resulted in a passively safe orbit with a separation of 6 kilometers between
ASTRO and NextSat. Although this event highlighted some system limitations for the Orbital
Express mission, once ASTRO successfully locked on to NextSat, it continuously tracked it
with its infrared camera and laser ranger finder starting at a separation of slightly over 4
kilometers. Once the ground team uploaded a new scenario for ASTRO, the distance between
the two spacecraft had shrunk to approximately 2 kilometers. After an approach that put
ASTRO within 140 meters of its target, ancillary sensors were activated and a perfect direct
capture of NextSat was achieved. Scenario 4 was supposed to involve the validation of the
laser range finder at a distance of 1 kilometer, however this was already achieved hence it was
dropped. For similar reasons, the fly-around objective originally pertaining to Scenario 6 was
moved to Scenario 7.

The following scenario involved the ASTRO separating from NextSat to a distance of 120
meters, using solely onboard cameras and the advanced video guidance system, subsequently
flying around NextSat, approaching and capturing said target. This marked another historical
first time where a fly-around was performed using primarily passive sensors and without
exchanging relative navigational information [30]. Furthermore, this demonstration occurred
at full autonomy, requiring no supervision, approval or confirmation from the ground station.
Due to the problems experienced in Scenario 3, Scenario 7 was significantly redesigned. From
a planned departure to 7 kilometers followed by a return and direct capture, as well as a
combined ORU and fluid transfer, the goal was changed to 4 kilometers, whilst the rest
remained unchanged. Although an arm anomaly prevented immediate berthing and mating
with NextSat, once this was fixed this scenario also proved to be successful. Finally Scenario
8 was essentially the Orbital Express design reference mission which included all servicing
activities, Free-Flyer capture from a distance of 7 kilometers, unmated operations, as well as
fluid, battery and computer transfers. This scenario spanned a total of 5 days and ended in
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complete success.

The only thing left was to perform the end-of-life scenario. Although the original plan was
to leave both satellites in trajectories with no possibility of re-contact which would naturally
decay within 25 years, ASTRO still had approximately 88% of its original propellant left
and this had to be depleted. Furthermore it was decided that there was value in further
characterizing the sensors and this could be integrated in this last scenario. After transferring
all fuel to NextSat, the separation between the two satellites was enlarged up until the sensors
lost track of each other at a range of 400 kilometers. A return command was issued to ASTRO
which successfully reaquired NextSat as a target at a range of 200 kilometers. The final
decommissioning sequence was successfully uploaded on July 20th, 2007, thus concluding the
Orbital Express demonstration mission. With a duration of approximately 4 months, this
mission was a definitive success, achieving all demonstration scenarios proposed [30].

The results of this demonstration mission are further quantified in [31], where the focus
is primarily on the robotic manipulator system, as well as its role in the Orbital Express
demonstration.

Another significant project created by DARPA is the Phoenix System [8] which can be classi-
fied through two major designs - the Payload Orbital Delivery (POD) system [32], [33], which
paves the way for the Satlets [9], a conceptualization of satellite cellularization. [8] provides a
summary of progress on hardware prototyping and systems analysis as well as initial testing
and demonstration results as of 2013. At this time, the concept of operations planned for the
Phoenix demonstration mission includes ten distinct stages, as illustrated in Figure 2-11.

Servicer/Tender launch,
activation and checkout

GEO graveyard

GEOSat launch and
PQDs delivery

PODS RPO and
RCA M2 capture
or »
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RCA RPO, mapping
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ApSat end-to-end S e § ¢
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RCA aperture
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engagement and and grapple
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Figure 2-11: Operational phases of Phoenix demonstration mission, courtesy of [8]

The goal cited in [8] is to "develop and demonstrate technologies to cooperatively harvest
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and reuse valuable components from retired, non-working satellites in Geosynchronous Earth
Orbit GEO and demonstrate the ability to create new space systems at greatly reduced cost".
The first step in achieving this is the design of a Servicer/Tender satellite with enough fuel
and robotic dexterity to enable satellite-to-satellite operations. This includes a variety of
technologies to be hosted, including but not limited to:

e A toolbelt accommodating robotic and sensing paraphernalia as well as rendezvous and
proximity operations systems and associated sensing equipment

e Two FREND Mark 2 robotic manipulators
e A collection of tools and end-effectors for the primary robotic arms

o Next Generation Hyper-Dextrous Manipulator (NGHDM) technology used in proximity
operations

o Tele-robotic capabilities and corresponding software

To ensure the continued operability for said Service/Tender to act as an on-orbit asset, the
Payload Orbital Delivery system (PODs) is envisioned to essentially act as a "FedEx to space”,
providing the ability of bringing additional or upgraded tools, hardware or even satlets. This,
however, represents the full scope of the Phoenix project, whereas the very first phase solely
considers the repurposing of an aperture of a Retired Cooperative/Candidate Asset (RCA)
through the use of the FREND robotic system. As such, more details are given with respect
to ground testing of various aspects of such an endeavor such as: EMI/EMC on the robotic
manipulators, POD grapple and contact dynamics, initial end effector performance, boom
severing and tele-operations. At the time of writing of this paper, Phase 2, namely the
building phase was planned for fall of 2013 [8§].

Also published in 2013, [33] mainly considers the POD system as a whole, briefly mentioning
other aspects of the Phoenix program, but focusing on the benefits and concerns such a system
would raise. With respect to performance, DARPA estimates that about 15 commercial
launches to GEO could be achieved per year, and considers an overall total of 66 candidate
missions that could be applicable for launch using PODs. The timeframes before launch, as
well as from launch to POD separation are briefly considered as well as separation from host
and post-separation aspects.

Finally [33] gives an overview of envisioned POD capture operations once it has satisfied
host launch and deployment as well as potential commercial operator and even manufacturer
concerns that could be raised by this system, including but not limited to avoidance of com-
plex mission profiles, minimization of propellant usage, positive avoidance of re-contact risk
following separation from POD system, as well as minimization of potential insurance un-
derwriter concerns regarding POD hosting and release. Future considerations quoted by this
work can be summarized as: the usage of PODs as ESPA payloads, the design of Fuel PODs
(specialized in propellant delivery), the potential use of PODs as an enabler for small satellite
missions, as well as using the POD interface to augment potential future GEO hosts [33].

On the other hand, [9] aims at providing a sort of user’s guide for the PODs concept, by
not only comparing it with other hosted payload opportunities but also exploring planned
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flight testing scenarios, alongside POD hosting opportunities and launch integration cycle.
However, the most noteworthy information provided by [9] is the description of the Standard
Hosted Payload Assembly (HPA) concept, illustrated in Figure 2-12.
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Figure 2-12: Schematic of Standard Hosted Payload Assembly (HPA), courtesy of [9]

This technology permits payload incorporation directly without the use of the POD chassis.
The constraints on the payload for use of the HPA without requiring further mission specific

analysis are as follows:

o Payload mass is within 15-60 kilogram margin.

o Payload center of gravity is within 15 centimeters of the POD chassis center and within

15 centimeters of POD Chassis Payload Deck.

e Payload is well fastened with respect to the POD chassis - one fastener per 5 centimeters

of payload mounting edge distance.

e Payload has a fundamental frequency f,, > 200Hz or 50Hz < f,, < 7T5H z.

e Payload footprint follows mass guidelines outlined: 15-30 kg corresponds to 20cm x

20cm / 30-60 kg corresponds to 30x30 cm.

A paper from 2015 delves into the final stages of project Phoenix, namely the Satlets and
their design philosophy [9]. A satlet is defined as "a cellularized satellite architectural unit"
designed with the express purpose of breaking the mass-performance relationship established
by traditional monolithic space systems. The value proposition for such systems includes

Master of Science Thesis Andrei Hutan (4195744)



24 Literature Study

decreased costs per kilogram (expected results are of an order of magnitude less than tra-
ditional spacecraft), increased redundancy and the possibility of achieving overall reliability
comparable to traditional systems, whilst at the cell level reliability is much lower. The work
here mainly focuses on homogeneous satlets, to be more specific, the Hyper-Integrated Satlet
(HISat) developed by Nova Wurks Inc. The given design shows significant cost reductions
compared to traditional design in all categories (labor, component and total program) for
both SmallSat (less than 1500 pounds) and MediumSat (over 1500 pounds) classes, as illus-
trated in Figures 2-13a and 2-13b, for small and medium satellites respectively, courtesy of
[9].

U Traditional Smallsat  w PAC Smallsat 1 B Traditional MediumSat ~ WPAC MediumSat

033
/'//
Total Labor ~ Total Component Costs  Total Program Costs Total Labor Total Component Costs  Total Program Costs
(normalized hours) (normalized §) (normalized §) (normalized hours) (normalized $) (normalized $)

(a) Comparison between costs for traditional and HISat- (b) Comparison between costs for traditional and HISat-
based satellite bus and its integration and testing (Small- based satellite bus and its integration and testing (Medi-
Sat class) umSat class)

Figure 2-13: Results of cost comparisons between HISAT and monolithic designs

The User Defined Adapter (UDA) developed by NovaWurks serves the purpose of exchanging
power and data as well as employing required thermal management between the Satlet cells
and payload. The capabilities of the UDA scale up as a function of number of attachments
to the payload module (the more UDA connected to the payload directly, the higher the
capabilities). Although the power and data capabilities are not specified, it is reported that
the UDA is capable of driving up to 10 W of heat transfer at a 5 K temperature differential.
As for the capabilities of the HISat cells, these can be classified into two types - one for
actuation (carrying thrusters or reaction wheels and presents low computing capabilities) and
one for attitude determination and computing (containing processors as well as any sensors
necessary for the Attitude Determination and Control Subsystem - ADCS). Each cell includes
a low-power main processor based on microprocessor technology with a projected performance
range of 10000 MIPS, an initial memory capacity of 1 GB of RAM and 32 GB Flash Memory
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storage.

In order to demonstrate the feasibility of this cellularized concept, [9] proposes a demon-
stration mission named the eXperiment for Cellular Integration Technology (eXCITe) whose
primary goal is to advance the TRL of this technology to 9. The spacecraft comprises of
a Package of Aggregated Cells (PAC) of twelve HISats hosting multiple payload interface
experiments and is meant to be launched in Low Earth Orbit (LEO). Although the eXCITe
concept is planned to be assembled on ground, it is mentioned that pre-launch assembly,
or even on-orbit assembly is possible (using astronauts, teleoperated robotics or even self-
assembly). [9] also explores future applications of Satlets, providing a few conceptual systems
that make use of said building blocks, as illustrated in Figure 2-14.

Figure 2-14: Conceptual Satlet-based systems, courtesy of [9]

2-4 "Jog" stage - Current State-of-the-Art

In this final stage of development of OOA, it was decided to include not only demonstra-
tion missions but also the current state-of-the-art standardized interfaces that enable such
technology. In terms of demonstration missions, these can be classified based on the type of
assembly used into two different classes: robotic free-flying assemblers and self-assembly.

The first example of robotic OOA is the Commercial Infrastructure for Robotic Assembly and
Services (CIRAS) project, which employs two tendon actuated lightweight in-space manipu-
lator (TALISMAN) arms, each outfitted with an Intelligent Precision Jigging Robot (IPJR).
The TALISMAN arms were developed by NASA and leverage lightweight joints which pro-
vide a wide array of motions [34]. A composite version of this arm has reach and tip force
capability comparable to that of the Shuttle Remote Manipulator System (SRMS) whilst
occupying a seventh of the volume and weighing only a tenth of the mass. Up to date, two
prototypes have been created to demonstrate the TALISMAN architecture, a 15m version
of the arm and a 300m system assembled in-situ which enables advanced on-orbit assembly
operations. Initial ground testing was performed so that target tracking, and robotic motion
were demonstrated as illustrated in Figure 2-15, courtesy of [35], as well as the capability of
assembling solar array elements on a truss structure.
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Figure 2-15: TALISMAN robotic arm ground testing

The IPJRs, as suggested by their name, primarily perform jigging operations, however their
functionality goes beyond that, as they have the added capability of providing support and
location data on structural elements not only prior but during welding operations as well.
As such, they can serve one of three primary functions: as a TALISMAN tool repositioning
configuration, a separate end-effector, or even a relative positioning tool capable of assembling
subsystems onto a truss structure backbone [34]. The accuracy and dexterity of this system
was tested through experiments and assembly demonstrations [36] which served in identifying
three factors that had major contributions in error generations:

o Welding was prone to positioning error, hence heat was being applied unevenly.

o Error correction algorithm did not correct errors that entered the boundary, instead
resorted to the final pose near acceptable boundary.

e Solar panel weight caused unexpected compression in the joints once IPJR released
them.

In order to solve these problems, in 2017, the NASA Intelligent Jigging Assembly Robot
(NINJAR 2.0), an enhanced version which made use of IPJR technology, was tested on the
ground, demonstrating its ability to move and manipulate objects along a truss structure [37].
This was a first successful step necessary before the Orbital ATK team could integrate their
Strut Assembly, Manufacturing, Utility & Robotic Aid (SAMURAI) into the process. This
collaborative effort was needed as the intent was for the SAMURAI to pass strut elements to
the future NINJAR 3.0 whilst also taking care of pose estimation and positioning of assembly
elements. Figure 2-16 illustrates the results of the ground testing where NINJAR successfully
build a cuboid structure:
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Figure 2-16: NINJAR ground testing, courtesy of NASA

Since the CIRAS project combines the long reach of the TALISMAN arm and the enhanced
assembly and joining capabilities of IPJRs, [36] proposes the use of CIRAS to assemble a large
Solar Electric Propulsion (SEP) vehicle, consisting of a bus and two solar array elements which
would be assembled once injected on the desired orbit. The proposed concept investigated in
[36] is a space tug with solar array elements capable of supplying between 250 kW and 500
kW to the ion engines used as payload.

The second representative mission that employs robotic operations is the Archinaut, or the
Versatile In-Space Robotic Precision Manufacturing and Assembly System, a collaborative
effort between NASA and Made In Space Inc. This project is essentially a free-flying system
whose main goal is to combine precision robotic assembly capabilities with additive manu-
facturing. The advantages of this system would primarily be in mass optimization and risk
reduction. The former would be achieved due to the fact that additive manufacturing on
orbit would not require structural overconstraining necessary to withstand launch loads. The
latter advantage arises from the use of common manufacturing materials, thus allowing robust
systems build from components that are easily replaceable [38]. For fabrication purposes, the
Archinaut employs DARPA’s Scanning and Additive Manufacturing End-Effector (SAMEE)
which also permits surface characterization, thus allowing for in-situ verification of the assem-
bly process. It is important to mention that the TRL of Archinaut was raised to 6 on June
2017 following testing in representative vacuum and thermal conditions at the NASA Ames
Engineering Evaluation Laboratory (EEL). These tests also marked the first and largest
structure ever produced through additive manufacturing in relevant space conditions.

Visiting the Archinaut project website reveals two different possible applications of this tech-
nology in OOA implementations: the DILO and the ULISSES. The former stores deployable
reflector panels during launch which are subsequently assembled and fixed in space. The edge
alignment is verified through a laser based end-effector, and once all panels are fixed, they
are deployed into their flight configuration and a boom is constructed using additive man-
ufacturing. This is followed by the final step involving the in-situ verification for assembly
flaws. Although this mission fits more thoroughly under the self-assembly classification, it
was included here so as to avoid unnecessary confusion by quoting the Archinaut project in
both classes. Conceptual illustrations of the DILO satellite are provided in Figure 2-17.
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Figure 2-17: DILO conceptual illustrations of different assembly stages, courtesy of NASA /Made
In Space

The ULISSES spacecraft on the other hand is a free-flying version of the Archinaut concept,
employing three robotic manipulator arms to assemble the structural elements it manufactures
in the space environment. The concept behind its operation can be structured into four
actions: manufacturing of nodes, manufacturing of struts, mating of structural elements and
autonomous assembly of structural elements into a truss, as shown in Figure 2-18, courtesy

of [38].

Figure 2-18: ULISSES manufacturing A) nodes and B) trusses, C) mating of structural elements,
and D) truss assembly

Moving on to self-assembly concepts, the most promising mission is the Dragonfly project, a
collaboration between NASA and Space System Loral (SSL) whose main goal is to enhance
satellite capabilities by leveraging OOA technologies. The main application of this project is
GEO communication missions. Initial ground testing was performed in 2017 [39] focusing on
demonstrating the feasibility of robotic installation and reconfiguration of reflector antennae.
The aim is to eventually include 3D printing capabilities (similar to Archinaut) so as to
produce the antennae to be attached according to stakeholder requirements [40]. The main
advantages of this methodology are upgradeability, reconfigurability and robustness in the
communication domain. This technology promises to not only create but assemble antenna
elements such that performance constraints can be satisfied in an active way. If higher data
quality is required, an additional antenna can be produced and fitted.
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Although Dragonfly provides some reasonable advantages for OOA, there are two distinct
limitation when considering this implementation. Firstly, stringent collision avoidance and
proximity operations requirements arise when attempting to utilize this approach for other
assembly operations and the robotic manipulator employed for self-assembly has significantly
reduced reach making it difficult to achieve scalability in design. Furthermore, the self-
assembly itself poses the issue of creating value for a single satellite whereas free-flying robotic
assembly can be deployed to aid various different missions, providing additional value with
each successful use. In spite of these constraints with regards to scaling up to larger systems,
reach and workspace restrictions, the Dragonfly project can at least produce enabling demon-
strations for robotic manipulators meant for self-upgradeability. The envisioned concept of
operations for Dragonfly is illustrated in Figure 2-19, courtesy of NASA.

Figure 2-19: Dragonfly concept of operation, courtesy of NASA

The last mission utilizing self-assembly comes from the field of small satellites in the form
of the OOAN project developed by NASA [10], [41]. This mission revolves around the
autonomous rendezvous and docking of 3U CubeSats through the use of permanent mag-
nets. The spacecraft are equipped with Carrier-Phase Differential Global Position Systems
(CDGPS) for use in relative position estimation, and a reaction control system (RCS) used
in rendezvous and close proximity operations. The basic idea involves a leading satellite and
a follower one, that engages its RCS once the two CubeSats are aligned along the local v-bar
direction of the Local Vertical Local Horizontal (LVLH) frame (their Z-body axis). Four cold
gas thrusters are strategically positioned along the spacecraft frames and provide the means
of translational motion preceding the entry of the follower satellite into the sphere of influence
of the leader’s magnet. A docking schematic illustrating the OOAN concept is provided in
Figure 2-20.
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Figure 2-20: OOAN docking schematic, courtesy of [10]

The distinct advantage provided by making use of magnetic docking is the reduction in high
precision sensors necessary during close proximity operations, which are the final and most
risky part of the assembly process. There are also a couple of limitations involved, namely the
limited range of the magnets as well as the fact that a certain distance is required between

the two satellites for the system to work. The latter entails the fact that adding multiple

such interfaces along different sides of each module may negatively affect the performance of
the OOAN concept.

2-4-1 Current State-of-the-Art Interfaces

A total of four different standardized interfaces were selected as state-of-the-art based on their
capabilities, as well as ease of assembly configurations:

o Hyper-Integrated Satlet (HISat) interface - created by NovaWurks, in collaboration with

the Defense Advanced Research Projects Agency (DARPA), this project promoted the
homogenous modularity approach to satellite design with the invention of the HISat.
These small satellites are envisioned to be assembled on ground in various flight configu-
rations depending on mission requirements. Although no information has been found on
the actual interface design between the satlet elements, [9] does state that capabilities
for fuel transfer exist at the least, with plumbing, tankage, valve and pump elements
present in each HISat element. Furthermore, thermal load transfers are passive, being
ensured through wall-to-wall conduction or radiation. It is also expected, based on
possible Satlet designs in [9] that a mechanical interface exists, most likely some form
of screw assembly based on the Satlet design illustrated in Figure 2-21, courtesy of
[9]. In spite of the lack of information on actual performance parameters and physical
structure, this project is mainly included due to the secondary interface created for the
purpose of interfacing a payload with the HISat called the User Defined Adapter (UDA).
This element is capable of driving up to 10 W of thermal load at a 5 K temperature
difference, effectively including the payload into the overall system thermal control loop.
A CAD diagram of the UDA and its associated block diagram are illustrated in Figure
2-22, courtesy of [9], [11].
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Figure 2-21: HISat design, courtesy of [9]
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Figure 2-22: UDA plate CAD (left-hand side) and block diagram (right-hand side), courtesy of
[11] and [9], respectively

o Self-assembling Wireless Autonomous and Reconfigurable Modules (SWARM) universal
interface [12] - designed in the Space Systems Laboratory of the Massachusetts Institute
of Technology (MIT), SWARM represents a test-bed for modular spacecraft systems ca-
pable of self-assembly and reconfiguration through the use of wireless communication.
The interface that makes this possible is capable solely of mechanical locking and elec-
trical transfer. This is due to the fact that ease of manufacturing is one of the design
drivers in this undergraduate project. As such, fluid transfer was eliminated as a design
requirement in order to maximize undergraduate involvement in both design and man-
ufacturing. Furthermore, due to wireless communication being a baseline feature of the
system, data transfer is deemed unnecessary for the interface element. With regards to
structure, a CAD model is illustrated in Figure 2-23, courtesy of [12], showing the basic
elements of the interface. One should note the pin head and corresponding entrance are
both chamfered in order to reduce alignment constraints. The assembly method em-
ployed in the final proximity operations and eventual docking of two of these interfaces
is electromagnetic attraction. For more specifications and design details, the interested
reader is referred to [12].
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Figure 2-23: SWARM standard interface CAD, courtesy of [12]

o intelligent Building Blocks for On-Orbit Satellite Servicing ("iBoss") [13], [42] - a project
funded by the German Aerospace Center (DLR), aims at exploiting the benefits of mod-
ular architectures and standardization with the aim of OOS operations. This endeavor
focuses around two elements, functional modules and a 4-in-1 standardized interface
design capable of docking as well as transfer of power, data and thermal loads. The
design of the latter consists of a thermally conductive layer, an electrical interface made
out of two isolated copper rings acting as positive and negative poles, a mechanical
docking part and a central data link, as illustrated in Figure 2-24, courtesy of [13]. It
is important to note that in this case, robotic assembly would be employed to fit the
modules together, hence no magnetic element is present. On the other hand, a special-
ized tool tip is designed for the robotic arm that fits with the standardized interface
and provides power to the module element whilst it is connected to the robotic arm.
This is important as it explores the option of specific tool creation to fit the interface
instead of creating an interface that will comply with current robotic standards.

Thermal I/F Data I/F Mechanical I/F Electrical I/F

Figure 2-24: "iBoss" interface CAD, courtesy of [13]

» Standard Interface for Robotic Manipulation (SIROM) [14], [43], [44], [45]- a European
project primarily developed in Spain, SIROM is a 4 in 1 multi-functional intelligent
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interface that combines mechanical, electrical, data and fluid transfer capabilities in a
single design. The applications of this project include OOS, OOA, refueling, payload
upgrade or replacement, active debris removal and robot tool exchange. The idea behind
the design of STIROM includes a combination of a custom end-effector and active payload
systems which would enable the design of easily serviceable/upgradeable modular and
re-configurable space systems. SIROM is equipped with redundant thermal patches,
data and power connectors, and pin holes, such that four-degrees of axial symmetry
are enabled. Out of all the options considered up until now, SIROM has the highest
technical performance out of all interfaces considered. Figure 2-25 shows a schematic
of STROM with all relevant transfer connectors outlined.

POWER I/F M — i POWER I/F F

Figure 2-25: Schematic of SIROM interface design, courtesy of [14]

A summary of performance parameters and dimensions of all the interfaces described up until
now is provided in Table 2-1, courtesy of [12], [13], [42], [14], [45]. The UDA (HiSat interface)
is excluded from this as no information is available except for its dimensions.

Table 2-1: Main dimensions and performance parameters of existing SoA interfaces

SoA Interfaces SWARM iBoss SIROM
Tension (max) N/A 6000 N 1300 N
Compression (max) N/A 6000 N 5000 N
Shear/Radial (max) N/A 400 N 5000 N
Bending (X-axis moment) N/A 400 Nm 150 Nm
Torque (Y-axis moment) N/A 400 Nm 420 Nm
Bending (Z-axis moment) N/A 400 Nm 150 Nm
Data rate 0.9216 Gbps 1 Gbps 0.322 Gbps
Electrical power transfer N/A 5 kW 42 W
Voltage rating 5V 100 V 20-34V (28V op)
Heat transfer coefficient N/A 600 % N/A
Operational temperature N/A -50/70 °C -40/100 °C
Dimensions:
Diameter 0.076 m 0.119 m 0.132 m
Height 0.038 m 0.048 m 0.1265 m
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It will later become clear that the interfaces described here are of much lower dimensions
than the interface that is designed as a result of this thesis, thus for a comparison in perfor-
mance between said thesis result and the most high performance SoA interface (SIROM), a
downscaled model is also produced and analyzed.

2-5 A different approach to modularity - Fractionated spacecraft
concept

In spite of the existence and study of modular concepts for a significant amount of time,
some researchers propose a different solution to make up for the disadvantages of traditional
monolithic spacecraft: fractionated systems. This idea forgoes the necessity of mechanical
interfaces, instead focusing on a cluster of free-flying modules which cooperate and communi-
cate as needed during the mission’s operational lifetime. The first mention of such a concept
comes from a study from the Massachusetts Institute of Technology (MIT) in 2005 [46], which
tries to assess the flexibility endowed by such a design. This paper tries to go a step further
from classical modular systems by considering a spacecraft that is reconfigurable to a certain
extent, thus being able to adapt to likely changes in requirements or even environment during
mission operations. It is further postulated that due to the ability to reconfigure, add or
exchange modules independently from others, fractionated concepts may offer the added ad-
vantage of reusability over several missions. As with modular concepts, a distinction needs to
be made between homogeneous and heterogenous fractionated spacecraft, of which the latter
is addressed in said paper from MIT. The vision explored here is that a free-flying payload
is supported by other (also free-flying) modules whose sole role is providing support, thus
forming an on-orbit infrastructure.

In order to assess the flexibility of this concept, a multi-attribute trade-space exploration
methodology is implemented, which has a customer-centric focus. The systems considered
have the same performance levels and are built surrounding the same payload, thus what
is examined is the variation in value delivered to the customer with respect to the following
attributes: mass, maintainability, scalability, flexibility and responsiveness. The architectures
investigated are, of course, defined by a series of design parameters which form the design
vector. Subsequently varying these values results in the trade-space considered in this study.
Although the mass is a clearly defined concept, the other four attributes are not, thus some
definitions are provided for clarity:

¢ Maintainability = "the ability of a system to be kept in an appropriate operating
condition" [47]

e Scalability = "the ability of a system to maintain its performance and function, and
retain all its desired properties when its scale is increased greatly without having a
corresponding increase in the system’s complexity" [47]

o Flexibility = "the ability of the system to be modified to do jobs not originally included
in the requirements definition" [48]

» Responsiveness = "the ability to meet changing requirements quickly" [49]
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These are evaluated based on the response the system shows to a change, further divided into
three criteria: change type, response type, and response time. This leads to the classification
illustrated in Figure 2-26, courtesy of [46].
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Figure 2-26: Definition of attributes

The architecture trade space investigated is reliant on four design parameters: fractionation
level, technologies used, number of modules, and subsystems contained therein. Additionally,
three different types of missions are investigated: navigation, communication and sensing.
The cost is also considered, the estimations used being based on subsystem masses [50].
Finally in order to evaluate each of the four attributes defined previously. three distinct
scenarios are envisioned:

e Scenario 1 - An internal failure occurs in the system. This is used to evaluate maintain-
ability.

e Scenario 2 - An increase in level of performance is required. Based on this scalability
can be quantified.

e Scenario 3 - A new function is required of the system (essentially a change of payload).
This is used to evaluate both flexibility, as well as responsiveness.

The results of this study show that the effect of fractionation on mass has a tendency to
induce mass penalties. The sensing mission is the only one that shows slightly less mass than
traditional options, whereas on the other end of the spectrum, the navigation mission shows a
mass penalty between 220% and 300%. An interesting conclusion with regards to this is that
the fractionation of the power system produces the largest penalties, mainly due to additional
hardware required both for power transmission and power generation. On the other hand,
the grouping of propulsion and attitude control subsystems into the same module seems to
lead to improvements in mass.

Whereas some minor improvements were registered with respect to mass in a specific mis-
sion type and fractionation architecture, fractionation only shows penalties when considering

Master of Science Thesis Andrei Hutan (4195744)



36 Literature Study

costs, with the lowest being registered for sensing missions (190% - 250 %), and highest for
navigation concepts (270% - 350%).

When considering maintainability, the results are fairly easy to predict - the lower the mass
and cost of the module containing the subsystem that registers the internal failure, the lower
the penalty for replacement as opposed to monolithic spacecraft where the whole system
would need to be replaced.

As for scalability, at complete fractionation the smallest payload module corresponds to the
communications mission, weighing approximately 45% of the mass of the monolithic space-
craft, while the highest payload module with respect to weight corresponds to the sensing
mission, at 47% of the mass of the monolithic spacecraft. Based on this the costs for upgrad-
ing (effectively replacing) the communications mission payload module are less than 40% of
the cost of the monolithic spacecraft.

When considering flexibility, the best results are achieved for the communications mission
which results in the most light-weight payload module (30% of whole spacecraft), and the
worst correspond to the sensing mission (45%). This results in a cost of only 25% that of a
monolithic spacecraft for the communications payload of a fractionated architecture.

Finally, the shortest cycle with respect to the responsiveness criterion is registered for the
communications mission, evaluated at 30% that of the monolithic equivalent system.

This study thus proposes that valuing the latter four attributes higher than traditional space-
craft design drivers such as mass and cost will lead to the preference of fractionated systems
over monolithic ones. It is further mentioned that obvious technical risks exist for such con-
cepts, however many advantages and possible synergies with other concepts could potentially
outweigh the disadvantages of fractionated systems.

Following this study from MIT, in 2006, scientists from the Defense Advanced Research
Projects Agency (DARPA) publish a paper describing the value proposition of fractionated
spacecraft [51]. They identify a series of problems with traditional spacecraft designs such
as the high costs and long timeframes associated with creating a system that can deliver a
certain capability robustly in the face of uncertainty, as well as the complexity and trends
that stem from this. When considering monolithic designs, an abundance of uncertainties
is identified, from technical ones, such as the change in demand for capabilities during a
spacecraft’s operational lifetime caused by the long time frames in production as well as long
life cycles such missions are designed for, to associated cost, schedule and value uncertainties
[51], [49]. To tackle these, classical design dictates a need for robustness which in turn creates
a more complex system. Furthermore, in order to counter any failures or uncertainties that the
mission may deal with, extra fail-safes and back-up systems are added, which again increase
the overall complexity of the system. This has led to a requirement-centric minimum-cost
approach which is fairly typical of satellite design at the time of writing. DARPA proposes
that a change to fractionated spacecraft designed and procured using a value-centric mindset
could be a potential solution.

The first advantage proposed is the ability to adjust the capabilities of a fractionated space-
craft during its lifetime, instead of projecting high requirements years in advance at the start
of the design. Such incremental and scalable deployment could have a significant impact
on the business cases of various mission types. The second advantage offered relates to the
option of substituting, removing or augmenting an existing module in such a system, or even
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utilizing a module in a different mission altogether. This is expected to provide flexibility
throughout the operational lifetime of the system, which in turn adds robustness. The de-
ferral of specific design decisions to later in the production stages of such a system is also
quoted as an advantage, the comparison being made to acquiring and holding options in the
financial sector, thus not only diversifying risk but also reliability. In other words, the value
proposition proposed by DARPA [51] can be classified into four distinct concepts:

e "Portfolio Optimization - Diversification of Risk & Reliability Tailoring" - this refers
not only to cost variance expected for total launch costs but also to the risks associ-
ated to potential launch failures, or subsystem failures. Essentially compartmentalizing
the system leads to reduced costs and scheduling penalties when replacing said module
instead of the system as a whole. It is also considered that in a homogeneously fraction-
ated system, a module failure does not mean a complete loss but a reduction in overall
capability.

e "Spatial Distribution - Eliminating Fragility of Complex Systems" - in essence the dis-
tributed nature of such systems would reduce the risk as well as impact of any failures.
Furthermore, since some requirements are directly dictated by the payload itself, there
will be less strict equivalents for the non-payload modules, leading to simpler subsys-
tems. When considering classified payloads, these can be developed separately from the
rest of the spacecraft, thus reducing the associated security costs.

e "Cost Considerations" - this includes all costs facets discussed previously, from launch,
to maintenance, impacts caused by upgrading or changing the design, as well as diver-
sification of component choices.

e "New Paradigms" - a number of concepts are explored here, from the potential imple-
mentation of short design-build-test and design-build-fly development cycles, to frac-
tionation acting as an enabler for responsive space launch viability both economically,
as well as from the point of view of requisite launch rates and volumes. Taken to the
extreme, this concept could supersede the need for large rigid structures, instead using
a fleet of utility modules as support, thus only requiring the payload module as the
main cost for the mission stakeholders.

This proposition is followed by a mapping of the main issues preventing the implementa-
tion of fractionated architectures: value-centric acquisition, cluster flying, data transmission,
fractionated navigation, distributed computation and data resources, power transmission,
force and torque transmission, and finally a demonstration program [51], [49]. These lead
to the conceptualization and proposal of System F6 (Future, Fast, Flexible, Fractionated,
Free-Flying Spacecraft). The preliminary design phase of this project was awarded to four
separate competing entities: Boeing, Lockheed Martin, Northrop Grumman and Orbital Sci-
ences, starting in February of 2008 and concluding in February of 2009 [52]. This phase
mainly revolved around the development, validation and demonstration of a Value-Centric
Design methodology and associated tools that could support the design of an optimized frac-
tionated architecture.

This methodology was designed with the primary aim of quantitatively comparing value and
cost of traditional spacecraft designs with systems built to adapt to new requirements, and
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that are less likely to experience cost growth due to unforeseen or undesirable circumstances.
As such a number of key definitions is given to support this framework:

¢ Value-Centric Design = "The incorporation of value metrics, in particular net value and
the variance in net value, into Systems Engineering"

o Flexibility = "The ability of a system to change on demand. This incorporates scala-
bility, evolvability, maintainability, and adaptability"

¢ Robustness = "The intrinsic ability of a system to maintain functionality in response
to unforeseen circumstances. This incorporates reliability, survivability, resistance to
fragility, and fault tolerance"

e Responsive Space = "The capability of space systems to respond rapidly to uncertain-
ties, including technical uncertainty, environmental uncertainty, demand uncertainty,
requirements uncertainty and funding uncertainty"

Using this framework, rather than minimizing risk, a Pareto frontier of maximized risk-
adjusted net values will be generated for possible investments. Similarly, each design choice
will result in an associated variance in value and cost. Thus risk mitigation is also included
in the design trade process instead of being a separate entity, as mitigation strategies are
selected to trade net value against reductions in the variance of net value. With respect to
acquisition, the choices that maximize net value for a given cost are preferable. This process
is explained in an overly simplified manner here, however much more detail is given as to
the inner workings of such a methodology in [52]. The results of Phase 1 of the F6 program
included the development of various tools and models to quantify net value which can be
classified into three types: cost, benefit and risk evaluation models.

The first type no longer consist of solely point estimates, but incorporate probabilistic simu-
lation aspects which account for launch failures, development delays and component failures
whilst on-orbit, which enhance the familiar component-level manufacturing, development,
launch and post-launch system operation cost models used in monolithic designs.

As for the benefits models, a common measure was used as a basis for all models developed
by the different teams, namely the timeframe during which the spacecraft was operational
transmitting data to the ground. Whilst the Orbital Sciences Team focused on the pricing
for the data feed based on market dynamics, Boeing approached this problem by using a
conservative estimate of system cost as the pricing of data, ensuring a reasonable profit margin.
Lastly Northrop Grumman estimated the value of service provided by their spacecraft using
Multi-Attribute Utility Theory.

With regards to risk evaluation models, all teams used Monte Carlo simulations as a basis, but
decided to highlight their results in very different ways. Whilst Lockheed Martin compared
the expected net present value of alternatives with the standard deviation of net present
value, Orbital Sciences focused on the net present value versus cost, and Boeing plotted
benefit versus cost such that the benefit to cost ratio becomes a slope line between design
point and origin. Finally, Northrop Grumman chose to showcase dimensionless utility as a
function of cost.
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Once this groundwork quantifying net value and its variance was implemented each team went
on to optimize their fractionated concepts. The design space was generated differently based
on each team’s design logic - whilst Boeing parametrized said space and generated a factorial
set of designs, Lockheed Martin employed MIT’s Generalized Information Network Analysis
tool, and Orbital Sciences resorted to Georgia Tech’s GT-FAST automated design tool. The
optimizer software tools themselves varied greatly from team to team as well. Lockheed
Martin continued to use MIT developed frameworks, in this case Space Lab’s Time-Expanded
Decision Network, Orbital Sciences developed their own custom software dubbed PIVOT, and
Boeing visually picked out the best design plot based off of a risk-adjusted benefits to cost
plot.

The conclusions of this phase can be summarized as follows:

e Whilst on-orbit servicing can definitely provide value, deterministic comparative cost
analysis does not make this readily apparent. As such not only must benefits be esti-
mated along with cost, but also a probabilistic analysis is essential.

o Several configurations with higher numbers of modules (or higher degree of fractiona-
tion) were estimated to exceed the cost of traditional spacecraft, on the other hand all
fractionated configurations provided better utility in comparison.

e According to Boeing an eight module architecture showed higher benefit to cost ratio in
spite of having a higher cost than monolithic systems. Furthermore it was indicated that
the steepest jumps with respect to benefit to cost ratio were registered when separating
into two or three modules.

¢ Lockheed Martin registered a 10% - 20% increase in expected net value when compared
to traditional spacecraft when using two or three modules.

o Two teams noted the critical importance of technology readiness level (TRL) in module
configuration. Boeing’s results found that isolating low TRL components in isolated
modules improved the overall value of a system, whilst Lockheed Martin found that it
is good practice to include similar TRL components in the same module as compared
to spreading them across multiple modules.

o Fractionated architectures overall showed less risk when faced with uncertainties such
as random changes in environment or even in requirements.

Based on all of these results it was proposed to refine the Value-Centric Design methodology in
Phase 2, whilst also delving more deeply in the areas of risk management, value-based acqui-
sition and subcontracting, dynamic project management and benefit assessment [52]. A paper
followed shortly after this describing how DARPA intended to bridge the results of their work
in Phase 1 to a potential plan for transitioning into reality [53]. This work not only considers
the four key enabling technologies necessary for F6 to be a success (Networking, Wireless
Communication, Cluster Flying and Distributed Computing) but also summarizes work al-
ready performed in these sectors of technological development. Following some demonstration
of cluster flight by DARPA’s Orbital Express program as well as NASA’s Demonstration of
Autonomous Rendezvous Technology (DART), the next step taking place at the time of writ-
ing of [53] was the testing of the Synchronized Position Hold Engage Reorient Experimental
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Satellites (SPHERES) developed by MIT, being used on the ISS. The conclusion of this paper
is that in order to actually be able to proceed with a full scale version of Project F6 an on-
orbit demonstration involving microspacecraft would be critical, albeit not the most optimal
envisioning of fractionated spacecraft concept.

In spite of this promising start for Project F6, DARPA cancelled it in 2013, however several
works were published thereafter that showed that this in no way was a waste of time, and
that a lot of the research done on this concept could be applied or repurposed for different
projects. One such paper explores the concept of optimal modularity of a fractionated space-
craft, even developing a model based on a simplified F6 architecture [54], whilst yet another
paper published in 2014 verifies the Cluster Flight Application (CFA) developed by DARPA,
using MATLAB simulations and high-fidelity embedded FSW simulation [55]. Even more re-
cently, in 2018, [56] showcases the advantages of the Adaptable System Design and Analysis
(ASDA) tool developed during Project F6, as a way to convert an advanced technology into
components, bus or launch vehicle and then propagate that change into the operation and
cost arena [56]. Such a tool could potentially improve concept development, planning and
fast-track the implementation of novel systems.

Interest in the topic of fractionated architectures has not completely died down with the ceas-
ing of Project F6, as even other sources aside from DARPA investigate enabling technologies
for such concepts, such as hardware-in-the-loop simulation systems for fractionated spacecraft
clusters [57] which are not exclusive to this topic but can ultimately be applied to proximity
free-flying spacecraft as well. Finally, for a more in-depth discussion on what distributed
satellite systems have to offer, including the trends, challenges and prospects for the future,
the interested reader is referred to [58] which not only synthesizes work done on fractionated
spacecraft but aims at providing an overview of all progress achieved in the fields enabling
such concepts as well.

2-6 Value proposition and current needs of OOA

On-orbit assembly offers a range of advantages, both in the short-term and the long-term. The
Space Science and Technology (S&T') Partnership Forum established in 2015 has attempted to
quantify some of these benefits as well as tackled the main needs to be satisfied so that OOA
is a success in two major works [59], [18]. The first study deals with the value proposition,
strategic framework as well as defining the capability needs required for OOA to succeed,
whereas the latter treats these needs in a more organized manner, mapping and prioritizing
them with the goal of near-term demonstration in mind. The structure through which the
S&T develops a value proposition for OOA starts with identifying the stakeholder’s and their
expectations:

Resilience

Military utility

Upgradeability

e Scientific progress
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e Space exploration

o Persistence

Using these as input, the S&T define an enterprise value as a function of cost (reduction),
performance (increase) and time contribution. The latter refers to reduction in technology
refresh time. This value is guided by Equation 2-1, courtesy of [59]:

fp(per formance)

fe(cost) - fi(time)

The final step involves determining the alternatives for collaboration so as to deliver said
value. Four common stakeholder goals were selected based on multiple technical interchange
meetings (TIMs):

OOS EnterpriseV alue = (2-1)

Supports near-term demonstration

Affordable

Lower cost

Industry transitioning

The results of this process lead to five main design drivers: stability, assembly, upgradeabil-
ity, scalability and interfaces. Furthermore a first draft of capability needs as well as their
definitions is compiled in [59], structured as follows:

o Deployables

e Structural Assembly

e Connecting Ancillary Utilities

¢ Ability to disjoin

e Sensing, Modeling, Simulation, Verification

o Interoperability

o Automation/Autonomy

e Precision

e Adaptive Correction

e Design

o Tunability

o Stability

o Standard Interfaces
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o Docking/Berthing

Each of these classes have sub-needs defined, however due to space concerns, these are not
included here. As such, the curious reader is referred to [59] for more details.

The second study from S&T firstly defines costs associated with demonstrating the needs
described above. Starting from the identification of three main cost factors, namely payload,
payload certification and payload launch mass costs, [18] defines a different framework for
evaluating cost since the scope of said study did not allow for direct quantification of said
costs in dollar values. As such the following classes are defined: none, minor, significant
and major. Using these classes weights and scores are given to the needs enabling OOA.
Furthermore, S&T compile a list of potential demonstration platforms such as the ISS, the
James Webb telescope, Restore-L, Robotic Servicing of Geosynchronous Satellites (RSGS),
and Commercial Infrastructure for Robotic Assembly and Servicing (CIRAS) missions. Quan-
tifying these platforms using Quality Function Deployment (QFD) techniques, five distinct
levels of readiness are defined: none, minor, significant, major and cannot support. Following
this, three main scenarios are defined for the application of OOA:

e Large Space Telescopes

e Space Vehicle Hub and Transfer Facility

e Communications Hub
Interestingly enough an earlier paper published in 2016 [60] investigates commercial appli-
cations of OOA and identifies a case that is not present here which they present as a low
hanging fruit - OOA of Radio Frequency Apertures. This presents a similar operational case
as space telescopes but with lower requirements with respect to alignment tolerances. The
results of the S&T analysis, courtesy of [18], consist of a list of twenty capability needs ranked
from highest to lowest priority, as follows:

1. Fail-safe modes of behavior on failure detection

2. Modular design

3. Soft docking/berthing of modules

4. A limited number of standard mechanical, electrical, thermal and fluid connection ap-
proaches with well-characterized properties

5. Standard protocols and ports to accommodate visiting vehicles and communication
traffic

6. Means of verifying the continuity of interface connections/disconnections
7. Design for serviceability
8. Modeling and simulation for verification and validation

9. Modeling and simulation for assembly sequencing/planning
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10. Ability to reversibly assemble structural, electrical and fluid connections

11. Standard but secure communication protocols to accommodate interaction with other
(TBD) associated systems

12. Quantitative performance prediction for autonomous systems
13. Design for assembly
14. Ability to assemble high stiffness structures

15. Known precision limits of any and all assembly agent elements across the assembly site’s
environmental envelope

16. Robotic assembly with joining
17. Ability to route electrical power and data across assembled joints

18. Ability to disconnect structural, electrical and fluid connections without propagating
damage to other system components

19. Ability to route fiber optical conductors across joints

20. Intelligence to make stereotyped decisions correctly without human input

A full list of the prioritized enabling capabilities as well as their scores is offered in Appendix
A of [18] however they will not be included here. What is important to note is that, out of
the priority list above, the interface design aims to satisfy quite a number of these, namely
numbers 2, 4, 6 (to a minimal extent), 7, 8, 10, 13, 14, 17 and 18. As such, the interface
design presented in this work aims at addressing half of the top twenty needs prioritized by
the S&T study.

Although this thesis only focuses on OOA, it is important to note that this is an enabling tech-
nology for an even higher tier step in space development, space manufacturing. Interestingly
enough, [39] defines a couple of near-term business cases for such technology: Nanosatellite
Trusses and Antennae in LEO, and GEO Satellite Solar Panels and Structure Repairs. This
is included not only for completeness but to give a glimpse of what the next future step could
be should OOA become a common design methodology.
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Chapter 3

Need Analysis on Space Telescopes for
OOA

This chapter details the need analysis of space observation missions meant for on-orbit as-
sembly, which is used as a basis for generating the detailed design requirements for the
inter-modular standard interface. Section 3-1, the reasoning behind the choice in mission
type and assembly type is discussed. Based on technological trends observed from current
and future space telescope missions taken as reference, a preliminary list of top-level require-
ments is defined in Section 3-2. Subsequently, the preliminary sizing of the optics system is
performed in Section 3-3, where a decision is made on the degree of modularity of the optics,
as well as the way in which the system will be broken down into modules. Section 3-4 dis-
cusses the envisioned spacecraft configuration, expanding the trait of modularity from only
the optics, to the whole system. This is followed by Section 3-5 which discusses the choice
of orbit. Using the selected orbit, the perturbations expected are discussed in Section 3-6.
The requirements imposed by launcher selection are discussed in Section 3-7. A first-order
estimation of the temperature of equilibrium for the given orbit is made in Section 3-8. Using
the number of modules as a basis, Section 3-9 estimates the housekeeping data required for
such a spacecraft. Section 3-10 formulates some requirements and guidelines for the design
of the assembler. Due to the fact that focus will be on the inter-modular interface, the de-
sign of the assembler subsystems will not be pursued in this work, however some capabilities
with respect to the robotic system will be specified. Finally, an overview of the concept of
operations for the whole system as well as a definition of its structure, and functionality of
the interface to be designed is presented in Section 3-11.

3-1 Mission and Assembly Type

Through the literature study it was observed that there is not only an increasing interest in
OOA [59], [18], [60], but also a desire for increasingly larger space telescope apertures [61],
[62], [63], [64], [65], [66]. Furthermore, at this point in time, with the launch of the JWST
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[67], [68], [69], [70], the current size limit permitted with existing launch vehicles has been hit.
This is confirmed by the NASA iSAT study [71], [72], [73], [74], [75] which also estimated that
if one were to consider future launchers (those existing at a conceptual level at present), the
maximum size of aperture diameter that could be launched would be 15 meters. As telescope
performance is directly correlated with aperture size, coupled with the limitations of current
launchers with respect to spacecraft size, one can assume that applying OOA technology to
space telescopes is one of the only ways (aside from OOM) that could create very large scale
space observatories. As such, it is henceforth assumed that the type of mission that is best
suited for analysis when using OOA would be observation missions with large aperture sizes.

Now that the mission type has been chosen, it is important to consider the type of assembly
to be used on orbit as this influences the requirements of the modules themselves, potentially
influencing the interface design to a certain extent. The two main options considered here
are self-assembly and a free-flyer assembler spacecraft. The critical challenges raised by both
concepts are workspace limitations (or reach), as well as proximity operations and the sensors
required to perform them. In spite of advances in robotic arm technology [76], [26], [28],
[27], [7], there are limits to the range of motion of such systems (in other words the size
of the workspace). The literature study found that the TALISMAN arms have the longest
reach up to date [34], namely 15 meters when fully extended. Although this constitutes a
feasible solution for self-assembly, it is assumed that, at the maximum reach of 15 meters, the
TALISMAN arms have a limited performance with respect to workspace size. This means
that, assuming the robot arm is mounted at the center of the structure, a maximum size of
under 30 meters diameter would be achievable using this system. This constitutes the current
technological limitations with respect to the reach a static self-assembly system can achieve.
Based on this information, it can be concluded that for structures exceeding that scale, self-
assembly would only be possible either through the use of robotic systems that have not been
designed or tested yet (which presents a high technological risk) or by moving the mounting
point of the robotic arm as the structure gets assembled. This involves some degree of risk as
detachment of a critical part used in assembly can, in the worst case scenario, result in the
complete loss of this system or failures caused by reattachment at a different location. The
loss of a system as critical as this during OOA would spell the end of the mission, hence this
is considered a critical disadvantage of self-assembly. Furthermore, whilst still exploring the
topic of workspace limitations, the positioning of the mount for the robotic arm drastically
affects the position of the workspace thus, being able to move said mounting point may offer
advantages in specific proximity operations (e.g. a more favorable angle under which robotic
assembly would become easier). Due to this fact, it is assumed that a free-flyer system offers
distinct advantages during proximity operations in comparison to self-assembly.

In addition to the limitations of reach one can also consider the impact launcher limitations
have on the design of a space telescope to be assembled in orbit. When considering self-
assembly with a system similar in performance to the TALISMAN robotic arm, it can be
assumed that having this subsystem already assembled to a specific module during launch
raises extra considerations with respect to launcher volume and weight limitations, as well as
the need for sufficient structural strength to survive the launch loads. If the arm is packed
separately, although volume and weight will be lower, more stringent requirements will be
imposed on the rest of the system (i.e. modules) so that these can rendezvous and assemble
with the robotic arm. This creates another assembly phase that is just as, if not more
critical than the assembly of the full telescope, as having a separated robotic arm with no
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power and control systems attached raises an entirely new issue of assembly. On the other
hand, when considering the free-flyer option, all the sensing capabilities needs and associated
requirements can be passed on to the assembler spacecraft instead of the modules. This
may lower the size, weight and volume of specific modules, as well as their design cost by
effectively switching the extra systems necessary to the assembler satellite. Of course, this
would mean that said spacecraft would have some limitations with respect to launch vehicle
selection, however it would also require a smaller robotic arm due to the possibility of moving
around the structure to be assembled. Last but not least, when considering costs, the option
of using the assembler for multiple missions will inherently add to the value of the system and
potentially offset some of the production costs. If the self-assembly option is chosen, using
this system to assemble a different mission comes with the inherent risk of compromising
both missions due to the proximity required during the assembly phase (in other words the
reach limitations mentioned previously). This is considered to be an unacceptable risk for any
potential stakeholder that would make use of such a system. On the other hand, a free-flyer
assembler satellite can be equipped with sufficient fuel to actually service multiple missions,
thus offering the opportunity of cost reduction. As such, due to the desire to minimize the
impact of assembly choice on the space telescope system, reach and workspace limitations,
as well as the potential cost savings involved in this choice, it is assumed that a free-flyer
assembler spacecraft is the best option to use for the interface design detailed in this work.

3-2 Top-level mission requirements

In order to create a flexible interface that can be used for a range of future applications in
modular space telescopes, it is important that it satisfies a wider range of requirements than
those prescribed by a singular mission design. The goal is not to focus on a point design,
but rather to find a reasonable range of expected requirements of space telescopes to be
launched in future years. Towards this end, a number of existing, planned and conceptual
missions involving space observatories (Hubble [21], Spitzer [77], Kepler [78], Herschel [79],
Transiting Exoplanet Surveillance Satellite or TESS [80], James Webb [68], [69], Wide-Field
Infra-Red Survey Telescope or WFIRST [81], and ATLAST [61], [62], [63]) were compiled and
evaluated based on their size, electrical power, communication and instrument characteristics,
as illustrated in Tables 3-1 and 3-2.

Table 3-1: Characteristics of reference space telescopes - Part 1

Reference Power | Data rate | Number of | Aperture| Year of launch

mission pixels size

Hubble Space | 2100 W | 1.908 35 Mpix 2.4m 1990

Telescope Mbps

(HST)

Spitzer  Space | 375 W | 2.2 Mbps | 0.26 Mpix | 0.85m 2003

Telescope

Kepler 615 W | 4.33 95 Mpix 1.4 m 2009
Mbps

Herschel Space | 1200 W | 130 kbps | 648.3 kpix | 3.5 m 2009

Observatory
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Table 3-2: Characteristics of reference space telescopes - Part 2

Reference Power Data rate | Number of | Aperture| Year of launch
mission pixels size
Transiting 415 W 100 Mbps | 16 Mpix N/A 2018
Exoplanet
Surveillance
Satellite
(TESS)
James Webb 2000 W 2.723/28 | 57 Mpix 6.35m 2021
Mbps
Wide-Field 3200 W 0.9 Gbps | 288 Mpix | 2.4 m 2025
InfraRed
Survey
Telescope
(WFIRST)
Advanced 5700 W 600 Mbps | 1-1.6 Gpix | 9.2 m 2020 decade
Technology
Large-Aperture
Space Telescope
(ATLAST) 9.2
ATLAST 16.8 ~ 10000 W | 600 Mbps | 1-1.6 Gpix | 16.8 m 2020 decade

A few observations can be made when grouping together some of the missions in Tables 3-1
and 3-2. First of all, the final two entries refer to a NASA project that considered space ob-
servatories of multiple sizes, making use of the same baseline instruments, hence the numbers
correspond to the aperture sizes. When considering this fact, one can draw the conclusion
that scaling up the system would increase the average power required. However, consid-
ering only the instruments are the same, it can be inferred that most of the extra power
requirement will come from the attitude determination and control, propulsion (due to the
use of ion thrusters which consume electrical power), and thermal subsystem. Another po-
tential contributor is the power subsystem, under the assumption of higher power dissipation
with increasing size, however this is expected to be much lower than the contribution of the
aforementioned subsystems.

A second important observation can be made when considering the WFIRST mission, which
makes use of a very similar optics system as the HST, with the exact same primary mirror
diameter, but with state-of-the-art instruments. This means that when comparing the two,
one can determine the effect more performant scientific instruments have on the requirements
of the spacecraft. In this case, the power increases by more than 50%, and the data rate as
well as number of pixels increase by at least one order of magnitude. This hints at the fact
that the better the instruments, and the higher their pixel count, the higher the corresponding
power usage and data rates, however this remains to be confirmed by evaluating the whole
data-set.

Finally, when perusing the data rates, the observant reader may notice that both the Kepler
and the James Webb telescope have two entries for data rate, the lower one corresponds to
the scientific data production, whilst the higher value is related to the rate at which data is
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transmitted back to Earth. The highest of these will be used in the evaluation. This is due
to the fact that there is no guarantee that an interface will not be present between the data
storage system and the communication subsystem. Since in both cases the higher value is
at least an order of magnitude higher than the data collection rate, Chapters 4, 5 and 6 will
investigate the idea of creating a range of interfaces, with different data transfer capabilities.
The idea of a suite of interfaces is desirable as it can reduce the costs associated with using
a very high performance interface for all the modules, versus using it only for the primary
communication path.

Using this data, the evolution with respect to size, power requirements, data rates necessary
for communication, as well as number of pixels can be seen with respect to time, as shown in
Figure 3-1.
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Figure 3-1: Evolution of mission parameters over time

The first observation one can make when considering these graphs is an increase over time in
both aperture size and number of pixels of instruments used. The data rates seem to follow
suit, except in the case of WFIRST, which can be seen as an outlier with its data rate of
0.9 Gbps. This is further confirmed when considering the fact that the ATLAST mission has
4 to 6 times the number of pixels compared to WFIRST, however its data rate requirement
is only 0.6 Gbps. This is most likely due to the fact that some form of data compression
techniques are used in the ATLAST project, whilst the WFIRST mission only indicates the
rates at which its instruments gather data, most likely in uncompressed form.

The average power consumption on the other hand, does not really present any trends that
are consistent throughout the considered timeframe - from 1990 to 2030. At first, it seems
that power requirements went down with time, as instruments were optimized, however,
starting from 2018, a clear increase can be observed. This can be partly attributed to more
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performant instruments having higher power requirements, but one should also consider that
the last two data points make use of electric propulsion, which explains the dramatic rise
in power requirement in comparison with all the other reference missions. In order to gain
more information into power usage trends, one can rearrange the reference missions in order
of increasing power consumption. The results with respect to number of pixels and data rate
are illustrated in Figure 3-2.
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Figure 3-2: Mission parameter evolution with increasing power usage

It can be seen that higher power consumption seems to be correlated with larger numbers of
pixels, however data rates do not seem to follow as clear a trend. When considering data rate
evolution with respect to increasing pixel count, as shown in Figure 3-3, the reason for this
deviation becomes clear.

Data rate [Mbps]

0". .
0 500 1000 1500
Number of pixels [Mpix]

Figure 3-3: Data rate ordered by increasing number of pixels

The data from the reference missions shows a very low correlation between the required
data rate and the number of pixels. This is partly due to the fact that communication
data rate is used as a basis for this analysis, meaning that some of the data points consider
short transmission windows, requiring much higher rates than the scientific data collection
rate. Another potential reason for the lack of correlation between these two parameters is
the choice of compression algorithms on which, especially for missions that are still under
development, no information was found. Due to this result, it is deemed important to pursue
both total number of pixels and data rate trends in the rest of the analysis.

The final aspect to consider is how the mission parameters vary with increasing aperture
size. This is important mainly due to the existence of conceptual missions with even larger
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apertures like the Giant Orbiting Astronomical Telescope (GOAT) [64], with a 25 m diam-
eter primary aperture, the Thirty Meter Space Telescope (TMST) [65], and the Robotically
Assembled Modular Space Telescope (RAMST) [66], a 100 m diameter concept. In order for
an interface to be flexible enough to be usable in projects such as these, it is imperative to
see if any correlation is found between increasing aperture size and the rest of the mission
parameters. Thus, rearranging with respect to increasing aperture size yields the results in
Figure 3-4a, for number of pixels, and Figure 3-4b, for power.
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Figure 3-4: Evolution of pixel count and power consumption with increasing aperture size

Even though some correlation can be seen between aperture size and power usage, the number
of pixels do not follow the same trend. This is due to the fact that to improve the resolving
power of a telescope one can either increase the diameter of the primary mirror, or increase
the number of pixels of the detector. As such, there is not much, if any correlation between
increasing size and the pixel count. A similar conclusion can be drawn about the data rate,
both of which are dependent mainly on the choice of instruments, not the size of the optics.

To summarize, the following observations that affect the interface design can be made based
on the reference mission data:

1. There is a clear trend of increasing aperture size over time, confirming the needs de-
scribed by literature.

2. With increasing aperture size, power usage seems to follow suit.

3. With the passage of time, more powerful instruments are used, with higher pixel counts.

4. Data transmission requirements also increase with time.

5. Although there is a direct correlation between number of pixels and the rate at which
scientific data is generated, a correlation between the transmission rate and pixel count
was not at all obvious.

6. There does not seem to be a size limit for space observatory primary apertures, based
on conceptual missions like GOAT, TMST and RAMST.

Based on the fifth observation, one can conclude that the aperture size can be treated sepa-
rately from the parameters that are only influenced by the choice of instruments, namely the
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pixel count and the data rate. In the case of these two parameters, over a timeframe spanning
from 1990 to 2030, the maximum values projected are 0.9 Gbps, for data rate, corresponding
to the WFIRST mission, and 1-1.6 Gpix, as total number of detector pixels, for ATLAST.
When considering these two missions, a big discrepancy can be seen between the pixel count
and data rate, as seen in Table 3-3.

Table 3-3: Comparison between WFIRST and ATLAST w.r.t. data rate and pixel count

Parameter ‘ WFIRST ‘ ATLAST

Number of pixels | 288 Mpix | 1-1.6 Gpix
Data rate 900 Mbps | 600 Mbps

As stated previously, where available, the data rate for communication was used in the anal-
ysis. In the case of WFIRST, the data rate projected is the instrument data generation rate,
under the assumption of constant communication, whilst for ATLAST, 600 Mbps is used for
communication, within specified time windows. However, it was also concluded that there
should be a correlation between number of pixels and data rate hence this result is a bit
strange. Since the total data production based on 16 bits per pixel is:

Dgeneratedyy prrsr = 288 - 105 - 16 = 4.608Gb(every 5.5 seconds) (3-1)

Dyenerated grpagr = 1-6 - 109 - 16 = 25.6Gb(no time interval available) (3-2)

There are only two possible explanations for this discrepancy: the use of a compression
algorithm for the ATLAST mission, or a very long time interval between the images taken.
The latter explanation is found to be less likely since the ATLAST mission further accounts for
transmission windows, unlike WFIRST. This would by all means indicate a higher data rate
requirement, which is not the case here. As such, since the difference between the data rates
is a factor of 50% from ATLAST to WFIRST, it is assumed that a data rate requirements
of 0.9 Gbps is a reasonable estimate for space observatory system evolution. This is under
the assumption that compression will be used, allowing for even greater pixel counts than for
the ATLAST mission. This would improve resolving power, which is one of the main needs
of future space telescopes. Based on the ATLAST reference, assuming a 0.9 Gbps data rate
transfer is feasible, hence a 50% increase in data rate from the baseline design would result
in the possibility of transmitting an amount of data a factor of 1.5 larger:

Dqgjusteda = 1.5 - 25.6Gb = 38.4Gb (3-3)

Which results in 2.4 Gpix, provided the each pixel corresponds to 16 bits. This 50% margin
on both data rate and pixel count is taken as safety to ensure the interface can be used in
future, more data intensive applications. The data rate value will henceforth be used as a
requirement for the interface design, in Chapter 4.

Moving on to primary aperture diameter, the first conclusion mentions the trend of increasing
size, whilst the last admits no limit to this trend as of the time of writing. In this regard,
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it is hard to arrive at a reasonable answer based solely on this analysis. Luckily, a workshop
covering in-Space Assembly of Telescopes [72], conducted by NASA, studied the topic of when
it is advisable or even advantageous to make use of OOA methods for space observatories.
Three important results of this study [71], [73] need be quoted:

o It appears that the largest conventional space telescope design deployed from a future
fairing of 8-10m (SpaceX’s Big Falcon Rocket, or NASA’s SLS) is 15m in size.

e Due to the risk advantages provided by OOA, this may be a preferred implementation
approach in comparison to single launches for 10m class or larger apertures.

e OOA may offer cost reduction opportunities for aperture diameters of 15 m or less,
however this is ultimately dependent on the point design.

e Due to the scalable nature of OOA, there is no inherent issue in designing apertures
larger than 15m.

In light of this information and the reference missions, a primary aperture of 15 m will
be used as a reference for this conceptual design. The reasoning is to use this as a first
order estimation for the perturbations the system will experience during assembly, launch
and potential servicing, which can then be translated into mechanical requirements for the
interface design.

The problem arises when considering primary diameter in relation to power, since the latter
ultimately depends on the design implementation, and how many subsystems make use of
electrical power. One example of this is the thermal system, which can be passive or active,
the former not using any power, whilst the latter does. Another example that has already been
mentioned is the use of electric propulsion, which can have a sizable influence on power usage,
depending on the scale of the system and its requirements. In spite of this fact, some degree
of correlation was found between average power and aperture size for the sample space used
in this section. Considering that the chosen aperture size is 15 meters in diameter, as opposed
to ATLAST’s 16 meter variant, a lower power rating can be expected. Furthermore, since the
focus of the thesis work is the interface design with the restriction of fluid transfer not being
considered, a propulsion subsystem is not considered for the purpose of this conceptual design.
Considering ATLAST makes use of electric propulsion, this means the power usage should be
even less if one eliminates this subsystem. Of course, this will cause some restrictions on orbit
which will be discussed in Section 3-5. For now, the lack of electric propulsion and difference
in size is assumed to account for about 20% decrease [82] from the 16 meter diameter ATLAST
concept, resulting in an estimated power usage of:

Preq = 80% - Parrpasriem ~ 8kW (3-4)

In order to find out what voltage the inter-modular interface will need to accommodate, the
European Cooperation for Space Standardization provides documentation of common stan-
dards used by industry. The standards dealing with electronics, namely ECSS-E-ST-20C,
state that for a fully regulated bus, the bus voltage will be 28V, if the power consumption is
smaller or equal than 1.5 kW, 50V, for power up to 8 kW, or 100V and 120V for higher power
usage. As mentioned in the literature study in Chapter 2, power transfers at low voltage have
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already been performed by other interface candidates. However, due to the high power re-
quirement, the interface design should consider both a 50 V and a 28 V variant. Furthermore,
when considering electronic components, it is the norm to account for voltage variation, also
called transients. With regard to this, ECSS-E-ST-20C states the following;:

"i. With a fully regulated bus in nominal operation the bus voltage transients shall be:

1. for load transients of up to 50% of the nominal load not exceed 1% of its nominal value

2. for any source and load transients remain within 5% of its nominal value"

Using the more conservative value provided in the second point will yield a voltage transient of:

AVipy = 28 - 5% = 1.4V (3-5)

AViigh = 50 - 5% = 2.5V (3-6)

The final top-level requirements synthesized by this analysis create an envelope of modular
space observatory missions for which the interface can be used, as shown by Table 3-4.

Table 3-4: Top-level requirements and interface applicability

Parameter Value up to which interface can be used

Aperture size 15 meters and possibly above
Data rate 0.9 Gbps
Power usage 8 kW

The aperture size chosen above is mainly driven by the findings of the iSAT study from NASA.
The main arguments are: the limit of space telescopes that use launchers that are currently
being developed is 15 m diameter, cost savings are possible in the 5m to 15 m range, and,
last but not least, primary mirror diameters of over 15 m are only possible through OOA
(when considering launch opportunities that either exist or are currently being developed).
The choice of data rate was driven by considering the number of pixels and data rates of
the top two reference missions in these categories (WFIRST and ATLAST). The logic was
that although the latter has a much larger pixel number (refer to Table 3-3), the data rate
of the former is 50% higher. Since the ATLAST mission is a much newer concept that
utilizes a much more powerful instrument it is assumed that difference is caused by novel
data compression techniques. As such, using a data rate requirement similar to WFIRST,
but with the same data handling algorithms as ATLAST, it would be possible to account for a
50% increase in pixel count (refer to 3-3 and paragraphs above and below). This was deemed
as a sufficiently high margin so as to account for instrument evolution over time. Lastly, the
power requirement is derived from the mission with highest consumption, in Equation 3-4.

The reason why an even higher aperture can potentially be achieved using the same interface
design is that part of the structural constraints will arise from size, whilst others from launcher
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constraints, as discussed in Section 3-7. This means that, if launcher constraints far exceed
the magnitude of the disturbances in the micro-gravity environment in which assembly will
take place, then the interface is still viable. However, it should be noted that a more detailed
analysis of the mission-specific orbital perturbations will be necessary for any conceptual
mission that wants to use this interface design to make sure that the interface can satisfy the
structural needs of the system. A discussion on what these limiting loads are will be provided
in Chapter 4. Furthermore, since it is desirable to have an interface that can compete with
current state-of-the-art designs, it is probable that the performance will exceed both the
requirements driven by launch loads and those accounting for on-orbit disturbances, thus
making the scaling up of future space telescopes even more viable. Since both the power and
data rate requirements for the interface have been established, the only transfer types left are
thermal and mechanical. In order to establish requirements for the mechanical connection the
interface should satisfy, it is imperative to investigate the on-orbit disturbances felt during
the mission lifetime, as well as launch loads the modules will be subjected to. However, in
order to estimate the orbital perturbations, one must first determine the size and orbit of the
conceptual space telescope.

3-3 Modular Optics Considerations

When considering a modular aperture with a 15 meter diameter, it is important to envision
what shape the elements will have to achieve a somewhat circular shape. For a top-level
estimation, a hexagonal shape is considered to be the most appropriate for space telescopes,
both due to its efficiency in space filling, as well as the fact that hexagonal mirror elements
have been produced to date, hence are easier to manufacture. A very important design
problem that will need to be solved for any conceptual telescope using the interface described
in Chapter 6 is the number of modules the telescope will be separated into. The reason
this is important from the perspective of the interface design as well, is because the extra
housekeeping data generated by each interface in order to detect failures and diagnose their
location is directly influenced by the number of modules that make up the system, as will be
discussed in Section 3-9. The dimensions of the modules will be constrained to some extent
by mirror production capabilities. In order to compute them, the area of the primary mirror
must first be computed, using Equation 3-7.

Aprimary = TR? = 7 - 752 = 176.71m? (3-7)

The area of a hexagonal module is given by Equation 3-8, where a is the length of the
hexagon’s side, which is equal to the radius of the circle inscribed by the hexagon.

Ahez = 3\2/3 : a2 = 3\2/§ : Rhea}2 (3'8)
A primary aperture with a slot in the center through which light is gathered by the instrument
detectors, in modular form, using hexagonal elements can only be made as close to circular
as possible using concentric circles made up of joined hexagons - i.e. 6, 18, 36, 60, etc. In
order to find how big the hexagonal mirrors will be depending on the number of volumes one

makes use of the following equation:
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A
Aprimary = (n + 1) cApey => q? = _prvmary (3_9)

33 (n 4 1)

Using the numbers for concentric circles made out of hexagons yields the results in Table 3-5.
Table 3-5: Combinations of module number and corresponding size

Number of modules (n) ‘ Size of hexagon side (a)

6 3.117 m
18 1.892 m
36 1.356 m
60 1.056 m
90 0.86 m
126 0.732 m
168 0.6344 m
216 0.56 m
270 0.501 m
330 0.453 m
396 0.414 m
468 0.381 m

Under the assumption that each hexagonal mirror element will have the same surface area as
the module it sits on, even 90 modules are sufficient considering the existence of hexagonal
mirrors with very low RMS (in the order of 20 nm or less) with size of 1.45m from edge to
edge [83]. However one must keep in mind the fact that the JWST [67] uses even smaller
mirrors of 1.32m in dimension from edge to edge, and they are custom made. This means
that the production costs for this size of mirrors will far exceed the costs of sizes that can
be mass produced. In order to ensure flexibility of use with both custom made and mass-
manufacturable mirror types (0.3-1 m sizes [84]), it is important to give up on the idea that
a single module needs to be the same size as the mirror element connected to it. This means
that the shape of the modules does not necessarily need to be hexagonal, as multiple elements
will be used to support any given mirror element. Given this, it is decided to switch to a cubic
module shape, since although a square is significantly less efficient in covering a large circular
surface area, the number of interfaces on each module decreases by 33%, and the assembly is
simpler, as will be seen in Section 5-1.

Switching to cubic modules raises a new problem, namely how to constrain the interface
dimensions rigorously whilst also making sure any type of optics can be used. In this case,
since the goal is to allow as many types of optics as possible, it is decided to constrain the
modules to be able to fit the smallest type of state-of-the-art mirrors available. In this case this
corresponds to the Autonomous Assembly of a Reconfiguarble Space Telescope (AAReST)
mission [85], [86] which makes use of deformable mirrors to actively maintain aperture shape.
These mirrors are circular and have a maximum diameter of 0.4m. With this in mind a cubical
module with edges of 0.4m is the minimum size for which a single module can fit this mirror.
This is found to be a sufficiently small value for the mirror size and will be used in order to
estimate a maximum value for housekeeping data production in Section 3-9. An estimation

Andrei Hutan (4195744) Master of Science Thesis



3-4 Spacecraft Configuration 57

for the number of such modules necessary for a 15 m diameter primary aperture is then given
by:

Aprimary =n: AmOdUletop =>176.71=n - 042 (3—10)

Where n is the number of modules. This results in 1101 modules.

3-4 Spacecraft Configuration

After considering the separation into modules, it is necessary to consider if the spacecraft
can be modularized even further. Based on the expectation of high stability requirements for
the primary optics due to the use of modularity, a static wave-front error in the order of 7
nanometers is not out of the question, based on reference missions such as JWST [70] and
ATLAST [61]. In order to achieve this stringent requirement, two distinct classes of options
can be adopted: the use of some form of support structure (e.g. deployable truss modules -
DTMs [87]), or active actuators (e.g. those used by the James Webb Space Telescope [70]).
Whatever the choice, the next consideration would be if this optics system should be an
integrated part of the modules, or packaged separately (all the mirrors together, for example)
in a structure capable of ensuring no damage when subjected to launch loads. The use of
any of the aforementioned structural options creates three distinct layers for the part of the
spacecraft containing the primary aperture:

e Mirror elements
o Supporting structure/actuators

e Module subsystems

The choice in packaging into a launcher will be affected by the separation of these layers
during assembly. With this in mind one can consider three different configurations which
effectively change the definition of a module: a) each module is comprised of all three layers,
b) each module is comprised of one or two layers with the rest being considered as auxiliary
parts, and ¢) each module is composed of only one layer. In the first case, where all three
layers are integrated into a single module, launch options will be severely limited due to the
presence of the mirror elements which are assumed to be the most fragile element. This will
have an effect on both cost and scheduling due to the inability to make use of all launch
opportunities.

On the other hand, the second scenario offers the possibility of either separating the most
fragile layer from the modules, or grouping both the support structure and mirror layer
together whilst the module subsystems are launched independently. The choice between
these two cases is highly dependent on what the supporting structure is made out of. If
actuators are chosen, then these will need to be grouped with the module subsystems layers
so that they are integrated with the power subsystem. If deployable structures are selected,
fixing them to the mirror elements before launch is an option, however it may require said
structures to be deployed during launch, which would affect how much volume they take up,
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again affecting how long the launch of the full system will take and overall cost incurred
(assuming multiple launches).

The last scenario would entail a full separation of the three layers. The advantages of this
configuration are the flexibility of deployment with respect to launch, as the modules con-
taining the subsystems could be launched using any existing options. This is also potentially
true for the supporting structure, assuming that deployable structures are used. Since these
would not be attached to anything, they could be launched whilst being stowed, thus occupy-
ing the least amount of volume. The only constraint for launcher availability would then be
for the mirror layers, however packing them with methods that ensure cushioning and shock
absorption could be a viable method of expanding the list of usable launch vehicles. On the
other hand, if actuators are chosen as the middle layer, the disadvantage of having to connect
these to the power subsystem on-orbit arises. Due to the flexibility in launch vehicle choice
(which can also potentially fast-track the schedule from first launch to spacecraft nominal
operation), as well as efficient use of volume, this option is chosen as the configuration for
which the interface will be designed. As such, henceforth a module will be defined as an
element of the module subsystem layer, and the interface will be designed so that this layer
can be assembled on orbit. The other two layers are considered as auxiliary parts which do
not generate any specific interface requirements so as to not excessively broaden the scope of
this work. This will have the effect of lowering the requirements for the interface, but raising
the required capabilities of the assembler, as it should be capable of assembling not only the
modules together, but the auxiliary layers as well.

For the remainder of the discussion, it is assumed that these three layers are detachable,
and the combinations of layers will be discussed. In the event of three different layers to be
assembled, a DTM structure - as the support layer - will be most conducive for assembly, as it
provides an easy to assemble skeleton for all the subsequent connection operations. Assuming
the use of such a structure will mean that this will take priority over the mirror layer in
the assembly phase. Upon completion of the structural support, the mirror elements can
be fixed to this using pre-designed fixtures. Assuming further actuation is necessary, this
will most likely be packaged with the module subsystems in the event of using a deployable
structure. Thus, the final step will be the attachment of modules, through (desirably) the
same inter-modular interface design, described in Chapter 6.

Combining the mirror elements and structure in a pre-assembled module only holds minor
advantages in simplified assembly operations, however it restricts the design space for sup-
port structure to non-deployable systems, which could result in a system that is unnecessarily
heavy. However, there is another, more feasible combination, namely to have the whole as-
sembly fixed into modular elements containing all three layers, thus decreasing the complexity
of required operations significantly (an example of this is the AAReST mission [86]). This
would most definitely reduce the requirements for the robotic payload of the free-flyer assem-
bler, however this could potentially result in a very specialized system. Thus the assembler
would be less flexible in dealing with general assembly tasks for any systems not using the
same standardized interface that it was designed for. Although this is not evaluated as a
viable choice, it is considered for completeness. As mentioned above for this interface design
it is considered that three distinct layers will be present in the telescope design as illustrated
in Figure 3-5.
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_ - Layer 1 - Mirror
— _— elements

T — Layer 2 - Supporting
‘7 —‘T —H7 —{ [ € sthucturelactuators

Layer 3 - Module
subsystems

Figure 3-5: Telescope primary aperture design separated in layers - Mirrors, supporting structure,
modular platform containing operational subsystems (from top to bottom)

The first layer makes up the primary mirror itself, and any type of mirror of any size can
be used, depending on the size of aperture required. The support structure could either be
fixed or made out of deployable truss modules (DTMs) [34]. This is possible due to the fact
that most subsystems are delegated to the modular bottom layer. With this design this latter
layer would be assembled before the top-most layer, which would then be fixed or assembled
on top of it (depending on the choice of design). The third layer composed of the modules
would be assembled first and used as a foundation on which the other layers can sit upon.
This presents advantages in packing and deploying such a system as the top two layers could
be packed more efficiently and launched independently from the modules, but also in terms
of servicing as, depending on the ratio between the second layer dimensions and module size,
these can be taken out without compromising the primary mirror. Furthermore, due to this
separation into layers, one could make use of this type of interface in a number of other
mission types that use large platforms (similar to the third layer), such as communication or
even solar collection farms. It is important to note that the interface will be designed in such
a way so as to permit the assembly and functioning of the bottom-most layer containing all
operational subsystems.

3-5 Astrodynamics

When considering observation missions in general, it is desirable to either perform scientific
measurements that have not been done up until the present, or enhance existing scientific
data with higher resolution data or higher pixel counts, for example. As such, an approach
to enhancing scientific return can be to improve existing concepts to a significant degree.
Two missions are considered for reference here, HST [21], from the perspective of a successful
modular space telescope mission, and the JWST [68]. Other missions such as AAReST [85],
[86], ATLAST [61], GOAT [64], TMST [65] and RAMST [66] exist on a conceptual level at
the time of writing, with demonstrations pending. Due to this fact, HST could be used as a
preliminary starting point. The major limitations of this mission are its low altitude orbit and
the size of the primary aperture of the telescope. Thus, one could improve the scientific return
by opting for an orbit farther away from both the Earth and, potentially, the Sun. The reason
for this is that in the case of measurements in the infra-red (IR), any thermal influence can
potentially make small signatures invisible due to the source’s strength in the IR spectrum.
This means that protection from the Sun and its thermal influence is a critical factor for
scientific data based on IR measurements such as asteroid detection. When considering
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solely Hubble, Geosynchronous Earth Orbit (GEO) or Sun-Earth Lagrange 2 (SE-L2) would
radically reduce the thermal influence of the Sun and Earth on the instruments. The latter
option seems to be a more and more attractive deployment point as time goes on, and is the
target orbit of the JWST, the reasons for which will be explained.

The SE-L2 point, due to its large distance from the Sun, provides a thermally stable environ-
ment with minimal IR influence from both the Sun and the Earth, with only the Sun-direction
being excluded from viewing in order to avoid blinding the instruments. Additionally, the
radiation environment is less strong at this distance than it is for LEO or GEO. However, the
drawbacks of this option are the very long transfer time to reach said orbit, communication
delay due to the large distance between the spacecraft and Earth, as well as the fact that
the orbit is unstable, resulting in necessary maneuvers every 30 days. In spite of this, orbits
around SE-L2 would not be very costly to maintain with regard to propellant consumption.
However, this option would in any design version need to have some form of propulsion capa-
bility, due to there being no possibility of direct orbit injection. Current observation missions
planned for SE-L2 include the James Webb Space Telescope (JWST) [68], and ATLAST [61].

On the other hand GEO provides less communication delays, thus more control from ground
during sensitive operational phases, as well as the ability to directly inject the spacecraft
into orbit using certain launchers whilst no propulsion would be necessary for orbit-keeping.
Conversely, the drawbacks compared to SE-L2 are a less stable thermal environment and
higher radiation energy. Nevertheless, with regards the HST’s orbit, the thermal environment
is much more stable. Due to the fact that this mission aims at using OOA as an integral
technology to be demonstrated, the only way to ensure minimization of risk is increasing
the supervisory role of the ground segment during the assembly phase. Since this is the
most critical technology, the value of lessening communication delays far outweighs that of
the observational merits of SE-L2. As such, GEO is chosen as the orbit, due to its low
communication times, more qualitative scientific output with comparison to LEO, and the
possibility of not using a propulsion system - which would be a definitive improvement in both
total system weight, and cost. Since the orbit has been chosen, the associated disturbances
can now be calculated.

3-6 Attitude Determination and Control subsystem

In order to determine the perturbations the interface structure needs to withstand, one must
first compute the disturbances the spacecraft will be subjected to during its operational life-
time. These disturbances arise from four sources: aerodynamic drag, gravity, solar pressure
and magnetic fields of planets in the immediate proximity. In the case of GEQO, the aero-
dynamic drag will not be a concern due to the orbital altitude being higher than that of
the atmosphere. Thus, only the other three perturbations will be considered. In order to
calculate the gravitational disturbance, one can use Equation 3-11 [50].

_ 3ug

Ty = 2R3

| — 1| - sin(20) (3-11)

Where ug is the Earth gravitational constant, R is the distance from the spacecraft to the
center of the Earth, I, and I, are the mass moments of inertia around the Z- and Y-axis,
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respectively, and @ is the angle between the local vertical and the principal Z-axis. In order
to calculate a first order estimation of the moments of inertia around the Z- and Y-axes, it is
important to have a simplified view of the spacecraft. Assuming an on-axis Ritchey-Cretien
optical system, the primary and secondary mirrors can be simplified to thin disks with in-
dividual masses, whilst the surrounding structure can be modelled as a thin walled hollow
cylinder, of neglectable thickness in comparison to the other dimension. This simplification
results in the X and Y moments of inertia to be equal, due to symmetry. The equation for
mass moment of inertia around the viewing (Z-) axis can be computed using Equation 3-12:

I,=1

Zprimary

+ IZ + Izst'ructure (3_ 12)

secondary

The moments of inertia of the primary and secondary elements is computed using Equation
3-13, for thin disks, whilst that of the structure element is calculated through Equation 3-14,
for hollow cylinders of neglectable thickness.

1

Izdisk = §m - R? (3'13)
Zeylinder =m: R2 (3—14)

Where m is the component mass and R its distance with respect to the rotation axis going
through the centroid of the structure. The primary mirror mass will be calculated based on
the expected areal density of mirrors for the ATLAST study, 15 kg/m?. This results in a
primary mirror weight of:

Mprimary = T * Ropimary * 15 = 2650.72kg (3-15)

Assuming the ratio between the primary and secondary mirrors is similar to HST and
WEFIRST results in secondary mirror diameter a factor of 3 smaller than the primary. Thus,
the weight of the secondary mirror can be estimated as:

Msecondary = T * Rgemndary - 15 = 294.52kg (3—16)

Assuming that 30% of the whole system is the structural subsystem, and that 80% of this
structure will be used for the cylinder results in a mass fraction of:

Meyt = 30% - Myorar - 80% = 0.24 - 30000 = 7200kg (3-17)
If the rest of the satellite mass, excluding the secondary mirror, is concentrated around the

primary mirror location, this can be included in the primary disk simplification. The weight
of this section is thus:

Miprimary g = Mitotal — Meyl — Mccondary = 30000 — 7200 — 294.52 = 22505.48kg  (3-18)
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This yields the following moments of inertia:

1 1
= Mprimarygisy * Rprimary” = 5 - 22505.48 - 7.5% = 632966.625kg - m*  (3-19)

Zprimary 2

1 1
= = Msecondary * Rsecondary” = 5 20452 2.5% = 920.375kg - m* (3-20)

Zsecondary 2

For the structure, it is assumed that an 8 meter distance between the primary and secondary
mirrors is sufficient for this conceptual application, resulting in:

Lsiructure = Meyl Rstructure2 = 7200 - 4> = 115200 (3-21)
IZ = Iz:m"i’ma’l‘y + Izsecondary + Izst'ructure = 749087[{;9 : m2 (3—22)

In order to calculate the mass moment of inertia around the Y-axis, the disks elements will
be treated as point masses, whilst the cylinder is governed by Equation 3-23.

Meylind,
chylinder = % : (6Rcylmder2 + h2) (3—23)

Where h is the distance between the two mirrors in this case. This results in the following
individual components:

h 2
Iyp’rimary = Mprimary ° <2> = 360087.68](39 . m2 (3_24)
h\ 2 )
Tysecondary = Msccondary - 5 | = 4712.32kg - m (3-25)
7200 ) ,
Dyesruceare = 15+ (616 4+10.5%) = 600 - 401.5 = 240900kg - m (3-26)

Adding these components together results in the total moment of inertia around the Y-axis:

I

Ytotal Iyp'rimary + Iysecondm"y + I = 605700kg : m2 (3_27)

Ystructure

Substituting the gravitational constant (3.986 x 10147:—23), the orbital altitude for GEO, as well
as the moments of inertia and assuming 6 = 10° (since the spacecraft is fairly symmetric hence
mass balance could potentially be adjusted better) results in a gravitational perturbation of:
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~3-3.986-10M

g= m-\749087—605700|‘5in(20) = 7.97625-107°-49041.24229 = 3.91165-10"*N'm

(3-28)

Equation 3-29 [50] is used to estimate the perturbation caused by the magnetic field of the
Earth on the spacecraft.

M
TM:D-B:D-<R3-)\> (3-29)

Where D is the residual dipole moment of the spacecraft, B is the magnetic field strength, M
is the magnetic moment of the Earth multiplied by the magnetic constant (= 7.8 - 10'°7T), R
is the distance between the spacecraft and the Earth’s center, and A is the unitless function
of magnetic latitude, ranging from 1 at the magnetic equator to 2 at the magnetic poles.
For Class III spacecraft (for which magnetic torque is much smaller than the other distur-
bance torques) the residual dipole moment can be estimated using Equation 3-30. Assuming
a similar mass to the ATLAST 16.2 meter concept, with a mass margin (since the chosen
conceptual mission has a 15 meter diameter primary aperture) will result in:

30000

_— = . 2 -
oo = 3004-m (3-30)

D=~ 1072 * Mspacecraft =
Assuming an equatorial orbit, hence A = 1.2 and substituting in Equation 3-29, results in a
magnetic torque of:

7.8.10'°

T = N
m = 300 (421641443

. 1.2) =300 - 1.248665134 - 1077 = 3.746 - 10"°Nm (3-31)
Finally, the torque caused by solar pressure can be calculated using Equation 3-32 [50].

Ty =2 A (1= 0)(eps— ) - cos(y) (332
Where @ is the local solar flux, ¢ is the speed of light, A, is the sunlit surface of the spacecraft,
q is the reflectance factor ranging from 0 to 1, ¢ the angle of incidence of the Sun, and ¢,
and ¢, are the centers of solar pressure and mass, respectively. In order to calculate the
maximum local solar flux felt during the mission one need only multiply the value on Earth
(at 1 Astronomical Unit - AU) with the ratio of squared distances from the Sun in AU. One
Astronomical Unit corresponds to a value of 1.496 - 103km In order to compute the closest
distance from the spacecraft to the Sun during its lifetime, in AU, one can make use of
Equation 3-33.

a

-1 — ;
Esjo 1.496 - 108 (3-33)
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Where a is the semi-major axis of the chosen orbit, in this case 42164.144 km. Substitution
will result in a distance of:

42164.144

The ratio of squared distances is then calculated to be:

Rt 12
aTih = 1.00056 (3-35)
Ry 0.999722
The local solar flux is thus:
w w
® = 1366— - 1.00056 = 1366.77— (3-36)
m m

Assuming the worst case solar incidence angle (¢ = 0°), a reflectance factor of ¢ = 0.6 and a
maximum distance between the center of mass and the center of solar pressure of one meter
results in a solar pressure disturbance of:

1366.
366.77 o

TSP = W primary

(14 0.6) -1-cos(0) = 1.2882-103Nm (3-37)
It is worth mentioning that the surface area is calculated under the assumption that the

backside of the primary mirror will be the Sun-oriented face.

In order to select and size the actuators used in attitude control as well as identify the inter-
face requirements, one must first compute the maximum disturbance a reaction wheel would
have to counter, including a margin factor for safety, as shown in Equation 3-38.

T.=Tp -MF =max(Ty,Ts,Try) - MF (3-38)
Where Ty, T and T;, are the gravitational, solar pressure and magnetic disturbances, respec-

tively, and M F is the margin factor. Using a safety factor of 10% yields a maximum torque
requirement of:

T,=1224-10"%-1.1 =1.3464- 10 3Nm (3-39)
This result represents the maximum expected orbital perturbation during mission lifetime.
However, as mentioned previously, this is not the only source of mechanical constraints for

the interface design - the launcher mechanical environment is also a concern.
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3-7 Launcher Considerations

The last element needed to establish a range of structural requirements for the detailed
interface design phase is the launch vehicle. For conventional satellites, these are usually
the highest loads experienced during the mission lifetime, hence the structural subsystem
becomes overconstrained in order to account for this. In the case of modular structures to
be assembled in space, this can be avoided by distributing weight across multiple modules,
making the requirements less strict. However, mechanical environments inside launch vehicles
vary, hence a point design will usually aim to satisfy particular launch conditions. Since the
approach for interface design described by this thesis involves flexibility as a critical aspect,
one can develop an envelope of worst-case conditions based on existing launchers. The data
describing the mechanical environment for a range of existing launch vehicles, with respect
to required natural frequencies, as well as quasi-static loads (QSL), was compiled from the
respective user manuals [88], [89], [90], [91], [92], [93], into Tables 3-6 and 3-7.

Table 3-6: Mechanical environment constraints for considered launch vehicles - Part 1

Launcher Natural frequency | Natural frequency Max QSL Max QSL
(lateral) (longitudinal) (lateral) (longitudinal)
Vega f > 15 Hz 20 Hz < f < 45 Hz +09¢g -5g (compression)
or f > 60 Hz +3 g (tension)
Vega C (single f> 12 Hz f > 20 Hz +135¢g -5 g (compression)
launch config) +3 g (tension)
Vega C (dual f> 12 Hz f > 20 Hz +25¢g -7.7 g (compression)
launch config) +3.3 g (tension)
upper S/C
Vega C (dual f> 12 Hz f > 20 Hz +2g -7.7 g (compression)
launch config) +3.3 g (tension)
lower S/C
Soyuz f > 15 Hz f > 35 Hz +18¢g -5 g (compression)
+1.8 g (tension)
Ariane 5 f>10 Hz f> 31 Hz +20g -6 g (compression)
(M < 4500 kg) (M < 4500 kg)
f> 8 Hz f> 27 Hz +2.5 g (tension)
(M > 4500 kg) (M > 4500 kg)
Atlas V f> 8 Hz f> 15 Hz +20¢g -6 g (compression)
+2 g (tension)
Delta IV Heavy f > 8 Hz f > 30 Hz +20¢g -6 g (compression)
2 g (tension)
Falcon 9 N/A f > 35 Hz +20¢g -6 g (compression)
+2 g (tension)
(M > 4000 1bs) (M > 4000 1bs)
+30¢g -8.5 g (compression)
+4 g (tension)
(M < 4000 Ibs) | (M < 4000 Ibs)
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Table 3-7: Mechanical environment constraints for considered launch vehicles - Part 2
Launcher Natural frequency | Natural frequency Max QSL Max QSL
(lateral) (longitudinal) (lateral) (longitudinal)
Falcon Heavy N/A f> 35 Hz +20g -6 g (compression)

(M > 4000 Ibs)

+30¢g

+2 g (tension)
(M > 4000 Ibs)
-8.5 g (compression)

+4 g (tension)

(M < 4000 Ibs) | (M < 4000 lbs)

The only unknowns are the lateral natural frequency requirements for Falcon 9 and Falcon
Heavy. Due to the fact that a clear difference between lateral and longitudinal natural fre-
quency requirements can be seen in all launcher candidates, it is expected that the lateral
frequency for the Falcon variants will follow the same trend. Since all the other candidates
show a required lateral frequency of 15 Hz or above, this will be used as the worst-case
scenario. Using the worst-case conditions for QSL, and taking into account all frequency
requirements results in the envelope of parameters presented in Table 3-8.

Table 3-8: Mechanical environment constraint envelope for considered launch vehicles

Natural frequency | Natural frequency | Max QSL Max QSL
(lateral) (longitudinal) (lateral) (longitudinal)
f> 15 Hz 35Hz<f<45Hz | +£30g |-85g (compression)
or f > 60 Hz +4 g (tension)

One can clearly observe that the loading factors for all launchers, as well as for the worst-
case scenario, have much higher values for longitudinal constraints, than for lateral. This
raises the question of module shape and how that shape fits in a launcher. Depending on the
positioning of the interfaces on these cubical module elements, it should either be designed
to support only lateral loads - e.g. no interfaces are present on the top or bottom faces -, or
both longitudinal and lateral, in the case of interfaces on all faces of the modules. This will
yield two limit cases, as illustrated by Table 3-9.

Table 3-9: Limit summary of mechanical environment constraint envelope for considered launch

vehicles
Case type Natural frequency ‘ Max QSL
1. Interfaces only on lateral sides f > 15 Hz +30¢g
2. Interfaces on all sides 35 Hz < f < 45 Hz | -8.5 g (compression)
or f > 60 Hz +4 g (tension)

Since the difference in load cases is quite high, it is expected that the first case will yield
a less overconstrained design for the interface, but will be limited in how the modules can
fit together, whilst the latter will most likely be a heavier version, more constrained from
a mechanical point of view. This thesis will focus on the first case, due to the fact that
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the main modular structure necessary for space telescopes is the primary aperture, which
implies a lateral connection with respect to the cube-shaped elements mentioned before. The
drawbacks of this method are:

» No additional layer can be affixed to the top/bottom faces - this means that only one
planar layer can be created with this technique, which may be suitable for large apertures
(which can be seen as increasing in dimensions only in one plane), but not so much for
other systems that require 3D scaling, for example space stations or even space cities.

e Modules need to be packaged in the launcher with a certain orientation - which is an
inconvenience that can most probably be avoided given sufficient planning in the early
design phases

In spite of these drawbacks, it is expected that the advantages brought by the modular
implementation of space satellites using this approach far outweigh these concerns that can be
addressed during a detailed phase of any point design. Since both the structural and electrical
requirements for the interface have been established, the only classes left for evaluation are
the thermal environment and bus data rate. The latter is important mainly due to the fact
that the scientific data rate requirement is very high, hence two different versions of interface
can be designed - one for high data rate transfer, for the scientific return and communication
lines, and the other for bus, as well as interface housekeeping data.

3-8 Thermal subsystem

In order to gain a measure of how much thermal control is needed and of what type in order
to keep all components within their temperature range, one must first estimate the thermal
properties of the outer surface of the spacecraft in its operational conditions. Simplifying
the structure to a flat plate with one side normal to the Sun and the other insulated, once
can calculate the heat energy going in and out of this plate using Equations 3-40 and 3-41,
respectively [50]:

Qin =Ji-Ag -« (3—40)

Where J; is the local thermal flux, A, is the projected area of the Sun towards the plate, and
a the absorptivity of the surface.

Qout = AccoT? (3-41)

Where A is the radiating surface area, € the emissivity, o the Boltzmann constant (equal to
5.67051 - 10_8%), and T the absolute temperature in Kelvin. By writing the heat balance
(Qin = Qout, and solving for the temperature one arrives at Equation 3-42.

A « Jt
T = 4=« = 2t 3-42
A, e o ( )
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The area ratio is equal to one, under the assumption of a flat plate, thus the absolute tem-
perature becomes a function of ¢. Assuming white paint will result in this ratio being equal

to 0.13, thus Equation 3-42 becomes:

Ji
T=4013 — " 3-43
\/ 5.67051 - 10—8 (3-43)

The only unknown left is the thermal flux J;, which is the summation of three components:
solar radiation, planetary albedo and planetary radiation, as illustrated in Equation 3-44.

Jt = Jsolar + Jalbedo + Jplaneta’r‘y (3'44)

The albedo radiation is governed by:

Jalbedo = Jsolar - @ * F (3—45)

Where a is the albedo of the Earth (0.33) [15] and F is the visibility factor which can be
found to be 0.003, using Figure 3-6, courtesy of [15].
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Figure 3-6: Visibility Factor (F), courtesy of [15]

This results in an albedo radiation value of:

w
Jalbedo = 1366.77 - 0.33 - 0.003 = 1.3531023m (3-46)

As for planetary radiation, it can be assumed that the Earth radiates with an intensity of 237
%, hence the total thermal flux is given by Equation 3-47.
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w
Jp = 1366.77 4 1.3531023 + 237 = 1605.1231W (3-47)

Substituting into Equation 3-42 results in an absolute temperature of:

4 1602.1231

Based on the instruments used in the reference missions in Section 3-2, some need to be kept
under 170K, with others under 100K. Hence it is expected that a detailed thermal design
will be necessary. However, this work cannot be undertaken during this thesis due to scope
constraints, thus the only thing that can be specified at this stage is to explicitly state the
capability to transfer thermal loads as a design goal for the inter-modular interface. Further-
more, due to the thermal sensitivity of the instruments it is expected that this capability is
only necessary at times, depending on which face the interface is on (e.g. a thermally con-
ductive interface should not create a heat path towards heat sensitive components). As such,
it would be desirable if the thermal capability could be integrated with the interface only at
request, implying a detachable extension. This will be investigated as a goal, not a require-
ment, in Chapter 4. Finally, from an interface design perspective, the last requirement can be
derived when identifying the bus and housekeeping data requirements for such a conceptual
space telescope system.

3-9 Command and Data Handling subsystem

The Command and Data Handling (CNDH/C&DH) subsystem can be seen as the brain of
the spacecraft. It ensures all the necessary inputs arrive to all the correct systems, schedules
all autonomous tasks and stores any data that cannot be transmitted so as to be sent during
the next communication window. The estimated data rate is 0.9 Gbps scientific return from
the instruments, however one need also take into account housekeeping and bus data rate for
the interface variant that does not deal with the instrument data or the communication lines.

Extra housekeeping data flows arise due to a critical difference between modular implemen-
tations and monolithic ones - the ability to detect faults internally and diagnose based on
internal measurements. The problem can be framed as such: considering a local failure in
one of the modules, what is the minimum data (and sensors) one would need to detect the
problem and its location, be it an interface or within a module. With this in mind, a series
of initial housekeeping data parameters are established, assuming the interface is capable of
docking/undocking (including ensuring structural stability whilst docked), as well as trans-
ferring power, thermal loads and data.

o Structure/mechanism - "locked/unlocked" status; value is allocated to a char type, cor-
responding to 8 bits

o Power - both voltage and current intensity values; each value is allocated to a float type,
corresponding to 32 bits
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e Thermal - temperature at interface and module temperature values; each value is allo-
cated to a float type.

Defining 1,04 as the number of modules and 7 4ccs as the total number of faces per module,
one can write the total data required for interface-related housekeeping as:

dhk = dstruct+dpower+dthermal = nmod'nfaces'8+2'nmod'nfaces'32+nmod'nfaces'32bit5 (3'49)

Where dgtruct, dpowers Athermal are the housekeeping components indicating properties related
to docking state, power transmission, and thermal control, respectively. Rewriting Equation
3-49 more conveniently yields:

dhk = 8 Nimod * 13 - Npqcesbits (3-50)

Using the maximum expected value for number of modules of 1101 as discussed in Section
3-3, and nfqees = 4 corresponding to cubical modules (with only the top and bottom not
using the interface) results in:

dne = 458016bits = 0.458Mb (3-51)

One could also account for the possibility of the other subsystems being modularized further.
Using a 20% margin on the number of modules in order to account for this will yield:

dpy = 0.5496 M b (3-52)

This value will be used as a conservative estimate for the data rate. Assuming these param-
eters are generated once every tenth of a second would result in a data rate of:

DRy, = 0.5496 - 10Mbps = 5.496 M bps (3-53)

This value needs to be added to the expected bus data rate in order to estimate the require-

ments for the low data rate variant of interface. Since the most commonly used spacecraft
buses are the MIL-STD-1553B [94], and CAN [95], the ESA alternative, and both their bus
data rates are in the order of 1 Mbps, the required housekeeping data rate becomes:

DRyeq = 5.496 + 1 Mbps = 6.496 M bps (3-54)

Storage will not be considered for this conceptual design, since it does not affect the interface
in any way. However, it is mentioned that recommended options, based on data traffic
expectations for the future, include Hard-Disk Drive (HDD) or Solid State Drive (SSD) with
the latter being recommended for compactness, and lack of moving parts.
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3-10 Robotic Assembler

The robotic assembler’s main role during this conceptual mission is to assemble the individual
modules together into the space telescope. In the envisioned free-flyer version chosen for this
mission, the robotic agent would have all the capabilities of a spacecraft coupled with a robotic
payload capable of completing its assembly task successfully. As the main focus of this work
is the detailed design of an inter-modular interface, the design of the assembler cannot be
treated here, and is thus considered a task for future study. However, a list of potential
constraints and critical considerations is included for completeness:

e« When docking with the assembled system, the assembler agent shall make use of the
same inter-modular interface.

e The robotic payload shall be able to handle the connection of two modules using the
interface described in this work.

e Trade-off between universal grappling fixtures and specific end-effector tools usable
solely with this interface design.

o Investigate optimized motion and path planning algorithms for assembly.

e Trade-off using C&DH subsystem of assembler for full system upon docking or using
separate C&DH subsystems for the telescope and assembler (or a combination of the
two for the docked configuration).

o Investigate the possibility of using a communication subsystem only on the assembler
as opposed to a smaller one for the assembler, for control during assembly, and a larger,
higher gain one for the telescope, to ensure large amounts of scientific return.

o Possibility of refueling made viable once number of potential servicing targets increases
(in the long-term).

e Investigate using ADCS of assembler for partial control during docked configuration.

3-11 Concept of operation (CONOPS)

The concept of operations, or CONOPS for short, represents an overview of the operations
of the spacecraft during its entire lifetime. In the case of a modular space telescope to be
assembled on orbit, one can separate the mission into four distinct phases: launch and orbit
injection, assembly, nominal operation, and end-of-life or disposal.

Starting with the launch and orbit injection phase, as discussed in Section 3-5, the chosen
orbit is a geosynchronous one. Potential options exist based on the choice of ground station.
Assuming the use of the Deep Space Network, with a 34 meter diameter BWG antenna due
to the high data rate possibilities achievable in the Ka-band, three different locations are
available: Goldstone, California; Madrid, Spain; Canberra Australia. The choice between
these will depend on a detailed market analysis, as well as the nature and nationality of the
stakeholders invested in this mission. Considerations and requirements for this stage include:
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e No propulsion capability for the space telescope requires that the modules be injected
directly into the orbit where the system will be assembled, in this case GEO.

e The modules can be scheduled for orbital insertion in a series of launches, not all at
once. This may allow some cost savings, as well as offsetting the effects of scheduling
risks (e.g. delays with module components before integration).

e The order in which sent modules will be assembled
o Grouping of modules within chosen launcher(s)

e Separate packaging for mirror elements and joining with structure is performed on orbit
vs. mirrors are each attached to a module during launch.

e Time required to assemble given number of modules

As the order of assembly impacts the necessary grouping of the modules to be packaged per
launch, and the assembly time is a good indication for scheduling subsequent launches so that
the full system is operational within a certain time frame, it is clear that the formal definition
of the assembly phase will have a measurable impact on the overall project. However, this
is work to be done during a potential detailed design phase, which is not the case for this
work. In spite of this, due to the importance of this assembly phase, a couple of scenarios are
evaluated here.

The final consideration for the assembly phase would be the packaging method for the mirror
elements provided they are treated as a singular layer of the assembled structure. It would
be recommended, considering the fragility of these components, to design a structure capable
of fitting inside the selected launcher and safely transporting the mirrors into GEO with no
damage whatsoever. However, this raises the question of disposal of said mirror-carrier - the
options for which range from de-orbiting for reuse, attachment to the assembled structure, or
permanent disposal. Provided multiple space telescopes using similar modular architectures
are envisioned, the use of a transportation module for mirror elements from Earth to GEO
could be a feasible investment, however this is considered the realm of future study. The
current preferred configuration would be a three-layered structure to be assembled on orbit,
ensuring a wide range of servicing and assembly operations, thus increasing the possible ser-
vicing missions assembler can contribute to, effectively increasing potential revenue assuming
sufficiently developed infrastructure.

During the nominal operation phase, the assembler will be docked with the space telescope
and the system will be performing its scientific goals and transmitting this data back to Earth.
The only consideration here is the eventuality of a servicing event in which case the following
step approach will be used:

1. The housekeeping data indicating a fault is sent as a high priority message to the C&DH
subsystem.

2. The C&DH evaluates the housekeeping data and sends a preliminary analysis indicating
suspected location of fault.

3. The results of this analysis and the data used as input are sent to the ground station
for interpretation.
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4. The ground operators decide if self-diagnosis is correct or more information is necessary.

5. In the case of the latter option, the signal is given for the assembler to un-dock and
perform visual inspection around a target area.

6. Once sufficient data to isolate the location and nature of problem, servicing can be
considered.

7. In the event of an interface malfunction, it is attempted to rotate the modules (if
possible) so as to make use of redundant elements currently not connected to any module
before resorting to a module replacement.

8. If the failure is internal to one of the modules, a replacement will need to be sent before
servicing can occur. The assembler will dock with the system or remain in docked
position awaiting the replacement module, upon which servicing can occur.

9. Ground operators will communicate the estimated time/date of arrival of the spare
module, as well as the proposed servicing approach.

In the case of servicing other nearby satellites with the assembler, the process is very similar
to the above steps, minus the self-diagnosis phase. In this case, the ground operator would
signal the need for servicing, location of the target and estimated time of arrival of spare parts.
Shortly before rendezvous, the servicing plan will be uplinked to the free-flying assembler,
which will return to dock with the space telescope upon completion of its task. Assuming
sufficient servicing and/or assembly operations are performed successfully, it is expected that
increasingly less oversight will be needed during such phases from human operators. Full
autonomy would thus become the natural next step in the evolution of this technology.

The plan for end-of-life operations is not set at this point in the design, however, varying
options exist depending on the success of this mission. Assuming the standard interface is
a success and is imposed as a standard for modular architectures, it is completely feasible
to imagine a semi-permanent observatory with regular technological updates through module
replacement. Furthermore, assuming the need for such a telescope is at an end, or better
locations need be investigated, the modular architecture allows for reuse of working modules
in other subsequent missions as well. This means that it is possible to create a mission that
will use components of this modular conceptual space telescope once it no longer provides
any value. Of course, some elements that degrade over time in the space environment like
solar panels and electronics systems would need to be discounted and disposal processes need
to be considered for these as well. Although the actual choice in the options discussed until
now heavily depends on the success of the inter-modular interface, it is clear that such an
event would allow for much more flexibility not only in design, but in end of life operations
as well. This aspect as well as the potential of reusing parts of existing space assets to create
higher performance missions with lower costs are two critical advantages of transitioning to
modular architectures.
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Chapter 4

Detailed Interface Design -
Preliminary design

There are no thermal requirements, however the goal is to have some extent of thermal power
transfer from module to module. This is not stated explicitly in the requirements, as seen
below:

e MIST-E-1.0: Interface design shall consider two options - a lower, and a higher power
implementation corresponding to < 1.5 kW, and < 8 kW, respectively.

e MIST-E-1.1: Interface shall be able to pass 8 kW of electrical power from module to
module.

e MIST-E-1.2: Interface shall be able to pass voltages of 28 + 1.4 V in the case of the
low power implementation.

e MIST-E-1.3: Interface shall be able to pass voltages of 50 + 2.5 V in the case of high
power version.

e MIST-D-1.0: Interface design shall consider two options - a lower data link version for
bus and housekeeping, and a higher data link version for scientific instruments.

e MIST-D-1.1: The high data rate version shall be able to transfer data at speeds up to
0.9 Gbps.

e MIST-D-1.2: The version in charge of housekeeping shall be able to transfer data at
speeds up to 6.496 Mbps.

e MIST-S-1.0: The interface shall have a lateral natural frequency of at least 15 Hz.
e MIST-S-1.1: The interface shall have a longitudinal natural frequency above 60 Hz.

e MIST-S-1.2: The interface shall be able to withstand lateral launch loads of + 3.0 g.
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e MIST-S-1.3: The interface shall be able to withstand longitudinal launch loads of 8.5g
in compression and 4.0 g in tension.

e MIST-S-1.4: The interface shall be able to withstand orbital perturbations up to 1.3464-
1073 Nm on fully assembled system.

o MIST-S-1.5: The load bearing capabilities of the interface shall be comparable to current
state-of-the-art options.

e MIST-S-1.6: The interface design shall allow for easy assembly and disassembly in order
to facilitate servicing.

e MIST-S-1.7: The interface dimensions shall not exceed 0.4 by 0.4 m.

o MIST-S-1.8: The interfacing (height) dimension shall not exceed 0.02 m.

The letters MIST correspond to modular interface for space telescopes, whilst E, D and S
correspond to electrical, data and structural subsystems respectively.

Now that the requirements have been defined, the remainder of this chapter is structured as
follows: Section 4-1 treats the preliminary design of the interface, whilst Section 4-2 elaborates
on the setup of all simulation types. Finally, Section 4-3 details the results thereof.

4-1 First Iteration of Interface Design

In this section, the design philosophy behind the modular interface will be explored, as well as
the design choices that led to this preliminary design. In Subsection 4-1-1, the design choices
will be explained that lead to the preliminary version of the interface. This is followed by
the choice of material, as well as end-connectors for both data and electrical needs, covered
in Subsection 4-1-2.

4-1-1 Preliminary Interface Design (MIST V0.0)

Existing interface design show a fairly high variability in design, however most of them require
a lateral distance to be available for both assembly and disassembly. In the context of a space
telescope, if one keeps the previous definition established in Chapter 3, one can identify a few
layers that are stacked vertically: a base made out of the modules, a support layer for the
main mirror aperture and the mirror aperture. Keeping this in mind, any direction in the
plane of the layers can be defined as lateral. The problem with requiring a lateral spacing
for disassembly is when one considers servicing of the most central module. If any of the
existing standardized interface designs would be used, servicing the central module would
entail disassembly of the whole structure so that the target module is accessible. This would
imply that during this process the modular spacecraft would have to cease any functions that
involve more than a single module, which results in a very long time where the spacecraft is
effectively inactive. This is a very big problem since this means a single module failure could
cripple the entire operational capability of the whole.
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A solution to this would be utilizing a design that permits assembly along the vertical axis.
This not only solves the problem of servicing, but can also simplify some of the proximity
operations, thus requiring less sensors for precision alignment as the modules themselves can
be used as both support and guide for the assembler unit. The drawback to such a system is
that it requires an extra moving component that will take loads in the direction of assembly,
henceforth referred to as vertical shear loads. Since moving components are generally avoided
due to the risk of failure, it is desirable to simplify this locking mechanism as much as possible.
With regards to the vertical assembly geometries, a few different geometries can be considered,
as shown in Figure 4-1.

Figure 4-1: Top view of cross-sectional geometries considered for use in vertical assembly system

Out of these geometries only two of them can support tensile loads as well as vertical and
lateral bending moments, namely the first and fourth, henceforth referred to as T-section and
trapezoidal versions, respectively (in the industry, such linear slide systems are called box gib
and dovetail, respectively). This implies that any choice outside of these two would require
the aforementioned locking mechanism made for shear to also bear other types of loads. This
is deemed to be unfavorable as it raises the complexity of the mechanism, hence heightening
the risk of failure of the interface itself. As such, the two candidates left remain the T-section
and trapezoidal options.

If one were to consider two plates identical in dimension with the same number of elements
(T-shaped or trapezoidal), at first glance, the latter would be more resistant in tension, lateral
shear, vertical and lateral bending moments, as well as twist. This is mainly due to the fact
that a larger effective area would be used to take up the load. However, the T-shaped option
offers increased stiffness and strength due to its ability to distribute loads efficiently in both
X and Y directions [96], [97], [98].

Now that the choice of sliding assembly geometry is done, it is important to consider the
locking element preventing motion in the vertical direction. One could consider different
shapes that could bear the vertical shear load better, however there is also another matter
to consider - flexibility. When aiming to produce a standardized interface it is important for
it to be usable with various different concepts, otherwise it will only be usable by a select
range of designs. As such, a certain degree of freedom of design or adaptation should be
offered so that any space telescope concept can adapt this interface concept to their design
requirements. This covers not only system requirements such as data and electrical transfer
capabilities, but also subsystem requirements such as locking system actuation. If one were
to consider linear actuation for this system, the options can be categorized into two classes
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- rotating and non-rotating. With this in mind, a cylindrical locking system would offer the
greatest flexibility in terms of actuator choice as it permits the use of both aforementioned
classes. Furthermore, when considering the choice of T-section geometry, it is clear that the
locking mechanism would have to be compact so as not to compromise the resistance of the
section it goes through. As such, a circular cross-section, or in other words a cylindrical
system, offers the perfect solution.

Combining the locking cylinder with the sliding assembly concept, and scaling to satisfy the
MIST-S-1.7, MIST-S-1.8 dimension requirements leads to what will henceforth be referred
to as MIST VO0.0. This interface is comprised of three elements, two plates and the central
locking cylinder, which are shown in Figures 4-2.

Figure 4-2: Overview of MIST interface components (V0.0)

With respect to the main dimensions a few constraints apply:

1. The female plate shall have two T-sections

2. To ensure structural integrity, the width of the lateral sections will be double the thick-
ness of the vertical sections.

3. To avoid meshing issues, as well as to simplify manufacturing, whole numbers will be
used for the first iteration of dimensions.

The first constraint will result in the male plate consisting of a full, central, T-section, and
two halves, placed laterally. In order to satisfy the other two constraints, the notation shown
in Figure 4-3 is used, where any whole T-section corresponds to a dimension of 4 - z, and the
halves will correspond to 2 - x + e. The extra unknown e is added in so as to guarantee that
any remainder from the first order dimension calculation will be shifted to the outside edges,
ensuring their strength, as well as guaranteeing integer values for x.
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xte X i1 Ax % X xte

Figure 4-3: MIST V0.0 dimension notation for first order estimation

Based on this notation, Equation 4-1 can be compiled for the major dimensions of the T-
sections.

2-xtet+2-v+4-2+2-2+2-2+e=Wpae (4-1)

Grouping terms and substituting 400mm for the W4, which corresponds to the width of
the plate, results in Equation 4-2:

12242 - e =400mm (4-2)

Solving for maximum x and minimum e, whilst also constraining them to be whole numbers,
leads to:

r = 33mm e =2mm

The height of the T-sections is chosen to be 20 mm in order to minimize the size of the
interfacing elements. This serves to reduce volume that can not be used for other spacecraft
sub-systems. The diameter of the central connector is chosen to be 60 mm, so as to ensure
that at least 3 mm are left on each side from the edges of the hole to the sides of the T-flange.
Due to space constraints, the full technical drawings of all the interface components will be
included in Appendix A, Figures A-1, A-2, A-3, corresponding to the male plate, female plate,
and locking cylinder, respectively.

In order to make a comparison with existing interfaces, MIST V0.0 needs to be scaled down
to a Wpyiate of 120 mm, corresponding to the maximum lateral dimensions of existing state-
of-the-art interfaces [43]. This results in Equation 4-3:

12-242-e=120mm (4-3)
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Solving for x and e in a similar fashion leads to:

"1::9 6:6

The height of the T-sections for the scaled down version is restricted to 10 mm, so as to
have similar dimensions as the existing interface concepts it will be compared to. The locking
cylinder diameter is chosen to be 16 mm so as to allow for sufficient space to mount both
electrical and data connectors, whilst keeping a 1 mm distance from the sides of the vertical
section of the T. Similarly to the full-scale model, the technical drawings showing all dimen-
sions are included in Appendix B, Figures B-1, B-2, B-3, corresponding to the male plate,
female plate and locking cylinder, respectively.

4-1-2 Selection of Material, Data and Electrical Connectors

Since the design philosophy as well as major changes leading to different iterations of the
MIST interface have been covered, it is time to explain the selection of materials and end
connectors. When considering the former, a list of materials commonly used in spacecraft
was compiled, the parameters of which are described in Tables 4-1 and 4-2. The data for the
Titanium and Aluminium alloys was compiled from ASM MatWeb [99],[100], the properties
of the Sintered Silicon Carbide from AZo Materials [101], and the properties of the carbon
composites are courtesy of the Mechanical Engineer’s Handbook [102]. As for the M55J and
T800 composites, most of the data was compiled directly from Toray’s manuals [103], [104],
except for the densities which were computed using the individual densities of the carbon
fibers and epoxy, with a 60% fiber ratio.

Table 4-1: Materials considered and their mechanical properties - Part 1

Specific

Modulus of Modulus of Thermal
Material Density (p) | Elasticity (E) | Rigidity (G) | Conductivity
Titanium
Ti-6Al4V | 4430 24 | 113.8 GPa 44 GPa 6.7
A17075-T6 | 2810 24 71.7 GPa 26.9 GPa 130 1
Sintered
Silicon
Carbide
(SSiC) 3100 24 | 400.1 GPa | 175.475 GPa | 100
UHMpz'tch
Carbon 1800 X4 165 GPa 63 GPa 110
UHMPAN
Carbon 1660 24 110 GPa 41 GPa 14 W
UHSPAN
Carbon 1610 X4 63 GPa 21 GPa 48 W
M55J] 1586 2% 338 GPa N.A. 155.6 7
7800 1520 % 163 GPa N.A. 11.3
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Table 4-2: Materials considered and their mechanical properties - Part 2

Yield Yield Yield
Strength Strength Strength
Tension Compression Shear
Material (oy;) (ov,) (1y)
Titanium
Ti-6Al-4V 880 M Pa 970 M Pa -
Al 7075-T6 503 M Pa 503 M Pa 331 M Pa
Sintered
Silicon
Carbide
(SSiC) 320.35 M Pa | 3203.65 M Pa -
UHMpitch
Carbon 900 M Pa 280 M Pa 41 M Pa
UHMPAN
Carbon 1380 M Pa 760 M Pa 80 M Pa
UHSPAN
Carbon 3500 M Pa 1380 M Pa 80 M Pa
M55J 2020 M Pa 890 M Pa 68 M Pa
T800 3290 M Pa 1490 M Pa 135 M Pa

Although the composites show the highest strengths with respect to tensile loading, they are
very bad with respect to shear. Furthermore, it is important to consider that the strengths
shown above are all for in-plane or along fiber, in the other directions the materials are much
weaker. This is the main reason for not choosing these options. As for the SSiC, it is a
ceramic material which inherently means it is brittle. The observant reader will notice that
for this material the strength registered is actually the ultimate strength since ceramics do
not present elastic behaviour. Considering that the density of the material is quite high and
no resistance was found for shear, this material is discounted as a choice. From the remaining
two materials, the Ti-6Al-4V and Al 7075-T6, the latter is chosen for fairly consistent strength
in all directions, good thermal conductivity and low density. This choice will ensure that the
interface is light weight and is capable of passing a fair amount of heat without requiring any
extra thermal subsystem addition to the interface itself, thus simplifying the design.

For the data connector, the shape and fastening mechanism are critical as these have a major
influence on the complexity of the mechanisms necessary, as well as contributing as a risk
factor for failure. In the case of ends that require additional motion to fasten the connection
once coupled (e.g. bayonet or screw-in types), an additional actuator would need to be
involved in the design. Such additions would add unnecessary complexity to the interface
whilst the only advantage they would bring is superior fastening of the connection once
achieved. Considering the interface design described up until now this is not required, since
the central locking system already fastens the system sufficiently. As such, these types of
connectors are discounted as options, thus leaving only plug-in and push-pull connector types
in the discussion. If one were to consider solely the radiation reinforced alternatives qualified
for space usage, there are numerous iterations of high data rate cables that conform to the
SpaceWire standard, such as those offered by Axon [105], or even Gore [106]. In the case of
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the latter, data rates up to 400 Mbps are achieved which is not sufficient for the application
at hand, but Axon offers much higher speed cables up to 10 Gbps or even 40Gbps for their
AxoMach versions [107]. This is a performance much higher than the requirements set for this
interface design, however this is not the main reason for discounting this choice. The types of
cables offered by both of these companies, as well as many others that offer connectors that
adhere to the Spacewire standard, are of the push-pull type, with pins as ends. The issues
with pin configurations are two-fold - firstly, they require precise alignment, and secondly due
to the dimensions of said pins the risk of damage arises when connecting and disconnecting
repeatedly or when shocks are involved.

This does not pose a problem in traditional spacecraft design as all systems are assembled on
the ground, never to be disconnected or reconnected. In the case of a modular system where
the intent is not only to assemble a large scale spacecraft but also to enable the possibility
of servicing and replacement of modules, this becomes an issue that needs to be addressed.
Due to this very reason it was decided to also consider options that are not normally used in
space design, but that may be tailored to be used as such in the future. When considering
costs, availability, compactness, technological progress over a limited time span as well as
innovation, the first thing that comes to mind is the USB cable. Due to its heavy usage in
the industry as well as day to day activities, this type of connector has evolved through leaps
and bounds, especially when considering data rates achievable. The most important factor
that cannot be overlooked is that the end-connectors for such systems have also evolved over
time leading to a fairly recent model using magnets to connect and disconnect part of the
end of such a cable. This technology ensures that very little force is applied to the actual
end-connector thus minimizing the risk of damage. Furthermore, the very slight magnetic
force produced by this system actually enhances alignment, without any additions of fancy
sensors that ensure it. For a system such as MIST this is a very alluring solution. The
choice of using this technology comes with numerous advantages, from ready availability, to
low cost, ease of assembly, and lower risk of damage. It can also be further argued that
compactness also plays a key role as even smaller interface models can be built based on the
design logic explained up until now (a good example of this being the scaled down version
of MIST). The only disadvantage is that this type of connector has not yet been used as a
solution for traditional spacecraft, thus no thoughts have been given on radiation reinforcing
it to withstand the space environment. However, if this type of data connector were to be
included into a design meant as a next stepping stone in space design, which enabled future
progress at an accelerated rate, such as a flexible concept for large scale space assembly, the
aforementioned disadvantage seem insignificant and easily resolved. As such, it is decided
to use a magnetic USB cable as the data transfer mechanism. The USB chosen for the
manufactured interface was a NetDot 3rd Generation cable readily available on Amazon [108]
as not only is it low cost, but more importantly it offers a magnetic system allowing for data
connection irrelevant of rotation between the ends (360° alignment).

When considering the electrical connector, the main criteria of choice were alignment con-
siderations and ease of contact. As such any types involving pins were discounted from the
search for the same reasoning mentioned above, and the only types considered were spring-
loaded connectors and electrical tabs. When considering the design of MIST, it was important
to consider how easily contact could be made with each type of connector. For the former
option, even a slight distance between the two ends allows for the connection to be successful,
however physical contact is required for the latter. For this reason as well as compactness,
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spring-loaded connectors were chosen for MIST. For the full-scale interface the LSH High
Power Connector [109] was selected as an option, however this is a mere recommendation
based off of the chosen requirements. Given lower or higher requirements, the design can be
easily adjusted to accommodate for a different connector. As for the scaled-down interface (in
other words the one that was manufactured), Mill-Max 821 Spring-Loaded Pogo Pin Header
Strip with 2 pins [110] was selected as a solution.

4-2 ANSYS simulation setup

In order to evaluate the load tolerances for the various versions of the interfaces, ANSYS
Workbench was selected as the most suitable candidate. This software has multiple advan-
tages, amongst the most important being the capability of performing finite-element analysis
(FEA), as well as the ability of importing and editing pre-existing CAD models.

When using such a program, the first step is to set up the type of simulation, in this case,
Static Structural, as the goal is to find the limit loads of the interface assembly. The next step
is a decision on what exactly should be simulated, either the actual load case or a simplified
assembled state or both. In other words, one can choose to import the whole assembly into the
simulation environment and evaluate the results of the actual load cases, or import elements
one by one and simulate the assembled state for each one. For the purposes of this thesis,
it was decided that both types of simulations will be performed, as more information can be
gained by correlating the results of both types of simulations (e.g. what the weaker element
of the assembly is, how much more resistant the assembled state is versus the disassembled
state under similar loading conditions). As such the simulations can be categorized as:

1. Assembled state of male and female plates (single component)

2. Assembly load evaluation (major components assembly)

4-2-1 Assembled state simulation setup

Once the simulation object and type have been selected, the Design Modeler module can be
used to import pre-existing CAD models, as well as edit them. The main need for editing is for
establishing coherent constraints based on how the interface will be included in a spacecraft
assembly. In other words, only the plate elements of the interface will be considered as part
of the spacecraft walls, whilst the T sections will be external so that assembly can take place.
As such, these need to be separated so that the lateral surfaces of the plates can be fixed,
as shown in Figures 4-4a, and 4-4b, corresponding to the simulations of the male and female
plate, respectively.
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0.00 300,00 600,00 (mm) 0,00 300,00 600,00 (mm)
. [ e S|
150,00 450,00 150,00 450,00
(a) Fixed support surfaces for the male plate (b) Fixed support surfaces for the female plate

Figure 4-4: Assembled state simulation - fixed support constraints

It is necessary to mention that the same principle applies to all versions of the interface,
as such only the first version is shown for clarifications on simulation setup. Now that the
object of the simulation has been imported and edited, the next step is to add the material
of the object to be evaluated. As established previously in Subsection 4-1-2, an Aluminium
alloy will be used for the physical implementation of the interface. ANSYS permits to tailor
material properties to any need, or directly import existing materials from their in-built
material library. In this case, the material library included the Aluminium alloy T60.

Once this material is applied to the simulation object, the next phase is to define a mesh.
Using the function body sizing, a mesh with a specific (user inputted) size of mesh element
can be created. For consistency reasons, the same element size will be used for both the
assembled state and assembly simulations. In consequence, the element size is chosen to be
10 mm, for reasons that will be elaborated on in Subsection 4-2-2.

The next step is to select the boundary conditions and their type. In this case Fixed Support
is used, as shown in Figure 4-4. This is sufficient with respect to constraints, as such only the
applied load needs to be selected. The load cases evaluated in this simulation can be split
into forces and moments. In the case of forces, a 10 kN baseline value will be used for stress
calculation, while for moments a 1 kNm value will serve for stress evaluations. Both classes
will be applied as surface loads or moments, respectively. A total of seven distinct load cases
can be distinguished:

1. Tension, as shown in Figure 4-5
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F_ 400,00 (mm) 0,00 300,00 600,00 {rmm)
LSS SS—
100,00 2 150,00 450,00

(a) Tensile force application for the male plate (b) Tensile force application for the female plate

Figure 4-5: Tensile force direction and surface application for assembled state

2. Compression, as shown in Figure 4-6

400,00 (mrn) 0,00 230,00 500,00 {mm)
L —SSaSaSa—_ SS—
100,00 300,00 125,00 375,00

(a) Compressive force application for the male plate (b) Compressive force application for the female plate

Figure 4-6: Compressive force direction and surface application for assembled state

3. Vertical Shear, as shown in Figure 4-7
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500,00 (rrn} 000 300,00 600,00 (mm)
L —SSSaSaS——.._ SSSS—
125,00 375,00 150,00 450,00

(@) Vertical Shear force application for the male plate (b) Vertical Shear force application for the female plate

Figure 4-7: Vertical Shear force direction and surface application for assembled state

4. Lateral Shear, as shown in Figure 4-8

0,00 200,00 400,00 (mrm)
L —SSaSaS—— SSS—
75,00 225,00 100,00 300,00

(a) Lateral Shear force application for the male plate  (b) Lateral Shear force application for the female plate

Figure 4-8: Lateral Shear force direction and surface application for assembled state

5. Vertical Bending moment, as shown in Figure 4-9

Andrei Hutan (4195744) Master of Science Thesis



4-2 ANSYS simulation setup 87

300,00 (mm)

225,00 175,00 525,00

(a) Vertical Bending moment application for the male (b) Vertical Bending moment application for the female
plate plate

Figure 4-9: Vertical Bending moment direction and surface application for assembled state

6. Lateral Bending moment, as shown in Figure 4-10

00 100,00 20000 (o) 0,00 200,00 400,00 (mm3
[ Ea—— ES— L —SSaSaSaa— SS—
5000 15000 100,00 300,00

(a) Lateral Bending moment application for the male (b) Lateral Bending moment application for the female
plate plate

Figure 4-10: Lateral Bending moment direction and surface application for assembled state

7. Twist moment, as shown in Figure 4-11
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10000 {mm)
0o 13000 75,00 225,00

300,00 {(mm)

(a) Twist moment application for the male plate (b) Twist moment application for the female plate

Figure 4-11: Twist moment direction and surface application for assembled state

In all the above figures, the red arrows indicate the direction of application, whilst the red
surfaces are those on which the forces or moments are applied.

4-2-2 Assembly simulation setup

Similarly to the assembled state simulation, importing the geometry and adding material are
done in the exact same way. One slight difference is that the editing is only performed on
the female plate due to the decision to use it as the fixed element when considering loads and
stresses. The selection of faces for which the fixed support constraint is used are shown in
Figure 4-12.

0,00 100,00 200,00 (mm)
[ SS——— SS—
50,00 150,00

Figure 4-12: Assembly - fixed support constraints

The choice of fixing the female plate is due to the fact that higher stresses were expected when
constraining the female plate to be fixed instead of the male plate. The main reason for this
is that especially under tensile loads the thickness of the lateral plate sections not containing
T-sections will cause a reduction in strength when compared to the male plate where the
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lateral sections contain T-sections which would prevent deflection to a certain extent, thus
distributing stress better. These expectations were also confirmed through simulation.

For the assembled state simulations, the fixed support constraints are sufficient, however for
the assembly itself the contact surfaces need to be constrained as well. Bearing this in mind a
few options are available, among which frictional contacts. For the purpose of this simulation,
this type of contact is selected with a frictional coefficient of 1.2, corresponding to machined
Aluminium alloys [111]. This is enough to satisfy all boundary conditions for the system. As
such the only things missing are the mesh and load application.

With respect to the mesh, one would usually select as small a mesh size as possible in order
to more accurately pinpoint potential stress concentration areas, as well as reduce errors
between averaged stresses and unaveraged stresses computed by the finite element analysis.
Furthermore a good rule of thumb when performing such simulations is that the mesh element
size should never exceed the smallest dimension found in the object. In this case, the smallest
dimension is the thickness of the T-sections, namely 10 mm for the full-scale model, 5 mm
for the scaled down version. When using these sizes however, a relatively large difference can
be found between the averaged stresses and unaveraged stresses, as will be seen in Sections
4-3 and 5-2. Normally a smaller mesh size would be in order, however when going below an
8mm sized mesh element, the total number of mesh elements exceeds the limits of the ANSY'S
license. This presents a unique problem as using a mesh element that cannot be multiplied
by an integer to equal the smallest dimension of the object is usually inadvisable. The reason
for this is that the point selection resulting from such a mesh would, quite often, not include
points on corners, which are expected stress concentration points. Based on this reason and
the software limitation for total element number it was decided to select 10mm as element
size for the full scale model, and 5mm for the scaled down version (the one for performance
comparison with existing interfaces).

Now that the mesh and constraints are set, the load cases can be defined. The application
surfaces and force directions for each individual case are illustrated in Subfigures 4-13a, 4-13b,
4-14a, and 4-14b, for tensile, compressive, vertical shear, and lateral shear forces, respectively.
Additionally, Subfigures 4-15a, 4-15b, and 4-15¢, show the same thing for vertical bending,
lateral bending, and twist moments, respectively.

0,00 100,00 200,00 (mm) 0,00 100,00 200,00 (mm)
50,00 150,00 50,00 150,00

(a) Tensile force application (b) Compressive force application

Figure 4-13: Tension and compression load cases - direction and surface application for assembled
state
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000 100,00 200,00 (rrm) 000 100,00 200,00 (mm)
5000 15000 5000 15000

(a) Vertical Shear force application (b) Lateral Shear force application

Figure 4-14: Vertical and lateral shear load cases - direction and surface application for assembled
state

00 10000 200,00 {mrm) 2,00 100,00 200,00 (mm)
5000 15000 50,00 150,00

(a) Vertical Bending moment application (b) Lateral Bending moment application

200,00 (mm)

50,00 150,00

(c) Twist moment application

Figure 4-15: All moments - direction and surface application for assembled state

Similarly to the assembled state simulation, the baseline values for forces is 10 kN, and 1kNm
is used for moments. Using the same simulation logic, the maximum values for each load case
are computed using both Von Mises and shear stress failure criteria.
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4-3 ANSYS simulation results for interface V0.0

The first tests performed were on MIST V0.0 under the assembled state conditions. For the
tensile case the stress distributions are shown in Figure 4-16, with Subfigures 4-16a, and 4-16b
corresponding to the Von Mises and maximum shear stress distribution for the male plate,
and Subfigures 4-16¢, and 4-16d, for the female plate.
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Figure 4-16: Stress distribution under 10 kN tensile load - Assembled state MIST V0.0

For the male plate, the stress is mainly distributed around the central part of the T-section,
however the maximum stress found through simulation is at the top or bottom of said section,
due to symmetry. Considering the maximum is exactly on an edge, it can be assumed that
this is a stress concentration given by the mesh placement, and that the true maximum stress
will occur around the central hole. However, the idea that this is the true maximum cannot be
dismissed completely, as such this value will not be excluded when computing the maximum
load for the tensile case.

Similarly, the maximum stress point for the female plate also occurs at the top of the plate,
at the back of one of the T-sections. It is important to mention that symmetry applies here,
as such there are actually four points where maximum stress occurs, two at each T-section, at
the top and the bottom. This also seems to be a stress concentration as the maximum points
of stress should occur towards the sides of the plate, where the resistance is weakest. This
seems to be the case when considering the stresses along the sides of the female plate, where
slightly lower values than the maximum are registered. This is expected due to the fact that
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the tensile force is applied to the flanges of the T-sections. As for the male plate, this logic
is not sufficient to discount the simulated results for peak stress, hence these will be taken
into consideration when computing limit loads. The deformation associated this load case is
shown in Figure 4-17.
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(a) Deformation of male plate (b) Deformation of female plate

Figure 4-17: Deformation under 10 kN tensile load - Assembled state MIST V0.0

For the male plate, the maximum stresses seem to be concentrated around the edges of the
flanges of the central T-section. This makes sense as the central hole somewhat compromises
the structural integrity of the aforementioned section for tensile loads, and the edges will
experience the highest stress due to the nature of the loading. Similarly, the central facing
edges of the T-sections are the peaks for the female plate. One could even argue that the
deformations of the two plates seem to be complementary in the case of tension.

The results of the compressive case with respect to stress distributions are shown in Figures
4-18 and 4-19, where Subfigures 4-18a, and 4-18b pertain to the Von Mises and maximum
shear stress distribution for the male plate, and Subfigures 4-19a, and 4-19b, for the female
plate.
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(a) Von Mises stress distribution - male plate (b) Shear stress distribution - male plate

Figure 4-18: Stress distribution under 10 kN compressive load - Assembled state MIST V0.0
male
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Figure 4-19: Stress distribution under 10 kN compressive load - Assembled state MIST V0.0
female

From the point of view of maximum stress points, a very similar situation to the tensile case
can be observed. The male plate shows two symmetric peaks at the top and bottom of the
central T-section, whilst the female plate shows four points of maximum, at the top and
bottom of the two T-sections. The main difference in stress distribution for the male plate in
the case of compression versus tension is the absence of higher stresses in the lateral T-flanges,
and higher values on the plate sections connecting them. Whereas for the female plate, the
stress is more evenly distributed across the T-sections, with no stress concentrations occurring
at the points of connection between the lateral and vertical sections of the T-flanges.

The corresponding deformation is shown in Figure 4-20.

0,00 200,00 400,00 (mm) 0,00 200,00 400,00 (rm)
- ) - )

100,00 300,00 100.00 300.00

(a) Deformation of male plate (b) Deformation of female plate

Figure 4-20: Deformation under 10 kN compressive load - Assembled state MIST V0.0

The deformation for both plates not only shows symmetry, but also the concentration of
highest values towards the middle of the plates. This can be attributed to the fact that
any hole or cylindrical cut-out present weakens the structure around said element. The
deformation subsides the closer to the edges one looks, which makes sense considering the
definition of fixed support constraints.

The results of the vertical shear load case are shown in Figure 4-21, where Subfigures 4-21a,
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and 4-21b correlate with the Von Mises and maximum shear stress distribution for the male
plate, and Subfigures 4-21c, and 4-21d, for the female plate.
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(c) Von Mises stress distribution - female plate (d) Shear stress distribution - female plate

Figure 4-21: Stress distribution under 10 kN vertical shear load - Assembled state MIST V0.0

In the case of vertical shear, the stress is concentrated along the surface of application, namely
the top of the plates. It decreases linearly towards the bottom, as expected. The male plate
shows only one maximum, at the top of the central section, however two symmetrical points
(with respect to maximum) can also be observed where stress peaks. As for the female plate,
four points of maximum on each side of the T-sections can be observed, due to symmetry.

The resulting deformation is shown in Figure 4-22.
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Figure 4-22: Deformation under 10 kN vertical shear load - Assembled state MIST V0.0
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The deformation distribution shows symmetry with respect to the vertical axis, however the
maximum is shifted upwards from the central part of each element. This makes sense, as
the central hole or cylinder cut-out, in the case of the female plate, does subtract from the
structural integrity of the element, however the load is focused on the top-most edge. As
such, stress can be distributed fairly well until the point where structural strength is reduced,
thus producing the patterns above.

The stress distributions resulting from lateral shear are shown in Figure 4-23, where Subfigures
4-23a, and 4-23b correspond to the Von Mises and maximum shear stress distribution for the
male plate, and Subfigures 4-23c, and 4-23d, for the female plate, respectively.
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Figure 4-23: Stress distribution under 10 kN lateral shear load - Assembled state MIST V0.0

Under the load of lateral shear, the higher stress tends to be concentrated in the direction
of force application. Even without considering the simulation setup, one can tell from the
above figures that the force is applied from right to left. Again, the point of maximum stress
occurs on the top/bottom of the central T-section, in the case of the male plate, and the two
T-sections, in the case of the female plate. This is unexpected, but it cannot be dismissed in
the process of calculating limit loads. The ensuing deformation is shown in Figure 4-24.

Master of Science Thesis Andrei Hutan (4195744)



96 Detailed Interface Design - Preliminary design

0.0059176 Max
0,0052601
0.0046026
0,0039351

0.0083899 Max
0,0074576
0,0065254
0,0055932
0,004661
0,0037200
0,0027966
0,0018644
0,00002221

0 Min

0,0032876
0,0026301
0,0019725
0,001315
0.00065751
0 Min

0,00 200,00 400,00 (mm) 0.00 700,00 400,00 (mm)
- ] - 1

100,00 300,00 100,00 300,00

(a) Deformation of male plate (b) Deformation of female plate

Figure 4-24: Deformation under 10 kN lateral shear load - Assembled state MIST V0.0

The peaks with respect to deformation occur on the right-hand side of the central T-section
for the male plate. This is due to the combination of force application and the hole in the
middle which compromises the structural integrity of the piece to a certain degree. For similar
reasons, the maximum deformation for the male plate occurs on the left-hand side T-section
due to the direction of force application, but towards the central cylindrical cut-out.

The stress distributions associated with the vertical bending moment case are illustrated in
Figures 4-25 and 4-26, where Subfigures 4-25a, and 4-25b correlate with the Von Mises and
maximum shear stress distribution for the male plate, and Subfigures 4-26a, and 4-26b, for
the female plate, respectively.
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Figure 4-25: Stress distribution under 1 kNm vertical bending moment - Assembled state MIST
V0.0 male
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Figure 4-26: Stress distribution under 1 kNm vertical bending moment - Assembled state MIST
V0.0 female

The stress distribution for both male and female plates show symmetry both along the vertical
and the lateral axis. The peaks for the male plate occur on the central T-section again, two
at the top, and two on the bottom, on each side of this element. To complement these results,
the female plate shows similar positions for maximum values, two points on the top and two
on the bottom, on the central-facing sections of the T-flanges. The resulting deformation is
shown in Figure 4-27.
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Figure 4-27: Deformation under 1 kNm vertical bending moment - Assembled state MIST V0.0

The peaks with respect to deformation follow a similar pattern to the stress ones. They occur
symmetrically on both top and bottom, on the central or centrally-facing flanges of the T-
sections respectively, depending on male or female. Furthermore, one can discern high values
for deformation on the other T-section flanges, however they are not as high as the maximum
points.

The lateral bending moment load case results with respect to stress distributions are shown
in Figure 4-28, where Subfigures 4-28a, and 4-28b pertain to the Von Mises and maximum
shear stress distribution for the male plate, and Subfigures 4-28c, and 4-28d, for the female
plate.
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Figure 4-28: Stress distribution under 1 kNm lateral bending moment - Assembled state MIST
V0.0

When considering the lateral bending moment case, one can discern concentrations of stress
both along the middle T-section, as well as the sides, in the case of the male plate. The
observant reader will notice a slightly greener hue on the edges, since these are the primary
structural elements countering the load. The maximum point again occurs on the outside, in
a section where no stress concentrations are observed around the peak. This is most likely
a stress concentration caused by the mesh placement. In the case of the female plate, the
highest stress occurs around the sides of the plate. This is due to the combination of load
application and fixed support constraint definition. Four symmetrical points of maximum
can be identified in the case of the female plate, two above and two below with respect to the
lateral symmetry line, on each side of the element. The associated deformation is shown in
Figure 4-29.
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Figure 4-29: Deformation under 1 kNm lateral bending moment - Assembled state MIST V0.0
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With regards to the deformation, the male and female plates show complementary behaviour.
The maximum points occur on the outermost lateral flanges of the T-sections, the main
structural elements that prevent motion in the lateral bending case. When considering the
male plate, high concentrations can also be observed at the edges of the central T-section.
This is due to the load surface definition including these flanges as well. This fact is further
confirmed by the lack of such concentrations on the female plate in said area.

The stress distributions for the moment of twist load case are shown in Figure 4-30, where
Subfigures 4-30a, and 4-30b corresponding to the Von Mises and maximum shear stress dis-
tribution for the male plate, and Subfigures 4-30c, and 4-30d, for the female plate.
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Figure 4-30: Stress distribution under 1 kNm moment of twist - Assembled state MIST V0.0

The stress resulting from the moment of twist loading seems to show somewhat circular
distributions in the case of the male plate. The maximum points are four-fold, two on the
top and two on the bottom of the central T-section. The stress is concentrated around these
maximums as well as on the flanges of the lateral T-sections. In the case of the female plate,
the stress is concentrated solely around the top and bottom of the outermost flanges of the
T-sections. This can be attributed to the combination of load and constraint definition. The
stress peaks are four-fold, symmetrically placed with respect to both vertical and lateral axes.
The corresponding deformation is shown in Figure 4-31.

Master of Science Thesis Andrei Hutan (4195744)



100 Detailed Interface Design - Preliminary design

20000 00,00 (rar) @00 20000
— ) - —
100.00

(b) Deformation of female plate

(a) Deformation of male plate

Figure 4-31: Deformation under 1 kNm moment of twist - Assembled state MIST V0.0

In this load case, the distribution of deformation in the female and male plates do not comple-
ment each other. Whilst the former shows peaks around the exterior edges of each T-section,
the male exhibits maximums on the sides of the central T-section alone. This is mainly due to
the way the force application is defined in ANSYS. Furthermore, one could argue that this can
construe an additional reason to simulate the assembled state as well so as to confirm these
results. With respect to the actual peaks, both plates exhibit four such points in symmetry
around both vertical and lateral axes.

A summary of maximum Von Mises, shear stresses and deflection is compiled in Tables 4-3
and 4-4. This can be used to compare the differences between the assembled state simulation
and the actual assembly correspondent. Furthermore, both averaged and unaveraged values
are included both for completeness as well as to give a more in depth view of the accuracy

and inner workings of the simulations performed.

Table 4-3: Part and assembly load simulation results MIST V0.0 (ANSYS) - Part 1

Loading case

‘ Female Plate

Male Plate ‘ Assembly

Tension - 10 kN
Von Mises (avg) 17.714 M Pa | 20.31 MPa | 12.794 M Pa
Von Mises (unavg) 24.302 M Pa | 27.363 MPa | 16.633 M Pa
Max Shear (avg) 9.7341 M Pa | 11.217 M Pa | 7.0189 M Pa
Max Shear (unavg) 13.702 M Pa | 15.207 M Pa | 9.2741 M Pa
Deflection 80.277 um 94.038 um 46.879 um
Compression - 10 kN
Von Mises (avg) 15.725 M Pa | 18.775 M Pa | 4.5446 M Pa
Von Mises (unavg) 21.571 MPa | 25.37 MPa | 7.7403 M Pa
Max Shear (avg) 8.6397 M Pa | 10.295 M Pa | 2.4988 M Pa
Max Shear (unavg) 12.161 M Pa | 14.093 M Pa | 4.4668 M Pa
Deflection 68.116 um 80.484 um 14.398 um
Shear (vertical) - 10 kN
Von Mises (avg) 6.453 M Pa | 6.5101 M Pa | 9.6966 M Pa
Von Mises (unavg) 15.714 M Pa | 14.226 M Pa | 10.695 M Pa
Max Shear (avg) 3.4499 M Pa | 3.4664 M Pa | 5.0158 M Pa
Max Shear (unavg) 8.8661 M Pa | 7.6655 M Pa | 5.601 M Pa
Deflection 9.689 um 10.272 pm 22.252 ym
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Table 4-4: Part and assembly load simulation results MIST V0.0 (ANSYS) - Part 2

Loading case

Female Plate

Male Plate ‘ Assembly

Shear (lateral) - 10 kN
Von Mises (avg) 3.4145 M Pa | 2.5007 M Pa | 4.4482 M Pa
Von Mises (unavg) 7.1845 M Pa | 4.6389 M Pa | 8.1711 M Pa
Max Shear (avg) 1.9517 M Pa | 1.3904 M Pa | 2.4272 M Pa
Max Shear (unavg) 3.6573 M Pa | 2.503 MPa | 4.5488 M Pa
Deflection 8.3899 um 5.9049 um 8.3282 um
Lateral bending moment - 1 kNm
Von Mises (avg) 9.8643 M Pa | 9.6995 M Pa | 9.8511 M Pa
Von Mises (unavg) 17.309 M Pa | 12.684 M Pa | 16.615 M Pa
Max Shear (avg) 5.3219 M Pa | 5.3767 M Pa | 5.4292 M Pa
Max Shear (unavg) 9.9533 M Pa | 7.1806 M Pa | 8.9409 M Pa
Deflection 41.548 um 25.572 um 50.593 um
Moment of twist - 1 kNm
Von Mises (avg) 1.7509 M Pa | 1.7562 M Pa | 2.972 M Pa
Von Mises (unavg) 3.9031 MPa | 3.3401 M Pa | 6.7572 M Pa
Max Shear (avg) 0.99697 M Pa | 0.9798 M Pa | 1.663 M Pa
Max Shear (unavg) 2.0728 MPa | 1.8388 M Pa | 3.8795 M Pa
Deflection 1.6209 pm 1.3182 pm 7.5502 um
Vertical bending moment - 1 kNm
Von Mises (avg) 6.1007 M Pa | 6.4835 M Pa | 8.5704 M Pa
Von Mises (unavg) 10.147 M Pa | 10.072 M Pa | 13.294 M Pa
Max Shear (avg) 3.3812 M Pa | 3.5681 MPa | 4.5927 M Pa
Max Shear (unavg) 5.4586 M Pa | 5.5738 M Pa | 7.2828 M Pa
Deflection 16.706 pum 16.956 um 28.39 um

One of the first things that is readily apparent from these results is that there is a relatively
large variation in results for the averaged and unaveraged stresses. As mentioned previously,
these are mainly due to the mesh size, however this could not be reduced further due to
program limitations. A summary of these differences in terms of percentile is illustrated in
Tables 4-5 and 4-6.

Table 4-5: Percentile difference between averaged and unaveraged stress values - MIST V0.0

Part 1

Stress Sim Tension | Compression | Vertical | Lateral

type type Shear Shear

Female | 37.19 % 37.18 % 143.51 % | 110.41

Von Mises Male 34.73 % 35.13 % 11852 % | 85.5 %
Assembly | 30.01 % 70.32 % 10.3 % | 83.69 %
Female | 40.76 % 40.76 % 157 % 87.39 %
Shear Male 35.57 % 36.89 % 121.14 % | 80.02 %
Assembly | 32.13 % 78.76 % 11.67 % | 87.41 %
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Table 4-6: Percentile difference between averaged and unaveraged stress values - MIST V0.0
Part 2

Stress Sim Lateral Twist Vertical
type type Bending Bending

Female 75.47 % | 122.92 % | 66.33 %
Von Mises Male 30.77 % | 90.19 % | 55.35 %
Assembly | 68.66 % | 127.36 % | 55.12 %

Female 87.03 % | 107.91 % | 61.44 %
Shear Male 33.55 % | 87.67% | 56.21 %
Assembly | 64.68 % | 133.28 % | 58.57 %

The largest differences for all simulation types can be seen in the vertical shear and moment
of twist loading cases. Interestingly enough, a factor of ten lower differences are found for
the assembly when under vertical shear as compared to individual plates. This is suspected
to be due to better load transfer through the structure as well as improved loading definition
only possible when coupling the male and female elements as a whole. The tensile and shear
cases show higher variation between averaged and unaveraged stresses for the assembled
state simulations in comparison to the assembly one. This is most probably the result of
load definition, as forces can be applied directly to the T-section flanges instead of being
transmitted through interaction of the assembly. Due to these significant variations in stresses,
one cannot discount these results as pure errors, and more simulations and testing would be
necessary in order to fully validate the interface for launch. In this case, the safest solution is
to guide oneself from the highest values, i.e. the unaveraged ones, when computing limit loads
and using these as a first-order estimation that will need to be confirmed through thorough
testing.

Another important observation one can make from the simulation results from Tables 4-3
and 4-4 is that the assembled interface outperforms both the male and female plates, with
regards to maximum stress, under tension, compression and vertical shear loading. However,
the opposite is true when considering lateral shear, vertical bending and moment of twist.
In the case of the moment loading, this can be explained by the way the loads are defined
with respect to surface of application. As all moments and forces except vertical shear are
applied directly to the back of the non-fixed plate in the assembly, there are reaction forces
and moments associated to such a load case. This, of course, results in higher stresses due to
the load case not being as simple as for the assembled state case. Additionally, in the case of
moment loading, the extra distance from the plate back (application surface) to the contact
surfaces of the interface effectively create a larger moment arm, thus increasing the loading
at the contact point. In the case of lateral shear a different phenomenon occurs where the
surface on which the load is applied is much higher in the assembled state simulations than in
the assembly one. This causes better load transmission throughout the structure for the male
and female plates when simulated individually, whereas higher stress concentrations occur for
the assembly. Another important observation is that under specific loading, such as vertical
shear and moments, the deformation also shows higher peaks for the assembly in comparison
to assembled state. This could be attributed to either the definition of the contact surfaces
as frictional surfaces or the definition of fixed support constraints on a single plate instead
of both, or even a combination of these two factors. Table 4-7 quantifies the differences with
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respect to percentages between the different simulation scenarios, based on the unaveraged
stress and deformation results.

Table 4-7: Percentile comparison between assembled state and assembly simulation - unaveraged
stress results

Load case ‘ Value Male vs Female ‘ Male vs Assembly ‘ Female vs Assembly
Von Mises +12.74 % -392 % -31.56 %
Tension Shear +10.98 % -39.01 % -32.32 %
Deformation +17.14 % -50.15 % -41.6 %
Von Mises +17.61 % -69.49 % -64.12 %
Compression Shear +15.89 % -68.30 % -63.27 %
Deformation +18.16 % -82.11 % -78.86 %
Vertical Von Mises -9.49 % -24.82 % -31.94 %
Shear Shear -13.54 % -26.93 % -36.83 %
Deformation +6.02 % +116.63 % +129.66 %
Lateral Von Mises -35.43 % +76.14 % +13.73 %
Shear Shear -31.56 % +-81.73 % +24.38 %
Deformation -29.62 % +41.04 % -0.74 %
Lateral Von Mises -26.72 % +30.99 % -4.01 %
Bending Shear -27.86 % +24.51 % -10.17 %
Deformation -38.45 % +97.85 % +21.77 %
Moment Von Mises -0.74 % +31.99 % +31.01 %
of twist Shear +2.11 % +30.66 % +33.42 %
Deformation +1.5 % +67.43 % +69.94 %
Vertical Von Mises -14.42 % +31.99 % +31.01 %
Bending Shear -11.29 % +30.66 % +33.42 %
Deformation -18.67 % +67.43 % +69.94 %

It becomes readily apparent from the data above that the male plate outperforms the female
one in tension and compression. This is to be expected considering the placing of the half
T-sections laterally on the male plate which provide higher strength in the tensile case, and
more surface area for stress distribution under compression. In all the remaining load cases
except for twist, the female plate outperforms the male one by at least 10 %. The fact that
there is an increase of over 100 % in deformation between the assembled state and assembly
simulation under vertical shear may seem worrisome, however it is important to consider that
in the grand scheme of things this represents a difference of around 10 ym which is acceptable
under the defined loading.

Using a safety factor function coupled with the unaveraged values for Von Mises and maximum
shear stress corresponding to the assembly simulation, the limit loads for each case can be
computed, as presented in Table 4-8. The right-hand column of the table also mentions the
failure criterion exceeded, be it either Von Mises or maximum shear stress.
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Table 4-8: Maximum load bearing capabilities of MIST V0.0

Load case ‘ Magnitude ‘ Failure mode
Tension 151078 N Shear
Compression 313472 N Shear
Shear (vertical) 284569 N Shear
Shear (lateral) 306289 N Shear
Lateral bending moment | 15638.411 N - m Shear
Moment of twist 35378.483 N -m Shear
Vertical bending moment | 19196.654 N - m Shear

The first noticeable fact is that for all cases, the failure criterion exceeded is maximum shear
stress. Additionally, from the results above one can infer that, with respect to forces, the most
favorable load cases for MIST V0.0 are compression and lateral shear, followed by vertical
shear and tension. With regards to moments, the highest load tolerance, by almost a factor
of two compared to the next case, is found in the case of twist, followed by vertical and lateral
bending. These strengths are very advantageous for manipulating a large modular platform
that makes uses of this interface concept.

It is very important to note that the limit loads are much higher than necessary for a 15m
diameter primary aperture telescope. The reasoning for aiming for such loads is associated
with the desire of creating a standardized interface that can be used as broadly as possible.
By extension, this means that the higher the structural performance, the larger the telescopes
this model can be used for without needing any adjustment. In the case of smaller projects,
one could even use the same design logic presented in this work to downscale the interface
for almost any size desired, the only size limit being a large enough central connector to fit
both the electrical and data end-connectors.

The down-scaled version of the interface was also simulated so as to make a comparison
between the MIST concept and existing interfaces of similar size [43], [12], [13], [42]. The
results of said simulations are presented in Tables 4-9 and 4-10.

Table 4-9: Part and assembly load simulation results MIST V0.0 120x120 version (ANSYS) -
Part 1

Female Plate | Male Plate ‘ Assembly

Loading case ‘

Tension - 10 kN
Von Mises (avg) 65.859 M Pa | 73.64 MPa | 47.233 MPa
Von Mises (unavg) 86.279 M Pa | 94.947 M Pa 77 M Pa
Max Shear (avg) 36.071 M Pa | 38.979 MPa | 25.937 M Pa
Max Shear (unavg) 48.566 M Pa | 53.545 M Pa | 41.028 M Pa
Deflection 77.047 um 85.126 um 54.649 um
Compression - 10 kN
Von Mises (avg) 55.252 M Pa | 65.861 M Pa | 18.222 M Pa
Von Mises (unavg) 72.245 M Pa | 80.725 M Pa | 21.402 M Pa
Max Shear (avg) 30.269 M Pa | 33.508 M Pa | 10.018 M Pa
Max Shear (unavg) 40.679 M Pa | 45.522 M Pa | 12.094 M Pa
Deflection 61.759 um 67.262 um 12.152 pum
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Table 4-10: Part and assembly load simulation results MIST V0.0 120x120 version (ANSYS) -

Part 2

Loading case

Female Plate

Male Plate ‘ Assembly

Shear (vertical) - 10 kN
Von Mises (avg) 34.951 M Pa | 31.462 M Pa | 66.992 M Pa
Von Mises (unavg) 95.602 M Pa | 71.527 M Pa | 71.924 M Pa
Max Shear (avg) 18.3 MPa | 17.108 M Pa | 36.555 M Pa
Max Shear (unavg) 53.842 M Pa | 40.481 M Pa | 40.649 M Pa
Deflection 15.41 pm 13.489 um 88.294 um
Shear (lateral) - 10 kN
Von Mises (avg) 26.108 M Pa | 19.187 M Pa | 25.373 M Pa
Von Mises (unavg) 53.649 M Pa | 32.943 M Pa | 55.089 M Pa
Max Shear (avg) 14.692 M Pa | 10.438 M Pa | 14.412 M Pa
Max Shear (unavg) 27.602 M Pa | 17.221 MPa | 29.422 M Pa
Deflection 14.53 ym 10.5 um 16.304 um
Lateral bending moment - 1 kNm
Von Mises (avg) 139.88 M Pa | 160.42 M Pa | 150.55 M Pa
Von Mises (unavg) 241.72 M Pa | 224.55 M Pa | 285.9 M Pa
Max Shear (avg) 76.776 M Pa | 85.962 M Pa | 84.369 M Pa
Max Shear (unavg) 132.96 M Pa | 116.74 M Pa | 151.98 M Pa
Deflection 159.89 um 116.1 um 250.67 um
Moment of twist - 1 kNm
Von Mises (avg) 49.028 M Pa | 50.47 M Pa | 54.798 M Pa
Von Mises (unavg) 113.88 M Pa | 92.27 MPa | 149.16 M Pa
Max Shear (avg) 26.783 MPa | 27.67 MPa | 31.547 M Pa
Max Shear (unavg) 58.306 M Pa | 47.011 M Pa | 84.947 M Pa
Deflection 15.403 pum 12.582 um 50.572 um
Vertical bending moment - 1 kNm
Von Mises (avg) 73.371 M Pa | 91.249 M Pa | 115.48 M Pa
Von Mises (unavg) 133.89 M Pa | 166.88 M Pa | 220.17 M Pa
Max Shear (avg) 40.489 M Pa | 52.683 M Pa | 61.307 M Pa
Max Shear (unavg) 70.7 MPa | 90.093 M Pa | 114.62 M Pa
Deflection 51.147 um 52.298 um 5.111 um

When comparing stresses between the assembled state and assembly simulations, most the
trends observed for the full-scale MIST V0.0 simulation stay true. The latter outperforms the
male and female plates during the tensile and compressive cases, whereas the opposite stays
true for lateral shear, as well as moments of twist and vertical bending. The only difference
in results is that the vertical shear case shows slightly higher results for the assembly stresses
than for the male plate. This could be caused by the mesh sizing which is believed to be the
primary cause for the large differences between averaged and unaveraged stresses.

Finally, using the unaveraged stresses computed in the assembly simulation, the maximum
loads for each case could be computed, as shown in Table 4-11.
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Table 4-11: Maximum load bearing capabilities of MIST V0.0 (120x120)

Load case ‘ Magnitude ‘ Failure mode
Tension 34132 N Shear
Compression 114826 N Shear
Shear (vertical) 31684 N Shear
Shear (lateral) 47362 N Shear
Lateral bending moment 921.19 N-m Shear
Moment of twist 1644.358 N -m Shear
Vertical bending moment | 1190.016 N - m Shear

The failure mode stays consistent with the results of the full-scale interface, as do the relative
strengths with respect to load cases. The limit loads again far exceed any load performance
of existing interfaces described in [12], [13], [42], [43]. This means that even if the choice in
tapering the T-sections results in decreased structural strength there is more than enough
margin to still satisfy the structural requirements.
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Chapter 5

Detailed Interface Design - First
Iteration

This chapter covers the first iteration of the MIST design, henceforth referred to as MIST
V1.0. Section 5-1 describes the design logic and choices involved in the refinement of the
preliminary design, whilst Section 5-2 summarizes the ANSYS simulation results for this
iteration of the design.

5-1 First Design lteration (MIST V1.0)

The first iteration of MIST presents a reasonable solution for the problem of servicing central
modules in a structure using this concept, however there are some disadvantages that arise
with it. Firstly, using the square plate model as a foundation for the T-sections means that the
width of the plate dimension will coincide with the length of actuation motion during assembly.
In the case of the full scale, a sliding motion of 400 mm will be required, which presents the
chance of snagging when done in space, especially considering the large dimensions of the
flanges of the T-sections. The worst case scenario would occur during disassembly when the
largest area of contact will have to be considered. One can calculate this maximum surface
causing frictional forces using Equation 5-1.

Africtionmaz =4 leate : WT—flange (5'1)
Where A friction,,,, 18 the maximum contact area when the interface is assembled, Hpqe is
the height of the plate and Wr_ fgnge is the width of the vertical flanges of the T-sections
- the x solution of Equation 4-3. Considering the plate is square, the height and width are

equal, hence plugging in the values will result in:

Afriction,,. = 4-400-33 = 1600 - 33 = 52800mm* = 0.0528m>
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Even under the assumption that this surface will not pose any problems from a frictional
point of view, a different issue arises - there is no inherent design feature to align the holes in
the female and male plates so that the central locking cylinder can pass through. This can be
solved mechanically or by adding sensors for guiding, either to the interface itself, or to the
assembling element. As sensors can be quite costly, it would be ideal if the problem could be
solved through some form of mechanism or a change in design.

In order to solve these two issues, the idea of tapering the T-sections arose. This simplifies
assembly actions by not only reducing the contact areas, but also requiring less of a distance
in actuation. The larger the taper, the lower the actuation distance, since the module to be
assembled no longer needs to be above the fixed module. Furthermore, the tapered T-sections
will not only serve the purpose of aligning the male and female plates, thus reducing the need
for sensors on the assembler element but also function as a guide during assembly operations.

To maximize the advantages presented by this option, a ratio of 4 to 1 is chosen for the
tapering - the consequences of choosing this specific ratio are a decrease in actuation distance
by a factor of 6 (or approximately 83.35%) and reduction in contact area of 66.856%, as will
be discussed below. This results in the next iteration of the interface, henceforth referred to
as MIST V1.0. This new model is still comprised of the same number of elements as V0.0,
namely two plates and a locking cylinder, as shown in Figure 5-1.

Figure 5-1: Overview of MIST interface components (V1.0)

Using the same idea of equating the smallest T-section with 4x, as shown previously in Figure
4-3, will lead to 16x for the T-section width. In order to minimize the contact area, the lateral
sections of the T-sections will be constrained to the same width, irrespective of cross-sectional
area of the T-section. Using the top view of the male plate for dimensioning results in the
notation shown in Figure 5-2.
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Txte X i X 14x X b4 X Txte

Figure 5-2: MIST V1.0 dimension notation

The e variable is used for the same reason as previously, so as to ensure dimensions remain
integers for ease of manufacturing. Based on this notation, Equation 5-2 can be compiled.

T-z+et+2-v+z+1ld-2+2+2-2+7 -2+e=Wyge (5-2)

Re-arranging and substituting 400 mm for the plate width gives Equation 5-3.

36-x+2-e=400mm (5-3)

Solving for x and e as integers leads to:

r=11lmm e =2mm

The height of the T-sections remains the same, however the diameter of the central connector
needs to be adjusted to 75 mm so as to leave sufficient material on the sides of the central
T-section. The full technical drawings showing all dimensions of each element are included
in Appendix A, Figures A-4, A-5, A-6, corresponding to the male plate, female plate, and
locking cylinder, respectively.

The dimensions of the scaled down version for comparison with existing interfaces can be
found using Equation 5-4.

36-x42-e=120mm (5-4)

The integer solution, when maximizing x, is:

T = 3mm e = 6mm
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The height of the T-sections is kept the same, however the locking cylinder diameter is changed
to 24 mm so as to ensure structural integrity of the sides of the central T-section of the male
plate. So as to save space, the technical drawings showing all dimensions of each element
can be found in Appendix B, Figures B-4, B-5, B-6, corresponding to the male plate, female
plate, and locking cylinder, respectively.

In order to quantify the improvements seen from V0.0 to V1.0 one can consider the difference
in actuation distance for assembling them, as well as the maximum surface area in contact
for snagging. In order to calculate any of these values, the taper angle needs to be found.
This can be done through simple geometry: when considering a front view of the male plate,
one can identify two slots in the shape of isosceles trapezoids, with the large base equal to
14x, small base 2x and height equal to the height of the plate, or 400mm. Substituting the
results of Equation 5-2 results in:

Bigrge = 14 - 11 = 154mm Bynay =211 = 22mm

Where B4, 4c is the large base of the isosceles trapezoid, and By, is the corresponding small
base. Drawing two perpendiculars from the latter onto the former yields two, equal, right
triangles, containing the taper angle. The base of this triangle can be calculated using the
half of the difference between bases as shown in Equation 5-5.

Blarge — B 154 — 22
Biriangte = — % 5 small — 5 = 66mm (5-5)

The height of this triangle will correspond to the height of the plate, or 400mm. Thus the
taper angle can be calculated using an arc tangent function, illustrated in Equation 5-6.

Ltaper = tan_lw = tcm_l% =9.36° (5-6)
In order to find out where a trapezoid with base 4x would fit into this smaller trapezoidal-
shaped hole, one can make use of simple geometrical ratio relations in triangles. If one were
to draw any parallel to any of the triangle sides, the ratio between any of the sides of the new
small triangle formed, and their corresponding sides in the original triangles stays the same.
In this case the dimension of said line forming the new triangle will correspond to half the
difference between 4x and 2x, namely:

44 — 22
Btrianglesma” = 9 =11lmm

Based on the ratio identity explained above, Equation 5-7 holds.

Btriangle _ HtT’iWLgle — @ =6 (5—7)
Htriangle 11

small

Btriangle

small

This results in the height of the new triangle being;:
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Htm'cmgle 400
small == T == ? = 66.66mm

Ht'ricmgle
This result coincides with the actuation distance necessary for V1.0 while the height of the
triangle, or the height of the plate itself is the same as the actuation distance necessary for
V0.0. Thus one can conclude that the actuation distance has been reduced by a factor of 6.

Lastly one can easily calculate the largest surface area in contact during the worst case
scenario, i.e. when fully assembled, using the areas of the flanges, as dictated by Equation
5-8.

Apriction, =4 Hplate - W1~ flange = 4 - 400 - 11 = 17600mm?* = 0.0175m> (5-8)

The improvement in terms of percentage can be calculated using Equation 5-9.

Afriction, o — Africtiony, 100 — 0528 — 0.0175

-100 = 66.856 5.9
Africtiony, 0.0528 % (5-9)

To summarize the change in design results in a reduction in the actuation range required
by a factor of 6, and a reduction in frictional area of 66.856%, whilst also solving the issues
identified at the beginning of this section regarding MIST V0.0. Based on this reasoning, this
iteration can be considered a major improvement.

It is important to note that this iteration does hold a disadvantage in comparison to the
previous one, namely that MIST V1.0 can only be assembled from one direction, whereas V0.0
permitted assembly from two. One could assume that this may be an issue when considering
multi-layered structures with modules as the base, hence only one direction available for
disassembly. This means that, when servicing or replacing a central module, a scenario may
arise where this module does not slide out in the desired direction, however if one plans to
use this interface correctly, this can be worked around with relatively minor issues by either
changing the module shape or by creating a rigorous assembly order.

For the former, one could make use of cube-shaped female and male modules, in other words
modules that have solely the male or female side of the interface on all sides. In this scenario,
if the any module cannot be slid out in one direction, all the adjacent ones will be able to
slide out in the opposite direction. This results in needing to extract a five module cross in
order to be able to replace or service the central module in the desired direction. If very large
structures containing tens or even hundreds of modules are considered, it is expected that this
will have minimal impact on the performance of the whole spacecraft, especially given the
fact that power and data can be rerouted through different paths in such a modular network.
Furthermore, two major advantages arise from switching to such a concept with respect
to manufacturability and serviceability. Firstly, defining male and female modules presents
the unique opportunity of creating separate production lines for each and thus profiting off
of the advantages of mass production. And secondly, having two types of modules as the
building blocks of a structure has the extra advantage of easy replaceability in the case of
a module failure. Once could even argue that if a critical node in the structure fails, it
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could be replaced by an existing non-critical one until a servicing mission is planned to send
replacement modules.

If one were to consider the latter option of creating a rigorous assembly order, one can return
to the assumption of hexagonal-shaped modules. If one considers even a simple array of seven
modules, if the central one is designed with only one type of interface, be it male or female,
the immediately adjacent modules will require variations of male and female to account for
the sides where they connect with any other module aside from the central one. This results in
not being able to capitalize on mass production advantages at a module level but solely at an
interface level. Furthermore, planning for the sequencing of the assembly of a structure using
such modules would become even more important as many combinations would results in not
being able to service centrally placed modules unless the whole structure was disassembled.
As this is considered a major disadvantage, it is recommended that cube-shaped modules be
used for their advantages in manufacturability and serviceability, in spite of the disadvantages
with regards to space optimization when creating the support surface for the mirrors.

It is important to note that changing to a cube-shaped module does come with an increase
in number of modules. Based on the size used as a limit for the interface design and the
target aperture of 15 meters in diameter discussed in Section 3-3, one would need a height
and width spanning 38 modules, and a diagonal spanning 27 modules, as opposed to 15 with
the hexagonal option. This can be quantified to approximately 1184 modules in order to have
a full base for the given diameter as shown in Figure 5-3, where the red contour represents
the mirror size.

Figure 5-3: Visualization of structure when using cube-shaped modules

This increase from 1101 to 1184 modules is a minimal increase from the first-order estimation
in Section 3-3. Furthermore, it is important to keep in mind that the interface itself is designed
with flexibility in mind, capable of supporting a range of designs not a single point design.
As such, as long as the data, power or load requirements do not exceed the performance of
the interface, it can still be used without issue.
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5-2 ANSYS Simulation Results for MIST V1.0

The same sequence of simulations was also performed on MIST V1.0, under the assembled
state conditions. The stress distributions for the tensile case are illustrated in Figure 5-4,
with Subfigures 5-4a, and 5-4b corresponding to the Von Mises and maximum shear stress
distribution for the male plate, and Subfigures 5-4c, and 5-4d, for the female plate.

w.00 200,00
- —
100.00 300.00 100,00 300.00

200.00 () 0.00 200.00 400,00 G
) — ]

(a) Von Mises stress distribution - male plate (b) Shear stress distribution - male plate

0.00 20000 400,00 (> o.00 zoo.oo 200,00 tram)
— 7 )

L —
100,00 200,00 100,00 300.00

(c) Von Mises stress distribution - female plate (d) Shear stress distribution - female plate

Figure 5-4: Stress distribution under 10 kN tensile load - Assembled state MIST V1.0

The results for MIST V1.0 are very similar to those of the previous version. The main
difference is the shift of maximum stress in the direction of taper, in other words, the direction
of smaller cross-section. Due to this shift causing lack of symmetry with respect to the lateral
central line, the maximum values will only occur at the edges of the tapered parts of the
T-sections, two for the male plate, and four for the female. The deformation corresponding
to this load case is shown in Figure 5-5.

o.020812
o.013875
0.0069374.
o rin

200.00 0.00
— -
100,00 300,00 10000 300,00

400,00 ¢rmrm z00.00 400.00 ¢rrrmy
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(a) Deformation of male plate (b) Deformation of female plate

Figure 5-5: Deformation under 10 kN tensile load - Assembled state MIST V1.0
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As with the stress distribution, the deformation also shifts in the same direction. In the case
of the male plate, two peaks can be discerned on either side of the central hole, on the flanges
of the T-section. As for the female plate, there is only one peak occurring above the central
cylindrical cutout, as the stress is evenly distributed towards the middle, through the thinnest
segment, in this case the plate.

The compressive case stress distributions are shown in Figure 5-6, where Subfigures 5-6a, and
5-6b pertain to the Von Mises and maximum shear stress distribution for the male plate, and
Subfigures 5-6¢, and 5-6d, for the female plate, respectively.

C: Male plate - Compression - 10 kN C: Male- plates - Com pression = 10 kN
Equivalent Stress - Maximum Shear Stress
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(a) Von Mises stress distribution - male plate (b) Shear stress distribution - male plate
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(c) Von Mises stress distribution - female plate (d) Shear stress distribution - female plate

Figure 5-6: Stress distribution under 10 kN compressive load - Assembled state MIST V1.0

The same trend as for tension can also be observed for the compressive one, namely an
upwards shift of the stress distributions. Again, as with the previous case the same number
and positioning of peaks is seen. Similarly to V0.0, the highest stresses aside from the peaks
are concentrated around the middle T-section flanges for the male plate and the outside plate
sections for the female. An interesting result is the fact that an upper section of both plates,
corresponding to the smallest cross-sections, also exhibit stress distributions whereas the
bottom shows almost no contribution. This is mainly due to the increase in plate dimensions
due to the tapering. The corresponding deformation is shown in Figure 5-7.
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Total Deformation Total Defarmation

Type: Tatal Deformation Type: Total Deformation

& &

Time: 1 Time: 1

0.072195 Max
0,064174

0.058997 Max

oossasn
ooserss oasums
0,04313 0,039331
ocare s
GLEPLEE 0026221
002408
oorases
0,016043
ooram
0,0080217
o.063552
omn
o vain
20000 206,00 onry 020 20000 1020 (rir
- — 1] - - i
100,00 300,00 100,00 300,00
(a) Deformation of male plate (b) Deformation of female plate

Figure 5-7: Deformation under 10 kN compressive load - Assembled state MIST V1.0

The deformation distribution is exactly the same as for the tensile case, with two peaks on
the lateral flanges of the central T-section for the male plate, and a single peak above the
cylindrical cut-out for the female plate.

The vertical shear load causes the stress distributions shown in Figure 5-8, where Subfigures
5-8a, and 5-8b correspond to the Von Mises and maximum shear stress distribution for the
male plate, and Subfigures 5-8¢, and 5-8d, for the female plate.

E— E—
Equivalent Stress Maximum Shear Stress
. . T S R —
i e
ok e

oo oo

a0 e

o —

D e

O T

s B
_— 1 1
100,00 300,00 100.00 300,00
(a) Von Mises stress distribution - male plate (b) Shear stress distribution - male plate

E—— E——
Equivalent Stress Maximur Shear Stress
. __ T e
s e
s s

e e

- o

14,340 7.7406

= e

3,5899 1.9365

G ey

o e " —
100.00 300,00 100,00 30000
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Figure 5-8: Stress distribution under 10 kN vertical shear load - Assembled state MIST V1.0

The vertical shear case exhibits stress concentrations towards the smallest cross-sections of
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the T-sections. This is mainly due to the face that this surface was chosen for load application,
so as to register the highest stress concentrations for the given load, as explained previously.
There is slight stress transfer around the T-sections, however this does not result in any peaks.
Similarly to MIST V0.0, the male plate exhibits a single peak on the central section, whereas
the female element shows two peaks, one on each T-flange. The associated deformation is
shown in Figure 5-9.

Total Deformation Total Deformation
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(a) Deformation of male plate (b) Deformation of female plate

Figure 5-9: Deformation under 10 kN vertical shear load - Assembled state MIST V1.0

The deformation for this load case exhibits two peaks for the male plate, at the points where
the lateral flanges of the T-section connect with the vertical one. As for the female plate,
a single peak occurs above the cylindrical cut-out. This makes sense as the stresses are
distributed more towards the top sections, in other words the areas of minimal cross-section.

Under lateral shear loading, the ensuing stress distributions are shown in Figures 5-10 and
5-11, where Subfigures 5-10a, and 5-10b correspond to the Von Mises and maximum shear
stress distribution for the male plate, and Subfigures 5-11a, and 5-11b, for the female plate,
respectively.
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(a) Von Mises stress distribution - male plate (b) Shear stress distribution - male plate

Figure 5-10: Stress distribution under 10 kN lateral shear load - Assembled state MIST V1.0
male
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Equivalent Stress : Maximurm Shear
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Figure 5-11: Stress distribution under 10 kN lateral shear load - Assembled state MIST V1.0
female

As for the previous version, the stress is more concentrated in the direction of load application.
This is exceedingly obvious for the male plate, however it is not as clear for the female plate.
However, when one considers the assembly logic, it becomes clearer that in the case of MIST
V1.0 the loading is complementary, i.e. from left to right on the male plate, opposite direction
in the case of the female plate. There is a single peak present for both plates, on the central
T-section, and on the T-element in the opposite side of the load direction. The resulting
deformation is shown in Figure 5-12.
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Figure 5-12: Deformation under 10 kN lateral shear load - Assembled state MIST V1.0

The deformation peak for the male plate occurs on a single side of the central section. This
makes sense, as the surfaces in that direction are the ones on which the load is applied. A
similar situation occurs with the female plate, however the peak only occurs on one T-section.
This is due to the fact that this face is closer to the cylindrical cutout which, as mentioned
time and again, reduces the structural integrity of the model.

The stress distributions caused by the vertical bending moment case are shown in Figure 5-13,
where Subfigures 5-13a, and 5-13b pertain to the Von Mises and shear stress distribution for
the male plate, and Subfigures 5-13c, and 5-13d, for the female plate.
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Time: 1
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Figure 5-13: Stress distribution under 1 kNm vertical bending moment - Assembled state MIST
V1.0

The highest stresses occur towards the sides with smallest cross-sections. This is due to the
fact that the thickness of the vertical section (of the T-sections) is lowest here, thus reducing
the strength of the elements in that direction. Two symmetric peaks occur on the central
T-section of the male plate, whilst the female plate exhibits four. The resulting deformation
is shown in Figure 5-14.
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(a) Deformation of male plate (b) Deformation of female plate

Figure 5-14: Deformation under 1 kNm vertical bending moment - Assembled state MIST V1.0

The difference in deformation distribution as opposed to the previous interface version is
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again a shift towards the tapered side. This makes sense as a smaller cross-section cannot
support as high a load as a larger one. Both the male and female plates have two peaks in
deformation. In the case of the former, this is where the central T-section vertical and lateral
flanges meet. For the latter, a similar location is observed on each T-section, in the direction
of the cylindrical cutout.

The results of the lateral bending moment case with respect to stress distributions are shown
in Figure 5-15, where Subfigures 5-15a, and 5-15b correspond to the Von Mises and Shear
stress distribution for the male plate, and Subfigures 5-15¢, and 5-15d, for the female plate,
respectively.
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Figure 5-15: Stress distribution under 1 kNm lateral bending moment - Assembled state MIST
V1.0

This load case presents some very surprising results. Although the female plate follows the
trend up until now of a shift in stress distribution towards the tapered side of the element,
this is not the case for the male plate. The latter shows a shift towards the highest cross-
sectional area which is quite surprising. In spite of this, the peaks correspond to edges, but
they are also shifted off-center in the direction of taper. While the direction makes sense, the
location seems to indicate stress concentrations instead of actual peaks. More tests should be
performed to confirm this fact, as the results for the male plate raise a number of questions
on the validity of the results. On the other hand, the female plate shows two peaks, one on
each T-section, towards the right-hand side. This is due to the definition of the load case and
the surfaces it was applied on. The associated deformation is shown in Figure 5-16.
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Figure 5-16: Deformation under 1 kNm lateral bending moment - Assembled state MIST V1.0

In spite of the stress distribution results, the deformation patterns exhibited by both the male
and female plates make logical sense. Although the red sectors are almost symmetrical with
respect to the lateral axis, they are slightly moved towards the side with lowest cross-sectional
area. With respect to peaks, two (based on symmetry with respect to the vertical axis) occur
in both cases. For the male plate they are located on the plate section, where the thickness is
lowest, whereas for the female section they occur on the edge of the cylindrical cutout, which
makes sense when considering thicknesses.

In the case of applying a moment of twist, the ensuing stress distributions are shown in
Figures 5-17 and 5-18, where Subfigures 5-17a, and 5-17b pertain to the Von Mises and Shear
stress distribution for the male plate, and Subfigures 5-18a, and 5-18b, for the female plate.
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Figure 5-17: Stress distribution under 1 kNm moment of twist - Assembled state MIST V1.0
male
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Figure 5-18: Stress distribution under 1 kNm moment of twist - Assembled state MIST V1.0
female

This load case presents very low stresses, mostly concentrated around the top edges of the
T-sections (in the direction of taper). There is a single peak for the male plate and two
symmetrical ones on the female one. This was expected due to the fact that those locations
coincide to the smallest thickness of the vertical flanges of the T-sections. The corresponding
deformation is shown in Figure 5-19.
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Figure 5-19: Deformation under 1 kNm moment of twist - Assembled state MIST V1.0

With respect to deformation, the aforementioned trend of shift towards the tapered side stays
true. Two maximums occur for both the male and female plate, on the sides of the central
section, for the former, and on the exterior-facing sides of the two T-sections, for the latter.
This distribution can be mainly attributed to the combination of the sides being fixed as well
as load application surface definition.

In order to make a comparison between the assembled state simulation and fully assembled
simulation, the results of each load case were compiled and summarized in Table 5-1. Both the
averaged and non-averaged values for the stresses are included so that a better understanding
may be gained about the accuracy of the simulation process as well.
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Table 5-1: Part and assembly load simulation results MIST V1.0 (ANSYS)

Loading case

Female Plate

Male Plate ‘ Assembly

Tension - 10 kN

Von Mises (avg) 18.963 M Pa | 22.485 M Pa | 13.02 M Pa
Von Mises (unavg) 24.275 M Pa | 30.168 M Pa | 16.311 M Pa
Max Shear (avg) 10.294 M Pa | 12.291 M Pa | 7.0815 M Pa
Max Shear (unavg) 13.745 M Pa | 17.035 M Pa | 9.1685 M Pa
Deflection 62.436 um 80.711 um 32.503 um
Compression - 10 kN
Von Mises (avg) 15.622 M Pa | 19.347 M Pa | 4.4998 M Pa
Von Mises (unavg) 22.409 M Pa | 26.918 M Pa | 6.8278 M Pa
Max Shear (avg) 8.4757 M Pa | 10.57 MPa | 2.484 MPa
Max Shear (unavg) 12.198 M Pa | 14.695 M Pa | 3.9087 M Pa
Deflection 58.997 um 72.195 um 12.369 um
Shear (vertical) - 10 kN
Von Mises (avg) 12.975 M Pa | 12.381 M Pa | 10.33 M Pa
Von Mises (unavg) 32.281 M Pa | 30.926 M Pa | 12.148 M Pa
Max Shear (avg) 6.9479 M Pa | 6.6499 M Pa | 5.2546 M Pa
Max Shear (unavg) 17.414 M Pa | 16.696 M Pa | 6.237 M Pa
Deflection 11.475 pm 12.311 pm 24.329 um
Shear (lateral) - 10 kN
Von Mises (avg) 5.5656 M Pa | 3.7437 M Pa | 6.8685 M Pa
Von Mises (unavg) 10.955 M Pa | 7.2716 M Pa | 12.158 M Pa
Max Shear (avg) 3.039 MPa | 2.067 MPa | 3.9141 MPa
Max Shear (unavg) 5.7212 M Pa | 3.7414 M Pa | 6.4331 M Pa
Deflection 7.6926 um 4.7484 um 17.536 um
Lateral bending moment - 1 kNm
Von Mises (avg) 9.1968 M Pa | 8.3008 M Pa | 7.4849 M Pa
Von Mises (unavg) 12.054 M Pa | 11.38 MPa | 11.929 M Pa
Max Shear (avg) 5.0483 M Pa | 4.6037 M Pa | 4.1704 M Pa
Max Shear (unavg) 6.7762 M Pa | 6.4273 M Pa | 6.5441 M Pa
Deflection 29.176 pm 13.402 pum 48.051 pum
Moment of twist - 1 kNm
Von Mises (avg) 3.0715 M Pa | 3.0519 M Pa | 41076 M Pa
Von Mises (unavg) 7.1503 M Pa | 6.1308 M Pa | 7.9771 M Pa
Max Shear (avg) 1.661 M Pa | 1.6943 M Pa | 2.3482 M Pa
Max Shear (unavg) 3.6446 M Pa | 3.1395 M Pa | 4.2341 M Pa
Deflection 1.7609 pum 1.9367 um 7.2258 um
Vertical bending moment - 1 kNm
Von Mises (avg) 8.7215 M Pa | 9.0112 M Pa | 7.9712 M Pa
Von Mises (unavg) 11.061 MPa | 11.813 M Pa | 11.609 M Pa
Max Shear (avg) 4.7515 M Pa | 4.9544 M Pa | 44311 M Pa
Max Shear (unavg) 6.2047 M Pa | 6.6708 M Pa | 6.3497 M Pa
Deflection 12.693 um 12.673 um 41.348 pm
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In comparison to the previous iteration of the interface, slightly lower stresses are observed in
the case of tension and vertical bending moment, and significantly lower maximum stresses
result under compression and moment of twist. However, in the case of both types of shear
and lateral bending moment loading higher stress peaks are found for V1.0 in comparison to
MIST VO0.0.

As was the case for the previous set of results, there is a significant difference between the
averaged and unaveraged stresses for all cases. These are summarized as percentages in Tables
5-2 and 5-3.

Table 5-2: Percentile difference between averaged and unaveraged stress values - MIST V1.0
Part 1

Stress Sim Tension | Compression | Vertical | Lateral
type type Shear Shear

Female 28.01 % 43.45 % 148.79 % | 96.83 %
Von Mises Male 34.17 % 39.13 % 149.79 % | 94.24 %

Assembly | 25.28 % 51.74 % 176 % | 77.01 %

Female | 33.52 % 43.92 % 150.64 % | 88.26 %

Shear Male 38.6 % 39.03 % 151.07 % | 81.01 %
Assembly | 29.47 % 57.36 % 18.7 % | 64.36 %

Table 5-3: Percentile difference between averaged and unaveraged stress values - MIST V1.0
Part 2

Stress Sim Lateral Twist Vertical
type type Bending Bending

Female | 31.07 % | 132.8 % | 26.82 %
Von Mises Male 371 % | 100.88 % | 31.09 %
Assembly | 59.37 % 94.2 % 45.64 %

Female | 34.23 % | 119.42 % | 30.58 %
Shear Male 39.61 % | 85.3% | 34.64 %
Assembly | 56.92 % | 80.31 % 43.3 %

The highest differences found for both shear and Von Mises stress peaks are observed under
vertical shear, and vertical bending moment loading. It is interesting to note that, while the
latter shows large differences between averaged and unaveraged values for all iterations of the
simulations, the former shows very small differences for the assembly itself. This could be
due to the fact that in the assembled state simulations the force is solely applied to the plates
themselves, on a surface that is tapered, hence stress transfer is not resolved efficiently by the
solver. Another possibility is the fact that for the assembly itself the load is mainly transferred
to the central locking mechanism, which is of a very simple shape, thus the combination of
meshing and solver can achieve better results. In the case of vertical bending, most of the
load is translated to the tapered T-sections, thus the first possibility for the large differences
seems to be more plausible. A second observation that can be made is the fact that the
assembly simulation has less variation in stresses compared to the assembled state for most
of the load cases, such as tension, both types of shear, as well as moment of twist. This leaves
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three cases where the stress difference is larger for the assembly, namely compression, and
lateral and vertical bending moments.

With regards to the results presented in Table 5-1, the assembly outperforms both plates
with respect to stress for the tensile, compressive and vertical shear load cases. On the other
hand, the opposite is true for lateral shear, moment of twist and vertical bending. For lateral
bending, the assembly outperforms the female plate performance with respect to stress, but
fails to show improvements in comparison to the male plate. This is a relatively unexpected
result since the way the bending moment load cases were defined for the assembly should result
in an effective increase in moment arm due to distance from the application surface to the area
of contact (which coincides with the application surface in the case of the male and female
plates). By this logic there are two possible explanations for these results - either the size of
the mesh and its positioning caused sufficient variation in the stress calculation to make the
assembly results outperform the female plate, or there are some stress concentrations present
in the female plate assembled state case that make it have higher peak stresses. For the lateral
shear case, the surface area on which the load is applied is larger in the case of the assembly
simulation in comparison to the assembled state one. This leads to higher stress distribution
in the former case as opposed to the latter. A clearer image of how big these differences
are can be obtained by consulting Table 5-4, which compares the male, female and assembly
simulation with each other with respect to both unaveraged stresses and deformation. For
more clarity, the data is presented as percentages.

Table 5-4: Percentile comparison between assembled state and assembly simulation - unaveraged
stress results

Load case Value Male vs Female ‘ Male vs Assembly ‘ Female vs Assembly
Von Mises +24.28 % -45.93 % -32.81 %
Tension Shear +23.94 % -46.18 % -33.3 %
Deformation +20.12 % -59.73 % -47.94 %
Von Mises -4.2 % -74.63 % -69.53 %
Compression Shear -4.12 % -73.4 % -67.96 %
Deformation +7.29 % -82.87 % -79.03 %
Vertical Von Mises -33.62 % -60.72 % -62.37 %
Shear Shear -34.6 % -62.64 % -64.18 %
Deformation -38.27 % 4+97.62 % +112.02 %
Lateral Von Mises -5.59 % +67.2 % +10.98 %
Shear Shear -5.15 % +71.94 % +12.44 %
Deformation -54.06 % +269.3 % +127.96 %
Lateral Von Mises -14.26 % +4.82 % -1.04 %
Bending Shear -13.86 % +1.82 % -3.43 %
Deformation +9.98 % +258.54 % +64.69 %
Moment Von Mises -14.26 % +30.12 % +11.56 %
of twist Shear -13.86 % +34.87 % +16.17 %
Deformation +9.98 % +273.1 % +310.35 %
Vertical Von Mises +6.8 % -1.73 % +4.95 %
Bending Shear +7.51 % -4.81 % +2.34 %
Deformation -0.16 % +226.27 % +225.75 %
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With respect to stress, the female plate outperforms the male one in tension and vertical
bending, while the opposite is true for the rest of the load cases. This makes sense when
considering the lateral T-sections on the male plate which add significant structural strength
for most loads. Furthermore one can notice that in the load cases where the assembly outper-
forms both male and female plates it does so by a significant amount (over 30 %). Another
interesting aspect that is made apparent by the data above is that the deformation of the male
plate is higher in comparison to the female one for all cases except for tension, compression
and moment of twist. Additionally, there is a very large difference in deformation (over 100%)
between assembly and assembled state in the case of vertical and lateral shear, as well as all
moment cases.

Including a safety factor coefficient function for both Von Mises and maximum shear stress,
the limit loads for each case can be simulated. Using the unaveraged stresses from the
assembly simulation leads to the results summarized in Table 5-5. It is important to note
that the right-hand side column represents the failure mode under each load, based on either
Von Mises or maximum shear failure criteria.

Table 5-5: Maximum load bearing capabilities of MIST V1.0

Load case ‘ Magnitude ‘ Failure mode
Tension 152707 N Shear
Compression 358416 N Shear
Shear (vertical) 222734 N Shear
Shear (lateral) 217698 N Shear
Lateral bending moment | 20633.589 N - m Shear
Moment of twist 32856.527 N -m Shear
Vertical bending moment | 22030.646 N - m Shear

In comparison to MIST V0.0, this iteration outperforms it slightly in the case of maximum
tensile force and vertical bending moment. It is significantly more resistant in compression
and moment of twist, whilst being weaker than V0.0 in all other cases. The magnitude of the
limit loads confirm what was mentioned previously, namely that even with the decrease in
performance under certain load cases, the interface is more than sufficient for a much larger
telescope structure than the 15 m diameter aperture considered for preliminary sizing.

A similar comparison is made between the assembled state simulations of the male and female
plates, and the assembly simulation for MIST V1.0, scaled down to 120 mm by 120 mm. This
is done so as to be able to compare with existing interfaces [12], [13], [42], [43], which have
similar dimensions. A summary of the simulation results is presented in Table 5-6.
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Table 5-6: Part and assembly load simulation results MIST V1.0 120x120 version (ANSYS)

Loading case

Female Plate

Male Plate ‘ Assembly

Tension - 10 kN

Von Mises (avg) 61.154 M Pa | 72.256 M Pa | 53.407 M Pa
Von Mises (unavg) 84.267 M Pa | 102.74 M Pa | 62.632 M Pa
Max Shear (avg) 33.222 M Pa | 39.783 M Pa | 29.024 M Pa
Max Shear (unavg) 47.503 M Pa | 58.028 M Pa | 35.682 M Pa
Deflection 60.071 pum 65.956 um 39.339 um
Compression - 10 kN
Von Mises (avg) 50.405 M Pa | 63.523 M Pa | 19.068 M Pa
Von Mises (unavg) 68.619 M Pa | 88.739 M Pa | 22.636 M Pa
Max Shear (avg) 27.421 M Pa | 34.276 M Pa | 10.244 M Pa
Max Shear (unavg) 38.696 M Pa | 50.118 M Pa | 12.798 M Pa
Deflection 59.214 um 57.168 um 11.085 pum
Shear (vertical) - 10 kN
Von Mises (avg) 79.383 M Pa | 53.071 MPa | 70.158 M Pa
Von Mises (unavg) 164.42 M Pa | 110.29 M Pa | 86.092 M Pa
Max Shear (avg) 42.84 M Pa 30.5 MPa | 36.933 MPa
Max Shear (unavg) 93.713 M Pa | 62.372 M Pa | 44.124 M Pa
Deflection 20.234 um 15.879 um 65.928 um
Shear (lateral) - 10 kN
Von Mises (avg) 32.2 MPa | 16.864 MPa | 28.336 M Pa
Von Mises (unavg) 62.136 M Pa | 31.439 M Pa | 55.312 M Pa
Max Shear (avg) 17.729 M Pa | 9.4203 M Pa | 15.877 M Pa
Max Shear (unavg) 31.889 M Pa | 16.643 M Pa | 29.81 MPa
Deflection 13.08 uym 7.4196 pym 13.49 ym
Lateral bending moment - 1 kNm
Von Mises (avg) 117.33 MPa | 111.89 M Pa | 148.5 M Pa
Von Mises (unavg) 159.95 M Pa | 147.44 M Pa | 176.43 M Pa
Max Shear (avg) 64.414 M Pa | 61.041 M Pa | 84.803 M Pa
Max Shear (unavg) 90.075 M Pa | 82.732 M Pa | 93.115 M Pa
Deflection 90.882 um 55.952 um 236.53 um
Moment of twist - 1 kNm
Von Mises (avg) 72.408 M Pa | 46.66 M Pa | 82.445 M Pa
Von Mises (unavg) 144.23 M Pa | 90.804 M Pa | 170.59 M Pa
Max Shear (avg) 38.677 M Pa | 26.082 M Pa | 46.587 M Pa
Max Shear (unavg) 75.133 M Pa | 46.111 M Pa | 93.265 M Pa
Deflection 18.705 um 10.854 pum 60.807 um
Vertical bending moment - 1 kNm
Von Mises (avg) 115.04 M Pa | 92.191 M Pa | 133.78 M Pa
Von Mises (unavg) 153.29 M Pa | 134.26 M Pa | 214.83 M Pa
Max Shear (avg) 66.301 M Pa | 51.204 M Pa | 74.266 M Pa
Max Shear (unavg) 88.501 M Pa | 74.653 M Pa | 117.36 M Pa
Deflection 40.192 pum 34.738 um 110.21 um
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All the trends from the full-scale MIST V1.0 results stay true for the scaled down version. The
assembly outperforms the plates in the tensile, compressive and vertical shear cases, whereas
the opposite holds true under all other load cases. This makes the assumption that the trend
deviation seen in V(.0 is an error caused by result inaccuracy even more likely.

In the same manner as for the full-scale interface model, the unaveraged stress values for the
assembly coupled with a safety factor function leads to the limit loads summarized in Table

5-7.
Table 5-7: Maximum load bearing capabilities of MIST V1.0 (120x120)

Load case ‘ Magnitude ‘ Failure mode
Tension 39186 N Shear
Compression 109174 N Shear
Shear (vertical) 34041 N Shear
Shear (lateral) 46823 N Shear
Lateral bending moment | 1460.275 N - m Shear
Moment of twist 1399.944 N - m Shear
Vertical bending moment | 1241.851 N -m Shear

These limit loads outperform all the existing interfaces ([12], [13], [42], [43]) in all load cases
by a significant margin. Additionally, even at this scale, a 15 m diameter primary aperture
telescope is easily achievable, however it would take many more modules to create such a
structure. A numerical comparison between the load bearing capabilities of MIST and those
of existing state-of-the-art interfaces is given in Table 5-8.

Load case ‘ MIST ‘ Other Interfaces ‘ Performance Increase (%)

Tension 39186 N 6000 N (iBoss) 553.1%
Compression 109174 N 6000 N (iBoss) 1719.57%
Shear (vertical) 34041 N 5000 (SIROM) 580.82%
Shear (lateral) 46823 N 5000 (SIROM) 836.46%
Lateral bending moment | 1460.275 N -m | 400 N -m (iBoss) 265.07%
Moment of twist 1399.944 N -m | 420 N - m (SIROM) 233.32%
Vertical bending moment | 1241.851 N -m | 400 N - m (iBoss) 210.46%

Table 5-8: Performance Comparison Between MIST and Existing Interfaces
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Chapter 6

Detailed Interface Design - Final
Iterations

This chapter covers the final iterations of the MIST concept as well as the design consid-
erations that were not included in previous iterations. Section 6-1 describes the logic and
choices that drove the iterations from V1.0 to V2.2, whilst Section 6-2 summarizes the sim-
ulation results involving vibrations and natural frequency identification. Finally, Section 6-3
describes the final adjustments to the MIST design, namely the clearance necessary so that
assembly can be smoothly performed, as well as the impact of environmental temperature on
this design choice.

6-1 Interface Final Design (MIST V2.0-V2.2)

Although the first iteration of MIST presents many advantages, there are still potential issues
that can be addressed. The biggest one is that the locking cylinder is both a load-bearing
structure (in the case of shear loads) whilst also doubling as the channel through which data
and electrical connectors run through. This is problematic as any damage to this system may
interfere with or even sever these connections completely. In order to avoid such problems, it
is decided to decouple these two roles by splitting the central part into two, resulting in a new
iteration of the interface, henceforth referred to as MIST V2.0. This version will comprise
of four elements, two plates, a central locking cylinder that is hollowed out, and a connector
cylinder which has the role of passing both current and data when assembled, as illustrated
in Figure 6-1.
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Figure 6-1: Overview of MIST interface components (V2.0)

This design decision will result in the previously single moving part now being separated into
two, requiring separate actuation. This would again raise some issues of alignment similar to
the assembly of the two plates, hence the choice of tapering for the end of the locking cylinder
and the beginning of the central connector. This leads to minor modifications required for
the central channel of the female plate, whilst all dimensions pertaining to the plate as well
as T-sections remain unchanged. For completeness, all technical drawings for MIST V2.0 at
full scale were added in Appendix A, Figures A-7, A-8, A-9, A-10, corresponding to the male
plate, female plate, locking cylinder, and end connector, respectively. Similarly, the scaled
down version is included in Appendix B, Figures B-7, B-8, B-9, B-10, with consistency being
retained with respect to interface element order.

In spite of this being the last version of the MIST interface, a few slight iterations were
performed in order to promote ease of assembly and design flexibility. When considering the
central mechanism, due to the separation between the locking cylinder and the end connector,
a choice must be made with respect to actuation. Either one can use a single linear actuator to
drive the entirety of the mechanism or two separate actuators can be used. Due to the nature
of the dimensions and the ready availability of lower stroke length actuators, it is decided that
separate actuation will be used for the end-connector and the central locking cylinder. This
results in the need for interfacing elements between the target parts for the actuators and the
actuators themselves, as can be seen in the Appendices containing the technical drawings.
Additionally this decision is also guided partly by a consideration for redundancy, as given a
sufficiently long stroke length for the latter, the mechanism can still be actuated fully even
if the secondary actuator were to fail, provided said failure locked it in fully extended mode.
Following this decision the question of flexibility with respect to choice of actuator comes into
play. The most common linear actuators use rotation in their actuation, and considering they
also represent the cheapest option, it would not be recommended to discount these options
from the design space. As such, an easy solution would be to design guides for both locking
cylinder and end-connector elements so that, provided the linear actuator torque does not
exceed the limit load tolerances of said guides, both rotating and non-rotating linear actuators
can be used. This leads to the modifications illustrated in Figure 6-2. This iteration of the
interface will henceforth be referred to as MIST V2.1.
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(a) Locking cylinder MIST V2.1 (b) Central end-connector MIST V2.1

Figure 6-2: Main parts modified with guide elements for MIST V2.1

Due to space constraints the full technical drawings for this interface version will not be
included here, but added in Appendix A (for the full-scale model), Figures A-11, A-12, A-
13, A-14, A-15. As for the scaled down version for comparison with existing interfaces, the
technical drawings are included in Appendix B, Figures B-11, B-12, B-13, B-14, B-15.

It is important to note that although a preliminary choice of linear actuators will be discussed
in the following subsection, the guides discussed permit a change in actuator selection with
minimal design changes. This ensures that the design can be used for various missions with
different budgets and design philosophies.

The final modification leading to MIST 2.2 mainly concern ease of assembly and redundancy,
specifically in the case of the end-connector. Multiple data and electrical end-connector slots
have been added and the end has been tapered so that the linear actuator has an easier time
of guiding said element along its stroke length, effectively producing the desired data and
electrical connection. This is illustrated in Figure 6-3.

Figure 6-3: Modified end-connector element with redundancy and tapered end
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The full mechanism including all part technical drawings is included in Appendix A, Figures
A-16,A-17,A-18,A-19,A-20,A-21. Due to dimensional constraints, it was impossible to add
redundancy to the scaled-down version, as such the only design modification would be the
taper being added to a single part. As such, it is considered a sufficiently insignificant change
S0 as to not warrant the inclusion of the full specifications for this scaled-down version.

6-2 ANSYS simulation results - Natural Frequency

In order to satisfy the frequency requirements (MIST-S-1.1 and MIST-S-1.2), a modal analysis
was performed in ANSYS in order to identify the first six resonance frequencies of not only
individual components of the interface but also cubic modules using the interface described
in this work. This was done so as to ensure that not only modules can be launched in any
type of launcher but spare parts of the smallest scale can also be sent if necessary (although
this is not recommended). For the female and male plate, the same surfaces were used as
fixed support for the simulation. In the case of the central elements, the male-facing end was
constrained as fixed. Finally for the modules, one of the two surfaces not containing interfaces
was defined as fixed support. Table 6-1 summarizes the results of these simulations.

Table 6-1: First six natural frequencies of MIST V2.2 elements and modules using MIST V2.2

Element ‘ fi ‘ fo ‘ f3 ‘ fa ‘ f5 ‘ Je

Male plate 798.55 Hz | 1633.2 Hz | 1847.3 Hz | 2531 Hz | 2605.2 Hz | 3140.3 Hz

Female plate 890.5 Hz | 1242.4 Hz | 1964.8 Hz | 2436.7 Hz | 2498.5 Hz | 3013.8 Hz

Locking cylinder | 2075.1 Hz | 2138.8 Hz | 3173.9 Hz | 3283.6 Hz | 4173.4 Hz | 4189.4 Hz

End-connector | 6522.2 Hz | 6994.6 Hz | 11337 Hz | 16861 Hz | 17822 Hz | 1827 Hz

Male module 441.56 Hz | 582.19 Hz | 582.21 Hz | 613.08 Hz | 694.91 Hz | 933.96 Hz

Female module | 439.45 Hz | 598.07 Hz | 598.13 Hz | 641.26 Hz | 758.1 Hz | 894.55 Hz

All natural frequencies for all test cases are significantly above 60 Hertz, thus both require-
ments are easily satisfied. For the plate elements, the first natural frequency corresponds to
lateral motion along the locking axis, as illustrated in Figure 6-4.

Type: Total Deformation
Frequency: 798,55 Hr
Unit: mm

Type: Total Deformation
Frequency: 798,55 Hz
Unit: mm

25.725 Max
22,867
20,008

17,15

14,292
11,433
85751
57167
2,8584

0 Min

25,725 Max
22,867
20,008

17,15

14,202
11,433
85751
57167
28584

0 Min

(a) First peak of deflection (b) second peak of deflection

Figure 6-4: Male plate - deflection at f;
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The deformation is similar to the tensile and compressive cases, with the highest values being
registered around the central hole through which the locking cylinder is fitted. The maximum
deformation pattern is also shifted downward from the center of the hole due to the tapered
T-section. The second natural frequency corresponds to lateral motion in-plane, as shown in
Figure 6-5.

(a) First peak of deflection (b) second peak of deflection

Figure 6-5: Male plate - deflection at f;

In this case, the maximum deflection is registered between the T-sections, in the middle of the
plate elements. The peaks are shifted even farther downwards due to the fact that the larger
the distance between the tapered T-sections, the lower the resistance of the plate elements,
especially for buckling failure modes. For the third natural frequency, motion is registered
along the vertical axis, in other words longitudinal natural frequency, as illustrated in Figure
6-6.

(a) First peak of deflection (b) second peak of deflection

Figure 6-6: Male plate - deflection at f3

It is important to note that the peaks of deflection are again shifted downwards from the
central horizontal axis, due to the same reasoning as for the previous natural frequency case.
Furthermore, due to the nature of the buckling mode, they are more concentrated towards
the vertical symmetry axis. The peaks do not meet at the middle however, mainly due to
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the extra structural resistance conferred by the central T-section. Slightly lower values of
deformation can be seen above the central horizontal line, at the edges of the lateral sides
of the central T-shaped element. Whereas all the other natural frequencies found for the
plates can be categorized as either lateral or longitudinal, the fourth natural frequency is a
special case that can most accurately described as twist, or a combination of both lateral and
longitudinal motion, as shown in Figure 6-7.

(a) First peak of deflection (b) second peak of deflection

Figure 6-7: Male plate - deflection at f4

Similarly to the fourth natural frequency, the main peaks in deflection for this mode is reg-
istered towards the bottom of the plate sections, with slightly lower deflection peaks in the
top plate sections. These two different peaks are almost symmetrical with respect to the hor-
izontal middle axis, however they are slightly shifted downwards due to tapering. The fifth
natural frequency corresponds to the second mode along the locking direction, as illustrated
in Figure 6-8.

(a) First peak of deflection (b) second peak of deflection

Figure 6-8: Male plate - deflection at f5

The peaks for this natural frequency case are very similar to the second natural frequency,
however deflection is slightly higher (approximately 10%). The last natural frequency for the
plates corresponds to the second mode for lateral in-plane motion, as shown in Figure 6-9.
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(a) First peak of deflection (b) second peak of deflection

Figure 6-9: Male plate - deflection at fs

The distribution of peaks for deflection for this last natural frequency case is mainly con-
centrated around the edges of the T-sections. This is mainly attributed to a combination
between where buckling occurs (closer to the lateral T-sections rather than the middle of the
plate), coupled with the edges having the same thickness as the plate elements. For both
locking cylinder and end-connector parts, the order of the natural frequencies corresponds to
different cases than for the plates. The first one corresponds to the first longitudinal mode,
as illustrated in Figure 6-10.

(a) First peak of deflection (b) second peak of deflection

Figure 6-10: End-connector - deflection at f;

As expected given the buckling mode above, the deformation is almost evenly distributed
throughout the piece, with the peaks occurring at the end where the connectors come out.
The second frequency leads to motion in the lateral direction, as shown in Figure 6-11.
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(a) First peak of deflection (b) second peak of deflection

Figure 6-11: End-connector - deflection at f5

Similarly to the previous natural frequency case, the maximum deformation is mainly dis-
tributed around the front-end of the piece. It is important to note however, that due to
the lateral motion caused by the vibration there is higher deformation around the horizontal
edges, rather than the vertical ones. Whereas all the other natural frequencies found for
the plates can be categorized as either lateral or longitudinal, the third frequency case is a
combination of the two, most accurately described as twist or radial, as illustrated in Figure
6-12.

(a) First peak of deflection (b) second peak of deflection

Figure 6-12: End-connector - deflection at f3

Due to the nature of the twisting motion, one can notice the deformation lowering both from
front to back, as well as from the edges to the central part of the piece. The fourth natural
frequency is the second mode for radial motion, as shown in Figure 6-7.
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(a) First peak of deflection (b) second peak of deflection

Figure 6-13: End-connector - deflection at f,

This fourth case shows some very interesting results, as the peaks in deformation are registered
on the diagonal parts. This is attributed to not only the buckling mode, but the fact that the
holes where the data connectors run through create a weakness in the structural integrity of
the piece in comparison to a filled out cylinder. The fifth natural frequency corresponds to
the second longitudinal mode, as illustrated in Figure 6-14.
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(a) First peak of deflection (b) second peak of deflection

Figure 6-14: End-connector - deflection at f5

Although very similar results are registered for the deflection peaks as for the previous case,
the secondary peaks are not distributed symmetrically around the main peaks, instead they
are spread around the top and bottom of the cylinder. The last natural frequency for the
plates corresponds to motion along the locking axis, as shown in Figure 6-15.
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F: End conector
Total Deformation 6
Type: Total Deformation
Frequency: 18427 Hz
Unit: rmrme

F: End conector
Total Deformation 6
Type: Total Deformation
Frequency: 18427 Hz
Unit: mm

75,094 Max
66,75

75,094 Max
66,75

58,406
50,063
41719
33375
25,031
16,683
8,3438
0 Min

58,406
50,063
41,710
33,375
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16688
83438
©Min
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(a) First peak of deflection (b) second peak of deflection

Figure 6-15: End-connector - deflection at fg

The last natural frequency shown for the central cylinder shows what can be explained as a
combination of the first and fifth natural frequency. To be more specific, the highest peaks in
deformation are registered towards the top and bottom of the front end of the piece, lowering
towards the back end. Finally, the male and female modules also present different directions
of deflection from the two classes of elements previously discussed. The first natural frequency
represents the longitudinal mode, as illustrated in Figure 6-16.

C: Male module

Total Deformation
Type: Total Deformation
Frequency: 441,56 Hz
Unit: mm

C: Male module

Total Deformation
Type: Total Deformation
Frequency: 441,56 Hz
Unit: mm

32,019 Max 32,019 Max
28,462 28,462
24,904 24,504
21,346 21,346
17,789 17,789
14,231 14231
10,673 10673
71154 7,1154
3,5577 3,5577
0 Min 0 Min
(a) First peak of deflection (b) second peak of deflection

Figure 6-16: Male/Female module - deflection at f;

For the modules themselves, the first natural frequency causes symmetrical deflection peaks
in both the top and the bottom plates, slowly decreasing from the center towards the interface
walls. The second frequency leads to motion in the two lateral directions, as shown in Figure

6-17.

Andrei Hutan (4195744) Master of Science Thesis



6-2 ANSYS simulation results - Natural Frequency 139

(a) First peak of deflection (b) second peak of deflection

Figure 6-17: Male/Female module - deflection at fo

Due to the nature of the buckling mode, the main deflection peaks are registered symmet-
rically on two of the interface walls, whilst the rest of the walls only register about 40% or
less deflection. The third natural frequency leads to movement in the other lateral axis as
compared to the previous one, as illustrated in Figure 6-18.

(a) First peak of deflection (b) second peak of deflection

Figure 6-18: Male/Female module - deflection at f5

The third natural frequency shows a very similar trend in comparison to the second natural
frequency. The only difference is that the direction of buckling is perpendicular to the previous
case. In that regard, the deflection is the same, but in the direction just explained. The fourth
natural frequency seems to be a combination of motion in both lateral directions, as shown
in Figure 6-19.
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C: Male module
Total Deformation 4

Type: Total Deformation
Frequency: 613,08 Hz
Unit: mm

C: Male module

Total Deformation 4
Type: Total Deformation
Frequency: 613,08 Hz
Unit: mm
11,656 Max
10,361
9,0659
7,7708
64756
5,1805
3,8854
2,5903
1,2951

0 Min

11,656 Max
10,361
95,0650
7,7708
64756
5,1805
3,8854
2,5003
1,2051
0 Min

(a) First peak of deflection (b) second peak of deflection

Figure 6-19: Male/Female module - deflection at f,

It can be noted that this case seems like a perfect superposition of the second and third
natural frequencies however, due to the interaction between the two motions the deflection on
the top and bottom plates are much lower. It is important to notice that whilst the movement
in one of the two perpendicular (lateral) directions is inwards, the other one is outwards. This
makes for a very interesting buckling case that is generally not seen in a lot of structures.
The fifth natural frequency shows a combination of both lateral modes and the longitudinal
one, as illustrated in Figure 6-20.

C: Male module
Total Deformation 5

Type: Total Deformation
Frequency: 694,91 Hz
Unit: mm

C: Male module
Total Deformation 5

Type: Total Deformation
Frequency: 634,91 Hz
Unit: mm

11,88 Max 11,88 Max
10,56 10,56
9,2402 98,2402
7,9201 7,9201
66001 £,6001
5,2801 5,2801
3,9601 32,9601
2,64 2,64

1,32 1,32

0 Min 0 Min

(a) First peak of deflection (b) second peak of deflection

Figure 6-20: Male/Female module - deflection at f5

The fifth natural frequency mode shows similarities to the fourth one, however all walls are
either deflecting outwards or inwards at the same time. This also makes it so that the top
and bottom plates have much higher deflection values, with the peaks slowly decreasing from
the middle towards the edges. The final natural frequency for the modules corresponds to
the second mode along the lateral axis that the second frequency also caused movement in,
as shown in Figure 6-21.
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C: Male module
Total Deformation 6

Type: Total Deformation
Frequency: 933,96 Hz
Unit: mm

C: Male module
Total Deformation 6

Type: Total Deformation
Frequency: 933,96 Hz
Unit: mm

30,236 Max
26,876
23,517
20,157
16,798
13,438

30.236 Max
26,876
23,517
20,157
16,798
13,438
10,079
67191
3,3595
0 Min

10,079
6,7191
3,3505
0 Min

(a) First peak of deflection (b) second peak of deflection

Figure 6-21: Male/Female module - deflection at fg

The final natural frequency mode shows symmetrical deflection in both the top and bottom
plate, with very low influence on any of the lateral interface walls. There are two main peaks
on each plate, mainly attributed to the buckling mode involved. This concludes the evaluation
of the natural frequency failure modes for not only the interface elements (plates and central
cylinder) but for the modules envisioned in the MIST design as well.

6-3 Clearance and Thermal Considerations

The first thing that will be considered in this section is the clearance necessary so that all
parts can be smoothly assembled. In order to do so, one must first consider what sort of fit
is needed for each part of the system. As this is necessary solely for the dimensions that lead
to direct contact between the various components, a notation was established for each of the
key dimensions, as illustrated in Figures 6-22, 6-23, 6-24.

t1 side t1 mid

t2side tamid

b2 mid

bimia

Figure 6-22: Contact dimensions notation for top of the male plate
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i
bl stde bl mid

bQ»irie bg’”id

ht IM

t‘Zm,zd

tllHLd

Figure 6-23: Contact dimensions notation for bottom of the male plate

aq

as

dl

(a) Contact dimensions notation middle of plates (b) Contact dimensions notation middle element

Figure 6-24: Central contact dimensions notation

The ISO 286-1 standard provides a coherent system of categorizing fits, from clearance, to
transitional and interference fits [17]. Table 6-2 provides an overview of this standard and
what each type of fit means. In the case of MIST, the only class that is of interest is the
clearance fit, however all classes are included for completeness.
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Fit type

Table 6-2: 1SO 286-1 standard fits explained, courtesy of [17]

Hole Ba-
sis

Shaft
Basis

Description

Clearance
fit

Transition

fit

Hi1/cl1

H9/d9

HS/f7

H7/g6

H7/h6

H7/k6

H7/n6

C11/hll

D9/h9

F8/h7

G7/h6

H7/h6

K7/h6

N7/h6

Loose running fit for wide commercial toler-
ances or allowances on external members.
Free running fit not for use where accuracy is
essential, but good for large temperature vari-
ations, high running speeds, or heavy journal
pressures.

Close running fit for running on accurate ma-
chines and for accurate location at moderate
speeds and journal pressures.

Sliding fit not intended to run freely, but to
move and turn freely and locate accurately.
Locational clearance fit provides snug fit for
locating stationary parts; but can be freely as-
sembled and disassembled.

Locational transition fit for accurate location,
a compromise between clearance and interfer-
ence.

Locational transition fit for more accurate lo-
cation where greater interference is permissi-
ble.

Interference

fit

HT7/p6

HT7/s6

H7/u6

P7/h6

S7/h6

U7/h6

Locational interference fit for parts requiring
rigidity and alignment with prime accuracy of
location but without special bore pressure re-
quirements.

Medium drive fit for ordinary steel parts or
shrink fits on light sections, the tightest fit us-
able with cast iron.

Force fit suitable for parts which can be highly
stressed or for shrink fits where the heavy
pressing forces required are impractical.

One of the most important things to be considered is that providing too much clearance
for the T-sections would lead to loss of rigidity of the overall system. As such, the tightest
clearance fit is selected for the dimensions corresponding to the T-sections, namely H7/h6.
As for the central sections, a looser fit would not be a problem considering the added taper in
the MIST V2.2 iteration. As such H7/g6 is chosen so that sufficient sliding space is allowed.
Using a freely available tolerance calculator [112] results in the dimensions and corresponding
clearances shown in Table 6-3.
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Table 6-3: Initial and final values for dimensions requiring clearance

Dimension Initial Fit type | Clearance di- | Final
notation | size mension size
tmid 176 mm | H7/h6 (2x) 0.065 | 175.87
mm mm
tomid 154 mm | H7/h6 (2x) 0.065 | 153.87
mm mm
t1 side 90 mm H7/h6 0.057 mm 89.943
mm
t9side 79 mm H7/h6 0.049 mm 78.951
mm
b1 mid 44 mm H7/h6 (2x) 0.041 | 43.918
mm mm
b2mid 22 mm H7/h6 (2x) 0.034 | 21.932
mm mm
b1 side 24 mm H7/h6 0.034 mm 23.966
mm
b2side 13 mm H7/h6 0.024 mm 12.976
mm
hy 10 mm H7/g6 (2x) 0.029 | 9.942
mm mm
dy 80 mm H7/g6 (2x) 0.059 | 79.882
mm mm
do 73.6 mm | H7/g6 (2x) 0.059 | 73.482
mm mm
ds 67.6 mm | H7/g6 (2x) 0.059 | 67.482
mm mm
ap 5 mm H7/g6 (2x) 0.024 | 4.952
mm mm
a9 4 mm H7/g6 0.024 mm 3.976
mm
b1 3 mm H7/g6 (2x) 0.018 | 2.964
mm mm
by 2 mm H7/g6 0.018 mm 1.982
mm

The final step when considering assembly clearance is to account for thermal contraction
since the manufacturing will not be done at the temperatures a space telescope will operate
in. Thermal expansion is governed by Equation 6-1, where « is the coefficient of thermal
expansion corresponding to the selected material, L is the dimension under consideration, AT
is the difference in temperature between the original (ground in this case) and operational
temperature, and AL is the amount by which the dimension contracted or expanded.

AL=qa-L-AT (6-1)
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In this case, the operational temperature is 246.2 K, corresponding to -26.95 °C, and the
initial temperature is assumed to be sea-level temperature, or 15 °C. Furthermore, the coef-
ficient of thermal expansion for Al 7075-T6 corresponds to 23.6 ;£55. Substituting into the
above equation yields:

AL =L 236 “TC - (~26.95°C — 15°C) = —990.02% L= —0.99002% ‘L (6-2)

m -

Substituting the dimensions evaluated for clearance in Table 6-3 into the above equation leads
to the results presented in Table 6-4.

Table 6-4: Thermal expansion of critical clearance dimensions both before and after applying

clearance
Dimension| Initial Corresponding Dimensions Corresponding
notation | size thermal contrac- | with clear- | thermal contrac-
tion ance tion

tmid 176 mm | 0.17424352 mm 175.87 mm 0.174114817 mm

tomid 154 mm | 0.15246308 mm 153.87 mm 0.152334377 mm

tside 90 mm 0.0891018 mm 89.943 mm 0.089045368 mm

togide 79 mm 0.07821158 mm 78.951 mm 0.07817728 mm

b1mid 44 mm 0.04356088 mm 43.918 mm 0.043479698 mm

b2 mid 22 mm 0.02178044 mm 21.932 mm 0.021713118 mm

b1side 24 mm 0.02376048 mm 23.966 mm 0.023726819 mm

b2side 13 mm 0.01287026 mm 12.976 mm 0.012846499 mm

hy 10 mm 0.009902 mm 9.942 mm 0.00984277884
mm

dq 80 mm 0.0792016 mm 79.882 mm 0.079084777 mm

do 73.6 mm | 0.072865472 mm 73.482 mm 0.072748649 mm

ds 67.6 mm | 0.066925352 mm 67.482 mm 0.066808529 mm

ay 5 mm 0.004951 mm 4.952 mm 0.00490257904
mm

as 4 mm 0.0039608 mm 3.976 mm 0.00393631952
mm

b1 3 mm 0.0029706 mm 2.964 mm 0.00293441928
mm

b 2 mm 0.0019804 mm 1.982 mm 0.00196221964
mm

Both original dimensions and those after clearance is implemented are considered since there
could be a choice made to achieve the original imposed clearance at the operational tem-
perature. However, based on these results one could easily observe that thermal contraction
accounts for differences in dimensions in the order of a couple of tenths of a millimeter at
most. Considering no stringent requirements for rigidity are considered for the design of this
interface it is considered that simply applying the original clearance should prove sufficient
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for the purposes of this design. As such, the most right-hand column shows the expected ther-
mal contraction for the critical contact dimensions of MIST V2.2. It is important to mention
that, since contraction instead of expansion occurs, it only serves to widen the clearance fits
already established, hence simplifying assembly, which is desirable.
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Chapter 7

Experimental Setup and Results

This chapter summarizes the physical experiments performed on the interface. It is structured
as follows: Section 7-1 talks about the two different implementations of the interface, and
the logic behind this choice, whilst Section 7-2 details the results of the aforementioned
experiments, as well as the limitations thereof.

7-1 Experimental Setup

In order to validate some of the design decisions one would first need to create a proof of
concept (PoC) of the MIST design. Since the thesis budget is limited, making sure no problems
occur because of design choices before actually manufacturing it from expensive materials is
a must. With this in mind, one of the main concerns with the interface iterations, starting
from V1.0 onwards, is how smoothly the tapered T-sections can be assembled with each other
and if this causes snagging during assembly operations. Since creating both the male and
female plate from Aluminium would be somewhat expensive, as will be seen later on in this
chapter, it was decided to first create a simplified version that could be 3D printed in-house
at the TU Delft facilities.

Upon contacting the staff it was found that the MakerBot Replicator 5th Generation 3D
printer, shown in Figure 7-1, was available and also easy to use. Furthermore, the material
used by this machine was readily available at the faculty, so no extra costs were involved in
purchasing it.
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Figure 7-1: MakerBot Replicator 3D printer used for PoC production, courtesy of [16]

The main specifications of this printer can be summarized as follows: it uses a single extruder,
with a filament diameter of 1.75 mm, and a print speed of 150 mm/s, can be connected either
through USB or WiFi, and supports polylactide (PLA) as material [16]. The maximum
build volume it can print is 9.92 x 9.92 x 5.9 inches or, in SI, 251.968 x 251.968 x 148.96
millimeters. Due to this restriction, it was decided to print the scaled down version of the
interface, simplified so that the whole locking cylinder system did not exist. In essence this
meant the male and female plates, minus the central slots.

Furthermore, due to the filament diameter affecting the dimensions of the 3D printed object,
it was recommended that the clearances for the plates be increased to at least 0.2 mm,
resulting in the prototypes illustrated in Figures 7-2 and 7-3, for the male and female plates,
respectively. The observant reader will notice that the plate dimensions have been further
reduced from the small scale model to 104 by 104 mm so as to reduce print time.
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Figure 7-2: Technical drawing of 3D printed male plate
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Figure 7-3: Technical drawing of 3D printed female plate

In order to use this printer more easily, the MakerBot Print application was installed. The
main advantage of this is that STL files can directly be imported and the printer settings
can be controlled. In the case of the MIST PoC, it was recommended to change the default
settings for the Base Layer to a Raft type, with a Model offset (or base layer height) of 1 mm.
Once these settings have been selected, the model can be checked as an animation and sent
to the 3D printer through USB connection or via WiFi.

The estimated duration for printing the male and female plates was around 4 hours per piece.
Although the printing progress was checked regularly at half hour intervals, the first attempt
at printing was unsuccessful due to the extruder head snagging on a printed segment and
moving the full piece by a certain distance. Although this was unexpected, this did not occur
again on the second try, the printing of both pieces ending in a success. The finished product
is shown in Figure 7-4.
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Figure 7-4: 3D Printed Components for Assembly Testing

When testing the assembly operations with these versions of the PoC, a slight issue was
observed - due to the lack of smoothness created by the print the slide in mechanism did
not perform as planned. However, after a bit of manual labour, mainly involving filing and
smoothing out of the surfaces the desired connection was achieved and the prototype fulfilled
its function smoothly, as illustrated in Figure 7-5. It is also important to note that slight
curvature caused by thermal effects is present in both pieces, on the bottom for the left-hand
side one, on the top for the right-hand side element. Although this was not a specification
of the design, it is not considered to be a problem per se, as during manufacturing from
Aluminium or other materials, this would not occur, especially if machining is used as a
production technique.

Figure 7-5: Assembly Test of 3D Printed Model
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After consulting the staff that worked with this 3D printer it was revealed that a higher
clearance than 2 mm and a sturdier/thicker base for printing could have been good solutions
to avoid the problems encountered with the print. As such, it is recommended for further
such prints to make use of a Raft layer of at least 2 mm - to avoid curvature -, and use a
minimum clearance of 3 mm (at least for sliding mechanisms with large contact surfaces).

With the tapered sections being validated as a working concept through the use of the 3D
printed model, the next step was to produce a prototype from the materials selected in
Subsection 4-1-2 or as close of a material as possible if the costs were too high. The chosen
manufacturing method was Computer Numerical Control (CNC) machining, as the parts were
relatively complicated in nature and even small deviations in the model could compromise the
assembly operations. Luckily, when perusing online offers for CNC machining, it was found
that the selected material for the simulation (Aluminium alloy T60) was a common material
for use in this manufacturing process. The test setup selected was initially envisioned as a
combination of the following components:

1. Interface assembly

2. Support plates (which could essentially be thought of as the bottom of a module)

3. Simple fixture elements (so that the interface could be mounted on the support plates)
4. Actuator for the central cylinder section of the interface

5. Actuator mount

6. Actuator driver circuit

7. Electrical and data connector components

In order to design the actuator mount, one first needed to select the actuator itself. For
the purposes of testing, a low power, low cost actuator that was readily available would
be sufficient. As such the Portescap Miniature Linear Electric Actuator (26DBM20B2U-L)
[113] was chosen. The technical specifications of this actuator are summarized in Table 7-1,
courtesy of [114].

Table 7-1: Porteschap 26DBM20B2U-L Technical specifications

Performance parameter Value
Operating voltage 12V
Rated current per phase 02 A
Minimum holding force 178 N
Stroke length 48 mm
Linear travel accuracy + 1 step
Steps per revolution 48
Ambient temperature range | -20 to +70 °C
Weight 3 g

Master of Science Thesis Andrei Hutan (4195744)



152 Experimental Setup and Results

The ensuing test setup can be summarized by Figure 7-6. The curious reader is referred
to Appendix C, Figures C-1, C-2, C-3, C-4, C-5, C-6, C-7, C-8, C-9 showing the technical
drawings of each component of the envisioned PoC setup.

v 2 =[5 «
B =
] 7]
g 3§ [°
= K
=
5 s L
7 2
e @ H Ef; o
3
ar} 2. 2l
2 S~z
S 22 |3
3 4 g2 |8
S < 4 Fe |8
] < 5 EEE =
g g F 2F -
E. ] o EE
a g3 3 g EE . o
g3 2 : H=3
=a P E 3 = =
P &l |2 R 1
B =418 |c|c |¢ |8 |§ woEw Hw ¥
- g 32 (B2 B € |8 g o A
5| |E 2% |88 I |8 |3
HEE g8 |38 5 |2 |2
E|s|8 B |88 |B |E |2
£%s B2 |22 |2 |88
a ERE da gg |5,/28 8 = a
it =8, |EEs(BS5E
HEI EEPEEEEEEEER o
2|3 LREEEEEEEERE
I ElEEEEHEHEEEE 8
alelelelelele [#le |ele ¢ |e |
glelelelelele (gle lele |g e e
2SS 8|8E |£8 |[FE |8 |8 |
3
- b
-+ B
g ]
] H
4 g
2l £ <
— al g Lo |8
=g £ |8
32 2 B8 132 | T |7 cEeZ
s/t ae bbh |5 |B |B S8 5L
4 5|8 g |55 |9 |5 |8 | §2plg
g|g [
> 2ek%
B|H a3 eE5E
—|E g e 3E
=1 8n 53
E] cle lele | |- |- | 2883
° //T\ M
3 \\\\\ z
A g
| [EEASO T oy L
NEE N N8 <
p o u>> ) <
A = / 5. 1
W\ = / 83 89
"N K o /7 3 @ R -
! W &= ) 2 a e= i
N ~ VA Ba EE
\\\ § Y - 3 Ba L
\\ yjy al | = 838
e / Sa b I
] ——— £3 i
N° ¢ // e L
1 N / %)
\ / PN H
N\ 10 L
& L
s «
/N B N
/ N\
1 / 5 -
/ c\\ X "
RN\ J [E
— /s — E. J:-.; —
) A 5 2E
/// LIETIAN %E 1 || 8%
Y GETN 8
57N T o
L] za 0 & =
/// EEHN L\ [ o o o o o
/2 NA N @ 3
VAR ,@ /o @ E]
/4 = / o o e s
VAL Sy4 e Te—aHl e, g3
Ve <7 e S g
\ /
N ‘\\/4/ = o o [o o =
8 °
g o

©
~
|
|
-
|
|

Figure 7-6: Envisioned test setup for interface PoC
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After contacting manufacturing companies all around the world that provided machining
services that could produce the proof of concept, the plates and central locking mechanisms
were produced out of Al 7075-T6 for € 500. Figure 7-7 shows the plates and assembled central
structure, whilst Figure 7-8 illustrates how the assembly itself works.

Figure 7-7: Plates and Assembled Central Locking Mechanism - PoC MIST V2.0

(a) Stage 1 - Only Plates Locked (b) Stage 2 - Interface Fully Locked

Figure 7-8: Example of Assembly

It is worth mentioning that during the discussions with the manufacturer it was further
mentioned that the clearance tolerances should be increased to a minimum of 0.1mm, as higher
precision would further raise the costs. This was found to be acceptable and manufacturing
was started on the PoC. All components were produced and delivered within a month.

Upon receiving both the interface mechanism and the actuator it was necessary to create a
circuit that could drive the 26DBM20B2U-L linear actuator. This will be affected by the
type of motor included, in this case a unipolar stepper motor. At the recommendation of
the distributor (RS), the driver circuit was based off the baseline illustrated in Figure 7-9,
courtesy of [115].
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Figure 7-9: Suggested driver circuit for linear actuator

In this circuit, the Arduino Nano board serves as the controller for the whole actuation
proccess, the LM317 circuit works as an limiter for the intensity of the current, whilst the
simple circuits leading to each wire of the actuator serve as voltage controllers. Although
this is a good start for a circuit, upon speaking with the staff at the TU Delft university, it
was discovered that a source with controllable intensity as well as voltage could be used. As
such, the top left LM317 circuit could be eliminated altogether since the operating voltage
and intensity are known for the actuator [114]. A summary of the components purchased for
the purpose of creating this circuit can be found below:

Arduino Nano micro-controller (x1) [116]

N-MOSFETs (x5) [117]

1 kOhm Resistors (x4) [118]

Voltage Regulator Diodes (x10) [119]

The observant reader will notice that extra diodes and N-MOSFETs were ordered. This is
due to packaging conditions on the Farnell website.

Once the soldering of the circuit was done, the only thing left was to upload an actuation
code to the Arduino micro-controller. The inputs necessary for the stepper motor the linear

actuator is equipped with can be summarized by Figure 7-10.
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Figure 7-10: Inputs required for driving the linear actuator

Once this was done, the experimental setup was completed, as shown in Figure 7-11.

(@) Isometric View of Experimental Setup (b) Top View of Experimental Setup

Figure 7-11: Complete Experimental Setup

7-2 Experimental Results

The first tests conducted for the interface were subsystem tests, namely checking the proper
functioning of both the data and the electric connector. The USB-C magnetic connector
chosen for data transfer was tested with multiple devices, including laptops, different phones
and PCs, as well as different file types - ranging from a large number of very small files
(e.g. txt or small images), to very large files (i.e. high resolution images or even movies).
The detected rate ranged between 18 and 53 MBps for all of them, achieving the theoretical
maximum of 53 MBps declared for USB 2.0 standards. As expected, the data transfer rates
did not change even when included in the assembly. A graph of the data rate variation
registered during testing is illustrated in Figures 7-12a and 7-12b for transfer from and to a
HP ZBook G5 laptop, respectively.
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Figure 7-12: Results of data transfer testing

When considering the testing of the three different file sizes, one can note that the transfers
have the lowest data rate when sending a large number of very small files, whereas medium
to large files show a similar performance. This confirms that transfers have lower data rates
when the target object is made up of a significant number of very small files - this aspect
should be taken into account when deciding on data encoding as it can potentially halve
expected performance as seen above. On the other hand, when comparing the two directions
of transfer, it seems that transferring data from an external HDD to the laptop SSD has
a higher performance than the other way around. This can be attributed to the writing
speed of the memory device used, as SSD has a higher writing speed than HDD. Finally, it
is necessary to mention that a combination of small file size and low writing speed resulted
in the minimum data rate registered (18 Mbps), which only accounts for approximately 34%
of the stated maximum rate of USB 2.0. This is not considered to be a problem under the
assumption that both these aspects will be taken into account when designing the Command
and Data Handling subsystem of a spacecraft making use of MIST V2.2.

The electric connectors chosen were tested both independently and once assembled using
the controllable voltage and intensity source available at the university. Ampere meter and
voltmeters were used to check the current and voltage both before and after the connector
location. Both tests showed the voltage up to 100 V and current intensity up to 4 A (2 A per
contact) passing through the electric connection, as per specifications. Since the source used
had controllable voltage and current settings, the readings did not change over time, hence a
graph of their evolution at various settings was not included.

On the mechanical side, the manufactured parts were first assembled with no actuator in-
volved, so that any problems with clearance could be observed before any other tests would be
performed. No problems were detected during this test, as expected given the larger clearance
required by the manufacturing company. Once this was complete, the system testing began,
as all the components were assembled including wiring and connectors. During the system
test however, an issue was observed with the linear actuator selected. When driven with no
load, a significant amount of rotation due to looseness was observed. The manufacturer was
contacted and it was stated that this was normal, as the target load to be pushed should be
guided for the actuator to work. However, even upon being loaded with the target central
elements that it was required to drive, the actuator did not perform to standards. Due to the
looseness, the fillet would sometimes skip while turning, causing no motion along the desired
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axis. Sadly this could not be remedied by buying a new/different actuator as the budget had
already been used. In spite of the problems with actuation, using manual methods (forces
ranging between approximately 19.62 and 29.43 Newtons) to push the central locking cylin-
der showed that the interface concept was sound and all connectors worked as intended once
assembly was complete.

Once assembly was complete, each load case was tested manually, and with weights, with
forces ranging between 10 and 12 kilograms (98.1-117.72 N). Due to the small size of the
interface prototype, larger loads were not tested as at the time of testing it was not possible
to use laboratory testing any more. Due to this fact, the validation process was limited
to very low load scenarios, which were assured to be successful based on the simulation
results. It is important to note that the aforementioned results still need to be validated,
especially the limit loads, however that would require destructive testing for each load case,
thus seven prototypes would need to be manufactured for full validation of MIST V2.2. Whilst
the malfunctioning of the linear actuator did not prevent the validation of the assembly
mechanism, it did, in combination with the lack of testing under high loads, prevent the
testing of two scenarios. The first one was validating that the nominal force of the linear
actuator was sufficient to keep the central mechanism locked under high loads, for all cases
simulated. The second test that could not be performed was to validate that the structural
resistance of the central mechanism would dissipate loads sufficiently so that the structural
integrity of the linear actuator was preserved even under very high loads approaching the
failure limit. These two scenarios are very important if the decision is made to use the scaled
down version of the interface, however one can assume that a system employing modules of
0.12x0.12x0.12 meters will not be large enough to require loads anywhere close to the limits
resulting from simulations. As such it can be argued that in order to truly validate MIST
V2.2 for the limit loads, one should not only limit test the full-scale interface under all load
cases considered, but also validate the two scenarios arising from the linear actuator not
functioning correctly with the actual actuator chosen for the interface designed for modules
of 0.4x0.4x0.4 meters.

To summarize, mechanically the interface functioned as intended, both the data and electrical
connectors had nominal performance on both individual tests and full assembly tests. The
only element that did not work as specified was the actuator, however this is deemed to not
be a problem that affects the interface itself. As such, it can be said that the interface design
was a success with regards to the tests performed. It is important to note that due to the
fact that the thesis scope was already quite broad, coupled with time constraints, multiple
other tests could not be performed. It is recommended that in the future, before using this
interface concept, the following tests be performed:

e Destructive testing - meant to validate maximum loads.

e Vibration testing - meant to validate the expected natural frequencies, thus affecting
choice of launch vehicle.

e Thermal testing - in other words validation of the clearance dimensions chosen for the
interface concept.

o Structural testing under thermal load - checking the maximum loads for thermal con-
ditions that the interface would be subjected to during its operational lifetime.
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o All testing scenarios above should also be performed on the scaled-up model of MIST
V2.2 - this is meant to ensure that performance is validated for the planned scale of the
interface and no unforeseen issues arise.
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Chapter 8

Conclusions and Future
Recommendations

The purpose of this thesis was to design an interface to be used in the on-orbit assembly of
space telescopes, offering sufficient flexibility so as to be reused as much as possible across
multiple platforms and missions. The main advantages of such a system are the ability
to bypass launcher constraints and the potential for cost reduction given mass production
capabilities entailed with adopting this interface for widespread usage in space telescopes
missions. This resulted in the Modular Interface for Space Telescopes (MIST), iterated up
until version 2.2. A summary of the technical specifications of MIST V2.2 is given in Table 8-1.
It should be noted that a safety factor of 10% is added to the limit loads of the design computed
through simulation so as to account for the lack of their validation through destructive testing.

Table 8-1: Dimensions and performance parameters of MIST V2.2

Performance parameters MIST V2.2

Tension (max) 137436.3 N
Compression (max) 322574.4 N
Shear Vertical (max) 200460.6 N
Shear Lateral (max) 195928.2 N

Bending (X-axis moment) | 18570.2301 Nm
Torque (Y-axis moment) | 29570.8743 Nm
Bending (Z-axis moment) | 19827.5814 Nm

Data rate 1 Gbps
Current intensity 100 A
Voltage rating 100 V
Dimensions:
Diameter 0.4m
Height 04m

In order to evaluate if all requirements were met during the design, one must first compare
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the MIST interface with existing state-of-the-art interfaces. In a similar way to the full
scale version, a safety factor of 10 % is added to the limit loads. The dimensions as well as
performance limitations of all interfaces considered are presented in Table 8-2.

Table 8-2: Dimensions and performance comparison between existing SoA interfaces and the
down-scaled version of MIST

Performance

SoA Interfaces SWARM | iBoss SIROM MIST V2.2 | Increase (%)
Tension (max) N/A 6000 N | 1300 N 35267.4 N 487.79%
Compression (max) N/A 6000 N | 5000 N 98256.6 N 1537.61%
Shear/Radial (max) N/A | 400 N | 5000 N | 306360 N 512.738%

Bending (X-axis moment) N/A 400 Nm | 150 Nm | 1314.2475 Nm 228.56%

Torque (Y-axis moment) N/A 400 Nm | 420 Nm | 1259.9496 Nm 199.99%

Bending (Z-axis moment) N/A 400 Nm | 150 Nm | 1176.666 Nm 194.17%

Dimensions: 0.12x0.12 m N/A
Diameter 0.076 m | 0.119 m | 0.132 m N/A
Thickness 0.038 m | 0.048 m | 0.1265 m 0.015 N/A

The simulation results above show that at similar dimensions, the MIST concept far out-
performs all existing interfaces, in all load cases (from a minimum of 194.17% increase in
performance for the bending moment in the Z-axis, to a 1537.61% increase under compres-
sive loads), hence even at these scaled down dimensions it can constitute a viable option for
use in missions designed around very large structures. This more than satisfies requirement
MIST-S-1.6.

With respect to the totality of the requirements, all structural requirements are satisfied,
including the natural frequency ones. As for the data and electrical requirements, it was
initially specified that two different configurations would be investigated, one with low and
one with high power and data throughput, respectively. However, this idea was abandoned in
favor of the latter configuration as a successful design for higher requirements would naturally
entail that a lower performance is easily achievable by either eliminating some connectors or
switching to less expensive ones which can achieve lower throughput. Although most of
the requirements were either verified through analysis, inspection or even testing, as shown
in Tables 8-3 and 8-4, it is worth mentioning that the electrical requirements can only be
verified based on the assumption that the selected system performs as advertised.

Identifier | Requirement details Verification
mode
MIST- Interface design shall consider two options - a lower, and a | Decided
E-1.0 higher power implementation corresponding to < 1.5 kW, and | against
< 8 kW, respectively.
MIST- Interface shall be able to pass 8 kW of electrical power from | Inspection
E-1.1 module to module.

Table 8-3: Requirements Verification Matrix - Part 1
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Identifier | Requirement details Verification
mode

MIST- Interface shall be able to pass voltages of 28 4+ 1.4 V in the case | Decided
E-1.2 of the low power implementation. against
MIST- Interface shall be able to pass voltages of 50 £ 2.5 V in the case | Testing
E-1.3 of high power version.
MIST- Interface design shall consider two options - a lower data link | Decided
D-1.0 version for bus and housekeeping, and a higher data link version | against

for scientific instruments.
MIST- The high data rate version shall be able to transfer data at | Testing
D-1.1 speeds up to 0.9 Gbps.
MIST- The version in charge of housekeeping shall be able to transfer | Testing
D-1.2 data at speeds up to 2.742 Mbps.
MIST-S- | The interface shall have a lateral natural frequency of at least | Simulation
1.0 15 Hz.
MIST-S- | The interface shall have a longitudinal natural frequency above | Simulation
1.1 60 Hz.
MIST-S- | The interface shall be able to withstand lateral launch loads of | Simulation
1.2 + 3.0g.
MIST-S- | The interface shall be able to withstand longitudinal launch | Simulation
1.3 loads of 8.5g in compression and 4.0 g in tension.
MIST-S- | The interface shall be able to withstand orbital perturbations | Simulation
14 up to 1.3464 - 1073 Nm on fully assembled system.
MIST-S- | The load bearing capabilities of the interface shall be compa- | Simulation
1.5 rable to current state-of-the-art options.
MIST-S- | The interface design shall allow for easy assembly and disas- | Testing
1.6 sembly in order to facilitate servicing.
MIST-S- | The interface dimensions shall not exceed 0.4 by 0.4 m. Inspection
1.7
MIST-S- | The interfacing dimension shall not exceed 0.02 m. Inspection
1.8

Table 8-4: Requirements Verification Matrix - Part 2

Due to budget and scope limitations, the chosen electrical connector for the full scale interface
could not be bought, hence could not be physically tested. This should technically not be a
problem, but it is advised to proceed with such tests if MIST technology is to be incorporated
into any space mission as is, without any further refining iterations.

In order for MIST to be ready for space usage and classify as a standardized interface that
can be used across multiple platforms and missions, a list of recommendations for future
work is given. This can be classified into two types: work that would be necessary to make
the current MIST design space-qualified, and work that could be done to further iterate and
improve MIST for better performance:

1. Future work meant to qualify MIST V2.2 for space use:
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¢ Use higher performance simulations on MIST V2.2 - as specified previ-
ously, the simulation environment used had numerical limits that prevented mesh
refinement to the extent where only small differences could be registered between
averaged and unaveraged stresses. This could be solved by employing more pow-
erful tools that could be used to better verify the limit loads MIST is capable of
supporting.

o Testing of chosen electrical connector - as mentioned previously the electrical
connector selected for the full-scale design was not purchased due to budget con-
straints, hence not validated through experimental testing. As such, purchasing
and validating that this performs as advertised should be considered before making
use of MIST V2.2.

e Rigorous structural testing - this is meant to validate the limit loads found
through simulation.

¢ In-depth thermal testing - should validate two critical aspects: the clearances
expected due to thermal contraction at operational temperatures, and the influence
of thermal stresses on limit loads.

e Vacuum testing - preliminary testing meant to validate the assembly concept
in vacuum conditions. This can be achieved with or without the selected robotic
assembler selected for a specific mission.

o Optimization of robotic arm(s) best suited for space missions employing
MIST technology - this includes optimization of number of DOF, joints, as well
as motion planning algorithms, number and type of sensors equipped on the robotic
manipulator, and material selection.

¢ Assembly demonstration in vacuum conditions - testing meant for the final
stages of mission planning, where the selected robotic arm for a specific mission is
used in vacuum conditions to validate that assembly works.

o Planning and execution of a (scaled-down) space demonstration mission
- to validate the interface concept fully and raise its TRL to 9, there is a need to
conceptualize and execute a demonstration mission that uses this technology in
orbit, with all aspects of assembly and disassembly being accounted for.

2. Future work that could create improved iterations of MIST:

o Simulation of trapezoidal shape as a different option from the T-sections
- improved simulations that can simulate not only limit loads, but also forces
required during assembly could be used as a better comparison for the choice
between these two options, hence verifying the design choice in this thesis.

o Optimization of interface dimensions for specific (point) designs - if de-
sired by the shareholders, the interface could be made lighter provided that the tar-
get structure to be created using this technology does not need such high structural
performance. As such, depending on the point design an optimization algorithm
could be designed and employed to generate the most suitable dimensions for the
mission at hand. This would imply an initial development investment in both time
and cost, however in the long run, given the extensive use of this solution, it would
create savings in both the temporal and economical sectors.
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o Explore the need and benefits of in-built sensors for the interface - one
of the design choices in this work was to avoid sensors altogether at the interface
level, and fully depend on the assembler spacecraft for such things. However, one
could argue that equipping some degree of sensing in the interface itself could
simplify the assembler, thus reducing overall cost. This of course results in added
fragility of the interface, hence the decision to avoid it in this thesis. It would be
recommended to thoroughly investigate if there is no middle ground solution that
uses some degree of resilient in-built sensing technology at the interface level.

o Rigidity concerns and extra fastening mechanisms - one of the limitations
for the interface design explored in this thesis is that given a sufficiently large
structure, the addition of multiple modules with set clearances will result in a
structure that has some degree of looseness. This could be addressed at the level
of the next layer (the mirror supporting layer) which could be used to fasten all
modules as well as support the mirrors, or it could be enhanced through locking
mechanisms that are built into the interface or modules. A study of these two
cases based on value added and cost entailed for each option is thus necessary if
very high rigidity requirements are expected for the mission using MIST.

Taking all of this into account, it is clear that the MIST concept developed in this thesis
is at the intermediate stage, where there is still a significant amount of work to be done to
make it space-worthy. However, given that all of the above recommendations are satisfied,
it is expected that this interface design can become a worthy choice for the development of
next-generation space missions that are no longer constrained by launcher size and carrying
capabilities, but are instead assembled on orbit. This unlocks incredible potential in the space
sector, potentially paving the way towards improving humanity’s knowledge and understand-
ing of the universe, if not even enhancing mankind’s capabilities of harnessing the resources
that our solar system offers.
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Appendix A - Interface Technical
Drawings (Full Scale)

A-1 Interface V0.0

- o | o~ -
& o< =
=
~ R = | =
T ar = £
ot = 5 & s
o = ,[ ~ = forwr] =
= = RN =5 o> - =
=] & = . = = sl =
=8 = 8 L3 o F| =
| =B 23 . >~ =
a = o =553 ] = <l =™
[ R, = SE o =
ey = E ==
| Ses = == =3
. b= (]
— S S 2 ZE =1
o = o=z = [T
o3 = =0 -
— £ - en| M
2 o= =
= = 2
é» -
= B Hp Hp H
EgEs [B = = I
EEEE T
w "38EE H
= EES =
= = == =
= 2£ |z B =
& . E-=SE (B Sl =
o= = = ELEE = =
2 = 3 =EEE §=§§><g>—<7
= 8 Exnss B £ 38H 2
(7) | = H
P =
5 2 =
2
} -
P
> 1
T
a H
= - i
= =
— =t = —
S . w
- i3 g2
i - <D > ==
® <<) SLo - -
S s Sl
= = =%
oc+t
H =
v l € [ = I

Figure A-1: Technical drawing of MIST-01 part, Interface V0.0 (400x400 Scale)
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Figure A-2: Technical drawing of MIST-02 part, Interface V0.0 (400x400 Scale)
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Figure A-3: Technical drawing of MIST-03 part, Interface V0.0 (400x400 Scale)
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Figure A-4: Technical drawing of MIST-01 part, Interface V1.0 (400x400 Scale)
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Figure A-5: Technical drawing of MIST-02 part, Interface V1.0 (400x400 Scale)
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Figure A-6: Technical drawing of MIST-03 part, Interface V1.0 (400x400 Scale)
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Figure A-7: Technical drawing of MIST-01 part, Interface V2.0 (400x400 Scale)
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Figure A-8: Technical drawing of MIST-02 part, Interface V2.0 (400x400 Scale)
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Figure A-9: Technical drawing of MIST-03 part, Interface V2.0 (400x400 Scale)
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Figure A-10: Technical drawing of MIST-04 part, Interface V2.0 (400x400 Scale)
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Figure A-11: Technical drawing of MIST-01 part, Interface V2.1 (400x400 Scale)
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Figure A-12: Technical drawing of MIST-02 part, Interface V2.1 (400x400 Scale)
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Figure A-13: Technical drawing of MIST-03 part, Interface V2.1 (400x400 Scale)
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Figure A-14: Technical drawing of MIST-04 part, Interface V2.1 (400x400 Scale)
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Figure A-15: Technical drawing of MIST-05 part, Interface V2.1 (400x400 Scale)
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Figure A-16: Technical drawing of MIST-01 part, Interface V2.2 (400x400 Scale)
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Figure A-18: Technical drawing of MIST-03 part, Interface V2.2 (400x400 Scale)
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Figure A-19: Technical drawing of MIST-04 part, Interface V2.2 (400x400 Scale)
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Figure A-20: Technical drawing of MIST-05 part, Interface V2.2 (400x400 Scale)
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Figure A-21: Technical drawing of MIST-07 part, Interface V2.2 (400x400 Scale)
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Figure A-22: Technical drawing of MIST-08 part, Interface V2.2 (400x400 Scale)

Master of Science Thesis

Andrei Hutan (4195744)



Appendix B

Appendix B - Interface Technical
Drawings (120x120 Scale)

B-1 Interface V0.0

4
§
2
1

[ —
=
v e |
= prey
o — =
[ W) =
= = = o
— o = =1 o] s = LI
s = o —_ & =~
<> — o> o3 =1
b= £ = =3
s = .. o o bt [
oo B ax N
a b £3 L == NS
s b4 - i @3 =
2 = =
c 3 == =2 8
o @3 2l i
] . = 2 5|8 -
w = @ = E =
I_l—k"'—‘ o = = == |
= S £ wy
P = <5 woen| o
o E 2 <& H
é. -
= B Hp H|
£ = =
s Ll
] L
- z = =
“ = LE 8 g
< = |2 =
2= = EXE|Es
=]
— =3 H—
p— - = 8
(] 3[ Il s N
2
q-l
= H-
] L
Sl | < [
= T 7] oz
<~ o
e o w
[} i B = == -
- oy w =
=5 2| i g
= E=
=3 1 [ =8
o=t
H =
v [ © [ ] [ '

Figure B-1: Technical drawing of MIST-01 part, Interface V0.0 (120x120 Scale)
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Figure B-2: Technical drawing of MIST-02 part, Interface V0.0 (120x120 Scale)
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Figure B-3: Technical drawing of MIST-03 part, Interface V0.0 (120x120 Scale)
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Figure B-4: Technical drawing of MIST-01 part, Interface V1.0 (120x120 Scale)
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Figure B-5: Technical drawing of MIST-02 part, Interface V1.0 (120x120 Scale)
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Figure B-6: Technical drawing of MIST-03 part, Interface V1.0 (120x120 Scale)
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Figure B-7: Technical drawing of MIST-01 part, Interface V2.0 (120x120 Scale)
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Figure B-8: Technical drawing of MIST-02 part, Interface V2.0 (120x120 Scale)
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Figure B-9: Technical drawing of MIST-03 part, Interface V2.0 (120x120 Scale)
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Figure B-10: Technical drawing of MIST-04 part, Interface V2.0 (120x120 Scale)
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Figure B-11: Technical drawing of MIST-01 part, Interface V2.1 (120x120 Scale)
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Figure B-12: Technical drawing of MIST-02 part, Interface V2.1 (120x120 Scale)
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Figure B-13: Technical drawing of MIST-03 part, Interface V2.1 (120x120 Scale)
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Figure B-14: Technical drawing of MIST-04 part, Interface V2.1 (120x120 Scale)
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Figure B-15: Technical drawing of MIST-05 part, Interface V2.1 (120x120 Scale)
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Figure C-1: Technical drawing POC: support plates (X2)
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Figure C-2: Technical drawing POC: interface - support plate connectors (X6)
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Figure C-3: Technical drawing POC: linear actuator mount (X1)
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Figure C-4: Technical drawing POC: interface - male plate (X1)
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Figure C-5: Technical drawing POC: interface - female plate (X1)
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Figure C-6: Technical drawing POC: interface - central locking cylinder (x1)
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Figure C-7: Technical drawing POC: interface - central end connector (X1)
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Figure C-8: Technical drawing POC: interface- central inter-connector (X1)
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Technical drawing POC: interface - interface between end-connector and actuator
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