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SUMMARY

Formation flying and autonomy are two concepts that have increasingly become integral to space missions.
Employing multiple spacecraft for achieving a common goal instead of a monolithic probe has the benefit
of increasing mission robustness and flexibility. Onboard autonomy, on the other hand, confers a degree of
intelligence and decision-making ability to the spacecraft. In turn, this allows overcoming communication
delays and outages to ground stations, reduces ground segment availability demands and costs, and allows
spacecraft to react in an unpredictable environment, maximizing the scientific potential of a mission.

One such mission to whom the concept of autonomy is relevant is the IRASSI mission, a free-flying inter-
ferometer designed for the observation of far-infrared phenomena in deep space. Built on precursor mission
studies, IRASSI distinguishes itself by exploiting a unique operational concept that involves a continuous
change of the physical separation of the spacecraft during observations. Furthermore, during its lifetime,
TRASSI has to conduct a set of activities that support the science program. That includes, for example, the
reconfiguration of the formation. These maneuvers need to both be safe and fuel-economical and respect all
science requirements, without the intervention of ground personnel.

As a planned state-of-the-art facility, IRASSI brings simultaneously to the foreground unique challenges.
As such, this thesis investigates the feasibility of the IRASSI mission by aggregating mission requirements
into the formation-flying design and through the development of algorithms that simulate the operation of
the formation as an independent entity.

A sequential approach underpins this research work. First, the IRASSI mission is introduced and the major
high-level requirements are described. In connection to the wavelengths observed in the far-infrared, the
spacecraft are to separate up to 850 m in a direction perpendicular to the target. Sensitive payload motivates
the selection of a quasi-Halo orbit around the second Lagrange point of the Sun-Earth/Moon system, L. The
ranging system is one of the payload instruments that warrants referral. It must operate at cold temperatures
and is mounted opposite to the sunshield on each spacecraft. This ranging system permits the spacecraft to
measure their relative separation during the science observations. The mission profile and its main phases
are characterized, whereby an optimized transfer trajectory to L, with a duration of up to four months is
succeeded by a five-year operational phase. Each science task can have a duration ranging between a couple
of hours and over 8 days. AVbudgets and a bespoke mechanical configuration set a preliminary individual
spacecraft wet mass at 2.3 tons, of which nearly 5% is dedicated to fuel.

Thereafter, a bottom-up investigation of formation geometry requirements is pursued. Of particular in-
terest, is the intervisibility requirement that stipulates that during the science phase the lasers of the ranging
system must be within sight of one another. It is shown that the mechanical mounting of the ranging sys-
tem severely limits where spacecraft can be positioned relative to each other. Other requirements include
the relative positioning performance, sky access and science performance. The requirements are evaluated
in an ephemeris around L, without the use of any thrust control. Even with passive drift magnitudes of up
to 450 m and drift rates of 18 mms~! for large formations, compliance with the requirements was observed
at the end of the 8 days. The first violations were detected at the two-week mark, keeping in mind that this
is well outside the range of science-task durations. During the operational phase, a behavioral-type coordi-
nation control was elected as that which is most suitable for supporting autonomous operations for IRASSI.
Furthermore, simple control feedback loops are suggested for implementation in face of the slow dynamics
of perturbations acting in the vicinity of L,.

The design and implementation of a task- and maneuver-planning tool compose the last part of this re-
search. The tool, called iSCOUT, is supported by four modules with the joint aim of optimally planning the
sequence of science tasks, computing the associated reconfiguration maneuvers and the paths to be followed
by individual spacecraft during the science observations, while simultaneously delivering collision-free tra-
jectories which ensure the intervisibility of the spacecraft. The modules are the Task-Planner Module, the
Reconfiguration Module, the Collision- and Invisibility-Avoidance Module and the Baseline Pattern Module.
Maneuvers are optimized, among others, on the basis of maneuver-time minimization and fuel management
(including fuel consumption and fuel-balancing across the fleet). As such, iSCOUT aggregates the complete
set of mission, formation geometry and functional requirements.



xii SUMMARY

iSCOUT is ultimately intended to be executed onboard the spacecraft and support autonomous oper-
ations of the IRASSI interferometer. In its current standing, it serves well as a feasibility analysis tool that
answers the goals of this research. As such, a comprehensive end-to-end mission simulation was carried
out, where it was shown that 79% of observation tasks currently contained in the IRASSI catalog can be ful-
filled, at a cost of 5.1 kg of fuel per spacecraft, after five years. Reconfigurations motivate nearly half of all
fuel consumption. Over three-quarters of the mission can be dedicated to actual science observation, and
the remaining time is allocated to maneuvers and activities, such as calibration of sensitive instruments. The
conclusion follows, therefore, that even with the inclusion of the technical challenges of IRASSI, the mission
can be successfully completed in the specified time frame.

Nonetheless, the preliminary nature of the tool leaves room for future improvements, namely concerning
the completeness of motion models and of operational scenarios that can emulate off-nominal conditions,
such as hardware malfunctions. The plasticity of the tool is ensured, for example, by the implementation of
common functions and features that are used across different modules. Advancing iSCOUT can refine the
obtained results and close the gap between a feasibility study and a high-fidelity mission simulation tool,
agnostic to the type of application.

Overall, the present work showcases the complexities of operating a free-flying interferometry formation
in space, whereby requirements of diverse origins (quality of science, the geometry of the spacecraft, visibility
of metrology systems, target occultation, collision avoidance, etc.) must be taken into account in concert to
deliver a unified optimal operational solution which fulfills all the mission’s science goals. The understanding
by mission planners of the impact of individual constraints and requirements on performance is particularly
imperative nowadays, with the advent of mega-constellation satellite programs.

The research and implementation work carried out in this thesis contributes to the field of autonomous
spacecraft formation flying on several levels. First, it specifically addresses and analyzes the influence of
spacecraft design on day-to-day mission operations. Secondly, the detailed requirements analysis behind
the Task-Planner Module and the Baseline Pattern Module provides special insight into the complexity of
task-scheduling and observation-planning for astronomy missions. For both modules, optimization meth-
ods aimed at autonomously maximizing science performance are presented. The Baseline Pattern Module
is of special importance as it reflects the first steps in understanding how formation configuration in phys-
ical space affects the quality of the science data obtained. Lastly, optimized maneuver-planning strategies
that manage onboard resources are devised for producing safe trajectories which abide by mission-specific
constraints, such as intervisibility.



KURZFASSUNG

Formationsflug und Autonomie sind zwei Konzepte, die fiir Weltraummissionen zunehmend an Bedeutung
gewinnen. Der Einsatz mehrerer Raumfahrzeuge zur Erreichung eines gemeinsamen Ziels anstelle einer
einzelnen Sonde hat den Vorteil, dass die Robustheit und Flexibilitat der Mission erhoht wird. Die Autonomie
an Bord wiederum verleiht dem Raumfahrzeug ein gewisses Maf§ an Intelligenz und Entscheidungsfahigkeit.
Dies wiederum ermdoglicht die Vermeidung von Kommunikationsverzégerungen und -ausféllen zu den Bo-
denstationen, reduziert die Anforderungen an die Verfiigbarkeit und die Kosten des Bodensegments und er-
laubt es dem Raumfahrzeug, in einer unvorhersehbaren Umgebung selbststindig zu reagieren und das wis-
senschaftliche Potenzial einer Mission zu maximieren.

Eine Mission, fiir die das Konzept der Autonomie von Bedeutung ist, ist die IRASSI-Mission: ein frei
fliegendes Interferometer zur Beobachtung von Phanomenen im Weltraum im fernen Infrarotbereich. Auf
der Grundlage von Vorlaufstudien zeichnet sich IRASSI durch ein einzigartiges Betriebskonzept aus, das eine
kontinuierliche dnderung der rdumlichen Trennung der Raumfahrzeuge wihrend der Beobachtungen vor-
sieht. Aulerdem muss IRASSI wihrend seiner Lebensdauer eine Reihe von Aktivititen durchfithren, die
das wissenschaftliche Programm unterstiitzen. Dazu gehort zum Beispiel die Rekonfiguration der Forma-
tion. Diese Manover miissen sowohl sicher als auch treibstoffsparend sein und alle wissenschaftlichen An-
forderungen erfiillen, ohne dass das Bodenpersonal eingreifen muss.

Als geplante hochmoderne Anlage birgt IRASSI einzigartige Herausforderungen. Daher wird in dieser
Arbeit die Machbarkeit der IRASSI-Mission untersucht, indem die Missionsanforderungen in das Design
des Formationsfluges integriert und Algorithmen entwickelt werden, die den Betrieb der Formation als au-
tonome Einheit simulieren.

Der Forschungsarbeit liegt ein sequenzieller Ansatz zugrunde. Zunéchst wird die IRASSI-Mission vorgestellt
und die wichtigsten Anforderungen beschrieben. Im Zusammenhang mit den im fernen Infrarot beobachteten
Wellenldngen sollen sich die Raumfahrzeuge bis zu 850 m in einer Richtung senkrecht zum Ziel voneinander
entfernen. Die sensible Nutzlast motiviert die Wahl einer Quasi-Halo-Umlaufbahn um den zweiten Lagrange-
Punkt des Sonne-Erde-Mond-Systems, L.

Das Entfernungsmesssystem ist eines der Nutzlastinstrumente, die diese Wahl rechtfertigen. Seine Ar-
beitstemperatur ist sehr niedrig und daher auf jeder Sonde auf der sonnenabgewandten Seite des Sonnen-
schildes montiert. Mit diesem Entfernungsmesssystem konnen die Raumfahrzeuge wahrend der wissenschaftlichen
Beobachtungen ihren relativen Abstand zueinander messen. Das Missionsprofil und seine zwei Hauptphasen
werden charakterisiert. Das Missionsprofil besteht aus einer optimierten Transferflugbahn nach L, mit einer
Dauer von bis zu vier Monaten und eine darauf folgende fiinfjahrige Betriebsphase. Die Dauer jeder wis-
senschaftlichen Aufgabe kann zwischen einigen Stunden und mehr als 8 Tagen liegen. AV Budgets und eine
maligeschneiderte mechanische Konfiguration setzen eine vorldufige individuelle Startmasse des Raumfahrzeugs
auf 2.3 Tonnen fest, von denen fast 5% fiir Treibstoff vorgesehen sind.

Danach wird eine Untersuchung der Anforderungen an die Formationsgeometrie durchgefiihrt. Von
besonderem Interesse ist die Sichtbarkeitsanforderung, die vorschreibt, dass sich die Laser des Entfernungsmesssys-
tems wéhrend der wissenschaftlichen Phase in Sichtweite zueinander befinden miissen. Es wird gezeigt, dass
die mechanische Befestigung des Entfernungsmesssystems die relative Positionierung der Raumfahrzeuge
stark einschrankt. Weitere Anforderungen sind die relative Positionierungsleistung, das Blickfeld des Him-
mels und die wissenschaftlichen Ziele. Die Anforderungen werden in einer Ephemeride um L, ausgewertet,
ohne den Einsatz jeglicher Schubkontrolle. Selbst bei passiven Driftgroffen von bis zu 450 m und Drif-
traten von 18 mms™! fiir groRe Formationen wurde die Einhaltung der Anforderungen noch nach 8 Tagen
beobachtet. Die ersten Verstof3e wurden an der Zwei-Wochen-Marke festgestellt, wobei zu beachten ist, dass
diese Zeitspanne weit auerhalb der Dauer der wissenschaftlichen Aufgaben liegt. Wéahrend der Betrieb-
sphase wurde eine verhaltensorientierte Koordinationskontrolle eingesetzt, die am besten geeignet ist, den
autonomen Betrieb von IRASSI zu unterstiitzen. Angesichts der langsamen Dynamik von Storungen, die in
der Néhe von L, wirken, werden aulerdem einfache Regelungsriickkopplungskreise zur Implementierung
vorgeschlagen.

Der Entwurf und die Implementierung eines Tools fiir die Aufgaben- und Manéverplanung bilden den
letzten Teil dieser Forschungsarbeit. Das iSCOUT genannte Programm setzt sich aus vier Modulen zusam-
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men, deren gemeinsames Ziel es ist, die Abfolge der wissenschaftlichen Aufgaben optimal zu planen, sowohl
die zugehorigen Rekonfigurationsmandéver als auch die von den einzelnen Raumfahrzeugen wihrend der
wissenschaftlichen Beobachtungen zu verfolgenden Pfade zu berechnen und gleichzeitig kollisionsfreie Flug-
bahnen zu liefern, die die Sichtbarkeit der Raumfahrzeuge untereinander gewiahrleisten. Die Module sind das
Task-Planner Modul, das Rekonfigurationsmodul, das Kollisions- und Unsichtbarkeitsvermeidungsmodul
und das Baseline Pattern-Modul. Die Mano6ver werden unter anderem auf der Grundlage der Minimierung
der Mandverzeit und des Treibstoffmanagements (einschlielllich des Treibstoffverbrauchs und des Treibstof-
fausgleichs in der Flotte) optimiert. Als solches aggregiert iSCOUT den kompletten Satz von Missions-, For-
mationsgeometrie und Funktionsanforderungen.

iSCOUT soll letztendlich an Bord des Raumfahrzeugs ausgefiihrt werden und den autonomen Betrieb
des IRASSI-Interferometers unterstiitzen. In seiner jetzigen Form dient es als Instrument zur Analyse der
Machbarkeit, das die Ziele dieser Forschungsarbeit erfiillt. Als solches wurde eine umfassende End-to-End-
Missionssimulation durchgefiihrt, bei der gezeigt wurde, dass 79% der derzeit im IRASSI-Katalog enthaltenen
Beobachtungsaufgaben mit einem Aufwand von 5.1 kg Treibstoff pro Raumfahrzeug in fiinf Jahren erfiillt
werden konnen. Fast die Hilfte des gesamten Treibstoffs wird fiir Rekonfigurationen benétigt. Mehr als 75%
der Missionszeit konnen der eigentlichen wissenschaftlichen Beobachtung gewidmet werden, wéahrend die
restliche Zeit fiir Manéver und Aktivititen wie die Kalibrierung empfindlicher Instrumente gebraucht wird.
Daraus ergibt sich die Schlussfolgerung, dass die Mission auch unter Beriicksichtigung der technischen Her-
ausforderungen von IRASSI in dem vorgegebenen Zeitrahmen erfolgreich abgeschlossen werden kann.

Nichtsdestotrotz lasst der vorldufige Charakter des Instruments Raum fiir kiinftige Verbesserungen, ins-
besondere in Bezug auf die Vollstandigkeit der Bewegungsmodelle und der Betriebsszenarien, die auBergew6hn-
liche Bedingungen, wie z. B. Fehlfunktionen der Hardware, nachbilden kénnen. Die Flexibilitdt des Tools
wird zum Beispiel durch die Implementierung gemeinsamer Funktionen und Merkmale gewihrleistet, die in
verschiedenen Modulen verwendet werden. Die Weiterentwicklung von iSCOUT kann die erzielten Ergeb-
nisse verfeinern und die Liicke zwischen einer Machbarkeitsstudie und einem hochgradig realitdtsgetreuen
Missionssimulationswerkzeug schlieen, das unabhéngig von der Art der Anwendung ist.

Insgesamt zeigt die vorliegende Arbeit die Komplexitédt des Betriebs einer autonomen Interferometriefor-
mation im Weltraum, wobei Anforderungen unterschiedlicher Herkunft (Qualitidt der Wissenschaft, Geome-
trie des Raumfahrzeugs, Sichtbarkeit der Messsysteme, Zielverdeckung, Kollisionsvermeidung usw.) gemein-
sam bertlicksichtigt werden miissen, um eine einheitliche optimale Betriebslésung zu finden, die alle wis-
senschaftlichen Ziele der Mission erfiillt. Das Verstdndnis der Missionsplaner fiir die Auswirkungen indi-
vidueller Einschrankungen und Anforderungen auf die Leistung ist heutzutage, mit dem Aufkommen von
Satellitenprogrammen in Megakonstellationen, besonders wichtig.

Die in dieser Arbeit durchgefiihrten Forschungs- und Implementierungsarbeiten tragen auf mehreren
Ebenen zum Bereich des autonomen Formationsfluges von Raumfahrzeugen bei. Erstens wird speziell der
Einfluss des Raumfahrzeugdesigns auf den téglichen Missionsbetrieb untersucht und analysiert. Zweitens
bietet die detaillierte Anforderungsanalyse des Task-Planner-Moduls und des Baseline-Pattern-Moduls einen
besonderen Einblick in die Komplexitédt der Aufgaben- und Beobachtungsplanung fiir Astronomie-Missionen.
Fiir beide Module werden Optimierungsmethoden vorgestellt, die auf eine autonome Maximierung der wis-
senschaftlichen Leistung abzielen. Das Baseline Pattern Modul ist von besonderer Bedeutung, da es die er-
sten Schritte zum Verstdndnis der Auswirkungen der Formationskonfiguration im physikalischen Raum auf
die Qualitdt der gewonnenen wissenschaftlichen Daten darstellt. Schliefflich werden optimierte Manover-
planungsstrategien entwickelt, die die Ressourcen an Bord verwalten, um sichere Flugbahnen zu erzeugen,
die die missionsspezifischen Einschrankungen, wie z. B. die Sichtbarkeit, einhalten.
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INTRODUCTION

Nature and nature’s laws lay hid in the night;
God said ‘Let Newton be!’ and all was light.

Alexander Pope

It did not last: the devil shouting ‘Ho.
Let Einstein be!’ restore the status quo.

Sir John Collings Squire



2 1. INTRODUCTION

1.1. BACKGROUND

HE concept of employing multiple cooperative satellites flying in a swarm has emerged over the last

decades as an attractive replacement of traditional monolithic, single spacecraft for Earth-observation,
astronomy and space exploration activities. Although developments concerning its use in deep space are still
in infancy, the swarm approach benefits from increased mission robustness, higher reconfigurability, and
superior instrument resolution. Achieving high resolution is particularly critical for astronomy missions.

The research work detailed in this manuscript is framed within the scope of a feasibility study of a free-
flying interferometry mission. The mission is called InfraRed Astronomy Satellite Swarm Interferometer, or
IRASSI, and the study was led by the German Aerospace Center, Space Administration (DLR, Bonn, Ger-
many)' between 2014 and 2019. As an astronomy mission, IRASSI was designed for characterizing phenom-
ena in the far-infrared with an unprecedented imaging resolution of 0.1 arcsec so as to understand the genesis
of planets, star formation and evolution processes. In order to achieve this resolution, the five-element space-
craft formation must continuously drift during observations. IRASSI employs heterodyne detection in combi-
nation with a ranging system, which can provide inter-satellite distances with very high accuracy. Measuring
inter-satellite distances is crucial for correlating the observations and achieving the required resolution at the
collective system level.

Throughout the science phase, the spacecraft must perform complex operations that place stringent re-
quirements on the relative position and drift of the formation. Different targets have different relative drift
patterns and formation configuration requisites and it is, therefore, essential that all science maneuvers are
tailored to each corresponding target. Being in deep space, the success of IRASSI is thus tied to the ability
to autonomously derive observation task plans and optimal maneuvering strategies during critical science
phases. Developing an understanding of the behavior of the spacecraft is thus a stepping stone in design-
ing a formation concept that supports the scientific program of the IRASSI mission. This thesis reports the
methodologies adopted in providing an assessment of the feasibility of the mission, taking into account a
diverse set of formation constraints and science requirements.

1.2. MOTIVATION AND SCOPE OF RESEARCH

T HE motivation for the present research is directly related to the unanswered challenges of IRASSI in the
context of formation-flying.

1.2.1. SPACECRAFT-DESIGN-DRIVEN OPERABILITY

Operating an interferometer in space brings together a set of science goals and constraints which must be
traded during the design phase in order to deliver a unified mission solution. These constraints stem from
various sources. Some of the constraints are directly derived from the working principles of the science instru-
ments on board the spacecraft (e.g., the maximum or minimum separation of formation elements). Others,
depend on the physical distribution of such instruments on the bus. For instance, the sunshield mount rel-
ative to the prime direction of the collecting dish may affect the number of targets immediately available for
observation due to partial occlusion of the field of view. Similarly, if an interferometer relies on bi-directional
communication links, there is a limitation on where spacecraft can be positioned relative to each other before
visibility is lost or interrupted.

A suitable selection of spacecraft configuration and data-flow architecture allows drawing an envelope of
acceptable formation shapes and geometries. In turn, and together with the motion of the targets across the
field of view, this formation configuration determines which science tasks can be performed at what stage of
the mission. As it is clear, structural design and formation geometry have a major impact on overall technical
feasibility and mission scheduling. This calls therefore for a bottom-up approach to systems engineering
developments. Like a puzzle, the interconnectedness of singular elements ultimately determines how the full
constellation performs in real time.

1.2.2. SCIENCE PERFORMANCE AND MAPPING OF PHYSICAL SPACE

In interferometry, there is a relationship between the physical separation of the elements and science per-
formance. More importantly, the time evolution of the formation is the biggest determinant of how well the
science goals are met.

LIRASSI-I financed under FKZ 50NA1326, IRASSI II - Phase 1 financed under FKZ 50NA1714, IRASSI II - Phase 2 financed under FKZ
50NA1816.
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Whereas the relative separation is fixed for ground-based interferometers or limited for those relying
on structural arrays, a free-flying formation adds a new dimension of flexibility. It allows exploring three-
dimensional patterns which optimize the sampling of the celestial sky. It is essential to understand what
geometric parameters are associated with these desirable patterns so that optimal relative trajectories can
be prescribed to formation elements during science activities. This outlines a somewhat novel avenue of
investigation, the first steps within which are addressed in this research work.

1.2.3. OPTIMAL FORMATION FLYING OPERATIONS AND MANEUVERS
Devising a mission scenario relies on deconstructing high-level requirements, framing them into functional
and science activities and defining supportive information flow processes.

The science program requires that a minimum amount of targets are observed within the mission lifes-
pan. Launch and cost restrictions limit the fuel mass constraints. Additionally, depending on the mechanical
configuration of the spacecraft, only a portion of targets is available for observation at any point in time. One
must pursue a trade analysis of possible conflicting variables to generate an optimal planning and ordering
of activities.

Another challenge which is posed by operating a free-flying constellation is assigning trajectories in iner-
tial space. From the science side, the relative positions must form specific patterns, as explained before. From
the functional side, the trajectories must be fuel-economical and collision-free. Since spacecraft maneuver
freely and independently from each other, they will require different amounts of fuel while taking different
times to complete the maneuver. The mission is, however, contingent on all spacecraft operating at the same
performance level. If fuel depletion occurs in spacecraft before the predicted mission end, science perfor-
mance degrades and mission completion is at risk. Balancing fuel across the fleet is thus another aspect of
formation-flying which must be addressed.

The fluidity and timeliness of data exchange among spacecraft are also critical for a successful mission.
One of the design choices which must be made concerns thus the governance and self-ruling mechanisms
of the fleet. If the spacecraft rely on the ground stations for the planning of activities and maneuvers, then
this may relax computational requirements on board the spacecraft. However, a centralized architecture
may prove inflexible in the advent of unexpected situations, such as hardware malfunctions. Conversely, au-
tonomous formation planning places an emphasis on onboard processing capabilities, cooperative sensing,
inter-satellite visibility and communications. A nascent field in formation flying, autonomy in space involves
dedicated decision-making and planning algorithms intended to optimize operations in space, by removing
the need of human supervisors and operators on the ground. A harmonious solution that trades mission
complexity with onboard resources to guarantee a minimum performance level within IRASSI must be inves-
tigated.

1.3. RESEARCH QUESTIONS AND OBJECTIVES

N the light of the research motivations, the overarching aim of this thesis is

to deliver a unified mission feasibility result for free-flying interferometers at Ly, with a particular
focus on the IRASSI mission, encompassing a multi-disciplinary set of technical requirements that
directly affect formation-flying operations.

To address the research aim, the following research questions are posed and used as guidelines in the
development of this thesis.

Research Question 1

How can a reference mission scenario be defined in support of the high-level mission requirements?

This first question involves identifying different mission mythos and performing a comparative anal-
ysis between the candidates according to technical practicability, cost and complexity before selecting the
nominal one. For each scenario, the mission phases need to be defined and the launch windows and iner-
tial trajectories must be determined. Additionally, preliminary estimations of fuel and launch mass, AVand
power budgets and associated mission costs can be performed. The selection of the formation rendezvous
strategy, together with the launch mass estimations can lead to a pre-selection of launchers. The preliminary
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mission design is challenging mainly because of the highly interconnected disciplines involved: launcher and
trajectory design, propulsion, spacecraft architecture, formation GNC, among others. Changes in each of the
systems early on affect subsequent developments and consequently, during preliminary design studies, nu-
merous iterations are required in order to keep mission objectives synchronized.

Research Question 2

What is the expected behavior of a free-flying formation in the vicinity of L, and what formation
coordination strategies are applicable to an interferometer such as IRASSI?

This second question concerns the aggregation of constraints for formation design and probes poten-
tial formation organization schemes that suit formation missions operating far from Earth, establishing how
spacecraft can or should be positioned relative to each other in nominal conditions. Preliminary considera-
tions of formation design are relevant since they establish boundary conditions and allow mission planners
to identify early on some of the potential impacts on overall mission performance. Answering this research
question requires first and foremost, the definition of a nominal formation geometry according to high-level
science and spacecraft configuration requirements. As a second step, the formation dynamics ought to be
investigated with the spacecraft immersed in its nominal environment around L, and without any influence
of control. This allows thus to assess the influence of disturbances on relative motion and define envelopes
of free-drift which result in acceptable deviation of trajectories with respect to the nominal cases. Finally, the
applicability of autonomous guidance, navigation and control strategies to IRASSI, as enablers of efficient
and robust science- and maneuver-planning and as means to accomplish the mission objectives needs to be
explored.

Research Question 3

Houw feasible is the mission once all formation constraints and science requirements are considered and
how can a mission ‘end-to-end’ performance be evaluated? What maneuvering strategies guarantee the
safety of the telescopes and deliver the maximum science return?

The last question requires first and foremost a definition of feasibility in the context of a mission study:

A feasibility assessment is an objective, in-depth analysis of the most relevant technical factors that
impact a space mission in order to derive conclusions concerning the probability of successfully
conducting the mission within the boundaries of all identified requirements and constraints. This
analysis attempts to identify strengths and weaknesses of design choices and quantify resources
needed for the completion of the mission.

Addressing this last research question motivates a simulation of all mission elements, that brings together
science requirements (physical separation during observations, to pointing accuracy of the interferometer,
science return potential, trajectory evolution, etc.) and functional constraints (limited onboard resources,
collision-avoidance, field-of-view unobstruction during motion, etc.) that are critical for the success of the
mission and have previously been identified in answering Research Question 2. It should be mentioned that
for the purpose of this study, technical factors (science, engineering and operations) were solely taken into
account in the feasibility assessment of the mission and the planning of financial, logistical, legal and other
material resources were not explicitly considered.

In this sense, to be able to evaluate the capabilities and limitations of the mission, an operations-planning
tool is developed. The tool assists in the sequencing of science observations and computation of optimal,
safe maneuvers according to onboard resources of a formation-flying interferometry mission. The algo-
rithms of the tool are largely tailored to the IRASSI case. Answering this research question ultimately closes
the gap in assessing the feasibility of this exceptional interferometry mission at a preliminary level, by gener-
ating representative solutions and determining expected outcomes throughout its operational phase.
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1.4. THESIS STRUCTURE

I N light of the presented objectives, the structure of this thesis is illustrated in Figure 1.1 and is composed
of three major parts:

e Part I: the first block addresses the major design requirements and preliminary results of the IRASSI
mission. In Chapter 2, the scientific background motivating a far-infrared surveying campaign is pro-
vided and the IRASSI mission is introduced. Chapter 3 presents the mission phases, the AV budgets and
the configuration of the spacecraft for the nominal mission scenario. Part I concerns Research Question
1.

e Part II: the second block is devoted to analyzing the operational boundaries of the formation. Chap-
ter 4 uses the mission requirements and the spacecraft mechanical structure to deliver a formation
geometry envelope during nominal operations. The relative dynamics under uncontrolled drift are in-
vestigated in Chapter 5 and the last chapter of this block, Chapter 6, examines applicable autonomous
organization and control architectures to free-flying interferometry. Part I answers Research Question
2.

e Part III: building on the results of the first two blocks, the third block concerns the development of
algorithms for optimizing reconfiguration and science maneuvers, thereby supporting the astronomy
program of the mission. A tool, called iSCOUT, computes an epoch-dependent, optimal sequence of
observation tasks and unifies the planning of the maneuvers with the challenging constraints. Chap-
ter 7 outlines the skeleton of the tool and provides an overview of general model assumptions. The
four modules of this tool are presented in Chapters 8 to 11. Chapter 8 introduces relevant details of the
IRASSI target catalog, around which a straightforward approach to sequencing observations is devised.
Chapter 9 is dedicated to the planning of reconfiguration maneuvers, using fuel- or AV-management
as optimization criteria. The analysis is extended to heterogeneous formations. Chapter 10 addresses
the refinement of trajectories by evaluating collision and invisibility conditions and deriving alternative
optimal paths. The generation and commanding of formation patterns associated with science tasks
are detailed in Chapter 11 followed by a combined performance assessment of iSCOUT in Chapter 12.
Function-driven strategies which may frame future work within iSCOUT are discussed throughout the
chapters. Part III regards Research Question 3.

Conclusions and Recommendations are presented in the final chapter of the thesis, Chapter 13, where
the major findings are summarized and where an outlook for further investigation in the field of free-flying
interferometry is provided.

Each chapter, excluding the introduction and conclusions, begins with a one-page header thatincludes an
abstract, a citation referencing where the chapter has been published and a shortlist of the key contributors
to the content of the chapter.
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Figure 1.1: Thesis outline. Spacecraft credits: Creative Commons.
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THE IRASSI MISSION

We have calcium in our bones, iron in our veins;
carbon in our souls, and nitrogen in our brains.
93 percent stardust, with souls made of flames,
we are all just stars that have people names.

Nikita Gill
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ABSTRACT

This chapter introduces the IRASSI mission, which aims to further advance our current understanding of the
evolution of galaxies and Earth-like planets and the processes leading to the creation of pre-biotic conditions.
The scientific motivation for such an endeavor is presented, followed by the high-level mission requirements.
The connection between accuracy requirements and the physical properties of the targets is shortly summarized.
A stable environment in terms of gravitational disturbances and thermal variations motivates the selection
of a large Halo orbit around the Ly point of the Sun-Earth/Moon system, as the nominal destination of the
interferometer. The distinguishing factor of IRASSI is, however, its free-flying concept, whereby the spacecraft
drift continuously throughout the observation activities, in an expanding or contracting motion.
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2.1. INTRODUCTION

RASSI was a feasibility study undertaken by a consortium of partners between 2014 and 2019. It proposed
I observing stellar disks and protoplanetary regions using a constellation of five free-flying telescopes. In
these regions of the cosmos, important chemical and physical processes in the far-infrared radiation spec-
trum can be observed, specifically between 1 and 6 THz, spanning wavelengths from 300 down to 50 um. Ob-
serving such phenomena in these spectral ranges would greatly allow scientists to further their understanding
of how pre-biotic conditions in Earth-like planets are formed. Although observations in this spectral range
have been limited by the opacity of the atmosphere and by telescope size, recent technological developments
are thought to provide solutions that bypass these limitations. In particular, the use of heterodyne detection
in combination with a metrology system which measures the inter-satellite distance as the spacecraft drift
apart during observations is a novel concept that distinguishes IRASSI from previous mission studies. The
IRASSI formation is to be placed around the L, point of the Sun-Earth/Moon system.

The IRASSI consortium was headed by the German Aerospace Center, Space Administration (DLR, Bonn,
Germany) and composed of different institutions, each responsible for specific technical disciplines. These
are the Max Planck Institute for Astronomy (Heidelberg, Germany - high-level requirements and payload de-
velopment), the Institute of Space Technology and Space Applications (Munich, Germany — mission analysis,
spacecraft design, formation flying and relative navigation), the Institute of Flight Guidance (Braunschweig,
Germany - attitude determination and sensor fusion) and finally, Menlo Systems GmbH as an industry part-
ner (Martinsried, Germany - ranging system development).

2.2. SCIENCE BACKGROUND AND PRECURSOR MISSIONS

HE realm of astronomy has benefited immensely from recent advances in observation capabilities and

from improvements in spatial (or angular) resolution that facilities can achieve. Over the past three
decades, the Hubble telescope has been detecting galaxies and black holes in the furthest corners of the
universe in the optical (100 nm-1 mm) and ultra-violet (UV, 10 nm—400 nm) wavelength ranges, with a spa-
tial resolution better than 0.1 arcsec. Comparable resolution performance has been achieved with single-
dish ground-based telescopes sampling the near-infrared (NIR) regions (780 nm-2500 nm) by means of de-
formable mirrors (that is, adaptive optics) to reduce the effect of atmospheric distortions. A higher reso-
lution is yet achieved if observations by single-dish telescopes are combined with those of interferometers,
such as the Very Long Telescope Interferometer (VLTI), creating long-baseline interferometry setups. At lower
photon energies, such as in radio wavelengths, sub-mas resolution performance can be achieved with very-
long-baseline interferometry techniques, the state-of-the-art currently represented by facilities such as the
NOEMA [1], SMA [2] and particularly ALMA! [3]. However, although currently astronomers can access the
sky at many wavelengths regimes with a high spatial resolution, the far-infrared (FIR), particularly of fre-
quencies between 2-6 THz (30-300 um), is a prominent exception. Figure 2.1 provides the electromagnetic
spectrum overview.

Due to the presence of water vapor in the Earth’s atmosphere, this portion of the spectrum is attenuated
by 97 %-99 %, even at the driest observation locations in the world, such as ALMA, in the Chilean desert, and
DOME-C, located in Antarctica [5]. As such, sophisticated airborne or space-based instrumentation which
bypasses the atmosphere must be employed to observe phenomena in the FIR regime. In addition, the angu-
lar resolution has an inverse relation with the diameter of the collecting dish. Bringing achievable resolutions
in the FIR to the sub-arcsec level implies that single-dish telescopes must be prohibitively large, demanding
the use of interferometry for these regimes. Figure 2.2 depicts existing observation facilities in the radio and
infrared wavelengths.

Until now, the resolution achieved in the FIR wavelengths has been limited, as FIR observation facilities
are still in their infancy, compared to the NIR and the MIR regimes. The Herschel observatory remains at the
vanguard of what is technically feasible in terms of angular resolution. None of the future planned single-dish
satellite missions [6-8] aim to achieve an angular resolution below the arcsec-level in the FIR regime, although
discontinued mission studies[9-11], did propose an interferometric approach exactly for this purpose.

As a consequence of these challenges, there remains a band of wavelengths, illustrated in Figure 2.2, which
remains relatively unexplored at fine resolutions. This is the gap that IRASSI intends to fill, whilst both build-
ing on previous mission studies [9-13] and proposing novel concepts concerning relative navigation, swarm
dynamics and calibration of such a state-of-the-art facility.

1The abbreviated names respectively for NOrthern Extended Millimeter Array (NOEMA) located in France, the Submillimeter Array
(SMA) in Hawaii and the Atacama Large Millimeter Array (ALMA) in Chile.
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Figure 2.1: Wavelength ranges of electromagnetic radiation. Source: InfraTec [4].

2.2.1. ASTRONOMY IN THE FAR-INFRARED AND IRASSI

The discovery of over 4200 planetary systems outside of our Solar System [15] is one of the most exciting
developments of modern astronomy. Of these, Earth-like planets are of particular interest as they can provide
answers regarding the necessary environmental conditions that need to exist for life to materialize. In order
to be able to characterize Earth-like planets, it is crucial to study the processes which lead to their formation
by observing circumstellar disks and protoplanetary regions surrounding these planets. These regions are
obscured by cold clouds of gas and dust, and only in FIR frequencies is it possible to look through the dust.
The science cases for IRASSI [16] are enumerated below. Figure 2.3 shows a schematic of a protoplanetary
disc.

1. Disk evolution
Gas in stellar disks shapes the formation of planets and controls the dynamics of planetesimals, that
is, the accretion of the first solid cosmic dust grains. Accurate gas-mass measurements provide insight
into the evolution of disks and enable scientists to understand the formation environments of planets.
Carbon monoxide (CO) can be used to measure velocity fields and differentiate gas heated by a central
protostar and gas compressed from accretion shocks.

2. Star formation
Stars are the essential building blocks of galaxies, determining the features of the planetary systems
that may coalesce about them. Characterizing Earth-like planets requires studying the birth of stars.
Stars are born within dust clouds. The energy exchange and cooling processes of clouds are largely
attributed to inelastic collisions of molecules, which are detectable in the FIR. Together with ground-
based observations, comparisons between the dynamics of atomic and molecular gas phases in these
cold clouds would be possible.

3. Star evolution

The course of stellar evolution and several stellar properties depend on the star mass and mass distri-
bution at birth. Stellar evolution within molecular clouds is largely driven by a combination of infalling
raw material due to gravitational forces and the transport of dust through accretion. Infall rates are
thus an important measure of the change in protostar mass over time. These processes can be detected
in the FIR. With novel developments in heterodyne detection instruments in terms of sensitivity and
bandwidth, it will be possible to deliver high-resolution maps of dust-embedded objects and estimate
with high accuracy and resolution true infall rates of material towards protostars.

4. Planet formation potential
Water is a very important molecule conducive to the emergence of life. Detecting water or H>O gas
directly in debris and circumstellar disks at high resolution would provide valuable input in assessing
the probability of planet-formation events through estimations of the location of the (water) snow line.
The location of the snow line determines the distance in a star-forming region, such as nebulae, from
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Figure 2.2: Angular resolutions achieved by different radio and optical infrared telescopes [14]. Indicated in blue are single-dish tele-
scopes, all of which are space-based with the exception of the JCMT; and, in red, are ground-based interferometers. There is a gap,
marked in gray, in the frequency-wavelength band (approximately 1 to 12 THz, or 350 to 25 um), corresponding to far-infrared ranges:
this range has not been explored with angular resolutions below 1 arcsec.

a central star, where it is cold enough for volatiles such as water® to condense into solid ice grains. It
typically separates terrestrial planets from giant planets®. Promising studies [19, 20] pave the way for a
facility like IRASSI to probe H,O emissions from inside the water-snow line in the FIR in protoplane-
tary disks moderately close to Earth. In addition to water, measurements of gas mass are necessary to
determine the planet-formation potential of protoplanetary disks. Certain unique features of atomic
gas in the FIR have yet to be fully explored by scientists.

2.2.2. PREVIOUS MISSIONS AND CONTRIBUTIONS

While most of the launched formation-flying missions focused on Earth applications and on technology
demonstration, space-based astronomy has been so far been materialized solely by single-element tele-
scopes. IRASSI, therefore, inherits its layout from a mixture of past astronomy missions like Herschel [22]
and studied interferometry mission concepts. Noteworthy studies include:

o TPF (Terrestrial Planet Finder) [23]: TPF was a NASA project aimed at detecting extrasolar terrestrial
planets in nearby stars. Within the study, two architectures were considered, a visible-light corono-
graph and an infrared nulling interferometer. The interferometer architecture specifically intended to
search for biomarkers in the atmosphere of such planets, such as CO, and water, and perform the fi-
nal characterization of terrestrial bodies and gas giants within the mid-infrared band of 6.5 um-18 um.
With a three-to-four-element formation separated by 100-m baselines, TPF set out to achieve approx-
imately 25 mas in angular resolution. The concept relied on relative position control with centimeter-
level accuracy. The TPF contained a catalog of 250 stars, each to be surveyed three times over the five-
year mission. After consecutive delays over the course of more than a decade, TPF was finally canceled
in 2011. The TPF interferometer architecture was the precursor of Darwin.

e Darwin [12]: after TPE Darwin is the second-longest mission study of the list. Part of the program of the
European Space Agency (ESA), Darwin underwent several design iterations with the number of forma-
tion elements varying from four to nine. In the most recent version, a central beam combiner spacecraft

20ther volatiles include ammonia, methane, carbon dioxide, carbon monoxide.
3For reference, the snow line of our Solar System lies currently at approximately 5 AU from the Sun [17] although during the early forma-
tion stages of planetesimals, nearly 4.6 billion years ago, this location was about half of that distance, at 2.7 AU from the Sun [18].
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Figure 2.3: Sketch of the physical and chemical structure of a 1-5 million-year-old protoplanetary disk around a Sun-like star [21].

with spectrograph payload would receive redirected light of distant stars and planets from three other
deputy telescopes. Direct planet detection and atmospheric spectroscopy were shared goals with TPE
Producing high-resolution infrared images was also Darwin’s objective, allowing one to gain insightinto
various astrophysical processes. Sampling the mid-infrared at wavelengths of 6 um-20 um, a resolution
of targets of 5 mas at 10 um was foreseen for the longest baseline distances of 500 m. Such sensitive,
high-resolution observations relied on controlling relative distances between the deputy telescopes at
the pm-level and the distances between the telescopes and the beam combiner within 1 nm. The study
ended in 2007 with the technology readiness level pointed as one of the biggest challenges to overcome
for achieving feasibility.

e SPIRIT (Space Infrared Interferometric Telescope) [9, 10]: this NASA-sponsored mission study pro-
posed to perform spectroscopy and high-angular resolution imaging in the subarcsec regime, targeting
the FIR range of 25um-400um. It aimed at understanding how planetary systems arise from stellar
desks, characterizing their composition and differentiating them according to their location in the
disks. It also set out to investigate the origins and evolution of high-redshift galaxies. SPIRIT de-
vised a formation concept of two light-collecting telescopes separated by a beam-combiner instrument
mounted on a boom structure. The telescopes would sample the sky by sliding on the boom, to reach a
maximum distance of 36 m.

o ESPRIT (Exploratory Submillimeter Space Radio-Interferometric Telescope) [11]: the concept of het-
erodyne detection in a free-flying interferometer was first explored in the ESPRIT study. Composed of a
six-element formation with maximum baselines of 1 km, it proposed to explore the far-infrared band of
50 um-600 pm with an angular resolution of 0.1 arcsec. A European-led initiative, ESPRIT was primar-
ily aimed at designing the scientific instrumentation and overall architecture. One of the critical design
choices was to employ a distributed correlator on board the spacecraft. This implied that all spacecraft
were manufactured equally, guaranteeing redundancy and cost-savings.

¢ FIRI (Far-infrared Interferometer) [13]: this ESA study devised a classical concept of three large tele-
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scopes orbiting a central beam-combiner module with baselines of up to 1 km. A tethered configu-
ration and a free-flying solution were both considered during the study. FIRI proposed employing a
hybrid of heterodyne and direct-detection techniques, promising an angular resolution of 0.02 arcsec
while observing the far-infrared range of 25 um-385 pm for high-resolution spectroscopy. Unveiling the
formation of galaxies and the evolution of stars, planets and super-massive black holes by sampling at
structures of dust in protoplanetary disks was the prime objective of FIRI.

IRASSI builds on the heritage of these studies to granularly resolve astronomical processes in the far-
infrared, by replacing traditional centralized imaging systems with distributed science architectures, identi-
fying the technology limitations associated with these novel concepts and taking a leap forward by supporting
technology development for supporting such a mission.

2.3. IRASSI SCIENTIFIC OBJECTIVES

T HE main goals of the mission and the justification for certain practical constraints is provided.

2.3.1. HIGH-LEVEL AND OPERATIONAL REQUIREMENTS

The main goal of IRASSI is to observe cold regions of space where Earth-like planets are likely to form, such as
stellar disks, and investigate chemical and physical processes associated with the generation of these Earth-
like planets. Such processes can be unveiled during the early phases of star formation in stellar disks when
these regions are completely obscured by dust.

More particularly, the telescopes will analyze the distribution of relevant ionic, atomic and molecular
species, by detecting their spectral signatures and the associated gas dynamics and the physical conditions
surrounding these events which ultimately lead to pre-biotic conditions in Earth-like planets.

The science objectives dictate the technical specifications in order to fulfill the objectives of the mission.
These high-level requirements are summarized in Table 2.1. The motivation for critical design choices is
summarized in the next subsections.

Table 2.1: IRASSI high-level science and design requirements.

Parameter Required Value

Number of telescopes (1) 5

Number of baselines 10 @]

Length of baselines 7-10 m (min) to 850 m (max)
Formation configuration Free-flying in 3D

Size of telescope mirrors 3.5 m primary mirror
Wavelength (1) range 50 to 300 pm

Frequency range 1to6 THz

Field of view (of each telescope) 3 to 19 arcsec (frequency-dependent)
Angular resolution 0.1 arcsec (at A = 300 pm)

Telescope pointing accuracy 0.4 arcsec (requirement), 0.2 arcsec (goal)
Baseline measurement accuracy  5pm

Noise temperature < 480 K/THz

Temperatures 80 K main dish; 4 K mixer

2.3.2. INTERFEROMETRY AND THE (U, V)-PLANE
As an interferometer, the angular resolution of IRASSI is determined by the length of the baselines. The term
‘baseline’ refers to the projected separation between two points of reference (located in two different space-




18 2. THE IRASSI MISSION

e (LY .
Base2 = Geometric
V\(\i\\\ \\ de‘ay
oeyste Ty (g
ngins :g;\cm (W)

ra
measy

Figure 2.4: Illustration of the UV W reference frame.

craft), on a plane parallel to the incoming signal wavefront. In summary, the larger the baseline, the better
the angular or spatial resolution of a target.

In order to reference the target, the UVW frame must be defined. The W -axis connects the telescope
detectors to the target and plane formed by the U- and V -axes, called the (U, V)-plane, is then parallel to
the incoming wavefront. The specific direction of the U - and V' - axes must be defined at the beginning of an
observation and remains fixed during the whole observation period. The UV W reference system is illustrated
in Figure 2.4. Note that the baseline is projected in the (U, V)-plane. There are a total of 10 baselines, in a five-
spacecraft formation.

IRASSI relies on heterodyne detection which processes amplitude and phase information of incoming ra-
diation. The heterodyne interferometer cross-correlates digitized wave signals containing the spectral infor-
mation from each telescope pair (section 3.4.2 elaborates further on heterodyne detectors). This produces a
set of visibilities (i.e., visibility function in the Fourier-transformed plane), at different locations in the (U, V)-
plane. As baselines change, these sets of visibilities gradually populate the (U, V)-plane. The reference points
of the baseline measurements are assumed to be the heterodyne instruments located inside the spacecraft.

The final target images are produced with postprocessing techniques. To obtain a high-quality image of a
celestial object, the interferometer must scan as many points in the (U, V)-plane as possible.

BASELINE LENGTH AND ACCURACY

One of the high-level goals of IRASSI is to deliver a spatial resolution of 0.1 arcsec across the whole FIR fre-
quency range, from 1 to 6 THz. Assuming a suitable sampling of the (U, V)-plane, a uniformly weighted
sampling function will give rise to a synthesized beam, whose full-width at half-maximum FWHM is a func-
tion of the maximum baseline b, at the lowest frequencies, that is, at the longest wavelengths A,,4,. For
a FWHM = 0.1 arcsec and given that the longest wavelengths of the IRASSI targets are A4, = 300um, the
maximum baseline b, is computed as [24]:

bnax = 0.705 Amax 425m (2.1)
0.1 arcsec
To account for noise due to high sidelobe levels of the uniform weighting scheme, a factor of 2 for the maxi-
mum baselines is introduced, bringing the maximum baseline lengths to 850 m.

In order to ensure that two heterodyne detectors correlate the signals from the same incoming wavefront,
the geometric delay, also featured in Figure 2.4 as the w component, must be estimated very precisely. Un-
certainties in the geometric delay lead to uncertainties in the phase of the recorded signals and a too-large
uncertainty may therefore decorrelate the signals. In order to obtain an interference pattern, both wavefronts
must be combined with a phase error below 30°. In terms of wavelength (1), this geometric delay translates
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into an accuracy knowledge requirement of approximately A/10. The shortest wavelengths have thus the
stringiest requirements. If the minimum wavelength to be observed, A,,;, is 50um (cf. Table 2.1), then the
geometric delay accuracy must be known within 5pm. To determine the geometric delay, or the baselines,
at this accuracy, a dedicated ranging system is employed and attitude sensors on board the spacecraft are
also used. The baseline estimations in the (U, V)-plane are also based on the measurements of the ranging
system.

Each spacecraft carries one ranging system mounted on an optical bench structure and each ranging sys-
tem is equipped with four laser terminals. Each laser terminal must link to another spacecraft’s laser terminal
to measure continuously the relative distances between the two. The baselines and geometric delay are ulti-
mately measured in a two-step process: 1) the ranging system lasers provide largely the separation between
the two spacecraft and 2) the separation of the ranging system to the reference points (the heterodyne instru-
ments inside the spacecraft), the attitude of the spacecraft from onboard sensors and all associated distance
and angular measurement errors are then added to the process to produce a unified measurement of the
geometric delay and baseline distances.

POINTING ACCURACY
Targets in the FIR are in general very faint and therefore large collecting areas (optical elements, such as
mirrors) are necessary in order to increase the number of targets that can be detected. This motivates the
choice of a 3.5-meter main mirror - a compromise between scientific potential and plausible dimensions
which fit within a launcher’s upper stage. This was also the size of Herschel’s main mirror [22].

For a uniformly illuminated antenna with circular aperture of radius r the resulting power pattern (the
‘primary beam’) has a half-power beam width HPBW [24]:

0.514 1
HPBW = ——— (2.2)
r

where A is the target-emission wavelength. The pointing accuracy requirements depend thus on the lower-
end of the wavelength operational range of IRASSI. With A,;;, = 50um, the HPBW is 3 arcsec for a uni-
formly illuminated circular antenna. Modified designs for the main and secondary mirrors will slightly widen
the main lobe by a factor of =1.1-1.4 [16]. Assuming a factor of 1.33 compared to the uniform illumination
HPBW, the minimum requirement for the pointing accuracy is set to:

HPBWULW,,-,,:SOpm
10

However, in order to ensure high-quality interferometric data, it is suggested to pursue even higher accura-
cies. For instance, Napier [25] advocates a pointing accuracy of %. Therefore, HPBW, rf = 0.2 arcsec
would be the goal for the IRASSI pointing accuracy.

HPBWeyy = x 1.33 = 0.4 arcsec (2.3)

2.3.3. TARGET POPULATION AND SCIENCE OBSERVATIONS

The current catalog of potential targets* comprises 453 distinct objects, among them young stars (low-mass T
Tauri stars and intermediate-mass Herbig stars) which are known to contain circumstellar gas and dust disks
and which can be hosts to forming protoplanets; debris disks comprising of stars heavier than our Sun and
remaining dust cloud material, where the planet formation might be more advanced; active galactic nuclei
(AGNi) where the dynamics of neutral and ionized gas can be assessed; nearby galaxies and massive young
stellar objects; high-mass star-forming regions and other special bright disk sources, such as prominent hot
cores and hot corinos. An overview of the catalog entries is provided in Appendix D, whereas Figure 2.5
provides impressions of the IRASSI target population.

Each target is associated with a priority grade, an observation duration and the number of required visits.
Detection observations require integration times between 0.1 to 8 days depending on the spectral type of the
target and the distance to the target. The maximum duration of the observations of 8 days is allocated to
debris disks, who similarly require a high number of revisits (they are very faint targets, which require long
integration times), whereas massive objects require shorter observation times (they are bright sources in the
FIR).

There is no differentiation of science activities per se as all targets involve the same operational processes.
Similarly, there is no fixed formation configuration during the Science Observations subphase, as only high-
level requirements demand that a free-drifting three-dimensional structure is observed. The minimum and

4The target list is to be updated periodically as potential sources are identified by the consortium partners.
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(a) T Tauri surrounded by a gas and dust cloud. Credit: NASA. (b) AGN powered by accretion onto a supermassive black
hole. Credit: MIT Kavli Institute.

Black hole ;/

Accretion digk

Torus of neutral
gas and dust

(c) M81 Galaxy in infrared. Credit: NASA/JPL-Caltech. (d) Different features of an AGN. Credit: Aurore Simonnet,
Sonoma State University.

Figure 2.5: Illustration of IRASSI targets.

maximum formation baselines (i.e., separation along the (U, V)-plane) of each observation are dictated by
the target, but the three-dimensional arrangement of the formation leaves a degree of freedom for arranging
the telescopes in preparation for an observation task. The boundary conditions for a formation geometry
design are addressed in Chapter 4.

The nominal operational concept involves sampling one single target for each observation routine. For
this target, the telescopes initiate the drift by means of a low-thrust maneuver at a baseline separation ex-
tremum (maximum or minimum) and finish the task at the other end. The observation details are summa-
rized in Table 2.2.

2.4. ORBIT SELECTION

T is of importance to the performance of the telescopes that observations are carried out unobtrusively and
I in stable conditions, avoiding violations of baseline measurement accuracies. This leads to the consider-
ation of Lagrangian points, or libration points, as potential candidates around which the IRASSI spacecraft
can fulfill its mission.

Lagrangian points are mathematical solutions to the Circular-Restricted Three-body Problem (CR3BP) [26].
The CR3BP describes the dynamics of a spacecraft around two primary massive bodies, without the former
influencing their motion, i.e., the mass of the spacecraft is neglected with respect to the primaries. It also
assumes that the primary bodies have circular orbits around their center of mass. In the CR3BP the trajecto-
ries and orbits of a spacecraft are determined solely by the gravitation interactions of the two primary bodies
and the distance between the spacecraft and these bodies. At the exact Lagrangian point locations, however,
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Table 2.2: Science observations for the IRASSI mission.

Science
Description

Observations

Objective Analyze the distribution of relevant ionic, atomic, and
molecular species in circumstellar disks, detect their spec-
tral signatures, the gas dynamics and the physical conditions
leading to planet formation.

Observation

duration 0.1 to 8 days

(days)

Target visits 1to3

Priorities l1to4

Formation L . .

. free-flying in 3D, at a maximum baseline of 850 m
configuration

the gravitational forces of the two primaries balance the centripetal force of the spacecraft. In the vicinity
of Lagrangian points, the spacecraft can maintain a rather stationary position with respect to the two pri-
mary bodies even when disturbances (e.g. solar radiation pressure, the proximity of other planets, etc.) are
considered and quasi-periodic orbits can be found around these points.

Of the five Lagrangian points, the so-called second Lagrange point, or Ly, of the Sun-Earth/Moon system
is of particular interest to IRASSI. The L, point is located approximately 1.5 million km from the Earth, in
the anti-Sun direction of the Sun-Earth line (the Earth and the Moon are treated as a single massive body;,
by considering their barycenter in the CR3BP). Because it allows spacecraft to remain relatively stationary
with respect to the primaries, low energy expenditure is required for station-keeping. If the orbit around
L, islarge enough, thermal variations are minimized (compared, for instance, with the Earth, where heat-
ing/cooling cycles render sensitive instruments inoperable). And finally, it allows scientific observatories to
point away from bodies, such as the Sun or the Earth, maintaining an unobstructed view of deep space. Ex-
ample missions carried out to L, are, for instance, the WMAP (Wilkinson Microwave Anisotropy Probe) [27],
HSO [22], Planck [28] or GAIA (Global Astrometric Interferometer for Astrophysics) [29].

In order to describe the IRASSI’'s nominal orbit, the L,-centered reference frame, hereby termed %, must
be defined. As such, the following properties apply:

¢ the §x-axis is aligned with the ecliptic plane and its positive direction follows the anti-Sun direction
(towards outer space);

e the dz-axis is aligned with the North and South ecliptic poles of the celestial sphere, with the positive
sense in the North-pole direction;

e the 6 y-axis completes the right-handed reference frame.

This reference frame is illustrated in Figure 2.6(a). A quasi-Halo5 orbit is selected for the mission, charac-
terized by the following properties:

¢ quasi-periodic (frequency in d y-axis is nearly the same as the d x-0 z-axes frequency);
e large amplitudes in the § y-component;
¢ aspacecraft in this orbit will not enter the antumbra region, i.e., it is free of eclipses;

¢ quasi-free AV transfer maneuvers.

5The prefix ‘quasi’ is coined since any orbit around L, is dynamically unstable, i.e., spacecraft will diverge from the reference Halo over
time and ‘escape’ to outer space, in a heliocentric trajectory due to the solar radiation pressure, the movement of the Moon, among
other disturbances.
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These characteristics make Halo orbits ideal ones to carry out observations in the far-infrared, satisfying the
high-level scientific requirements of the IRASSI mission. A quasi-Halo orbit around L, as seen from the Sun,
is illustrated in Figure 2.6(b).

IRASSI’s operational orbit is a large-amplitude quasi-Halo (800000 km x 400000 km) around L,, with a
period of six months. There is no requirement to maintain a fixed amplitude in each revolution, as long as the
formation does not escape the vicinity of L, and maximum incursion limits are observed. This is addressed
in section 3.3.

Sun-Earth line @

Earth
Sun ; : : j
0.5 0.0 -0.5 -1.0
dy (km) x106
(a) £ frame (b) Halo orbit [14]

Figure 2.6: Lp-centered reference frame and quasi-Halo orbit around L. The red dot (right) denotes the Earth.

2.5. MISSION OVERVIEW

T is envisioned that the formation is launched with three launchers, in a 2-2-1 sequence. A propulsion

module encapsulates each set of spacecraft. After injection into a highly elliptical orbit around Earth,
the propulsion module is deployed from the launcher. After about 24 hours on this highly elliptical orbit,
the cruise flight starts in direction to L,. The spacecraft remain inside the propulsion module until the op-
erational orbit is reached. Upon entering the Halo orbit around L,, the spacecraft are deployed from the
propulsion module and a set of health-check activities ensue to prepare the spacecraft for their five-year long
operational life.

Once the spacecraft are operational, the scientific program of the mission can start. During observation
tasks, the spacecraft shall drift continuously, expanding the baselines until a maximum of =850 m is reached,
or conversely, contracting the baselines to a minimum of 7-10 m in the UV W frame. This drift is initiated by
thrusters. The satellite distances do not have to be controlled but very accurately measured. An inter-satellite
metrology via laser-based optical frequency combs shall provide these measurements to the correlator.

Although no symmetry is required, the spacecraft should be distributed in a three-dimensional configu-
ration. The spacecraft are intended to be replicas of each other, i.e., have the same shape, volume and mass,
as well as perform the same functions. This is expected to reduce overall mission complexity and costs (i.e.,
manufacturing), as well as to provide an element of redundancy. This redundancy allows for the failure of
one of the elements without sacrificing the whole mission.

The selection of the reference scenario is a result of design trades, such as complexity and risk, and her-
itage from previous missions. Detailed logistics, financial assessments and scalability issues are nonetheless
out of the scope of the present research.

2.6. CHAPTER SUMMARY

HIS chapter introduced the most relevant aspects of the IRASSI mission. The underlying motivation for
T proposing the IRASSI mission is unveiled in the first section, together with an overview of previous mis-
sion studies upon which IRASSI is built. Novel technology developments, together with heterodyne detection
methods, make the IRASSI mission a promising space-based facility for observations in the far infrared.

The high-level requirements are thereafter presented, which serve as the basis for the research of this the-
sis. A maximum baseline distance is set at 850 m, due to the strict spatial resolution requirement of 0.1 arcsec
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at the longest wavelengths. Conversely, the pointing accuracy of 0.4 arcsec is directly related to the shortest
wavelengths and the size of the primary mirror, whose diameter is set at 3.5 m, heritage of the Herschel Space
Observatory.

The last subsection presents the nominal orbit of IRASSI, corresponding to a quasi-Halo orbit around the
L, point of the Sun-Earth/Moon system. Finally, a brief outline of the mission is provided, where the free-
flying nature of the interferometer is highlighted.
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The scientific man does not aim at an immediate result.

He does not expect that his advanced ideas will be readily taken up.
His work is like that of the planter - for the future.

His duty is to lay the foundation for those who are to come,

and point the way.

He lives and labors and hopes.

Nikola Tesla
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ABSTRACT

Chapter 3 provides a system-level description of the IRASSI mission. The mission phases are identified, as are
the activities and maneuvers contained within them. Three launch windows are available each year, starting
approximately in March, July and December, with a duration of one month. The cruise to Ly lasts between
90-120 days. Approximately 600 observation tasks are estimated to be fulfilled during the mission, with recon-
figuration maneuvers accounting for more than half of the total AVestimations, at 225 ms™. The spacecraft
are expected to weigh 2300 kg, a quarter of which is allocated to payload hardware and 5% is allocated to fuel.

Publication

L. Buinhas, E. Ferrer-Gil and R. Forstner, IRASSI InfraRed Astronomy Satellite Swarm Interferometry: Mis-
sion Concept and Description, Proceedings of the 2016 IEEE Aerospace Conference (2016).

Credits for the spacecraft ground visibility and mechanical design work belong to Eloi Ferrer-Gil. The information is added in this chapter
for completeness.
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3.1. INTRODUCTION

HE design of the mission activities and the architecture of the spacecraft are shaped by the science goals
T set out for IRASSI. A set of sensitive science instruments demands, for instance, the existence of certain
operational rituals to ensure compliance with performance requirements, such as an intermittent calibration
of attitude and ranging sensors. The same instruments are associated with lower thresholds of thermal vari-
ations and mechanical vibrations relative to other subsystems of the spacecraft. Payload instruments require
thus a partition of the spacecraft on the basis of thermal and vibrational shielding.

In light of the high-level requirements of the mission, the phases of the mission are described in the first
section, followed by the mission analysis describing the reference trajectory of the spacecraft, from their de-
parture from Earth until the end of the mission. All maneuvers are identified, which, compounded by the
subsystems’ mass, lead to an estimation of the launch mass of the spacecraft in the final section of this chap-
ter.

3.2. MISSION PHASES

T HE IRASSI mission is divided into eight main phases, ranging from the pre-launch and launch activities
until the end of the operational life of the telescopes. Of relevance to this work is the Nominal Operations

phase. The remaining mission phases are briefly addressed in Appendix A and are summarized in Table 3.1

with the corresponding durations.

Table 3.1: IRASSI mission phases.

Phases and subphases Duration
Pre-launch 8 hours
Launch 25 minutes
Deployment of Propulsion Modules 4 hours
Transfer Cruise to Ly 90 to 120 days
Deployment of Spacecraft 12 hours
Activation & Initial Formation 3 days
Subsystem & Payload Commissioning 30 days
Nominal Operations 5 years
Formation Reconfiguration =12 hours
Formation Pointing 6 hours
Scientific Observations =1 to 8 days
Calibration 4 hours
Uplink/Downlink 4 hours
Station-keeping (once per orbit)

Nominal Operations constitute the longest phase of the mission and comprises a set of cyclic activities
and subphases briefly described below. In total, the sequence of cyclic activities, called ‘Observation Cycle’
lasts from a few hours to over 8 days and repeats iteratively until either station-keeping maneuvers are re-
quired or off-nominal conditions arise. Based on the present work (the results of which are summarized in
Chapter 12), it is expected that, over the course of the 5 years, around 600 observation cycles take place.

1. Formation Reconfiguration: before the beginning of each observation, each spacecraft must move in-
dividually to their specified positions. This may mean a rearrangement of the constellation in inertial
space to cover a specified region of the sky.

2. Formation Pointing: after all spacecraft achieved their specified initial position, they must change their
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attitude according to the region of the sky that is to be surveyed, such that the telescopes are aligned
with the target.

3. Scientific Observations: most of the payload instruments operate exclusively during this subphase.
Fine target-acquisition for high-accuracy pointing precedes the formation drift, which lasts for a num-
ber of hours up to 8 days until the maximum/minimum desired baseline length is reached. As afore-
mentioned, this continuous drifting motion provides the coverage of the (U, V)-plane. The data col-
lected is stored on board before being transmitted to the ground for post-processing.

4. Calibration: calibrations allow sensitive hardware to return to a known set point after a number of
observation activities have been carried out. Given the precision requirements and the sensitivity of the
science instruments involved, e.g., the heterodyne detectors, periodic corrections are foreseen. Other
instruments, such as the ranging system, sensors or control actuators may also be calibrated when
required, although less often than the heterodyne detectors.

During calibrations, it is assumed that no particular relative position determination and attitude con-
trol requirements are in place and the spacecraft may drift freely - thus no maneuver is allocated during
this subphase.

5. Uplink/Downlink: it comprises activities dedicated to downlinking the collected data from the pay-
load subsystem and uplinking instructions from the ground for future operational procedures (e.g.,
target allocation schedules). In addition, overall housekeeping information from the spacecraft sub-
systems should be communicated to ground stations and control commands should be retrieved. Up-
link/downlink of data can be carried out after or simultaneously with other subphases, as long as the
spacecraft are visible from the ground and enough power is available.

Due to the omnidirectional pattern of the low-gain antennas (LGA) and the pointing mechanism of the
high-gain antennas (HGA), no particular maneuver is allocated during this subphase.

6. Station-keeping: impulsive corrections of the position of the spacecraft in their orbit outside scientific
observation periods should occur periodically, nearly every 3-6 months.

3.3. MISSION ANALYSIS

T HE present section provides an overview of the reference trajectory based on the selected operational
orbit and the required AV estimations for IRASSI as well as a summary of the visibility analysis from the
ground.

3.3.1. REFERENCE TRAJECTORY

The reference trajectory assumes hypothetical launch windows in 2029/2030 and the launch course used by
Arianespace launchers for L missions [30]. The launchers depart from the Guiana Space Center, in Kourou
(French Guiana) and a direct transfer is used to reach the final orbit around L,. This reference trajectory
was simulated using the General Mission Analysis Tool (GMAT) [31]. The Earth was chosen as the primary,
central body with the Moon and the Sun as point masses in the force model and solar radiation pressure was
considered.

The motivation for choosing such alaunch trajectory is threefold. First, preference was given to European-
operated launch sites. Secondly, specific information regarding a launch to L, was available, contrary to other
manufacturers. And finally, a launcher from the manufacturer (Ariane 5 ECA), has been used in the past for
missions directed to L; as in the case of the Herschel Space Observatory and Planck [32]. Therefore, such a
launch trajectory is proven feasible.

The reference trajectory of the constellation adopts the following profile:

e the launcher departs from the Guiana Space Center

e thelauncher is inserted in a highly elliptical orbit (HEO) approximately 25 minutes after launch and 80°
eastwards from the launch site;

e the propulsion module is propagated for approximately 24 hours before initiating the cruise phase from
Earth to the Lagrange L, point;

 the propulsion module is propagated to the vicinity of L, by applying a first thrust correction maneuver;
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e the propulsion module is propagated to its nominal quasi-Halo orbit around L, and a second thrust
correction maneuver is applied;

¢ the deployment and separation maneuvers of the spacecraft from the propulsion module take place;

e station-keeping maneuvers begin to ensure the spacecraft remain in a quasi-Halo orbit for its five years
of operations.

Table 3.2 presents an overview of the reference trajectory parameters simulated with the GMAT tool and
Figure 3.1 presents a sample of the simulations obtained. The path followed by the spacecraft is shown,
moving away from the Earth, and transferring to L, before entering the nominal orbit.

Table 3.2: Overview of the simulated reference trajectory parameters.

Parameter Value

Simulation Tool GMAT

Vehicle Single propulsion module (containing five
spacecraft)

Launcher trajectory Ariane 5 ECA Flight 188

Launch site Guiana Space Center

Launch site coordinates 5.2372°N, 52.7606° W

Insertion longitude Ag ,0m  27.35° (80° east from launch site)

Simulated launch years 2029 and 2030
Orbit insertion altitude 850 km
Final nominal orbit quasi-Halo

LCarina

Pictor

Chamaeleon

(a) View direction: -6z of £ frame (b) View direction: -9y of £» frame

Figure 3.1: Simulation of the reference trajectory from Earth to Ly, in red. The yellow circles depict the Moon’s orbit around the Earth.
On the left, the white and green circles mark the points at which the propulsion module applies the first and second correction burns,
respectively.

LAUNCH WINDOWS

The maximum amplitude values (in absolute terms) achieved in the 6 x-, § y- and 6 z- axis of the L,-centered
frame, of %, depend highly on the time of launch. In order to select the candidate launch windows for
IRASS]I, the following aspects have been taken into account:
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» Eclipse avoidance: the spacecraft should not enter the antumbra shadowed region of the Earth at any
point during the Nominal Operations phase of the mission, in order to ensure solar power is contin-
uously available. The lowest maximum amplitude value in the dz-axis for which the spacecraft can
maintain their large-amplitude quasi-Halo orbit without drifting into an eclipse for a period of up to
five years is Az ;min = 270000 km.

* Visibility: the highest maximum amplitude achieved in the d z-axis has a direct impact on the visibility
from the ground stations, which are located across different latitudes on Earth. For amplitudes larger
than Az nqax = 550000 km on the positive direction of the §z, there is an increased likelihood that the
spacecraft cannot communicate with ground stations located in the Earth’s Southern Hemisphere. The
same is true for negative § z directions and Northern Hemisphere stations.

¢ Space loss: the maximum amplitudes on the § y-axis were determined so as to keep the space loss of
the communications subsystem within an acceptable range. The current limit, Ay ;4 = 850000 km,
may be altered in the future if necessary and if communications technologies evolve to cope with the
Earth-L, distance.

The launch windows were calculated and ultimately selected on the basis of the reference trajectory and the
aforementioned conditions. No maximum amplitudes 8y, 4, lower than 600 000 km were obtained for the
selected launch periods.

The launch optimization procedure based on bisection methods was implemented in GMAT. This proce-
dure is described in Appendix A. The resulting launch windows for the years of 2029 and 2030 are presented in
Table 3.3. In each year, three major periods were identified. According to the GMAT simulations, the transfer

Table 3.3: Launch windows for the years 2029 and 2030 for the IRASSI constellation.

Period 1 Period 2 Period 3
Year
From Until From Until From Until
2029 19" March 18" April 19 July 17" August 04" December 04" January
2030 218t March ~ 21% April 190 july 23" August 27" November 30" December

has a duration of three to four months (90 to 120 days). The calculated average value for the AV of the first
and second correction maneuvers, is of about 14 ms™! (in the anti-Sun direction) and 16 ms™!, respectively,
across all launch window periods. The burns are indicated in Figure 3.1(a).

3.3.2. AVBUDGET

The calculation of the total AVrequired is based on all maneuvers carried out throughout the course of the
mission. The propulsion requirements associated with the different maneuvers are described before an
overview of the corresponding AV is presented.

PROPULSIVE REQUIREMENTS
Two major maneuver types can be distinguished: orbit and formation control. Because the magnitude re-
quirements differ for the various maneuver tasks, two propulsion systems have been devised.

The primary propulsion system is largely reserved for orbit-control maneuvers, such as station-keeping,
deployment of spacecraft or momentum unload from saturated reaction wheels. The disposal of the space-
craft at the end of the mission is also delegated to primary thrusters. Such maneuvers have loose accu-
racy requirements and require thrust forces in the order of a few Newtons. Primary actuators consist of ten
hydrazine-fueled thrusters, all duplicated for redundancy and distributed symmetrically on both sides of the
service module (Sun- and anti-Sun-facing sides) to cancel out translational motion during actuation.

On the other hand, the secondary propulsion system is used for maneuvers requiring high stability and ex-
ecution precision requirements, such as reconfiguration and baseline change maneuvers. Colloid thrusters,
which employ a variety of metal solutions as propellant, can impart thrusting forces at submilliNetwon- or
even at submicroNewton-levels.
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CONTROL INTERVENTIONS OVERVIEW
Orbit-control maneuvers outside Nominal Operations encompass the transfer trajectory corrections, the de-
ployment of the spacecraft and the disposal at the end of the mission.

The foreseen control interventions during the Nominal Operations phase and the associated actuators is
provided below:

1. Formation Reconfiguration (secondary thrusters): maneuvers which lead the spacecraft to their new
position prior to the observations. This leads to a change in formation geometry and pointing direc-
tion such that a new target is observed. The relative positions of the spacecraft in the formation must
not remain fixed during the reconfiguration maneuver and no strict relative position determination
requirements are in place, as long as the maneuver remains collision-free.

2. Formation pointing (reaction wheels): attitude change to align the telescope with the target
3. Momentum unload (primary thrusters): scheduled maneuvers to unload saturated reaction wheels

4. Baseline change (secondary thrusters): low-thrust, translational maneuvers which start the relative
drift of the formation prior to the observations

5. Fine target-acquisition (reaction wheels/secondary thrusters): very small attitude maneuvers which
provide the required telescope pointing accuracy (0.4 arcsec, cf. Table 2.1)

6. Station-keeping (primary thrusters): scheduled impulsive, translational maneuvers to ensure the space-
craft remain in a Halo orbit around L,

7. Corrections when off-nominal situations arise:

(a) of operational nature, such as malfunctions, when there is a collision risk or when formation re-
quirements are violated

(b) of performance nature, when image quality degrades.

TOTAL AV REQUIREMENTS

The total AV estimation required for the IRASSI mission is approximately 225 ms~!, from which 30 ms~!is
allocated for the two correction maneuvers during the transfer phase, 1 ms~!each for Deployment and Dis-
posal and the remaining amount for Nominal Operations.

A summary is provided in Table 3.4, where a total of 600 observation cycles is expected for the Nomi-
nal Operations phase (not including station-keeping), and station-keeping maneuvers are scheduled to take
place twice per year (or once per orbit).

The estimations featuring in Table 3.4 were obtained in GMAT and with MATLAB within the frame of
the IRASSI feasibility study, with the exception of the deployment of spacecraft, fine target-acquisition and
momentum-unload maneuvers, which were conservatively estimated based on another studies [33, 34].

3.3.3. VISIBILITY TO GROUND
The analysis of visibility was carried out in the frame of the IRASSI feasibility study. It is summarized here for
completeness and it is available in full in Reference [14].

The Deep Space Antennas (DSA) from the ESTRACK network were considered for the analysis. The lo-
cation and geographic coordinates of these three DSAs are included in Table 3.5. The visibility precondition
was defined as the elevation angle on the horizon of each ground station y,;; = 10°. An illustration of how
the elevation angle is defined is provided in Figure 3.2.

With such a setup, considering only single DSA antennas, the spacecraft are visible on average 10 hours
per day, over the lifetime of the mission. However, using combinations of the DSA antennas (either subsets of
two or all three DSA antennas), visibility would then average between 14.5 hours up to over 22 hours per day
(naturally, the more ground antennas, the longer the visibility periods). There remain nonetheless days in
which the spacecraft will remain invisible for a few hours. With careful planning and since the spacecraft can
store data on board and operate autonomously during these short periods of time, such invisibility periods
should not pose a problem.
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Table 3.4: Total AV estimation per spacecraft. Maneuvers marked in gray denote strict control precision requirements.

Phase Maneuver AV (ms™)
Transfer to L, Correction near Earth 14
Correction near Ly 16
Deployment of Spacecraft Deployment 1
Formation Reconfiguration 128
Momentum unload 11
Nominal Operations Baseline Change 15
Fine target-acquisition 9
Station-keeping 30
(End of Life) Disposal 1
Total AV 225

Table 3.5: Geographical position of the Deep Space Antennas from the ESTRACK network.

Station Location Longitude Latitude
DSA-1 New Norcia (Australia) 116.191°E 31.048° S
DSA-2 Cebreros (Spain) 4.368°W 40.453° N
DSA-3 Malargiie (Argentina) 69.398°W 35.776° S

3.4. IRASSI SPACECRAFT DESIGN

LL elements of the IRASSI formation have the same shape, volume and mass, and perform the same

functions. The spacecraft architecture and mass and power budgets were defined based on high-level
and stability requirements of IRASSI(cf. Table 2.1), aiming at minimizing vibrations (from thermal and me-
chanical sources) which may cause misalignments within the telescopes [35].

3.4.1. MECHANICAL AND THERMAL ARCHITECTURE
The spacecraft is divided into two modules: a service module and a payload module. The service module
contains the equipment which generates the strongest mechanical vibrations (including reaction wheels and
thrusters) during operations. The payload module contains the sensitive equipment used during the scien-
tific phase of the mission, such as telescopes, laser terminals, heterodyne detectors and attitude sensors.

The two modules also have different operating temperatures. Whereas the service module is not required
to be cooled relative to the environment temperature, the payload module must be cooled up to 4 K due to
infrared noise effects. Passive cooling down to 68 K can be achieved with the sunshield and corresponding
thermal shields (enough for operating the main mirror of the telescope, cf. Table 1). Thereafter, active cooling
systems, such as cryocoolers, should provide the required temperatures down to 4 K.

The two modules are separated by a sunshield. The overall architecture of one IRASSI spacecraft is il-
lustrated in Figure 3.3. The thermal field of the spacecraft is presented in Figure 3.4, whereas details can be
found in References [14, 35].

3.4.2. SPACECRAFT PAYLOAD SUBSYSTEM

Each IRASSI spacecraft is composed of the following seven subsystems: Payload, Structures and Thermal

Control, Attitude and Orbit Control, Propulsion, Command and Data Handling, Communications and Power.
The Payload subsystem is at the core of the mission, as it contains all the scientific equipment neces-

sary for detecting and processing the radiation signals from the observed target. The detailed description
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Figure 3.2: Elevation angle y ;5 [14]. An angle y,,;s < 10° provides no visibility of the spacecraft to the ground stations.
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Figure 3.3: Mechanical configuration of the IRASSI spacecraft.

concerning the remaining subsystems is covered in References [14, 35].
Four major instrument groups compose the Payload subsystem:

1. Infrared telescope: it consists of the optical elements (mirrors) which reflect the incoming signal from
a source and transmit it to the infrared instruments for processing. The primary mirror has a diameter
of 3.5 m and the secondary mirror of 0.31 m.

2. Heterodyne detector: it includes all elements responsible for transforming the received signal into a
digitized signal which is then sent to the correlator. A sequence of processes supports this detection
technique.

Firstly, the detected signal is combined with a local oscillator in a mixer instrument, in order to gen-
erate a low-frequency signal which is then amplified at the output. After being amplified, the signal is
prepared for post-processing. That is, the signal is down-converted once again and divided into sub-
bands. Each spacecraft is responsible for post-processing each sub-band.

Finally, after being split into sub-bands, the signal is again electronically amplified without the addition
of noise, digitized and sent either to the correlator on board the spacecraft or sent via an inter-satellite
link to another spacecraft where it is correlated. An illustration of this process is given in Figure 3.5. In
order to cover the desired frequency spectrum, between 1 THz and 6 THz, at least two mixers and local
oscillators must be employed.

3. Distributed correlator: the importance of the correlator relates directly to the principle of interferome-
try. The goal of the correlator is to combine interferences of the detected wavefronts at different loca-
tions in space, to ultimately generate a synthesized image of a target. At each observation time step, 10



34

3. MISSION ANALYSIS AND SPACECRAFT CONFIGURATION

348.35K
I 328.36 K
308.37 K
— 288.37K
268.38 K
— 248.39K
— 228.39K
=~ 208.40K
© 188.41K
~ 168.41K
~ 148.42K
128.43 K
108.43 K
88.44 K
68.45 K

Figure 3.4: Thermal field of the IRASSI spacecraft [36].

Infrared

light Pres ' Amplifier

Amplifier

sub-band i T Inter-satellite
. . . - » Digitizer '—* .
Mixer Amphﬁer Mixer transmitter

- ,@l_,. Onboard
sub-band j correlator

Local Local
oscillator oscillator

Figure 3.5: Elements of the heterodyne detector. Source: Ferrer et al. [35].

different interference measurements can be generated with the five-telescope interferometer.

Given that onboard correlation is computationally expensive, the process can be distributed among the
five spacecraft, which use a sub-band of the total spectrum (this distributed correlation concept was
firstly devised for the ESPRIT mission [11]). It relies then on inter-satellite links to exchange the data
among spacecraft. From the total amount of data collected by each spacecraft, one-fifth will be fed to
the local onboard correlator and the remaining four-fifths will be transmitted to the other spacecraft.

An added benefit of the distributed system is the increased redundancy: if one spacecraft ceases to be
operational, 80% of the data required to generate an image of a target can still be recovered.

. Ranging system: in order to ensure that every two measurements correlate the same detected signal at

each location in space, they must be associated with a distance measurement between their respective
spacecraft. The function of the ranging system is to provide this distance measurement.

The ranging measurement is combined with a relative dynamics model of the formation and the on-
board attitude sensors, to compute the geometric delay between incoming wavefronts at each space-
craft (Figure 2.4 illustrates the setup).

The ranging system is divided into the main electronics unit, which is located in the service module,
and the laser terminals, located in the payload module. The main electronics unit operates at the con-
ventional temperature of the service module. On the other hand, misalignments, thermal gradients
and relative distortions between the ranging lasers and the heterodyne detectors must be minimized.
The laser terminals must thus be located in the cold payload module, where they can operate at cryo-
genic temperatures. The two components, the main electronics unit and the terminals, are connected
through an optical fiber.

There are four laser terminals, mounted atop the optical bench, as Figure 3.3 depicts. The laser ter-
minals are not fixed. Instead, they are allowed to move within a range of +90° both in azimuth and
elevation, at an accuracy of 1 arcsec.
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3.4.3. SPACECRAFT DIMENSIONS

The sunshield protects the payload module from incoming radiation from the Sun. The sunshield size largely
determines the region of the celestial sphere that can be observed at one point in time, that is, the instanta-
neous sky access.

A larger sunshield is associated with higher instantaneous sky accessibility as it affords the spacecraft
more freedom in terms of orientation. As a compromise between sky accessibility and structural mass, the
sunshield diameter was set at 6 m. Additionally, the full length of the spacecraft totals 5.5 m. Figure 3.6
highlights the overall physical dimensions and Table 3.6 summarizes the specifications of the IRASSI space-
craft [36].

1.75m

=
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To)
g
S
—
1.5m
3.0m
Figure 3.6: IRASSI spacecraft dimensions.
Table 3.6: Geometry and material specifications of the IRASSI spacecraft.
Parameter Property
i; Shape Hexagon
§ Side length 1500 mm
§ Height 1000 mm
i
3 Material Carbon-fiber-reinforced polymer (CFRP)
e Shape Circular
Q
i; Radius 3000 mm
3 Material Silver-Teflon/Aluminized Kapton

Structure material, Primary

. . Silicon Carbide
mirror, Secondary mirror

Optical bench and supports  Silicon Carbide/Zerodur and Titanium

Payload Mod.

Thermal shields CFRP

3.4.4. MASS AND POWER BUDGETS
The present section provides an overview of the wet and total mass budgets as well as of the estimated power
budget. Details regarding dry mass calculations can be found in Reference [35], whereby a total dry mass of
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approximately 2.2 tons is estimated per spacecraft, margins included.

WET MASS

The estimation of the fuel mass is a function of the AVrequired throughout the mission and of the prop-
erties of the propellant used to perform each maneuver. The AVrequired for each spacecraft are listed in
Table 3.4, where gray-shaded maneuvers are associated with strict control precision requirements and non-
shaded maneuvers represent those with loose precision requirements. This information is condensed in Ta-
ble 3.7, which finally shows the fuel mass estimations based on state-of-the-art properties of each propulsion
system type [37, 38] (again the colors refer to the respective precision requirements regimes). The estimated
fuel mass for each spacecraft is 91 kg.

Table 3.7: Fuel mass estimation per spacecraft. The gray shading denotes the propulsion system associated with strict precision-
requirement maneuvers.

Specific AV Mass
Propulsion System
impulse (s) (ms™) (kg)
Primary/Chemical (Hydrazine) 230 73 76
Secondary/Electrical (Metal solutions) 2500 152 15
Total fuel mass 91

TOTAL MASS AND POWER REQUIREMENTS
The breakdown of estimated mass and power requirements for each spacecraft is presented in Table 3.8. Both
for the total mass (dry and wet) and power calculations, a margin of 20% was considered. These constitute
revised results from previous estimations [14, 35], where details regarding dry mass calculations can also be
found.

The launch mass of each spacecraft is finally estimated at 2.3 tons. Furthermore, each spacecraft is ex-
pected to have a peak power requirement of 1780 W, provided by solar arrays with an area 8.4 m?, fitted with
multi-junction Gallium-Arsenide solar cells mounted on the sunshield.

Table 3.8: Subsystem mass and power budgets of the IRASSI spacecraft.

Subsystem Mass (kg) Power (W)
Payload 473.8 204.0
Structures and Thermal Control 831.5 170.0
Attitude and Orbit Control 120.5 393.5
Propulsion 107.5 122.0
Command and Data Handling 45.6 136.3
Communications 32.5 572.4
Power 217.6 185.3

Total (incl. 20% margin)
Dry mass 2194.8
Wet mass 2304.0
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3.5. CHAPTER SUMMARY

HIS chapter presents a summary of the main phases of the mission, highlighting the Nominal Operations
T phase, which is composed of a set of science-related activities, called Observation Cycle, with a duration
between 1 and 8 days. These time frames are mainly attributed to observations themselves and approximately
600 Observation Cycles are expected throughout the mission.

The results concerning mission analysis were presented, including the optimization process for the launch
windows, and the total AV requirements for each spacecraft were estimated at 225 ms~!for each spacecraft.
In the years 2029/2030, three launch periods of about one month are available. A transfer time of three to four
months is to be expected prior to the nominal start of the mission. Additionally, the formation is estimated
to be visible from the ground for an average of 10 hours per day, using the Deep Space Network.

The preliminary architecture of the spacecraft was subsequently presented, with a focus on the Payload
subsystem, which is at the center of the operating principle of interferometry, containing elements such as
the optical mirrors, correlator instruments and the ranging system. The dimensions, mass and power budgets
were given as were the overall dimension and properties of each individual spacecraft. Each spacecraft is
expected to weigh about 2.3 tons.
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Man is the best computer we can put aboard a spacecrafft,
and the only one that can be mass produced with unskilled labor.

Werner von Braun
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ABSTRACT

Chapter 4 outlines the steps taken in selecting a suitable formation geometry for the IRASSI interferometer.
Firstly, four critical requirements are analyzed: the intervisibility of the ranging system, the relative positioning
performance, the sky access and the science performance. After evaluating the impact of different formation
arrangements on the aforementioned criteria, a three-dimensional nominal formation geometry is selected.
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4.1. INTRODUCTION

HE first chapter of Part I provides a detailed analysis of the various constraints which impact the formation-

definition procedure. At a first glance, there are numerous ways in how the spacecraft can be arranged
in three-dimensional space. However, there are solutions which impair the operation of the science instru-
ments (e.g., one spacecraft being placed in front of the mirror of another one) and not all solutions afford the
same performance in terms of baseline estimation.

The mechanical architecture and physical distribution of the science instruments on the spacecraft are
determinant factors in relative position assignment. The interferometer is, additionally, not static during sci-
ence activities and therefore analyzing the evolution of the formation over time is imperative for determining
which conditions deliver the best outcome in terms of science output.

Altogether these requirements contribute to constraining the solution space in defining a nominal forma-
tion geometry. The present chapter describes these requirements and assesses the impact of different relative
position combinations on the operability of the formation. From this analysis, a nominal formation geometry
is proposed and the relative dynamics of Chapter 5 is evaluated in terms of this nominal geometry.

4.2. ANALYSIS OF FORMATION REQUIREMENTS
O PERATIONAL requirements are related to four major preconditions which are addressed in this chapter:

1. Visibility of the ranging system
2. Relative positioning performance
3. Sky access

4. Science performance

Firstly, the visibility of the ranging system is one of the most crucial requirements in the arrangement
of the spacecraft. If the spacecraft are distributed in a fashion which hampers the ranging system laser links,
then the spacecraft are not able to determine their relative distances with the required accuracy. This require-
ment produces therefore areas in which spacecraft cannot be physically placed with respect to the other and
affects mostly out-of-plane spacecraft. This issue is addressed in section 4.2.2.

Secondly, the relative positioning system performance is connected to the three-dimensionality require-
ment of the formation. The spacecraft must be distributed in 3D space and not arranged in a straight line or
lying on the same plane. It is known that certain spatial arrangements of the spacecraft result in a degrada-
tion of determination performance of the relative distances and therefore a geometry must be found which
minimizes this degradation. The relative positioning method is based on determining the satellites’ positions
using the distance measurements obtained from the ranging systems [39] and described in section 4.2.3 .

Thirdly, even when placed in a given formation that abides by Requirements 1 and 2, there are attitude
restrictions as to where the telescopes can point to as the neighboring telescopes will occlude any target
in the sky located in the same viewing direction. This results in exclusion zones characterized by areas in
the instantaneous sky access which should be avoided by the telescopes when selecting the next target to
observe based on a fixed formation setup. This is mostly relevant for short-baseline formations. This issue is
addressed in section 4.2.4.

Finally, the process of optimizing the formation geometry is a complex one and mostly related to scientific
performance. That is, following the nominal geometry established as a result of operational and geometric
constraints, there still exist a set of possibilities that offer a solution to the mapping of the (U, V)-plane. More
specifically, different combinations of relative positions and relative drift rates produce different coverages
of the (U, V)-plane. section 4.2.5 describes ongoing efforts in attempting to establish requirements and, ulti-
mately, to identify a set of optimized conditions which afford the best (or a set of best) (U, V)-plane mapping.
Whereas Requirements 1 to 3 can be analyzed on a static basis, Requirement 4 demands a dynamic forma-
tion to fully evaluate the performance of the interferometer in light of the constraints imposed on the drift
patterns.

The next subsection first introduces a general layout of the formation, upon which the analysis of the
requirements is based. Thereafter, the subsections describe identified formation prerequisites.
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4.2.1. GENERAL GEOMETRY DURING SCIENTIFIC OBSERVATIONS

A general nominal formation geometry during Scientific Observations is hereby presented. The spacecraft
are distributed within a circle contained in a reference plane I1y. The tridimensionality is afforded by an out-
of-plane component (two spacecraft are positioned ‘above’ this plane, two are positioned ‘below’ the plane
and the fifth one is on the plane). This general formation geometry is illustrated in Figure 4.1(a) and 4.1(b),
where ‘T;’ denotes the five telescopes.
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(a) Side view (b) Front view

Figure 4.1: General formation geometry arrangement relative to reference plane I1. Plane ITyy is aligned perpendicularly to the target
direction.

From this general formation distribution, finding a formation that satisfies the four requirements de-
scribed in section 4.2, depends on sizing the relative distances between the spacecraft (or analogously, the
radius of the circle on which the formation is dispersed and the height above the reference plane). The first
step is therefore to place a reference frame in a virtual formation center, relative to which all five spacecraft
are positioned. This is illustrated in Figures 4.2(a) and 4.2(b). In Figure 4.2(a), the out-of-plane component
(height) ‘h;’ of each telescopes i = {T1, T», T3, Ty, T5} is shown and in Figure 4.2(b), the in-plane separation
parameter ‘d’ is illustrated.
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(a) Side view (b) Front view
Figure 4.2: General formation geometry arrangement relative to the local frame centered on the reference plane ITy;.

This local coordinate system £ has the following properties:

¢ the Ax-axis parallel to the Sun-Earth line;
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Ranging system platform

Spacecraft geometric center

Ranging lasers

Figure 4.3: Illustration of ranging lasers mounted on the ranging system platform — top view.

¢ the Az-axis normal to the ecliptic plane;
 the Ay-axis completes the right-handed reference frame.

This local £ frame, whose origin is the ‘formation center’, moves about the L, Halo orbit and has the same
orientation as the L,-centered reference frame (‘%,’) described in Chapter 5. The geometry of the formation
is described in light of the £ reference frame. Assigning values to the coordinates of each spacecraft is a
result of the requirements analysis which is described in the subsequent sections. As a basis, Requirement 1
requires that the out-of-plane component £; is in the same order of magnitude as the in-plane separation d.

It must be remarked that the orientation of plane Il in the inertial frame is defined by the target direc-
tion. Therefore, although the reference frame remains fixed, the projection of d and h; on the (Ax,Ay,Az)
coordinates is target-dependent.

4.2.2. REQUIREMENT 1: VISIBILITY OF RANGING SYSTEM

Firstly, the visibility of the ranging system is one of the most crucial requirements in the arrangement of
the spacecraft. As mentioned, the ranging system is responsible for measuring relative distances between
spacecraft at very high accuracy levels in order to allow the telescopes to properly correlate the detected
signals. If the spacecraft are distributed in a fashion that hampers the ranging system laser links, then the
spacecraft are not able to determine their relative distances with the required accuracy.

The position and orientation of the ranging system lasers relative to the sunshield determine the sphere of
inter-satellite visibility. This intervisibility between ranging systems becomes more restricted with increasing
separation in the direction perpendicular to the plane of the sunshield, which occludes anything behind it.

Being mounted on a platform atop the optical bench, various combinations are possible, from the shape
of the platform to its position and orientation on the optical bench, to the arrangement of the lasers on the
platform and their orientation. Furthermore, for each link, it may be required that two, or even three, lasers
are required for both flexibility and redundancy. It may also be the case that different spacecraft have differ-
ent platform mounts to increase three-dimensionality flexibility. Attempting to optimize the geometry of the
ranging system, and studying its impact on the formation geometry and visibility, quickly becomes a labori-
ous process.

Therefore, first and foremost, the position and orientation of the ranging system lasers and platform shape
need to be defined. Following the mechanical configuration design of early stages of IRASSI [35], the platform
consists of a flat central part, parallel to the sunshield and a tilted part, on the edges. The platform is centered
with respect to the geometric centerline which passes through the spacecraft. This is illustrated in Figure 4.3.

The tilted portion of the platform is such that the lasers mounted on this part, point directly to the edge
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Figure 4.4: Illustration of the ranging system laser - side view. The laser is at the maximum deflection pointing to the edge of the
sunshield. 75y spierq refers to the radius of the sunshield and ;41 form is the distance between the sunshield and the ranging system
platform, passing through the center of the spacecraft. The angle 6,; is the instantaneous angle between ;¢ form and the laser line-
of-sight, pointing towards the edge of the sunshield.

of the sunshield. Note that the lasers are vectorizable (with a range between +90° in azimuth and elevation).
Hence the case considered is the limit case, with the laser pointed to the edge of the sunshield. This is de-
picted in Figure 4.4, where the subscript Ti’ refers to ranging invisibility. Note that the shape of the platform is
assumed to be rectangular and therefore asymmetric with respect to the center of the sunshield. This means
that the angle 6,; will vary according to where in the platform the laser is mounted. This is addressed below.
In addition, the dimensions of the mount (servomechanism) on which the lasers are positioned are neglected.

For each laser, depending on their position on the platform, a cone of invisibility may result, within which
no other spacecraft should be positioned. This is illustrated in Figure 4.5, where the geometric relations be-
tween the line-of-sight of the laser and the area of ranging invisibility A,; are shown. The three-dimensional
area A,; should be avoided by other spacecraft.

To determine A,;, first and foremost, the position and orientation of the ranging system lasers needs
to be conservatively assumed. As such, the present analysis postulates that the ranging lasers are centered
with respect to the sunshield (r;, = 0) and pointed directly to the edge of the sunshield. Thus, the angle 6,;
becomes simply the half-cone angle and r,; is the radius of a symmetrical right cone. And /,; passes through
the center of the spacecraft.! As such, the angle 6,; can be obtained from the spacecraft dimensions:

T'sunshield

arctan (0,;) = =32.55° 4.1)

lplatform

A further assumption is that the sunshield of all spacecraft are perpendicular to the Sun direction. This
means therefore that the line /,; is aligned with the Ax-axis of the local formation reference frame %2 and
l;; becomes solely a function of the in-plane parameter d (of Figure 4.2(b)), from whom the inter-satellite
positions themselves depend on. Thus, for each telescope pair, i and j, the term /,; may be expressed as:

Liyy = ||Axj = Axi||, 4, j ={Ty, T2, T3, Ta, Tsh A i # 4.2)

The required separation r,; of the neighboring spacecraft in the Ay-Az plane is finally obtained once [;; is
defined:

Trig; = \/(ij ~ Ay +(Azj-Az)’ = lyi;; tan (0;;) (4.3)

1Removing this assumption would yield a nonconstant angle 6,; and distance r,;, giving rise to an orientation-dependent oblique
elliptical cone of invisibility, asymmetrical with respect to /,;.

2Although this assumption stipulates that the pointing of the spacecraft is 90° away from the Sun direction, the spacecraft have one full
rotational degree of freedom around the Ax-axis in the £ frame and /,.; will always be aligned with this axis, regardless of the pointing
direction around it.
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Laser
“, line-of-sight

Figure 4.5: Illustration of the cone of invisibility of the ranging system. The line designated by [,; is the relative distance between the
ranging systems (perpendicular to the plane of the sunshield), r,; is the distance between [,; and the line-of-sight of the laser and the
angle 0,; defines the angle between the laser line-of-sight and /,;. The term r;, refers to the physical displacement of the ranging system
laser with respect to the line which passes through the center of the spacecraft. These terms define the area A, ;, marked in red, which
the neighboring spacecraft should avoid.

For each telescope pair, i and j, Equation 4.3 may be written as:

\/(ij - Ayi)z +(Azj— Az,‘)2 = ||Axj - Ax;||tan6,; (4.4)

Finally, given [,;, the total the area of invisibility that a neighboring spacecraft A,; should avoid is described
as:
Ari=mrZ; (4.5)

The magnitude of the distances [,; and r,; (respectively ||/,;|| and ||r,;]]) is constant independent of the ori-
entation of the spacecraft in inertial space. Nevertheless, ultimately, once the direction of the target is defined
and if d and the dispersion along the plane Iy are determined, one must then suitably size the out-of-plane
heights h;, obtain the respective Ay-Az coordinates of the £ system and abide by Equation 4.4, such that
spacecraft stay outside each other’s invisibility cone. The defined parameters in Figure 4.5 are summarized
in Table 4.1.

4.2.3. REQUIREMENT 2: RELATIVE POSITIONING PERFORMANCE
As mentioned, this requirement concerns finding a formation geometry solution which minimizes the degra-
dation of the performance of the relative positioning estimation algorithm. The spacecraft must be dis-
tributed in 3D space and not arranged in a straight line or lying on the same plane. The relative positioning
method is based on determining the satellite positions using the distance measurements obtained from the
ranging systems [39]. To this end, a nonlinear least-squares (LS) problem is formulated first. The LS prob-
lem is linearized, and solved by an iterative procedure thereafter. In each iteration, a linear equation system
results, in the form of:

A-Ap=>b (4.6)

which is solved for Ap € R", where Ap denotes a correction of the estimated satellite positions. Each row of
matrix A € R"*" and vector b € R refers to distance measurements.

The expected accuracy of the solution strongly depends on the condition number k of matrix A [40].
The condition number k (A) indicates the expected loss of accuracy in case of small variations §b in vector b.
More precisely, the expected (relative) error SAp in Ap can be bounded by the product between the condition
number k (A) and the norm of the (relative) error 6b in b:

[16ADIl < k(A)-116bl| 4.7
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Table 4.1: Parameters for the visibility of ranging system.

Parameter Value

lfl'ij HAXj_AxiH
Tsunshield (M) 3.0
Ipiatform (m) 4.7

0,; (deg) 32.55

rqr (M) 0

rr; limit Iy tan(0,;)
Ay 12

ri

Hence, a small condition number, i.e., near to one, is preferred. The larger the condition number, the
higher the potential errors in the positioning results, and the ‘worse’ is the selected formation geometry. If the
deviations 6b are assumed to cover only the error of the distance measurements, for example, the condition
number reflects the increase of this measurement error that is induced by the formation geometry and thus,
needs to be tolerated (if too high, then either the formation geometry must be changed to obtain a better
condition number, or the associated degeneration of the estimation accuracy has to accepted). Similarly, a
condition number of k (A) =~ 1000 would result in a positioning error ||§Apl| of 1 mm if a measurement error
of 1 um is assumed because k (A) - ||6b|| = 1000 1pm = 1 mm.

Figure 4.6(a) shows a two-dimensional example of three spacecraft arranged in an isosceles triangle: two
spacecraft separated by 10 m form the base of this triangle and a third spacecraft is at the apex. If the height
of the third spacecraft decreases, the condition number increases exponentially. This means that an arrange-
ment of the spacecraft in a straight line should be avoided. With increasing height (= 60 m), the condition
again degenerates. This is where the base angles of the triangle are about 80° or more. The lowest condi-
tion numbers are achieved when the height of the third spacecraft is between 3 m and 20 m, as Figure 4.6(b)
shows. In this case, the condition number and thus, the potential error in the positioning result, is the lowest.
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Figure 4.6: Condition numbers of a formation of three spacecraft arranged as an isosceles triangle.

The conclusion of this analysis is that the performance of the relative position algorithms is best when
the height of an isosceles triangle (formed by three spacecraft) ranges from about a third to double the base
length of this triangle. The shown example serves as an illustration for the basic procedure to evaluate the
dependency of the formation geometry on the positioning accuracy. In the IRASSI mission, instead of three
satellites in a two-dimensional space, five satellites in three-dimensional space are considered. Therefore,
instead of evaluating the condition number for each subset of three satellites, the whole formation with all
five satellites will be considered simultaneously. This results from the general principle of the LS algorithm,
which minimizes the positioning error when it accesses all distance measurements, i.e., from one spacecraft
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to any other spacecraft, at a moment in time. In the end, the goal is to select a formation geometry that
satisfies the scientific requirements, i.e., which leads to a baseline accuracy of 5um (cf. Table 2.1) for each
pair.

The positioning accuracy for the concrete IRASSI case study is evaluated by carrying out the following
procedure:

1. Firstly, the distances between each spacecraft pair are calculated using the true spacecraft positions.

2. Then, the distance measurements are generated for each spacecraft pair by adding randomly generated
measurement errors. The measurement errors are assumed to follow a Gaussian distribution with zero
bias and 1 um standard deviation. The measurement errors rely on an optical frequency-comb-based
laser bench system from Menlo Systems GmbH, Martinsried, Germany.

3. The distance and attitude measurements are then passed to the relative positioning algorithm. A fur-
ther input to the relative positioning algorithm is an initial guess of the spacecraft positions. These
initial guesses are required because the relative position algorithm determines the spacecraft positions
iteratively.

4. The initial guesses concerning the spacecraft positions and attitudes are produced by adding a ran-
domly generated error to the true spacecraft positions. This error is assumed to follow a Gaussian
distribution with zero bias and a standard deviation of 1 m. In operation, the initial guess of the space-
craft positions will be derived via absolute positioning using ESTRACK ground stations that measure
range, range-rate and Delta-DOR (Differential One-way Ranging) of each satellite. The assumed er-
ror of 1um is, in the current standing, technically optimistic and refers to the expected positioning
accuracy derived with ESTRACK ground stations in the future. The attitude errors are also random,
Gaussian-distributed, but have a standard deviation of 0.1 arcsec.

5. After relaying the initial guesses to the relative positioning algorithm, the relative positioning algorithm
can determine the spacecraft positions.

6. The relative positioning performance is then evaluated from the estimation error and the maximum
baseline deviation. The estimation error is the sum of all differences between the estimated and true
spacecraft positions. The maximum baseline deviation is the maximum of the absolute deviation be-
tween all true baselines and those calculated from the estimated spacecraft positions.

This procedure is carried out separately for each time instant, because the relative positioning algorithm
is a snapshot method and thus, determines the instantaneous spacecraft positions. Figure 4.7 illustrates the
relative position estimation procedure. If the maximum baseline deviation turns out to be smaller than the
requirement baseline accuracy of 5 um, then this formation geometry satisfies the scientific requirements.

4.2.4. REQUIREMENT 3: SKY ACCESS
The strongest determinant of the sky regions available to be observed at a given epoch is the sunshield. The
sunshield limits the direction in which the spacecraft can observe, by nominally keeping the mirrors per-
pendicular to the direction of the Sun, and allowing a deviation of up to +20° relative to the Ax axis. Within a
simulation environment, the anti-Sun longitude is used to reference the simulation in place of the epoch. The
accessible sky for the aforementioned sunshield-restricted attitude conditions for an initial anti-Sun vector
longitude A of 85°, for instance, is illustrated in Figure 4.8, using a Plate Carrée projection [41]. In the image,
the white areas denote the exclusion zones in the sky due to the sunshield and the blue area denotes the re-
gions which are visible to the interferometer. The IRASSI sunshields and related attitude restrictions affect
therefore about 48% of the celestial sky at each instant.

However, there may be further restrictions on the sky, depending on the selected target sampling strategy.
The approaches described below broadly form two examples that illustrate how this process can be carried
out:

e target-constrained sampling: in this case, the target is selected a priori from the regions of the sky
that are available at a certain epoch, such that the absolute attitude of the spacecraft is defined in
the celestial sphere. Thereafter, the separation of the formation over time in three-dimensional space
must be computed such that the field of view of all spacecraft is not occluded during the drift of the
formation, whilst simultaneously respecting Requirements 1 and 2. If all targets are selected first and
the positions are subsequently determined, then no further exclusion zones have to be considered.
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Figure 4.7: Relative position estimation procedure for a three-dimensional formation.
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Figure 4.8: IRASSI instantaneous sky access for an anti-Sun vector longitude A = 85°.

* position-constrained sampling: in this case, the spacecraft’s positions are selected first, abiding by Re-
quirements 1 and 2. Only thereafter is the target selected. However, this limits the possible pointing
direction of the telescopes, as they cannot target sources located ‘behind’ neighboring spacecraft. The
result is that additional exclusion areas in the sky may have to be considered, reducing the pool of

targets available at a given epoch.

Occlusion of the telescopes, even partially, is naturally undesirable as it leads to subtle phase shifts in the
incoming wave signal which affect interferometric results. Additionally, hardware edges of other spacecraft
may induce diffraction effects, changing the reception pattern of an antenna. The target-constrained sam-
pling approach places the focus on the maximization of science return. This is the approach adopted in the
development of iSCOUT and is therefore addressed in Part III of this thesis. Since it does not generate addi-
tional constraints in the sky, it will not be explored further in the present chapter. The position-constrained
sampling, on the other hand, is analyzed due to its dependence on the formation geometry.

The issue of occlusion in the position-constrained sampling scheme is illustrated in Figure 4.9. The occlu-
sion restrictions directly translate into considering an area around the neighboring spacecraft which should
be avoided by the pointing telescope - the area is called ‘exclusion zone’ (to which the subscript ‘ez’ refers).
This exclusion zone can be represented as a two-dimensional area surrounding a spacecraft (on the right-
hand side of the image) on a plane perpendicular to the viewing direction of another telescope (that on the
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Figure 4.9: Illustration of exclusion zones. Given the 0., and the the relative distance l.;, neighboring spacecraft should avoid incursions
into area marked in red, Az, perpendicular to the target direction. The size of this area is given as a function of the cone base radius ge.

left-hand side of the image). A conical shape can then be used to estimate the size of the exclusion area.
The height of the cone is defined by the physical separation of the telescopes. The base of the cone is solely
dependent on the neighboring spacecraft’s dimensions (width and height) and should also factor in safety
margins due to signal diffraction effects. Since the sunshield must broadly be perpendicular to the Sun direc-
tion and the sunshield of both spacecraft are parallel, essentially the radius of the sunshield and the height
of the spacecraft determine the size of the base of the cone, whereby an ellipse can be used as a first approx-
imation for the base’s geometry. With the radius of the sunshield rg;;snie14 measuring 3 m, the height of the
spacecraft h, totaling 5.7 m and considering a one-meter margin, the semi-major g., and semi-minor pe,
axes of the cone base are given as:

Gez = Tsunshield + 1M =4m (4.8)

pez—?+1m—3.85m:4m (4.9)

The variables g, and p., respectively depend on the width and height of the spacecraft and define the di-
mensions of the base of the exclusion zone cone. Given the proximity of the two dimensions in Equations 4.8
and 4.9, the value of p., was rounded up to that of g, for simplification and one can then contemplate a right
circular conical geometry. As such, in Figure 4.9, ¢, and p., are equal measures of the cone base radius, I,
is the distance between the spacecraft, 6, is the cone semi-angle and A.,, in red, identifies the area around a
spacecraft which other telescopes should avoid pointing towards. The area A, is fixed for all spacecraft and
simply calculated as:

Aez:”'qez'Pez:”'qu:”'pgz (4.10)
As the relative distance [, increases, the half-angle of this cone decreases. The result of this is that the instan-
taneous sky access is more limited when distances are small and, conversely, less restricted when I, is larger.

This becomes clear from the circular cone half-angle equation, keeping in mind that the plane containing
A, is perpendicular to the relative position vector l,:

ez

0., = arctan( (4.11)

) = arctan ( Pez )

ez ez

The relative position vector l,, between two spacecraft, i and j, is defined in the local £ frame defined at the
start of Section 4.2.1:

lezij = \/(ij - Axi)z + (ij - Ay,-)z + (AZ]' - AZi)Z,

(4.12)
Lj={1, 12,13, Ty, Ts}Ni # ]
Finally, the projected exclusion zone area on the celestial sky A, ,; is given by:
Agzyy; =02, (4.13)
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Table 4.2: Parameters for exclusion zone of the sky.

Parameter Value
T'sunshield (M) 3
hsc (m) 5.7
Margin (m) 1
Gezs Pez (M) 4
Ae; T ez Pez
2 2 2

lezij \/(ij—Ax,-) +(ij—Ayi) +(AZj—AZi)
Ocz;; arctan(lq“ = arctan lp —

eZij BZij
Aezyo n-6%,

Figure 4.10: In-plane separation ¢ and out-of-plane & parameters. [1)y defines the reference plane.
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With the dependence of A,;,,,; on the cone semi-angle 0., the size of A, ,; willappear different, depending
on whether the spacecraft are close to each other or far apart. Table 4.2 summarizes the parameters which
define the exclusion zones.

The next paragraphs assess how the relative distance among spacecraft and their arrangement in iner-
tial space affects the overall sky access of the interferometer. For this purpose, the formation geometry of
Figure 4.2 is set as a reference, and the in-plane separation ¢ between consecutive telescopes, illustrated in
Figure 4.10, is fixed at equal intervals of 2?” =72°. For simplicity, the out-of-plane component set & is defined
as a function of the separation parameter d, as summarized in Equation 4.14. The order in which the pool of
out-of-plane component # is attributed to each telescope is arbitrary.

n=f-a-odal a0
2 2

Two different pointing directions of the formation are analyzed and, for each, two different separation param-
eters d values are used, resulting in four different tested conditions. The pointing directions are parallel to
the Ay-Ax plane and parallel to the Az-Ax plane, whereas d is valued at 10 and 100 m. The pointing direction
of the formation can be analogous to setting the orientation of the plane Iy in the £ reference frame. Due
to sunshield restrictions, the IT)y plane may revolve boundlessly around the Ax-axis, but not the other two
axes. Note that the pointing direction also defines the direction along which #, described in Equation 4.14, is
expressed. When plane [Ty is parallel to the Ay-Ax plane, then h; = h; Az; similarly, if plane I1y is parallel to
the Az-Ax plane, then h; = h;Ay.

It should be remarked that the formation arrangement resulting from the assumed values of d and h;,
defined in Equation 4.14, does not necessarily abide by Requirements 1 and 2, as the interest here lies in sim-
ply evaluating how relative position constrains the science exercises during the operational phase by limiting
access to regions of the sky.

The instantaneous sky access is given in Figures 4.11 and 4.12 with the corresponding labels. The labels
denote which telescope pair is considered: for instance ‘T;-T»’ refers to the exclusion zone imposed on tele-
scope T1 by telescope T». Two exclusion zones of equal area arise for each telescope pair, located at diamet-
rically opposite sides of the celestial sphere. For reference purposes, the ‘first’ telescope, 71 was aligned with
the in-plane axis defined by Ax = 0 and the assignment of out-of-plane separations h;, i = {11, T, T3, Ty, T5}

corresponds to h; € h = d,—g,o,—d,% .

Table 4.3: Percentage of exclusion zone Ares; affecting the celestial sky for different test conditions.

Formation pointing Arest

direction in the Z frame d =10 (m) d =100 (m)
Parallel to Ay-Ax plane 16.00 0.17
Parallel to Az-Ax plane 16.00 0.17

From Figures 4.11 and 4.12, it is clearly observable that smaller formations result in larger exclusion areas
of the sky. Table 4.3 summarizes the percentage of total restricted area A,.s; for observations according to the
tested conditions, with A, defined by:

n
Z. Z .Aezprojvij
i j:j#i
Apggr =22 (4.15)
Asky

where A, . is described by Equation 4.13 and A, = 180° x 360° deg? is the total sky area.

With the current setup, a one-order-of-magnitude increase of in-plane separation d, results in a total
projected area approximately two orders of magnitude smaller. This is expected since the out-of-plane sep-
aration £ is also scaled relative to d (and g). The distortion of the exclusion zones due to the Plate Carrée
projection [41] increases in the direction of the poles, causing the projected areas to gradually lose the circu-
larity observed at Equatorial latitudes. Further details of the transformation from the local £ frame to the
projected exclusion can be found in section Appendix B.1.1.
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Figure 4.11: Instantaneous sky access for a formation pointing direction parallel to Ay-Ax plane for an anti-Sun vector longitude A = 85°.

Additionally, in general within Figures 4.11 and 4.12, the shortest the distance among telescope pairs, the
larger the exclusion zone area (although the distortion of the projection may mask these effects). The relative
distance l,;,; between telescope pairs i and j can be computed with Equation 4.12. Alternatively, to provide
a meaningful analysis of the impact of the relative separation parameters d and h on the sky access, lz;; can
be calculated by simple trigonometry:

lezyy = /42 [1 - cos? (Agij)| + (AR )2 4.16)
where Ag;; is the shortest in-plane angular separation between any pair of telescopes, given by:
2
Bpij=kZ: k=1vk=2 4.17)
and Ah;; is the separation of the spacecraft along the direction normal to the I1y plane, such that:
Ahij=hj—hi (4.18)

Tables 4.4 and 4.5 show the relationship between inter-satellite distances and size of the projection exclusion
zone, respectively for the d = 10 m and d = 100 m conditions (which applies regardless of the orientation of
the [1y plane). The area A,;,,,; was calculated using Equation 4.13.

Since the formation is arranged relative to the reference plane Il and the separation parameters are
the same for the different plane Iy orientations, the ratios between exclusion zone and total sky area are



4.2. ANALYSIS OF FORMATION REQUIREMENTS 55

Ecliptic Latitude

90" & - — - - e - -
0 30 60 90 120 150 180 210 240 270 300 330 360
Ecliptic Longitude

(@ d=10m

Ecliptic Latitude

o o o o

0 30 60 90 1200 150 180 210 240 270 300 330 360
Ecliptic Longitude

(b) d=100m

Figure 4.12: Instantaneous sky access for a formation pointing direction parallel to Az-Ax plane for an anti-Sun vector longitude A = 85°.

maintained, as seen in Table 4.3. However, the location of the projected areas in the sky is contingent on the
orientation of plane ITy. For a fixed in-plane separation, for an orientation of the plane I parallel to the
Az-Ax plane, the larger the out-of-plane separation, the lower the latitude of the projected exclusion zone
(that is, exclusion zones will tend to the celestial Equator). Conversely, longer out-of-plane distances result
in higher latitudes of the projected area for a I1y orientation parallel to the Ay-Ax plane (that is, exclusion
zones will tend to the celestial poles), for a fixed in-plane separation. Further results available in section
Appendix B.1.2 demonstrate precisely the connection between h and projection latitude.

The importance of this analysis lies in understanding the relationship between relative-position assign-
ment and sky visibility. If the formation can be adjusted ‘on-the-fly’ the ratio between separation parameters
d or h can be dynamically regulated by mission planners over different observation tasks  and tailored ac-
cordingly, depending on whether the telescopes are sampling the polar regions or the Equatorial regions of
the sky.

4.2.5. REQUIREMENT 4: SCIENCE PERFORMANCE

Finally, the process of optimizing the formation geometry is a complex one and mostly related to the per-
formance of science activities, or the quality of the obtained results. That is, following a given geometry
established as a result of previous requirements, there still exists a set of possibilities that offers a solution
to the mapping of the (U, V)-plane. More specifically, different combinations of relative positions, attitudes

3By virtue of constant relative drift only, the relationship remains fixed.
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Table 4.4: Relative distance and total projected area A, proj between telescope pairs, for d = 10 m.

Telescope lez, ; 0., ; Aezproj Telescope lez, ; 0., ; Aezproj
pair (m) (deg) (deg?) | pair (m) (deg) (deg?)
h-1 19.1 11.9 4414 | Th -1y 19.7 11.5 415.2
T, —T; 21.5 10.5 3493 | I -T5 21.5 10.5 349.3
Ty —Ty 27.6 8.2 2136 | T3 —1T4 15.4 14.5 663.2
T1-Ts 12.8 17.4 9496 | T3 —1T;5 19.7 11.5 415.2
T, - T3 12.8 17.4 949.6 | Ty—T5 19.1 11.9 441.4

Table 4.5: Relative distance and total projected area Aezpr 0j between telescope pairs, for d = 100 m.

Telescope Lo, ; 0, ; Aez’m i Telescope Lo, ; 0., ; Aez’m g
pair (m) (deg) (deg?) | pair (m) (deg) (deg?)
=T, 190.6 1.2 45 | Tob-Ty 196.7 1.2 4.3
Th—1Ts 2149 1.1 36 | To,—-T;5 2149 1.1 3.6
Th—Ty 276.0 0.8 22 | T3—-T, 154.3 1.5 6.9
T —Ts 127.7 1.8 10.1 | T3-T5 196.7 1.2 4.3
To—1T3 127.7 1.8 10.1 | Ty —T5 190.6 1.2 4.5

and relative drift rates produce different coverages of the (U, V)-plane. Ongoing efforts aim to establish basic
patterns in the formation motion configuration over time which produce, in general, agreeable (U, V)-plane
coverage and hence synthesized images of the celestial targets. There is no universal optimal formation mo-
tion configuration / (U, V)-plane coverage or a simple figure-of-merit: this is dependent on the structure and
geometry of the target being observed.

For ground-based interferometers with many antenna elements, such as ALMA (Atacama Large Millime-
ter Array) or JVLA (Jansky Very Large Array), the natural Earth rotation is used to fill the (U, V)-plane, as the
projected baselines towards the targets change under this rotation. This natural rotation is not available for
space interferometers located near L,. There are interferometer concepts that introduce an artificial rota-
tion of two or three space antenna elements around a common center (e.g., SPIRIT [10]), and in combination
with a radial in/out motion of the satellites, quite dense sampling of the (U, V)-plane can be achieved over
time [42]. Such concepts usually include, however, the need to have these antennas connected via a com-
mon mechanical structure (truss), and hence the practical maximum baseline lengths are limited to a few
tens of meters. With IRASSI, a spatial resolution of 0.1 arcsec at the longest foreseen wavelengths of 300 um is
required, which demands maximum baseline lengths of several hundred meters.

In the current IRASSI concept, the five telescope elements will drift on approximately straight trajecto-
ries and with constant drift velocities. As a result, also the trails in the (U, V)-plane will be straight lines.
Within this framework, boundaries can be specified to avoid a poor (U, V)-plane coverage. In particular,
overly symmetric configurations (e.g., all satellites drifting with the same velocity, regularly spaced and with
the same angles relative to each other) would result in degeneracies in the sampling function and particu-
larly strong side lobes away from the center of the synthesized beam that follows as the Fourier transform of
the (U, V) sampling function [24]. Furthermore, satellite paths that all start from (or converge to) one virtual
intersection point should be avoided since the resulting trails in the (U, V)-plane would be straight radial
lines instead of curved lines which would further limit the homogeneity of the (U, V)-plane coverage. Also,
different drift velocities and different relative angles should be selected to cover more unique areas in the
(U, V)-plane.

Figure 4.13 illustrates this issue, for a case in which the plane parallel to the wavefront (and also parallel to
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the ((U, V)-plane) is aligned with (Ax, Ay) plane defined in Figure 4.1 and the target is therefore located in the
direction of Az. The projected satellite paths are shown, where the leftmost image illustrates an undesirable
satellite path geometry, leading to strong degeneracies in the (U, V)-plane coverage, while the middle image
shows a more acceptable configuration that will better sample the (U, V)-plane. In Figure 4.13(c), (x;, y;) are
the coordinates of satellite Sat;, B; defines its corner angle in the projected shape of the formation in the (Ax,
Ay) plane and L; is the sampling length of Sat;.

(a) Less desirable configuration (b) More desirable configuration (c) Corner angles

Figure 4.13: Illustration of the different (projected) satellite paths configurations.

Such requisites can be described in geometric terms. On a first approach, a certain ‘asymmetry’ seems
to be desirable in the projected satellite paths, and therefore the difference between the internal angles §; in
this (Ax, Ay)-plane should be maximized. A measure of asymmetry, AN (Asymmetry Number), can thus be
defined at each point in time #:

n-1
AGN(t) x max Z Bir1(t) = Bi(D) (4.19)

i=1

where 7 is the total number of spacecraft in the formation. Maximizing A;N over an observation period
would then correspond to finding the best relative position - attitude - relative drift rate combination across
the whole formation which would yield an improved (U, V)-plane coverage. Different relative drift rates
means that the angle ; is not constant, and for the i’ spacecraft one obtains:

0B; (1)

=0 (4.20)

Additionally, the length of a projected baseline determines whether small or high spatial frequencies are
probed. For example, by employing long baselines between the telescopes of an interferometer, one is sus-
ceptible to high spatial frequencies that carry information on such small spatial scales. Therefore, the relative
distances can be fixed so as to probe finer spatial details of an intensity distribution:

t t
Ixi+1(t)—xi(t)dt|2xdes/\f [Yic1 (D) —yi (D) dt] = Yges, i =1,...,5. (4.21)
o fo

where x4.s and yg.s are desired values for the projected baseline distances in the (Ax, Ay) plane parallel to
the wavefront. Similarly, if for a given observation a fixed projected sampling length L; has to be prescribed
one can use:

[x:(8) = x; (1)1 + [yi (D) — yi(10)]* = L2 (4.22)

The final intensity distributions obtained by the free-flying interferometer are obtained a posteriori, for which
the Fourier transform of the achieved (U, V) coverage (i.e., the (U, V) sampling function) plays an important
role. This procedure is complex and the related deconvolution techniques are discussed in detail in Refer-
ence 24.

The metrics described in Equations 4.19 until 4.22 are useful for predicting, for example, how the (U, V)-
plane is ultimately expected to be filled given a formation. Equally, they allow to somewhat prescribe changes
in the formation geometry based on desirable (U, V)-plane coverage conditions.
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Two remarks should be made here. The first one is that different relative drift rates, as translated by Equa-
tion 4.20, imply that the shape of the geometry is not maintained over the course of the observation period.
Therefore, it should be ensured that a nominal formation geometry considers an envelope around it which
accommodates slightly different formation shapes.

The second remark has to do with the fact that the relative distances can never physically be zero (which
would mean a collision) and, therefore, there are automatically areas in the (U, V)-plane that cannot be sam-
pled, (e.g., u = v = 0). In astronomy terms, this is called the ‘missing zero-spacings information’. It means
that the intensity contributions arising from very small spatial frequencies cannot be retained by the interfer-
ometer, and depending on the complexity of the structure of the celestial targets, also the information about
the total intensity associated with that object is lost. One can attempt to compensate for such a deficiency
by obtaining complementary information from the single telescopes and other space-based missions oper-
ating in the far infrared. In an ideal case, there should be an overlap between the spatial frequencies probed
by the single-dish observations and the interferometer, which is hard to achieve for most of the relevant
past, present and future mission with their small aperture sizes of 2.5 m-3.5 m (Herschel, SOFIA, SPICA). The
long-term future might bring larger aperture single-dish missions like Millimetron [8] or the Origins Space
Telescope * that will come with telescope sizes of 10m-15m. More information about interferometry and
radio astronomy can be found, for example, in Reference 24.

Although the requirement is described here, these metrics reflect preliminary efforts at quantifying (U, V)-
plane sampling by looking at formation patterns over time. Similarly, it only makes sense to evaluate perfor-
mance under controlled dynamics, that is, when the free-drifting telescopes actively expand and contract
(after an initial impulse), which is when the (U, V)-plane is filled with sample points. The conditions ana-
lyzed in Part II do not involve any control input prior to the observations and hence do not allow to properly
evaluate the effect of the formation geometry on the science performance. This topic is instead explored in
Part I1I of this thesis.

4.3. IRASSI NOMINAL GEOMETRY DURING SCIENCE OBSERVATIONS

IVEN the aforedescribed requirements and constraints, a general nominal formation for IRASSI is de-
fined. The shape of this formation is described by the in-plane and out-of-plane separation parameters,
respectively, d and h. Specifically, the value of & of the telescopes is tailored to abide by the imposed require-
ments, whilst keeping its dependency on d: this means that regardless of the length of the baselines (i.e.,
irrespective of whether the formation is in a contracted or expanded state), the geometry is maintained.
The out-of-plane separation parameter set is thus:

h =1{-4d,-2d,0,2d,4d} Az, (4.23)

whereby each element of £ is to be distributed by the five spacecraft and whereas d should be kept within the
range:
10 =d <1000 (4.24)

Assuming that the pointing direction of the telescopes is perpendicular to plane ITy and recalling Equa-
tion 4.16, the actual baselines B;; between formation members which are used for the interferometry cor-
relations (cf. Section 2.3.2) is given as:

Bij = \/4d2 [l —cos? (A(pij)] (4.25)

whereas the geometric delay g;; corresponds to:

gij=\/(Ahij)?, i,j={T1,T5, T3, T4, Ts} Ni # | (4.26)

It is possible to conclude from Equation 4.25 that the dispersion of the spacecraft is symmetric relative to
plane Iy and that the separation among spacecraft is greatest along a direction perpendicular to the plane.
Table 4.6 provides the minimum and maximum baseline, geometric delay and relative distances among
members of the formation, for different parameters of d. Generally, the ratio between maximum and min-
imum separations [;; varies between about 2-3.5 among spacecraft, whereas the maximum baseline length
has a proportion of about 1.6 relative to the minimum one. One of the top-level mission requirements is that

4https:/ /asd.gsfc.nasa.gov/firs/
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Table 4.6: Extrema of baseline B; ;, geometric delay g; j and relative distances [; ; of the nominal formation, with varying d values.

d=10m d=500m d=1000m
Parameter
Min Max Min Max Min Max
B;j (m) 11.8 19.0 587.8 951.1 1175.6 1902.1
gij (m) 20.0 80.0 250.0 1000.0 2000.0 8000.0
lij (m) 23.2 82.2 638.7 1380.0 2319.9 8223.0

baselines lengths do not exceed 850-1000 meters during the observations. From a scientific point of view, this
is clearly achieved for d < 500 m for certain spacecraft pairs, as shown in Table 4.6. However, from an opera-
tional point of view, the formation may benefit from acquiring their designated formation positions first and
allow a certain amount of time after the start of the drift for residual vibrations to subside due to the (con-
traction/expansion) maneuver thrust, for calibration activities to take place, for locking the ranging system
lasers and/or for acquiring the required attitude pointing precision towards the target and only then explore
the full baseline length regime associated with each target for science observations. For targets demanding
long baselines, this would mean extending the value of d to accommodate for such activities and, as such,
d =1000 m was selected as the limit.

It should also be mentioned that the nominal formation set out by specifying h according to Equation 4.23
is not the limit case for which the aforedescribed requirements are unconditionally met over time. Instead, an
acceptable envelope can be defined around these conditions, whereby the spacecraft relative distances may
deviate between =200 %-2500 %, depending on the formation pair being considered before Requirement 1 is
violated, for instance. This envelope of acceptable inter-satellite distances is of interest when the spacecraft
are expanding or contracting at different rates, as this would cause the nominal formation to degrade. Indeed,
as seen in Section 4.2.5, a degradation of the nominal formation is desirable for better coverage of the (U, V)-
plane. The present analysis sets thus the nominal case and the boundaries of this operational envelope of the
formation.

Compliance with Requirements 1 to 3 is evaluated in Chapter 5 for a free-flying formation without thrust
control. The implementation of Requirements 1, 2 and 4 is addressed in Chapter 11, where the baseline pat-
terns and associated maneuvers are optimized for individual targets during the science phase of the mission.

4.4, CHAPTER SUMMARY

HIS chapter identifies and describes key geometrical and operational constraints requirements which

must be considered during the operational part of the mission. They are the intervisibility of the ranging
system, the baseline estimation accuracy, the accessibility of the sky and the scientific performance of the
interferometer as a whole. The intervisibility of the ranging system is dictated by the sunshield dimensions,
whereas the baseline estimation favors non-planar and non-linear formation arrangements due to the am-
biguity of the relative positioning errors. These requirements have a direct impact on the performance of
the formation and because they constrain the distribution of the spacecraft in three-dimensional space, they
serve as a basis for the construction of a nominal formation geometry. From a generic formation distribution
referenced with respect to a given plane Iy, nominal in-plane and out-of-plane separation parameters are
defined, culminating in a largely asymmetric formation.

Whereas the first two requirements depend on the ratios between relative distances, the sky access is
directly dependent on the absolute distances among the spacecraft. Their evolution with respect to time is
addressed in the next chapter in free-drift conditions, i.e., without any control input. Because evaluating
science performance is only meaningful upon an optimized contraction or expansion of the baselines during
science operations, the last requirement is addressed in Part III, in Chapter 11.
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The lack of understanding of something
is not evidence of God.
It’s evidence of a lack of understanding.

Lawrence Krauss
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ABSTRACT

Chapter 5 provides a detailed analysis of the formation dynamics in free-drift conditions in a Halo orbit around
L,. Firstly, an analytical model for relative motion is validated for short-term simulations, whereby relative
position errors of up to 10% can be expected over time, depending on the location of the formation in the orbit.
The modeling error is nonetheless independent of the selected epoch. Finally, the evolution of the formation over
time is measured relative to the nominal initial conditions, set out in Chapter 4. A set of metrics, such as drift
and drift rates, angular tilt, visibility of the ranging system, relative positioning performance and sky access
are used to evaluate the change of the formation geometry. Whereas the overall deformation is independent of
the location in the reference orbit, the orientation of the formation in inertial space affects the rate of change
of the formation, with an orientation of the reference plane Il perpendicular to the ecliptic associated with a
faster degeneration. Nonetheless, for the time scales of interest and all conditions tested, the nominal formation
geometry remains stable over time and satisfies the formation requirements in free-drift conditions, without the
risk of an imminent violation of geometry or performance requirements.
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5.1. INTRODUCTION

HE aim of this chapter is to provide an analysis of the relative motion among spacecraft in their orbit
T around L,. The first step involves setting the equations of motion of the formation reference point, in
its orbit around Ly, in Section 5.2. Thereafter, in Section 5.3, the equations of relative motion are provided.
These are obtained by subtracting the equations of motion of the spacecraft relative to L, from the formation
reference point.

The results of relative dynamics are presented in two phases. In the first phase, one single spacecraft
relative to the formation center is considered, in Section 5.3, in order to validate the relative dynamics model
and to gain insight into what parameters influence relative motion, when the dynamics are guided solely by
gravitational forces of the Sun and the Earth-Moon primary bodies.

In the second phase, in Section 5.4, the equations of relative motion are extended to a five-spacecraft
formation and a set of metrics are used to evaluate the change in formation geometry relative to the initial
conditions in a free-drift environment for an orientation of the I1 plane parallel to the ecliptic. The metrics
include three of the requirements which were introduced in Chapter 4. The following passage, Section 5.5,
compares the results with those obtained with a new orientation of Iy plane, perpendicular to the ecliptic.
Throughout this chapter, the spacecraft are treated as point masses.

There are a set of optimal geometry conditions for which science tasks can be performed. However, the
deformation of the formation rises with time and during science tasks thrusters cannot be fired to control
the formation and correct relative trajectories. It must be guaranteed that the formation performance does
not degrade by virtue of the force environment during these critical periods. The relevance of this analysis is
thus to determine the extent to which the formation geometry degenerates from a nominal departure point
when no control is applied. This analysis is particularly relevant for targets associated with long observation
windows and for instances of prolonged passiveness when calibration or communication activities may take
place.

5.2. DYNAMICS OF FORMATION REFERENCE POINT AROUND L,
EFORE describing the equations of motion of the reference point contained in the ITy-plane with respect
to Ly, the reference frame of L, has to be defined. This coordinate system, designated %>, was previously
introduced in Section 2.4. It lies on the Sun-Earth/Moon barycenter line and has the following properties:

¢ the §x-axis is aligned with the ecliptic plane and its positive direction follows the anti-Sun direction
(towards outer space);

e the dz-axis is aligned with the North and South ecliptic poles of the celestial sphere, with the positive
sense in the North-pole direction;

e the 6 y-axis completes the right-handed reference frame.

For visualization purposes, this is illustrated in Figure 5.1. The equations of motion for a spacecraft with
respect to Ly were derived by Richardson in 1980 [43]. Since the spacecraft are treated as point masses in this
context, one may adapt this construction to the IRASSI case, by equivalently considering the reference point
contained in the I plane, relative to which the formation is arranged. These equations of motion are a three-
dimensional, third-order analytical solution for Halo-type periodic motion about the collinear points of the
circular-restricted problem (in this case applied to the Sun-Earth/Moon). These equations are obtained using
a Lagrangian formulation, as a general approach, and applying the method of successive approximations (for
the first and second-order), together with a Lindstedt-Poincaré method (third-order).

The advantage of this method is that the orbit of the spacecraft can be prescribed, by sizing the orbit
amplitudes Ay, Ay and A,, and the spacecraft can be initialized in any point in the orbit. The equations of
motion of the formation reference point, with respect to Ly, are provided in Equations 5.1a to 5.1c:

o0x= aglAi + angi —Ayxcos(t1)+ (aggAi - a24A‘§) cos(211) + 5.1a)
.1a
+ (aglA‘j’C - a32AxA§) cos (31;)

8y = kAysin (1) + (ba1 A2 — bap A2)sin (271) + (b31 A3 — b3p Ax A2)sin (377) (5.1b)
6z2=0,A,c058(1])+6,d21 AxA;cos(2T; —3) + 6, (d32AxA§ - dglAi) cos(311) (5.1c)
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ref. point

Sun-Earth line

Sun

Figure 5.1: Illustration of Ly -centered reference, with respect to which the dynamics of the reference point of plane ITy; is described.

where the switch function §,, determines whether the orbit is Class I or Class II and is given by:
0,=2-n,n=1,3 (5.2)

and the agy, bgw and dg, are constants which are defined in Appendix, with g =1,2,3 and w = 1,2,3,4. The
angular term 71, is given by:
T =Yywnit+¢ (5.3)

In Equation 5.3, ¢ corresponds to the initial phase of the reference points’ orbit around L, and the term y
corresponds to the linearized frequency and is the mathematical solution to:

Y 4 (c2-2)7 (-1 (1+2¢) =0 (5.4)

where c; itself is a constant defined in Appendix C. In addition, the second term of Equation 5.3, w, is the
frequency correction, written in the general form as:

w=1+) wp w,<1 (5.5)

n=1

where the w, term is assumed to be of order 0(A%) and it should be appropriately selected to remove the
secular terms as they appear in the higher order solutions. For example, from the second-order solution, it is
found that:

wy = 0 (5.6)

and in third-order solutions that
Wy = 51 A% + 5p A2 (5.7)

where s; and s are constants defined in Appendix C.

Finally, still in Equation 5.3, the term n; corresponds to the orbital mean motion of the Earth/Moon
around the Sun and ¢ denotes the instantaneous time variable (making the connection between the tem-
poral and angular domains).

Naturally, the amplitudes in the 6 x and 0z axes are such that

Ay >0

A;>0

Note that while the resulting orbits are symmetric with respect to the 6y, they are not symmetric with
respect to the dx and §z axes. This may produce effects in the relative dynamics at different points in the
orbit.
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Sun-Earth line

Sun

Figure 5.2: Illustration of the relative dynamics £ coordinate system, with the origin fixed on the reference point contained in I1-plane,
and of the Ly -centered frame %£.

The relative size of the periodic orbits defined by Equations 5.1a to 5.1c is obtained from the amplitude-
constraint relationship [43]:
LA +LA2+T=0 (5.8)

where /; and [, are constants defined in Appendix C and the definition of I' is given by:
2y’ —c (5.9)

From Equation 5.8 it is possible to conclude that the minimum allowable value for A, occurs for A, =0,
which then results in

r

A, =
X I

A short analysis and discussion on the validity of Richardson’s model are available in the Appendix C.2
section.

5.3. DYNAMICS OF SPACECRAFT RELATIVE TO FORMATION REFERENCE POINT

HE objective of the present section is to describe the evolution in time of the relative motion between

two spacecraft or between a spacecraft and the formation reference point within the ITx-plane, in free-
drift conditions, given a set of initial parameters. No formation control is implemented. The dynamics of a
spacecraft relative to the formation reference point, expressed in the coordinates in the local rotating £ frame
(defined in Section 4.2.1), are given in light of the coordinates dx, dy and dz, described by Equations 5.1a
to 5.1c, and associated with the % frame of Section 5.2. A depiction of both coordinate systems is given in
Figure 5.2.

For relative motion, the nonlinear equations of motion around L, of each spacecraft described in the
frame of the circular restricted three-body problem must be subtracted. Roberts [44] devised a relative mo-
tion model which consists of evaluating the gravity gradient in three dimensions at a reference point (or
spacecraft), Vf.of, and multiplying it by the distance Ar between the reference and a spacecraft, described
by:

Ar =/ (Axr = Axrop)? + (Ayr = Ayres)? + (Dzr — Azpep). (5.10)

This process is summarized in Equation (5.11):

Ai:z(si:T_(Si:ref:fT_frefZVfref Ar. (5.11)
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The subscript ‘T’ refers to telescope and ‘ref’ to the formation reference point, located at the origin of the &
frame, [Ax,e £ AVref)Azre f) = (0,0,0). The term on the left-hand side, A#, is the relative acceleration between
the reference and the telescope and naturally #r and d#.y represent the gravitational acceleration exerted
at the reference’s and at the telescope’s location respectively by the Sun-Earth/Moon system. For simplicity
reasons, this gravity gradient model, as described in the subsequent equations, will be referred to as ‘Roberts’
model.

The equations of relative motion in non-dimensional form (in terms of the distances from L) for two
point masses orbiting L, in the rotating £ coordinate frame are provided in Equations 5.12a until 5.12c [44]:

AX—-2Ay—Ax=¢eAx (5.12a)
Aj+2A%—Ay=9Ax+@Ay (5.12b)
AZ=E¢(Ax+cAz (5.12¢)
where the variables ¢, 9, @, ¢ and ¢ are described in Equations 5.13 until 5.17.
1 3
e=—(1-pm) | =5 — = (0 +p) (26xa+x0+p) | -
Ry Ry
(5.13)
-p RL%—Ri%(xo—l+p)(26xa+xo—l+p)
1- + -1+
=30y, |\ p)(;Co p), plxo 5 P) 5.14)
Rg Ry
1 3(xp+p)d 1 3(xp—-1+p)d
@=-(1-p) _3_()60—2)))% — _B_M (5.15)
R} R} R R
1- + -1+
£ =357 | p)(sxo p), Pl . p) (5.16)
Ry Ry
1 3(xg+p)ox 1 3(xp—-1+p)dx
¢=—(1-p) _3_(0—2))“ - _3_% (5.17)
Ry Rg Ry Ry

In Equations 5.13 until 5.17, p refers to the mass ratio between the Earth-Moon barycenter (via the summa-
tion of Earth’s and Moon’s mass, respectively Mg and M),) and that of the combined system, including the
Sun’s mass, Ms:
_ Mg+ My
p= Mg+ My + Mg
Additionally, the terms Rg and Rg are respectively the median distance of Earth and the Sun to L and xj is the
distance of L, to the barycenter of the Sun/Earth-Moon system, all terms dimensionalized by the Sun-Earth
distance (1 AU). Similarly, the subscript ‘a’ in terms 6 x4, 6y, and 6z, denotes the adimensional units of the
prescribed coordinates of the reference around L, according to Equations (5.1a) to (5.1c). Unlike the latter,
the equations of relative motion are coupled in the in-plane (Ax, Ay) and out-of-plane (Az) directions.
By reordering the terms, the set of Equations 5.12 can be represented in the state-space format, such that:

(5.18)

=Ax+ Bu (5.19)

where z is the state-space vector and w is the input command vector, A is the state matrix and B is the input
matrix. Given that, at the present stage, no control is implemented, then uw = 0. The state vector « is defined
as:

x=[Ax Ay Az Ax Ay Az]" (5.20)

and the state matrix A is described by:

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

A=11ic 0 0 0 2 0 (5.21)
9 1+@ 0 -2 0 0
& 0 ¢ 0 0 0
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The state variables of the spacecraft, Ax, Ay and Az, are finally calculated by performing a step-wise
integration (at each point in the orbit) of the linear-time varying system, such that:

x(1) = e/ A0 Az (0) (5.22)

In addition, the initial values of the in-plane relative motion are given by Equations 5.23 to 5.25. These initial
values were obtained by Roberts [45] to remove the secular drift, noting that the model prescribes an associ-
ation between Ax and the initial out-of-plane component Az. For the complete formulation of the analytical
solution and approximations, the reader is referred to the work of Roberts [44, 45].

1 1—
TS B ) NS
2 R} R}
3(1-p) (x0+p) _ 30 (v0-1+p) (x0+ ) >
=p)(x0+ xo—1+p)(x0+
pRso p) , 3p(x Rsp 0+p (a21A§+azzA§)}Ayo
S E
Ay._{l (-p)[13(0+p)] p[1 3(w-1+p)]],
=1L 1 _pl1
2 2 R3 R5 2 R3 R5
S S E E (5'24)
3(1— 3p(xo—1
( p)£x0+p)+ p (xo : O (a1 42 4 o 22)
RS RE
2 2
Axy = MAZO (5.25)

3d21AxAz

5.3.1. VALIDATION OF ROBERTS’ MODEL

The gravity gradient model for relative motion [44, 45] was implemented and solved numerically in MAT-

LAB/Simulink and thereafter compared to the results obtained with the General Mission Analysis Tool! (GMAT,
developed by NASA). In GMAT, Solar and planetary effects are considered (including the eccentricity of the

Earth around the Sun which changes the location of the barycenter of the system in the Sun-Earth line and

therefore changes the location of L,). The epoch was arbitrarily selected as that of March 1%, 2030, at 12

o’clock.

A reference Halo orbit around L, was firstly selected, using Richardson’s equations. The amplitude in
the §z-axis of this orbit was set to A; = 400000 km, which results in amplitudes corresponding to A, =
250272.869 km and Ay =794070.722 km. The period of this reference orbit is approximately 179.75 days
and it belongs to Class 1, (meaning the direction of revolution about L; as viewed from the Earth is clock-
wise), by setting §,, = 1. The orbit is illustrated in Figures 5.3 and 5.4. An overview of the acceptable reference
Halo orbit dimensions for the IRASSI mission can be found in Section 3.3.

From this reference Halo orbit, the spacecraft is positioned 200 meters and 125 meters (cf. Equation 5.25)
respectively in the Axy and Az, directions away from the formation center point (the Az, value is obtained
using Equation 5.25). The initial positions for an initial phase ¢ = 0° are presented in Table 5.1, for both
the center point and the spacecraft. As such, at the beginning of the simulations, the spacecraft and the
formation reference point are above the ecliptic plane (§zy > 0), between the L, point and the Earth (6 xy < 0).
A simulation of 20 days was selected for the relative motion validation and the measurements are obtained in
time-steps of 1 hour for both MATLAB and GMAT implementations.

In GMAT, a Cartesian axis system was created at the L, point and at the Chief. The initial conditions of the
Chief were provided as Cartesian positions and velocities relative to L, and, similarly, the initial conditions of
the Deputy were provided with respect to the Chief. A Runge-Kutta-89 propagator was selected. The Earth
was chosen as the primary, central body with the Moon and the Sun as point masses in the force model and
solar radiation pressure was considered. The GMAT data concerning absolute motion and relative motion of
both spacecraft was collected through an output file reporting tool.

The evolution of the distance Ar and respective coordinates in the local £ frame (centered on the for-
mation reference point), as modeled with Roberts’ relative motion equations, is shown in Figure 5.5. The
distance is calculated according to Equation 5.10. This overall distance Ar between the spacecraft and the
reference increases from an initial value of 236 m to 300 m over the course of 20 days, an average rate of 3.2
m/day in free-drift conditions. A decrease in absolute terms is observed for the Ax coordinate, from 200 m to

Lfrom https://gmat.gsfc.nasa.gov/
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Figure 5.4: 2D projections of Halo orbit around L;.

170 m, and for the Az coordinate from about 125 m to 70 m. This means therefore that the increase in distance
Ar is governed by the magnitude increase from 0 m to 234 m of the Ay coordinate. The modeling errors of the
relative positions and velocities between the gravity gradient model and GMAT are presented in Figure 5.6.
The error was calculated by subtracting the analytical solution of Roberts’ solution from GMAT’s solution.
From the plots, it is recognizable that the largest difference occurs for the Ax coordinate, at nearly 29 m after
20 days (or 1.45 m per day), whereby the steepest increase is observed within the first two weeks. The rea-
son for this difference is mainly attributed to the dependence of Ax motion on the Ay velocity magnitude,
as Equation 5.12a shows, whose initial value is estimated at 0.177 mms~!, which is likely underestimated.
The reference point is further from Ly, but closer to the Earth than the telescope. The initial velocity of the
reference point (8o = 0.351 kms™!, cf. Table 5.1) causes it to move away from the Earth, subjecting it to a
higher centrifugal force. With the Earth’s gravity similarly acting on the reference, it moves in a Halo pattern.
The neighboring telescope, further from Earth, requires a lower velocity to stay near the reference (which is
correctly predicted by Roberts’ model in this case), but the Halo rotation motion of the reference will cause
the two to separate. The magnitude of this velocity, however, is indeed underestimated.

Conversely, GMAT predicts a more modest change along the Az axis, of about 23 m, compared to the
gravity gradient model (however, the deviation is positive due to the fact that both the GMAT and model
values are negative). The Az distance magnitude is thus overestimated by the gravity-gradient model. The
deviation of the Ay coordinate is of only about -2.5 m on the first half of the simulation, growing to an order of
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Table 5.1: Initial conditions of formation reference point and spacecraft.

Reference Telescope
(relative to L) (relative to reference)

a 0 xp (km) —332435.467 AXxp (m) 200.000
o

= 0y (km) 0.000 Ayp (m) 0.000
o

- 0zg (km) 357 052.548 Azp (m) —125.258
= 8%y (kms™) 0.000 A%y (mms™1) 0.000
8 870 (kms™1) 0.351 Ajo (mms™1) -0.177
(5]

- 82y (kms™1) 0.000 Azg (mms™) 0.000
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Figure 5.5: Evolution of the relative coordinates of the telescope relative to the reference point according to Roberts’ model for an initial
phase of the reference orbit of ¢p = 0°.

magnitude greater over the last ten days. Again, both GMAT and model values are negative, but the absolute
deviation is negative because the Ay distance magnitude is underestimated by the gravity-gradient model. A
similar trend applies to the relative velocity Ay of Figure 5.6(b). The gravity-gradient model underestimates
A% by a maximum of 0.027 mms~! relative to GMAT at the 11" day of simulation, a value which sharply drops
to less than 0.020 mms ™! on the 20! day. And an underestimation of Az by 0.015 mms ™" is also observed over
the first two weeks, after which the velocity deviation remains relatively constant.

The relative errors of relative and velocities are provided in Appendix C.3.1 in percentages, where it is
observed that the coordinate that is modeled the poorest is Az.

Note that the time scales of interest for modeling the relative dynamics of IRASSI correspond to the dura-
tion events in which the formation is in free drift. These are, for example, idle instances where the formation
is performing calibration or communication tasks or even science observation activities - ranging from a cou-
ple of hours to two days, and occasionally one week. On these time scales, the deviation between GMAT and
the gravity gradient model lies in the centimeter level for relative distances and micrometer per second for
relative velocities. Therefore the gravity gradient model can be deemed as an acceptable tool for conducting
a preliminary analysis on the relative motion under uncontrolled dynamics, at least for the selected epoch
and a phase of ¢ = 0°. In the next subsection, the modeling error is evaluated for different conditions.

Finally, note that the results obtained by Roberts [44, 45] were themselves compared and validated with
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Figure 5.6: Relative motion modeling error (absolute) between GMAT and Roberts’ model. Epoch of simulation is March 15, 2030.

another simulation tool (STK Astrogator) for slightly different conditions. The results hereby presented, there-
fore, support previous research concluding that there is a good agreement between the analytical models and
the numerical, more complex software for, at least, short-term periods.

5.3.2. INFLUENCE OF REFERENCE POINT’S LOCATION ON RELATIVE DYNAMICS MODELING
ERROR

This subsection addresses how the orbit of the formation reference may affect the relative dynamics with
respect to neighboring spacecraft. It is clear that different orbit sizes may give rise to different relative dy-
namics (due to the dependency of Ar on dr, shown by Equations 5.12 until 5.17). However, it is relevant to
understand how, for example, for the same prescribed Halo orbit around L;, the spacecraft move with respect
to each other in free-drift conditions depending on where in the orbit they are (phase), in the relevant time
scales.

Two parameters are hereby assessed: the initial phase ¢ of the reference and the epoch. Theoretically, the
initial phase can be captured by the Roberts’ model (due to its direct dependence on the reference’s orbital
adimensional coordinates 6 x4, 6y, and dz, in Equations 5.13 until 5.17. The epoch, however, cannot be
captured by the Richardson/Roberts’ models. The interest here is to see how the expected GMAT numerical
solutions compare to the Roberts’ model for the same orbit conditions when the simulation epoch varies
throughout the year.

INITIAL PHASE ¢

According to Figures 5.3 and 5.4, the periodic Halo orbit is not completely symmetric. It may therefore be
possible to detect differences in modeling performance of Roberts’ equations, depending on where in the
Halo orbit the formation reference is located. Certain conditions (for example, higher proximity to Earth)
may be associated with higher modeling errors. Therefore, four different locations along the reference Halo
orbit have been selected to measure the modeling error. The locations are given as a function the initial phase
¢, which varies between 0° and 270° in steps of 90°, and are shown in Figure 5.7. The direction of ¢ increase
indicates the sense of motion of the reference point along the orbit.

For each case, twenty-day simulations have been ran for the same orbit amplitudes as presented in Ta-
ble 5.1. The initial distance of the spacecraft is also set as Axyp = 200 m and Azy = —125 m away from the
formation center point in the local % frame for an epoch of March 1%, 2030, at 12 o’clock. The evolution of
the position error ea, and velocity error ear is shown in Figure 5.8 and Figure C.5 respectively in units and
percentage. Additionally, the error is shown relative to the distances to the L, point and to the Earth-Moon
barycenter in Figure 5.9. The position error ea, is measured by subtracting Equation 5.10 to the relative
distance calculated by GMAT, as shown in Equation 5.26. The same procedure applies to velocities.

ear = Arigpar — AT (5.26)
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Figure 5.7: 2D projections of Halo orbit around L;.

Overall, from the four initial phase conditions, it is possible to see that the position estimated with the
Roberts’ model seems to deviate by 30-45 m after 20 days for all conditions, in Figure 5.8(a). The position is
underestimated for the cases where the reference (and telescope) are closer to the Earth and moving along the
Halo above the ecliptic for most of the time - that is, for initial phases corresponding to ¢ = 0° and ¢ = 270°.
Conversely, cases further from Earth on the southern hemisphere, ¢ = 90° and ¢ = 180°, are overestimated
and the associated magnitude of the deviations is lower than the former cases.

Along the orbit, the distance to Earth varies between 1.23 x 105 km and 1.73 x 108 km. Naturally, the fact
that Richardson’s model does not capture higher order (beyond third-order) gravitational effects or even so-
lar radiation pressure is one of the reasons for the deviations. These effects influence the reference’s orbit to
a larger degree when they are closer to the primary bodies (Sun and Earth-Moon barycenter), which is why
the magnitude of the deviation is higher for an initial phase of ¢ = 0° than for ¢» = 180°, for instance®. An-
other reason is likely the estimation of the Ay, of the Roberts’ model. Inspecting Equations 5.12 until 5.17
and Equations 5.23 to 5.25 shows that regardless of the initial position of the reference point in the Halo
orbit, the relative initial condition values of the telescope (position and velocity with respect to the refer-
ence) do not change and the spacecraft is always initiated with Ajy = —0.177 mms~!. The initial velocity
value 6y on the Halo is maximum for ¢ = 0° and for ¢ = 180°, and null for ¢ = 90° (tending to negative
over the simulation time) and for ¢ = 270° (tending to positive over the simulation time). An added velocity
Ajp = —0.177 mms~'at the §y extrema (¢ = 0°,180°) will lead to either an overestimation (¢ = 180°, §j < 0)
or underestimation (¢ = 0°, §7 > 0) of the relative position according to the sign of §y. However, the in-
tegration error of the Roberts’ model is higher when the reference and spacecraft are initialized with a null
6. In this case, when the spacecraft is at an initial phase of ¢ = 270° and 6y starts tending to positive (pro-
gressively underestimated by Richardson at it moves closer to Earth), the initial velocity of the spacecraft
Ajp = —0.177 mms~'is underestimated and subtracted from the (already underestimated) 5. As a result, ac-
cording to Roberts, the spacecraft separate more from the reference than the other cases and at a faster pace
as observed in Figure 5.8(b). On the other hand, at ¢p = 90° the spacecraft is at the same distance from Earth
as the ¢p = 270° case and 6 y increases in the negative sense and becomes again progressively underestimated
as it moves further from the Earth. The added negative relative velocity Ay, = —0.177, however, slightly ac-
celerates the spacecraft in the Halo orbit in the Roberts’ model and dampens the growth of the integration
error over time, as observed by the inversion of the curve in Figure 5.8(b). This likely explains why the dif-
ference between the deviation of the two cases in the southern hemisphere (¢p = 90° and ¢ = 180°) is not as
pronounced as the ones in the northern hemisphere (¢p = 0° and ¢ = 270°).

The relative errors of relative and velocities are provided in Appendix C.3.1 where it is shown that these
are minor for all cases.

Finally, for completeness (and curiosity) the deviation of the predicted positions relative to GMAT is
shown in Figure 5.9 as a function of the distance to L, and the Earth-Moon barycenter. These two loca-
tions, L, and the barycenter of the Earth-Moon system, are merely separated by a distance of approximately
1.5 x 108 km along the §x coordinate. Generally, in Figure 5.9(a), it can be observed that for the same sim-

2Low-order gravitational effects are considered in the Roberts’ model by the adimensional terms §x4, 8y, and 6z, in Equations 5.13
until 5.17.
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Figure 5.8: Relative motion modeling error (absolute) between GMAT and Roberts’ model for different initial phase values ¢.

ulation time, the relative position error of the spacecraft increases with an increasing initial distance to Ly,
although the magnitude of the deviation is greater for ¢p = 270° than for ¢p = 90° for the reasons explained
above. Note that the initial distance to L, differs for ¢ = 0° and ¢ = 180° because the Halo orbit is asymmetric
relative to the dz-axis. From Figure 5.9(b), the closest to Earth the initial position, the higher the magnitude
of the deviation. The effect of the integration error due to the initial relative velocity Ay = —0.177 mms~!of
the spacecraft is evident: whereas the deviation is relatively proportional to the distance for initial phases
¢ = 0° and ¢ = 180°, this deviation becomes exponential when to an initial null §y the Ay, is added to the
spacecraft.
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Figure 5.9: Relative motion modeling error (absolute) between GMAT and Roberts’ model for different initial phase values ¢, relative to
distance to Ly (left) and to the Earth-Moon barycenter (right).

As an extension of this analysis, the change in relative distance over time as predicted by the Roberts’
model was evaluated by varying the initial phase ¢, in steps of ¢ of 10°, resulting in 36 different simulation
conditions. For brevity, results are hereby presented concerning the same initial phase values above (¢ =
0°,90°,180° and 270°). Initial phase values of ¢» = 0° and ¢ = 180° correspond respectively to cases of minimum
and maximum observed relative drift after 20 days. The term “drift’, in this context, refers to the measured
change in position relative to the initial positions.

The corresponding plots are presented in Figure 5.10, where drift is measured as a change in position of



5.3. DYNAMICS OF SPACECRAFT RELATIVE TO FORMATION REFERENCE POINT 73

200 ‘
—¢p=0°
I ,
150 = 180°
s —¢ = 270°
g 100 e
50 | ]
. .
0 5 10 15 20

Time (days)

Figure 5.10: Drift over time for different initial phase values ¢. Epoch of simulation is March 15¢, 2030.

the spacecraft with respect to the reference and relative to the initial value. Note that this analysis no longer
concerns the modeling error of the relative motion model. In free-drift conditions, therefore, the spacecraft
is expected to deviate up to 170 m for an initial ¢p = 180°, 62 m for ¢p = 0° and approximately 120 m for the
other two cases (+ear (%) x ||Ar||) over twenty days. Over the time scales of interest for IRASSI, of 10 days or
less, this drift ranges between 25 m and 51 m across all four cases. This drift must therefore be accounted for
during prolonged idle periods if the spacecraft are reliant on certain relative geometries for intervisibility or
if they must initiate an activity at a predefined set of relative distances.

ErPoCH

The eccentricity of the Earth’s orbit affects the location of the L, point in the Sun-Earth line. Richardson’s
model for halo-type motion about Lagrangian points assumes, however, circular orbits of the second primary
body (the Earth-Moon system) around the first primary body (the Sun). In Appendix C.2 section, Richardson’s
model was validated for an epoch of March 1%, 2030. The Roberts’ model is itself an extension of Richardson’s
model for relative motion and was validated against GMAT for the same epoch in Section 5.3. It may be
reasonable, however, to investigate whether differences are observed in the modeling errors of the analytical
solution for relative motion with respect to the numerical simulations.

For this purpose, a second epoch is considered, six months after the first one, whereby the relative dynam-
ics between Robert’s model and GMAT are compared for the same simulation time. The orbit amplitudes of
the Chief are those presented in Table 5.1, for an initial phase of ¢p = 0°. The initial distance between the
spacecraft is also set as Axp = 200 and Azy = —125 m away from the formation center point in the local £
frame. The resulting relative motion deviations are shown in Figure 5.11.

By comparing Figure 5.6 and Figure 5.11, little observable difference is detected between the errors of pre-
dicted relative dynamics of Roberts’ model and that of GMAT for the two different epochs, six months apart.
Therefore, the trends observed in the epoch of March 1%, 2030 apply to September 1%, 2030: the gravity-
gradient model marginally underestimates the magnitude of the Ax and Ay coordinates and overestimates
Az. The value of the errors is slightly lower for the new epoch, where Ax peaks at 24 m, the Ay reaches 17 m
and the Az displays a deviation of -28 m (compared respectively to 29 m, 23 m and -25 m in Figure 5.6(a)). The
same is true for the velocity errors, shown in Figure 5.11(b), whereby the peaks are lower in value for Ax, Ay
and Az over the 20 days of simulation. The maximum values are thus 23 ums™~! for A%, 11ums~! for Ay and
—28ums~! for Az, a decrease of approximately 4 ums~! for Ax and Ay and merely of 1 ums~! for Az relative
to the first epoch case, shown in Figure 5.6(b).

To avoid repetition and due to the proximity of the results between the epochs, the percentage error re-
sults are omitted. The conclusion follows therefore that the agreement between Roberts’ and GMAT is largely
independent of the selected epoch in GMAT for the time scales which are relevant for IRASSI®.

3Presumably, the largest difference for the Ly location relative to the ideal circular case (an assumption of the Richardson’s and therefore
of the Roberts’ model) should occur for the perihelion and aphelion. Therefore, one may hypothesize that the largest deviation in mod-
eling relative motion may occur for the dates coinciding with these two events. The perihelion for the year 2030 occurs on January 3rd
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Figure 5.11: Relative motion modeling error (absolute) between GMAT and Roberts’ model. Epoch of simulation is September 15, 2030.

5.4. DYNAMICS OF THE IRASSI FORMATION AROUND L,

HE present section extends the results of the formation dynamics to the IRASSI case, integrating the ge-
T ometry definitions of Section 4.3 and focusing on the practical aspects of the motion of this formation
without any position control input. The formation dynamics is analyzed in terms of the relative drift and drift
rates relative to an initial formation geometry setup and in terms of the deformation and tilt of this geom-
etry over time. Three of the four requirements identified in Chapter 4 are thereafter evaluated in free-drift
conditions: the formation intervisibility, the relative positioning performance and the accessibility of the sky.

Building on the work of Chapter 4, the nominal formation geometry is illustrated generically in Fig-
ure 5.12, whereby the local coordinate system £ is centered in the formation reference point, the in-plane
separation ¢ between consecutive telescopes is fixed at equal intervals of %” =72° and the out-of-plane sep-
aration parameter set £ is given as a function of the in-plane separation term d:

h=1{-4d,-2d,0,2d,4d} Az, (5.27)

whereby each element of % is to be distributed by the five spacecraft and whereas d should be kept within the
range:
10=d <1000m (5.28)

For the purpose of the study, two cases are generated for the IRASSI formation, one in which the formation
is considered ‘small’ (d = 10 m) and one in which the formation is considered ‘large’ (d = 1000 m). The 1y
plane is oriented parallel to the Ay-Ax plane (parallel to the ecliptic plane), defining the pointing direction
of the formation. The initial phase is set at ¢p = 0°, unless explicitly stated otherwise during the analysis.
For reference purposes, the ‘first’ telescope, T was aligned with the Ax-axis. Table 5.2 provides the initial
coordinate distances?, considering that the allocation h; among formation members of the & set is:

h;=[4d,-2d,0,-4d,2d) Az, i=Ty,.., Ts (5.29)

5.4.1. RELATIVE DRIFT AND DRIFT RATES

The results of the uncontrolled relative dynamics for eight-day simulations are presented for the imposed
formation values as provided in Table 5.2. The corresponding relative drift and drift rates are presented in
Figures 5.13 and 5.14 respectively for the small and large formation scenarios.

and the aphelion on July 4t Indeed, post-hoc simulations for these dates agree with the derived conclusions, that different epochs
throughout the year do not have any significant impact on the modeling error, and therefore it is deemed unnecessary to add further
graphs to illustrate this point.

4Note that Equation 5.25 defines a value of Az associated with a value of Axy. The predicted values are shown below the table. Nev-
ertheless Roberts asserts that a selection of a different value of Az does not significantly affect model performance [45]. In addition,
simulations carried out with the predicted values of Azg showed that a slight increase in drift is observed for all spacecraft, but an order
of magnitude lower than the relative distances among spacecraft. Relative velocities remained largely unchanged.
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Figure 5.12: General formation geometry arrangement relative to the local frame centered on the reference plane ITy.

Table 5.2: Initial coordinates for the IRASSI formation, pointing to a direction parallel to the Ay-Ax plane, for two simulation conditions:
small and large formation.

Tele- General formation Small formation Large formation

scope coordinates d=10m d=1000m

T (d,0,4d) (10.0,0.0,40.0) (1000.0,0.0,4000.0')

T (dcos(¢p),—dsin(¢p),-2d) (3.1,-9.5,-20.0'1) (309.0,-951.1,-2000.0")
T3 (dcos(2¢),—dsin(2¢),0) (-8.1,-5.9,0.0") (—809.0,-587.8,0.0")

Ty (dcos(3¢),—dsin(3¢),—4d) (-8.1,5.9,—40.0") (—809.0,587.8,—4000.0")
Ts (d cos (4¢),—dsin (4¢),2d) (3.1,9.5,20.011) (309.0,951.1,2000.0%)

I Azg=-63m i Azg =-626.3m

MAzg=-19m VAzg=-193.5m

V Azg=5.1m VIAzy =506.7 m

From Figure 5.13(a) it is possible to observe that, for the small formation scenario, the relative drift varies
between -5.1 m and 4.5 m. For the large formation scenario, Figure 5.14(a) shows that the relative drift varies
between -514.7 m and 453.6 m. This means that for both scenarios, over time, some spacecraft will move
closer while others will tend to drift apart. The first trend to notice regarding the relative motion is that it is
proportional to the change in formation size. That is, given that the formation size in the large scenario is 100
times larger, the relative drift is 100 times higher in magnitude. The same linearity is, of course, observed for
the drift rates, as seen in Figures 5.13(b) and Figure 5.14(b). The magnitude of the drift rates ranges between
5.7and 18.5ums ™! at the end of the simulation for the small formation and 100 times this amount for the large
formation scenario, as the figures indicate. Increasing relative velocities translate into telescopes moving
closer to each other over time.

Another aspect worth noting is that drift of the baselines is approximately linear with respect to time — at
least for the time scales considered, 8 days. The same applies to the drift rate for half of the baseline pairs,
whereas a parabolic relation is detected for the other half. Spacecraft pairs on different sides of the reference
plane Ily (e.g., Ty — T», Ty — Ty, To — T5, T4 — T5) are associated with a negative drift, but with a positive,
parabolic drift-rate curve, whereas formation members on the same side (e.g., T} — T5, T> — T4) correlate with
a positive drift and a linear, negative drift rate evolution.

For completeness, Appendix C.4 provides further information on relative drift metrics. The measured
change in relative position is shown Figure C.6 and the proportion of drift relative to the initial distances is
shown in Figure C.7, from where it is concluded that this drift ratio is generally inversely correlated to relative
distance: the higher the initial separation, the lower the change over time of the drift as a proportion of initial
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Figure 5.13: Drift and drift rate profiles - small formation scenario.
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Figure 5.14: Drift and drift rate profiles - large formation scenario.

relative distances. The Appendix C.4 also depicts the drift with respect to the formation reference point and
the drift along individual coordinates relative to each other.

5.4.2. DEFORMATION UNDER UNCONTROLLED DYNAMICS
For a complete assessment of how the formation changes over time in free-drift conditions, the analysis is
divided into three sets of metrics: formation deformation and tilt, internal angles and angular tilt of all planes
formed by three-telescope sets. These are addressed in the three next subsections.

The results for all metrics are the same for the two formation scenarios due to their dependence on the
geometry, rather than on the formation size. The ratios of the relative distances are the same for both the
small and large nominal geometries.

FORMATION DEFORMATION AND II-PLANE ANGULAR TILT

The change of the overall formation over time is analyzed according to Junge et al.[46]. They provide a two-
step metric which measures the deformation of the formation relative to the (prescribed) initial conditions
and the tilt of a given plane formed by three of these spacecraft. In general, this deformation metric can
be used to evaluate the behavior of the formation at different points in the Halo orbit (or across different
Halo-orbit families) and identify which locations are better suited for an energy-efficient formation flight. A
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singular measure of deformation may thus provide an insight into how the overall shape and geometry of the
formation changes over time when there exists a reference range of values (e.g., prescribed by requirements
or defined in an ideal undisturbed environment).

Given that the minimum and maximum drift occur respectively for initial phases of ¢) = 0° and ¢ = 180°
in the Halo orbit, as seen in Figure 5.10, the deformation is assessed at these two distinct locations. Based on
the formulation of Junge et al.[46], the ¢-dependent deformation is a function of the change of the relative
distances of the spacecraft at a time ¢ after the initial time, #. For the IRASSI case, with n = 5 spacecraft,
the deformation is described by Equation (5.30), where Ar is the three-dimensional relative distance vector
spanned by Ax, Ay and Az.

n-1 n . —
o5 [ Jaraso-arycoll a0
J=1 k=j+1 || Arg, (o) — Ary, i (£o)]|
Junge et al. study the change in formation orientation by arbitrarily selecting three members of the cluster
(a four-spacecraft formation arranged as a regular tetrahedron). However, given the asymmetric nature of
the IRASSI formation geometry, angular changes concerning any set of three spacecraft may not be repre-
sentative of the other nine sets. This analysis is performed later in the chapter, under ‘Triplets Angular Tilt'
Therefore, instead of measuring a hypothetical angular tilt of the formation, the tilt of the reference I1; plane
is evaluated. This is achieved, firstly, by considering three points p;, p» and ps contained in the Iy plane,
defined at the initial time £ as:

p1 = (Axor, , Aoy, ,0) (5.31a)
PZ = (AxOT?’ rAyOTS rO) (531b)
p3 = (Axor,, Ayoq,,0) (5.31¢)

The attitude of the I1y plane is then defined by the corresponding plane normal unit vector:

(A7g,p, (1) = AT, p, (1) * (AT, py (1) — AT p, (1)
(A7, p, (1) = AT, p, (1) x (AT, ps (1) = ATy p, (1)

ny(t) = T (5.32)

Finally, the IT)-plane tilt can then be evaluated, as the angular shift between the normal of the plane at time
t and the normal at time #y:

ay (1) = arccos (ng(t) - ny (o)) (5.33)

The results are plotted in Figure 5.15, for both initial phase values. For ¢ = 0°, the deformation value after
eight days is measured at Dy-q- = 0.75, whereas the corresponding angle of tilt grows to ap-¢> = 1.3°. The
same metrics measured for ¢» = 180° are slightly lower for the deformation, with Dy-180 = 0.71, but larger
for the tilt, with ay-180c = 1.6°. This divergence is interesting: whereas the plane ITy seems to rotate more
for ¢p = 180°, the change in relative positions over time as measured by D decreases. This, however, seems to
contradict the fact that the largest drift magnitudes around the orbit seem to occur for ¢ = 180°, as Figure 5.10
illustrates (for the single spacecraft relative to reference case). The difference in initial conditions and the size
of the formation may partly explain this discrepancy. One of the drawbacks of the deformation metric D is
the fact that it provides no insight into which coordinate or spacecraft actually promotes the change in the
formation (that is, it does not tell us how this change is distributed among formation pairs). D is simply an
overall evaluation of the degree of formation deformation. It may well be therefore that the larger the number
of spacecraft in the formation, n, the harder it may be to detect the influence of individual spacecraft on the
change of relative distances over time.

More importantly, D does not translate into a measure ‘goodness’ or ‘desirability’ of formation geometry.
A high deformation value relative to a reference simply means that the spacecraft are in a dynamic envi-
ronment and such formation can still be acceptable, as long as operational and scientific requirements are
met. In a realistic scenario, the usefulness of the deformation metric for IRASSI lies therefore in detecting
off-nominal conditions which cause the formation to degrade significantly (exceeding the allowable defor-
mation value D at a given location in space), thereby requiring a control input to return the formation to the
original or desired state.

To complement the deformation analysis, two additional metrics were considered. These are the internal
angles and the tilt of all telescope triplets, which are described in the next subsections.
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Figure 5.15: Formation deformation Dy and angular tilt a( of plane I1y. The metrics are independent of formation size.

INTERNAL ANGLES

To gain a deeper insight into how the formation geometry changes over time, the measured change of the
internal angles of the triangles formed by each subset of three spacecraft are calculated. There are a total of
10 triangles in the formation, which results in 30 measured internal angles. The evolution of these internal
angles over time is presented in Figure 5.16, where it may be concluded that it is comparable for both initial
phase values ¢.

Generally, in free dynamics conditions, some angles will become more acute, with decreases of nearly
22°, whereas others will become more obtuse, increasing up to 16° (not surprisingly, the maximum and min-
imum changes occur for the same spacecraft set: T, — T3 — T;). The angular change over the eight days is
approximately linear for nearly all cases and the average change of all angles at the end of the simulation is
of 7.1° for ¢p = 0° and 7.2° for ¢ = 180°. The overall geometry of the formation is therefore largely maintained
at both extrema of the Halo orbit. This also hints at the possibility that once a desired formation is achieved
at the beginning of an Observation Cycle, very little control effort is expected to be required to counteract
disturbances and formation requirement violations.
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Figure 5.16: Internal angles. The metrics are independent of formation size.

Together with the formation deformation results from subsection 5.4.2, one may infer that the mild in-
crease in average internal angle change (7.1° for ¢p = 0° vs. 7.2° for ¢» = 180°) is associated with a mild decrease
in the deformation metric D (0.75 for ¢p = 0° vs. 0.71 for ¢» = 180°) which measures the change in relative
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position.

TRIPLETS ANGULAR TILT

The angular tilt calculation was extended to all ten sets of three telescopes within the formation. This was
done by replacing the term Ar in Equation 5.32 with the initial coordinates of the telescopes defined in Ta-
ble 5.2. The results are shown in Figure 5.17 for both initial phase values ¢.

Similar to the deformation D, a slightly lower value for the rate of change in orientation the triplets was
found for ¢ = 180°, in comparison to the ¢ = 0° case. The average tilt among all sets is 11.8 at the end of the
simulation for the latter, compared to 11.7 for the former. This means therefore that the change of orientation
of the planes is independent of orbit location.

It is interesting to observe that when the initial conditions of two out of the three spacecraft have an out-
of-plane component (Azj # 0), the angular tilt of the plane formed by these spacecraft is higher. Consider, for
instance, the set 71 T3 T4: with T; and T, having symmetrically opposed Az, values, the tilt is approximately
18° at the end of the eight days for the ¢ = 0° case, more than one order of magnitude greater than the in-plane
Iy set of subsection 5.4.2, at ap=¢- = 1.3°. This also shows that the evolution of the orientation of reference
plane Iy is indeed not representative of those formed by members of the formation.
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Figure 5.17: Triplets Angular Tilt. The metrics are independent of formation size.

Note in Figure 5.17 that, interestingly, the tilt of all triplets decreases with ¢ = 180°, except the set T} T3 4.
The tilt of this set increases from approximately 18° for ¢p = 0° to 20° for an initial phase ¢ = 180°. Given that
the coordinates of the points considered for evaluating the tilt of reference plane I are based on this set (cf.
Equation 5.31), it is not surprising that an increase of tilt is observed for reference plane Il too in Figure 5.15.

Ultimately, deformation metrics (formation deformation, change in internal angles and triplets angular
tilt) remain nearly constant with varying phase ¢ and the conclusion follows therefore that deformation is
independent of location on the reference orbit.

5.4.3. REQUIREMENT 1: VISIBILITY OF RANGING SYSTEM
During the span of eight days, no loss of intervisibility was detected among the telescopes. That means that,
given the nominal formation geometry, the passive drift of the formation shall allow for the ten baselines of
the spacecraft to be computed continuously on board during activities which do not involve maneuvers.
The formation was propagated further in time to 140 days, both using Roberts’ model and GMAT and both
for the small and the large formation. The measured number of invisibility links, as proposed in Equation 4.4,
is shown in Figure 5.18(a). Whereas within each model, expectedly no difference was found between small
and large formation, the results in terms of intervisibility detection differ somewhat between those obtained
with Roberts’ model and GMAT. Using Roberts’ motion model, it took a full 34 days before one laser link was
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Figure 5.18: Number of invisible links and accuracy of predictions using Roberts’ model.

lost between a pair in the formation. The number of laser links detected with Roberts’ model rises with time
until only one link remaining (between telescopes T;-T3) at day 117. Interestingly, with a rapid increase of
the relative distance of the Ay and Az coordinates and assuming that the lasers perform equally nominally at
increased relative distances, full intervisibility of the formation is recovered at day 125. Only 2.5 days elapse
between the maximum detected loss situation and full visibility recovery.

This pattern is somewhat observed with GMAT. However, the first loss of laser contact occurs within 30
days and the peak of invisibility for eight out of the ten baselines is observed at day 46 (10 weeks earlier than
with Roberts’ model). Throughout the simulated period, there are two links (compared with only one in the
earlier case) that are never lost (between telescopes T>-T3 and T3-T5). A prolonged period of invisibility is
detected between day 58 and 110 with GMAT, but within one week, full visibility is regained.

Thereafter, the results of the Roberts’-model-derived detection were compared with those obtained with
GMAT. The accuracy is calculated as the ratio between the accurately predicted telescope pair and the total
number of predicted pairs with Roberts’ model. This is shown in Figure 5.18(b) in percentage terms. As a
remark, this measure reflects how many pairs detected with the model are accurately individually identified
(that is, also predicted by GMAT) and does not reflect the proportion between the identified number of lost
links between the two models. The accuracy is independent of formation size. From Figure 5.18(b), it is vis-
ible that the accuracy of the detections using Roberts’ model increases sharply as soon as intervisibility loss
is detected (34 days) and decreases to half when the two-month mark is hit. The accuracy subsequently in-
creases again to 62.5% and from day 110 it decreases nearly continuously until day 118, after which it remains
null. Note that, as remarked, although 100% accuracy is achieved between days 37 and 38, the model-derived
detection only captures three of the five lost links. At an average accuracy of 56% throughout the simulation,
the model is only a mediocre predictor of intervisibility. However, the Roberts’ model is suited only for short-
time relative motion modeling. A 140-day simulation with GMAT, in fact, leads the free-drifting formation
into a heliocentric orbit, where neither the Richardson’s nor the Roberts’ models apply any longer and, as
such, this analysis (or comparison) stands as a mere trivial exercise.

5.4.4. REQUIREMENT 2: RELATIVE POSITIONING PERFORMANCE

The relative positioning performance is evaluated in light of the nominal formation setups defined in Ta-
ble 5.2. The evaluation is made in terms of baseline estimation accuracy, defined as the deviation between
the true baselines and those estimated from the spacecraft positions. As introduced in section 4.2.3, errors
associated with the distance measurements provided by the metrology system and that of the telescope at-
titude sensors must be assumed. The nominal values selected are based on work carried out by partners
within the IRASSI consortium [16, 39]. The distance measurement errors are hence assumed to be Gaussian-
distributed, with zero mean value and a standard deviation o; = 1um and the three orientation angles v of
each satellite have a standard deviation of o, = 0.1 arcsec. No lever-arm distortions or lever-arm distance
measurement errors are considered. These parameters define the nominal estimation errors case for the
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Figure 5.19: Baseline deviation over time, for the nominal performance case: o4 = 1pum and o = 0.1 arcsec. The metrics are independent
of formation size.

positioning performance analysis.

Figure 5.19(a) shows the maximum baseline error at each instant and the sum of differences between
the estimated and true spacecraft baselines for the nominal performance case. Similar to the previous met-
rics, the results are dependent on the formation geometry and not on the formation size. The results of
Figure 5.19(a) are therefore representative of both formation scenarios. The black line defines the required
baseline estimation accuracy of 5 um. It is visible from the plot that the maximum baseline deviation stays
below the required value for the majority of the simulation time, with an average of the maximum values at
3.70um. The sum of the estimated baseline differences varies roughly between 15um and 70 um. The se-
lected formation geometry seems to be acceptable in terms of relative positioning, albeit at the upper limit of
the allowable baseline estimation accuracy. There are indeed instances in which the limit is violated, using a
Gaussian distribution of the errors.

The question may therefore arise as to whether: 1) different relative position ratios and/or 2) the assumed
errors may have influenced the performance of the relative position estimation algorithm. A short sensitivity
analysis is conducted to assess the impact of varying the nominal geometry and the nominal errors on the
relative positioning performance.

Firstly, the ratios of relative distances are modified. This is done by assigning different values to the out-of-
plane component set k. With d defined in Table 5.2, the new formation geometries are a function of varying
factor f:

o as

=3-fd,—=d,0, 5 d,fd; Az (5.34)
For the analysis, this parameter is tested at f = {1,2,5,8,10}, keeping in mind that f = 4 corresponds to the
nominal geometry case. The resulting geometries do not necessarily abide by Requirements 1 and 3, since
the focus is here is rather on evaluating the impact of different relative distance ratios on the performance of
the baseline estimation. The estimation results are shown in Figure 5.19(b) and summarized in Table 5.3. As
can be observed, there is no benefit in modifying the nominal formation geometry as the mean maximum
baseline accuracy is slightly higher for conditions other than the nominal one. Subsequently, the assumed
o4 and o, errors are varied using the same nominal geometry as a basis. The distance measurement error is
tested at 04 = {0.1,1,5}um and the angular errors at o, = {0.04,0.1,0.4} arcsec, whereby the minimum values
for both correspond to values experimentally achieved by internal project simulations and the maximum
values are those set by the high-level requirements of the mission (cf. Table 2.1). The mean of the maximum
estimated baseline is shown in Table 5.4, whereas the full results are plotted in Figure 5.20.

From the varying-error analysis it is possible to conclude that baseline estimations within a required ac-
curacy of 5um are achievable for o045 < 1pm and for o, < 0.1 arcsec with the present nominal geometry. Al-
though demonstrated in laboratory during experimental research, it remains to be proven during space flight
whether, as an integrated system, the baseline estimations are within the required range. Furthermore, the
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Table 5.3: Average maximum baseline deviation with nominal errors and varying formation geometry. The colored cell identifies the
nominal formation case.

Baseline deviation (1m)

~
Il
[u—

<~
Il

2 f=4 f=5 f=8 f=10

3.73 3.95 3.70 3.98 4.04 3.97

Table 5.4: Average maximum baseline deviation with nominal formation and varying error distribution. The colored cell identifies the
nominal error case.

Baseline deviation (pum)

oy oq (pm)

(arcsec) 0.1 1 5
0.04 1.36 2.25 8.92
0.11 3.32 3.70 9.65
0.4 12.56 13.80 16.71

' Omitted from Figure 5.20 for clarity.

position performance is more sensitive to changes in angular error than in distance measurement, which
confirms previous findings [47].

Overall, the baseline estimation analysis shows that the required accuracy is achieved almost continu-
ously with the nominal geometry for the nominal error parameters. As technology evolves and the techno-
logical readiness level of the IRASSI-developed systems increases, it is up to technicians and engineers to
ensure that hardware becomes qualified for space operations and that the laboratory results are reproduced,
validated and that the relative position accuracy below 5 pm is guaranteed throughout the mission. This is
especially relevant for observations of targets at the shorter wavelengths (= 50um), which are associated with
the strictest estimation requirements.

5.4.5. REQUIREMENT 3: SKY ACCESS

The evolution of the instantaneous sky access over time for the five spacecraft is provided in Figure 5.21 and
Figure 5.22 for the small and large formation scenarios respectively. The sky access is evaluated for an initial
anti-Sun vector longitude of A = 345°, which corresponds approximately to the epoch of March 1%, 2030, at
12:00 o’clock used in this chapter. The sunshields are perpendicular to the Sun’s direction. The exclusion
zones for the celestial targets are marked in red (bright red for the last time step and dark red for previous
ones, indicating the direction of movement of the exclusion zones on the sky access).

One can observe how the uncontrolled formation drift affects the sky access, as spacecraft enter each
other’s field of view as they move (without changing their attitude). A remark should be made that, as well as
the evolving exclusion zones, one should also see in Figures 5.21 and 5.22 an instantaneous sky access which
spans eastwards over time. However, this would make the reading of the plot difficult and only the sky at the
initial instant of the simulation is depicted.

By comparing Figure 5.21 and Figure 5.22, it is possible to visualize how proximity affects the projection of
the exclusion zones in the sky, with the small formation scenario being naturally much more restrictive than
the large formation case. The percentage of total restricted area over time, A, (t), previously introduced in
Chapter 4, is provided in Figure 5.23(b) and defined as:

n
Z. Z .Aezpmjvij (0
i Jij#i
Arest (1) = (5.35)
Asky

where A is described by Equation 4.13 and Agy, = 180° x 360° deg? is the total sky area. It is interest-

€Zproj,ij
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Figure 5.21: Sky access for the small formation scenario. The exclusion zones are marked in red.
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Figure 5.22: Sky access for the large formation scenario. The exclusion zones are marked in red.

ing to observe that, in Figure 5.23(a), A,.s; initially decreases and thereafter increases. As one observes the
negative drifts in Figures 5.13 and 5.14, the expectation is that the restricted area continuously increases, as
spacecraft become closer to each other. However, A,.g; (or rather Aezyro i j) is affected by the relative change
in distances between telescope pairs. Averaging the drift ratio (drift as a function of initial separations shown
in the Appendix Figure C.7) provides a clue: the average drift of the formation increases initially, promoting
a drop in A,.ss; eventually, from approximately day 3, as the average drift decreases, the value of A,; rises.
This is shown Figure 5.23(b), where the curves for both small and large formation scenarios coincide. Over
the 8-day simulation, the small formation occludes 4.3% of the total sky area on average, whereas the large
formation only 4.4 x 10™4%.

Obviously, only the exclusion zones which fall within the blue area restrict, in practice, the accessibility of
the sky and the selection of possible targets, as explained in Section 4.2.4. Although no maximum value of sky
exclusion area is imposed, a null value is never achievable and, thus, the minimization of exclusion must be
pursued. With the selected nominal geometry, in the worst case (.i.e, for the small formation scenario) it can
be observed that over 95% of the total sky remains unobstructed by the spacecraft in free-drift conditions.
This can be deemed as an acceptable result, keeping in mind that a suitable target allocation strategy must
therefore ensure that, at a given epoch, targets due for observation are not inaccessible due to neighboring
telescopes throughout the whole observations period.

The simulated conditions correspond to a free drift, without any controlled relative motion. If a baseline
change maneuver is given (to contract or expand the formation, as expected for the real IRASSI case) such that
the initial nominal geometry of the formation is maintained, then one would observe exclusion zones that do
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Figure 5.23: A;esr and mean drift over time for both small and large formation scenarios.
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Table 5.5: Initial coordinates for the IRASSI formation, pointing to a direction parallel to the Az-Ax plane, for two simulation conditions:
small and large formation.

Tele- General formation Small formation Large formation
scope coordinates d=10m d =1000 m

T (d,4d,0) (10.0,40.0,0.0) (1000.0,4000.0, 0.0)

T, (dcos(¢p),-2d,-dsin(¢)) (3.1,-20.0,-9.5) (309.0,—2000.0,-951.1)
Ts (dcos(2¢),0,-dsin(2¢)) (-8.1,0.0,-5.9) (—809.0,0.0,—-587.8)

Ty (dcos(3¢),—4d,—dsin(3¢)) (—8.1,-40.0,5.9) (—809.0, -4000.0,587.8)
Ts (dcos(4¢),2d,-dsin(4¢)) (3.1,20.0,9.5) (309.0,2000.0,951.1)

not ‘move’ or span across the sky, but merely change in size. Should the baselines contract, nonetheless, then
the target allocation procedure should ensure that at the closest point of approach the target is still visible
and not occluded by neighboring spacecraft.

5.5. INFLUENCE OF II-PLANE ORIENTATION ON FORMATION DYNAMICS

N the previous subsection, the formation dynamics was analyzed for a pointing direction of the interfer-
I ometer parallel to the Ay-Ax plane (i.e., parallel to the ecliptic plane). However, a different set of initial
conditions, namely the orientation of plane ITy, may give rise to a different relative motion profile, using
the same nominal geometry. The analysis was repeated therefore for a new orientation of plane Il parallel
to the Az-Ax plane (normal to the ecliptic plane) and for two formation sizes, ‘small’ (d = 10 m) and ‘large’
(d = 1000 m). The simulation duration remains at eight days. Figure 5.24 shows an illustration of the two ori-
entations. The new set of conditions are summarized in Table 5.5, considering that the allocation /; among
formation members of the & set is:

h; =14d,-2d,0,-4d,2d] Ay, i=T,...Ts (5.36)

To avoid repetition, the results of all tested formation dynamics conditions are briefly summarized in Ta-
ble 5.6. The metric means reflect the average of absolute values. The main findings which invoke a comment
are addressed in the next paragraphs.

The new formation orientation gives rise to a slightly more mobile formation. Although in all cases the
formation contracts in free-drift conditions, a formation with an out-of-plane component along the Ay-axis
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Table 5.6: Formation dynamics results for two different formation pointing directions and two formation sizes.

m Formation pointing direction parallel to
Metric

Ay-Az plane Az-Azx plane
Small Large Small Large
Drift (m), mean! 2.8 281.5 6.2 621.2
Drift rate (mms~!), mean! 11.1x 1073 1.1  18.0x1073 1.8
Deformation
Dyp=¢° 0.8 0.8 1.5 1.5
Plane [y ag=o- (deg) 1.3 1.3 31.6 31.6
Internal angles change (deg), mean! 7.1 7.1 11.8 11.8
Triplets ag=¢- (deg), mean! 11.8 11.8 24.0 24.0
Req. 1: visibility of ranging system
No. invisible links 0.0 0.0 0.0 0.0
Regq. 2: relative positioning performance
Baseline deviation (um), mean of maximum?! 3.7 3.7 3.7 3.7
Req. 3: sky access
Arest (%), mean' 43  44x107* 47  48x107*

! Mean over sets at the end of simulation
"'Mean over time
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(a) I plane parallel to Ay-Ax (b) Iy plane parallel to Az-Ax

Figure 5.24: Illustration of the two formation pointing orientations in the orbit around L.

leads to a shorter relative separation at the end of the eight days. Because telescopes come closer to each
other, the average A, is slightly higher for the new formation orientation case. As a remark, although for all
scenarios tested no telescope comes within 20 m of each other throughout the simulation (including for small
formation scenarios), proximity during passive periods in orbit must nonetheless be monitored to ensure that
no collisions occur.

With the Iy plane parallel to the Az-Ax plane, the deformation measure Dg=¢> doubles compared to
the previous orientation case and the detected changes in internal angles of each set of three telescopes are
higher. The average change of spacecraft triplets also nearly doubles to 24°. Additionally, while previously the
average was 7.1°, the new orientation raises this average change to 11.8°.

While there is no loss of visibility for any of the tested conditions over the eight days, it takes only 13 days
with the new formation orientation (ITy plane parallel to the Az-Ax plane) for the first link, out of the ten, to
be lost. This compares to 34 days with the previous orientation case, using Roberts’-model-based detection.
The average maximum baseline deviations over time, however, remain the same.

Although the new orientation is associated with a higher rate of change of the nominal formation, this
analysis concludes that over the time scales of interest, the nominal geometry remains stable over time and
satisfies the formation requirements in free-drift conditions, independent of the orientation of the II; plane,
that is, independent on the attitude of the geometry in inertial space.

5.6. CHAPTER SUMMARY

HIS chapter provides an analysis of the formation in free-drift conditions in a Halo orbit around the

L, point. An analytical formulation for periodic motion in Halo orbits by Richardson [43] opens the chap-
ter and, based on this model, the relative motion equations derived by Roberts [44] is thereafter introduced.
The relative motion approximation is validated by considering a spacecraft in the vicinity of a formation ref-
erence point contained in the Iy plane. The validation process consisted of evaluating the relative position
and velocity errors of the model against the GMAT tool for different initial conditions over 20 days. The loca-
tion of the reference point on the Halo orbit and the initial epoch were varied. The modeling error exhibited
generally an exponential relationship with time. For Class-1 Halo orbits, position errors of up to 45 m (or 10%
of the relative separation) can be expected over the simulation time for different initial phases ¢ along the
orbit. The modeling error was shown to be largely independent of the initial epoch. For the time scales of in-
terest for IRASSI, eight days or less, Roberts’ relative motion model was thus deemed very suitable due to the
low magnitude of the deviations with respect to GMAT and it was used as a basis for the formation dynamics
analysis.

Using the nominal formation geometry developed in Chapter 4, the dynamics were evaluated for a small
(d =10 m) and a large (d = 1000 m) formation scenarios for a total of eight days. Two different orientations
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of the formation were also considered, whereby an orientation of plane Il parallel to the Az-Ax resulted in
a more dynamic formation due to the local gravity environment. Relative drift values of up to 15 m were ob-
served for small formations and two orders of magnitude higher for the large formation scenarios. The same
proportionality was naturally maintained in the relative velocities, the maximum of which was registered at
approximately 1.8 mms™!. The highest tilt of the planes formed by spacecraft triplets was detected for an
orientation of plane I1 parallel to the Az-Ax, amounting to an average of 24°. This means that although the
formation geometry is largely maintained, the orientation of the formation in inertial space changes consid-
erably over time, at an average of 3°/day. The deformation of the formation, however, is independent of the
location on the reference orbit.

The requirements identified in Chapter 4 were assessed for the free-drift conditions, namely the visibil-
ity of the ranging system, the relative position performance and the sky access. No loss of intervisibility was
detected over the eight days of simulation. Depending on the orientation of the formation, it takes between
two and four weeks until at least one of the ten metrology links is lost. Moreover, using nominal error as-
sumptions regarding distance measurement and pointing accuracy, the baseline estimation accuracy largely
remains under the required 5um with the nominal geometry, independently of formation size. Finally, over
95% and 99.9% of the total sky remains unobstructed for observations for a small and large formation respec-
tively during the uncontrolled drift, independently of the orientation of the formation, which is deemed as an
acceptable outcome. Overall, these metrics show that the nominal formation geometry remains stable over
time and satisfies the formation requirements in free-drift conditions, independent of the orbit location and
of the orientation of the formation, without the risk of an imminent violation of predefined conditions or a
sudden change of performance.



FORMATION GUIDANCE, NAVIGATION AND
CONTROL

We hunger to understand, so we invent myths
about how we imagine the world is constructed -
and they are, of course, based upon what we know,
which is ourselves and other animals.

So we make up stories about how the world was hatched from a cosmic egg
or created after the mating of cosmic deities
or by some fiat of a powerful being.

Carl Sagan
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ABSTRACT

Chapter 6 deals with the selection of autonomous coordination and control architectures of the IRASSI inter-
ferometer, with a particular focus on the Nominal Operations phase. The Guidance, Navigation and Con-
trol (GNC) modes are firstly introduced, with a brief description of associated maneuvers and planning tasks.
A bottom-up, distributed environment-sensing and maneuver-planning organization approach is envisaged

and a behavior-based control coordination is largely deemed suited for the different GNC modes of a free-flying
formation such as IRASSL
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6.1. INTRODUCTION

HE focus of the present chapter is the definition of the planning activities and of the formation orga-
T nization structures which support the science program of the IRASSI mission. Since the geometry and
dynamics envelopes of the formation have been defined, general control consideration must be set out, pro-
viding the backbone of the operational processes subject to optimization in the last part of this manuscript.

It should be remarked that although this research does not concern the implementation of formation
flying control methods to simulate the maneuvers, it does outline a general framework for this purpose which
can be used in future work.

6.2. OPERATIONAL MODES DURING NOMINAL OPERATIONS

IFFERENT activities of the mission require various levels of planning and accuracy in execution. Although
D activities which involve a high degree of advance planning are of most concern to the present thesis, a
short overview of the guidance, navigation and control (GNC) modes of IRASSI is hereby presented.

The GNC modes are closely associated with the phases/subphases and their maneuvers, both previously
described respectively in Sections 3.2 and 3.3. The operational modes and associated control interventions
are listed in Table 6.1. Gray-shaded cells indicate translations, whereas white-colored cells refer to attitude-
related maneuvers or other GNC modes not requiring maneuvers. There is no overlap of maneuver types
across different modes.

Table 6.1: GNC modes and maneuvers during Nominal Operations. Maneuvers highlighted in gray indicate translations.

Planning
GNC Modes Maneuver .

requisite
Formation Reconfiguration Formation Reconfiguration  Yes
Formation Pointing Formation Pointing Maybe
Scientific Observations Baseline Change Yes

Fine target-acquisition No

Calibration - -
Uplink/Downlink - -
Station-keeping (periodic) Station-keeping Yes
Momentum unload (intermittent) Momentum unload Maybe
Collision-avoidance (supervised) Collision-avoidance No

Formation reconfiguration, baseline-change and station-keeping maneuvers are those which demand
the highest computational efforts for a suitable and optimal preparation preceding the execution. They all
involve large translational maneuvers, that must be collision-free and can be optimized according to time or
fuel resources, whilst simultaneously abiding by their respective functional and science requirements.

Although there is a fixed sequential slot for the reconfiguration and baseline-change maneuvers, the tim-
ing of the station-keeping or desaturation of reaction wheels (momentum unload) is variable. They can either
be carried out in a standalone fashion or be combined with reconfiguration maneuvers since no operation
of sensitive payload takes place. In the case of station-keeping maneuvers, the thrust magnitudes are also
closer to reconfigurations than any other translation maneuver. Similarly, a slew of spacecraft to change its
pointing direction could also be carried out in parallel to reconfigurations in order to free mission time for
science observations. Finally, collision events arise only in off-nominal conditions, such as software or com-
ponent failure events. Although relative distances must be continuously monitored and a suitable trajectory
plan should prevent the materialization of collisions, when one or multiple spacecraft trigger the Collision-
avoidance mode, an evasive maneuver(s) takes precedence over any other task. This represents an emergency
requesting immediate action to safeguard the future of the mission.
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6.3. AUTONOMY AND GUIDANCE DURING NOMINAL OPERATIONS

HE degree of autonomy devised for the IRASSI mission depends on a series of factors, such as visibil-
T ity from the ground, complexity and cost of ground operations, communications bandwidth available
between the formation and ground control and between the formation elements and onboard processing
capabilities both in terms of software and hardware.

It is important to recognize that from a science perspective, there is no functional hierarchy within the
formation. As twins, all spacecraft have the same construction and share the same responsibility in collecting
and distributing observation data. All spacecraft share a communications link to the ground (X-band and Ka-
band frequencies) and share a link among each other (X-band). Each element hosts memory storage ! and
processing facilities, for the correlation process of science data [35]. Since these resources are available and
given that the formation is not always visible to the ground [14], it is then sensible to expect that the same
scope of duties is extended to other functions outside of the observation periods. This means therefore that
the planning tasks of the formation will be distributed and can be decoupled from the ground, conferring a
degree of flexibility, redundancy, modularity? and responsiveness ° to the free-flying interferometer. IRASSI is
then a self-organizing and autonomous entity. This association is consistent with existing literature [50-54].

The high-level distributed network organization is schematized in Figure 6.1(b), where all spacecraft have
full knowledge of each others’ states and full capability for planning on an individual or cluster level. This
contrasts with other available and classical formation autonomy architectures, such as centralized (those
consolidated in a single controller with global knowledge, such as a ground station) or strictly decentral-
ized (those concentrated on a leading member, who receives inputs from the ground and is in charge of
mission-planning and of dissemination of commands to other members who remain uninformed of each
others’ states) * [58].

The activities which are shared among formation members, apart from observation tasks, are:

* relative motion determination: estimation of relative distances and velocities, via the metrology sys-
tem.

 uplink: recovery of mission schedules from the ground, such as updates to the catalog and rearrange-
ment of priorities to existing plans, retrieval of ranging information to update station-keeping proce-
dures (tracking and command).

¢ downlink: transmission of science data and telemetry from the spacecraft to the ground stations.

 science planning: calculation of optimized sequences of targets to sample and the dissemination of
such plans.

* maneuver planning and execution: calculation of optimized station-keeping, reconfiguration, baseline-
change and collision-avoidance maneuvers as well as the implementation of the generated control
commands.

Autonomy and distribution of planning functions imply that the effort is shared across the entire fleet. A
coordinator craft distributes a set of discrete independent variables derived from a global pool on which con-
straints were imposed. The spacecraft compute the individual costs (e.g., the fuel or AV expense of moving
from the current position to another) associated with the variable set. The results are returned to the coor-
dinator who recombines the results according to a global objective function and generates the final optimal
solution. The coordinator broadcasts the resulting plan to all remaining formation elements so thatlocal con-
trollers can compute their actuator strategy. Each individual satellite can still replan to optimize other local
parameters ensuring that global constraints (e.g., time, intervisibility, collision-avoidance) are not violated.

1The minimum amount required of onboard memory storage capacity is of approximately 20 Tb.

2Modularity can be expressed as a mechanism which dismantles a complex system and re-writes it as a set of discrete pieces which
interact and cooperate with each other through standardized interfaces [48].

3Responsiveness can be defined as the ability to acknowledge, react and adapt to uncertainty [49], increasing the resilience of the system
considered.

4It is not uncommon, particularly in literature dating from the last decades, to use the terms decentralized and distributed interchange-
ably [55, 56] or to ascribe to decentralization a set of characteristics which pertain to distributed systems, such as cooperation [57]. As
systems become more complex and the borders between computational intelligence and traditional space functions disappear, this
fluidity of terms and characteristics make it difficult to conceive universal definitions of organizational structures. If cooperation is a
feature lent to decentralization, one could similarly establish that IRASSI may act as a decentralized entity in which the role of the node
who assigns tasks to the remaining formation elements is rotated among all members iteratively.
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Parallelization of computing resources on a shared network is a way to take advantage of existing software
and hardware capabilities within the fleet.

As explained above, the coordinator makes global decisions according to the planning task at hand and
the role is then rotated amongst fleet members. This approach can also be applied to other functions, such
as relative motion determination. The responsibility of communicating to the ground can also be assigned to
a coordinator who disseminates the updates to the other formation elements and spacecraft then they take
turns in handling ground communications. And lastly, distribution applies not only to guidance functions
but also to navigation and control, as addressed in the next subsections.

A detailed depiction of a distributed architecture is shown in Figure 6.2, devised by Campbell, 2003 [59].
It features a fleet planner (i.e., a coordinator) and formation control loop for each spacecraft, with individual
trajectory planners, control logic, and estimation and environment sensing. Sensing and estimation pro-
cesses within IRASSI are shared via the metrology system and onboard computers. Campbell points out
nonetheless that if the formation is immersed in a relatively stable environment and the relative dynamics
between spacecraft are sufficiently slow, similar to the case of IRASSI in the vicinity of the Sun-Earth/Moon
L, point, then feedforward-control techniques only might be suited to effectively drive the formation to its
desired state. In this case, the connection between estimation and control blocks in each spacecraft loop
may be removed. The control strategy is addressed in Section 6.5.

As a final remark, it should be mentioned that the quantification of computational requirements for the
determination of relative positions, the planning of target sequences and associated maneuvers lies outside
the activities foreseen in the frame of this research. Additionally, one may only speculate how advanced
processing resources will be once (or if eventually) the mission materializes. Processor hardware shall exist
on board anyway, and therefore the issue of scalability is not considered. It is assumed for practical purposes
that sufficient processing capacity is equally available among all formation elements.

Satellite LNk

Ground
station

(a) Centralized (b) Decentralized (c) Distributed

Figure 6.1: Organization of space networks.

6.4. NAVIGATION DURING NOMINAL OPERATIONS

ODELING orbital effects in deep space is a simpler task compared to Earth-orbiting missions due to the

lower impact of disturbing forces on formation dynamics. On the other hand, inertial navigation at
large distances from the Earth is challenging as absolute position measurements are either unavailable or of
very low accuracy.

Luckily, the performance of the mission relies rather on the measurements of relative positions and veloc-
ities instead of on the knowledge of absolute states. As long as operational constraints and science goals are
satisfied, a general agreement on the absolute positions of the interferometer in space suffices irrespective of
its accuracy. Precise force modeling is irrelevant if the entire constellation experiences the same dislocation.

Within IRASS], the determination of the positions in inertial space is performed by the ground stations. If
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Figure 6.2: Architecture for distributed satellite systems, showing distributed planning and sensing. Source: Campbell, 2003 [59].

these are unavailable or not within reach due to visibility limitations, then internal propagation models are
used. These models combine orbital and relative motion dynamics, for redundancy and accuracy, to estimate
the current state of the spacecraft based on the previously determined fix. By means of the metrology system,
the relative positioning estimator and the X-band antennas, all relative distances are known and shared (a
two-way measurement is available for each spacecraft pair), as are positions and velocities in inertial space.
Therefore, all formation members possess global knowledge of others’ states.

The formation can exploit the observability and redundancy of the relative position measurements to
frame controller actuation (and feedback). This information is expected to be continuously available dur-
ing observations, whereby inter-satellite communication bandwidth is expected to be fully allocated for the
transmission of measurement data (transmission of science data is foreseen to take place via the metrology
laser link). Synchronization of these measurements is key in order to avoid latencies in the relative position-
ing estimator, which would have the dual effect of decreasing baseline estimation accuracies and introducing
delays in the control feedback loops.

6.5. FORMATION CONTROL COORDINATION DURING NOMINAL OPERATIONS

ELECTING coordination strategies for IRASSI involves understanding the dependencies of the maneuvers
S on relative and/or absolute motion and may even differ among GNC modes. Performance-specific met-
rics are thus the biggest driving factor in defining a suitable formation coordination approach, in addition
to standard functional design selection criteria such as computational complexity and speed or flexibility to
optimize relevant variables (e.g. fuel or AVbalance).

A short review of common coordination control procedures is firstly provided in the next subsection be-
fore their applicability to the IRASSI case is determined in Section 6.5.2.

6.5.1. REVIEW OF FORMATION CONTROL COORDINATION METHODS
Three major formation coordination schemes have been researched in literature: leader-follower, behavioral
and virtual structures. These approaches are briefly described below.

LEADER-FOLLOWER COORDINATION STRATEGY

The leader-follower type of coordination is the most studied type of formation control coordination [54, 60—
63], whereby a subset of elements track and maneuver relative to a ‘chief’ satellite who follows an absolute
trajectory. Because the formation is referenced on the leading element, as illustrated in Figure 6.3(a), such
schemes are suitable for formation-keeping or formation-translation maneuvers in centralized or hierar-
chically stratified formations. Variations of this top-down method include nearest-neighbor tracking and
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barycenter-tracking [64]. The biggest advantage of this scheme is that the control architecture is easy to ex-
plore using standard control theory and formation stability is directly measurable. On the other hand, a blind
reliance on both leader and follower working nominally subsumes this strategy: 1) if the follower fails, the
formation is no longer preserved, since there is typically no feedback from the follower to the leader, and 2)
if the leader fails, the formation as a whole might accordingly behave erroneously or be positioned in an un-
suitable orbit. Lastly, since formation maneuvering is relegated to follower elements, these will always spend
more fuel and therefore global fuel usage minimization and balancing cannot be guaranteed.

Mitigation of fuel or AVimbalances could be pursued by switching leadership roles among formation
members. However, Tillerson et al. [65] as well as Douglass et al. [66] have shown that democratic formations
(i.e., where the current state of each constituent satellite is equally weighted) consistently achieve both better
fuel balance and minimal global fuel usage compared to formations which rotate the leading role.

VIRTUAL STRUCTURES COORDINATION STRATEGY
This scheme regards the formation as a single rigid body. Its elements are distributed relative to a virtual
point or virtual leader, as shown in Figure 6.3(b), and during motion, the formation behaves as a rigid struc-
ture. In other words, a specified geometric, polygonal formation pattern is maintained during formation
translation and rotation maneuvers. Initially emerging as a centralized framework for mobile robots [67-70],
this approach has since evolved to parametrize decentralized, space-based formations [71-75], incorporate
consensus protocols [76] and even devise mechanical-like joints as virtual links [77].

Although the nomination of a virtual leader in the formation is trivial, selecting a virtual point or center is
not. This point can either be selected a priori and remain fixed [78], or be dynamic and specified by:

* the reference orbit [65], whereby the point is described by the nonlinear orbit equations. Since the
determination of the point is not dependent on measurements, no dissemination of the information
among the fleet is required. Because a massless point is not affected by perturbations, a disturbance
model has to be included in the propagation to ensure that the spacecraft track a center that moves
with formation.

* averaging the motion of the formation [79], including the disturbances, and agreeing upon it by con-
sensus [80], such that the point tracks the ‘unavailable’ fuel mass. Since the point moves in inertial
space and experiences accelerations, the averaging procedure can be used to adjust its location ‘on the
fly’ to promote fuel balance. In this way, the center of the structure moves closer to elements that are
more fuel-depleted or have a higher exhaust velocity, which is a cooperative solution to individual mal-
functions, for instance. This does have a nonzero fuel cost for all remaining formation elements [65].

Since the positions of the formation are not interchangeable, the virtual structures approach is suited to
high-precision science and formation-keeping tasks. Furthermore, prescribing a coordinated behavior of
an inflexible entity in inertial space is a straightforward, computationally simple process. However, the strict
requirements in preserving a structural-like movement and the lack of reconfiguration ability limit the realm
of applications of this method. The selection of this approach trades therefore global resource (fuel/ AV, time)
efficiency with onboard processing power.

BEHAVIORAL COORDINATION STRATEGY

The basic principle of this decentralized approach is that two or more cooperative spacecraft in a dynamic
environment are prescribed a set of behaviors or goals which are possibly conflicting and which compete for
actuator resources. The accomplishment of a unified high-level (team) objective emerges from individual
actions. Strongly influenced by biology [83-85], behavior-type schemes benefit from their inherent flexibility
and the fact that explicit control feedback laws can be designed to correct for deviations of trajectories. These
benefits come nonetheless at the expense of mathematical complexity and the fact that local control laws
cannot always guarantee global optimal behavior or group stability if the environment is too complex [86].
This approach is widely used in multiagent robotics systems and typical behaviors can include a combination
of team navigation, ‘move-to-point), target-following, nearest-neighbor tracking, loose formation-keeping or
obstacle-avoidance [86-92], as exemplified in Figure 6.4. It is also the underlying mechanism of airborne
collision avoidance systems (ACAS) in planes®. Standard control formulations involve averaging individ-
ual competing behaviors, although other techniques have been proposed in order to increase robustness,

5 ACAS averts mid-air collisions by warning pilots of the presence of other transponder-carrying aircraft or by issuing a conflict-resolution
advisory action sequence for the aircraft involved, resolving the threat of collision. ACAS operates independently of ground-based
equipment and air traffic control.
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Figure 6.3: Illustration of leader-follower and virtual structures control coordination in spacecraft formations.

such as global and local knowledge balancing [93], task-output-hierarchy-based formulations [94], potential-
function methods, whereby the sum of individual behavior potentials are null once the formation reaches
its desired state [95], and similarly, the equilibrium-shaping approach where individual behaviors are de-
scribed in the form of desired velocities [96]. Applications of behavior-type coordination range from indus-
trial machine-automation, search and rescue, military and patrolling routines to extraterrestrial exploration
by robot swarms. It is not tailored for directing rotational maneuvers or high-precision formation keeping.

6.5.2. CONTROL COORDINATION AND ALGORITHMS

Since attitude maneuvers are largely dependent on targets, it is then relevant to define formation coordina-
tion approaches to translation maneuvers. These are defined relative to the GNC modes and corresponding
translation maneuvers identified in Table 6.1 of Section 6.2.

e Formation Reconfiguration: during reconfiguration maneuvers, no fixed formation geometry is re-

quired to be maintained. Instead, the nominal geometry devised in Chapter 4 is prescribed by the
final positions of the elements in inertial space and the spacecraft must reach their destination in a
timely manner. This time constraint demands both a minimum speed from the spacecraft in the ab-
solute trajectories and a coordinated relative speed which guarantees that the spacecraft arrive at their
destination near-simultaneously to perform preplanned observation tasks.

For this purpose, a behavioral approach can be used, with goals set as ‘move-to-point’ and ‘maintain
relative velocity’ within a specified margin. If anomalies are detected during the reconfiguration, this
is directly communicated to all members and a democratic solution is reached. For example, if one
spacecraft moves too slowly, it should be nudged by others to correct its reference trajectory to keep
up with the planned schedule. Or similarly, the remaining four spacecraft recompute the thruster con-
trol command to slow down their velocity and wait for the faulty spacecraft to ensure all spacecraft
initiate observations at the exact same instant. Standard Proportional-Derivative (PD) [72, 78] and
Linear-Quadratic-Regulator (LQR) [97, 98] controllers should suffice to ensure nominal trajectories are
restored.

Baseline change: the final positions for reconfiguration are the initial positions for baseline change. The
baseline change maneuver consists of a bang-coast-bang approach (details are available in Chapter 11).
The ‘coast’ stage is when dedicated observation tasks take place and no control is exerted, but this is not
necessarily the case during the ‘bang’ stage. As such, relative trajectories can be corrected employing a
feedback control loop during the first ‘bang’.

Before the spacecraft initiate the formation contraction or expansion maneuver, they must agree on
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Figure 6.4: Goal-oriented design of a robot in the behavioral coordination strategy. Source: Xu et al., 2014 [86].

the location of the reference point. Similar to the virtual structures coordination approach, the IRASSI
spacecraft will compute the ‘virtual center’ of the formation by averaging their near-static positions
before the maneuver. The purpose of defining a reference virtual center is to achieve optimality con-
ditions in the patterns that are generated in the (U, V)-plane and this point remains fixed during the
baseline drift.

The baseline change maneuver ensues following a pre-planned trajectory. The coordination of the
maneuver execution, however, does not follow a virtual structures approach: expansion/contraction
of the formation resembles more a breathable mesh and can be equally framed within a behavior-type
strategy. Typical design goals can be ‘move-to-point’, ‘maintain relative velocity’ or ‘avoid sky occlusion
of neighbor’.

Note that the term ‘formation keeping’ is not employed in this context! The formation does not have to
maintain relative positions or a fixed geometry during the baseline change. What must be ensured is
that the relative velocities during the first ‘bang’, computed in the planning stage, are observed within
a tolerance margin which does not degrade the science-associated patterns at any point during the
‘coast’.

With an internal motion model and baseline estimations of the metrology system, each spacecraft de-
termines its own positions and velocities relative to the center and relative to each other during the
maneuver. If during the ‘bang’ stage, violations of the behavior are detected, Lyapunov-based func-
tions [66, 68, 87], PD [72, 79] and Linear-Quadratic-Gaussian (LQG) [99] controllers could be tailored to
return the spacecraft to the planned trajectories. However, if there are violations during the ‘coast stage’,
the formation can democratically decide on a case-by-case basis to either stop observation activities or
continue by accepting lower performance.

¢ Station-keeping: these maneuvers can be performed individually to correct positions relative to an or-
bit. Although the spacecraft fly in each others’ vicinity, they target a reference point in their respective
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absolute trajectories, similar to the formation reconfiguration case. The control coordination is ac-
cordingly an ‘absolute’ approach and does not rely on any formation or relative parameters. Similar
methods for formation reconfiguration apply to station-keeping.

» Collision-avoidance: these maneuvers are triggered once one or more spacecraft enter a predefined
‘safety area’ around another spacecraft. A formation ‘emergency mode’ is activated and all resources
are channeled towards averting an impending crash. To ensure a safe evasion, a ‘behavioral’ control
coordination approach is proposed. The two or more elements involved are prescribed a new velocity
vector that deviates the inertial trajectories in a coordinated manner and ensures all conflicting ele-
ments leave the safety area as fast as possible. Lyapunov-based methods in combination with artificial
potential functions [87, 96, 100] or passivity-based control [101] are candidate schemes for behavior
coordination. A PD controller with a virtual force field, complemented by a decision-making algorithm
which devises alternative semantics (based on the notions of credibility and rejectability functions)
mapping to Boolean algebra has also been shown to avert collisions in a resource-efficient way [78].

As can be observed, behavior-based coordination seems the most widely applicable to IRASSI maneu-
ver tasks due to the dependency of formation performance envelopes on rather elastic relative states. After
receiving precomputed activity plans, each individual member can optimize its own goal-oriented control
input based on internal, high-fidelity models. The maneuver output of each satellite is constrained to fall
within a particular error ellipse around the designed trajectory, thus guaranteeing compliance with all for-
mation requirements and constraints.

In this frame of distributed implementation, the spacecraft evolve in a parallel manner, removing the
‘single-point-of-failure’ that plagues centralized architectures and guaranteeing that formation performance
is resilient to unexpected events. Table 6.2 summarizes the devised methods for each GNC mode associ-
ated with translation maneuvers. The choice of the control algorithms above is simply illustrative. Under
slow dynamics, simplified control strategies such as PD a and LQR-based designs should be able to guar-
antee stability and a suitable trajectory response, but more sophisticated methods, e.g. nonlinear dynamic
inversion [102], sliding mode [95, 96] and adaptive control [103, 104], can be equally implemented.

Table 6.2: Control coordination mechanisms for different GNC modes and associated maneuvers during Nominal Operations.

Control Potential
GNC Modes Maneuver

coordination algorithms
Formation . Formation Reconfiguration = Behavioral PD, LQR
Reconfiguration
Scientific Behavioral with virtual

Baseline Change Lyapunov, PD, LQG

Observations center determination
Station-keeping Station-keeping Absolute PD, LQR
Collision-avoidance  Collision-avoidance Behavioral Lyapunov, passivity, PD

6.6. CHAPTER SUMMARY

HIS chapter provides an overview of the high-level processes involved in the planning of tasks and exe-
T cution of maneuvers. The GNC modes of the formation during Nominal Operations are initially defined,
where a focus is placed on those involving translation maneuvers which require a high degree of advance
planning and a level of synchronization of the fleet, such as Formation Reconfiguration and Scientific Obser-
vation. These requirements do not necessarily apply to attitude maneuvers which are dependent on inertial
references.

Thereafter, an analysis of the level of autonomy in planning and decision-making tasks is pursued. Since
communication links are available to all spacecraft as are computational resources for data correlation, the
formation can make use of these elements to reduce dependency from ground stations during the opera-
tional phase. As such, a bottom-up autonomous and distributed network has the best chance to ensure the
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completion of the mission goals in a robust, resilient and time-efficient manner. All spacecraft are thus re-
sponsible for sensing the environment, pursuing relative motion estimations, scheduling observations and
maneuvers and for broadcasting this information to others and to the ground. All elements possess then lo-
cal and global knowledge of the formation states, while inertial navigation relies on a combination of ranging
data from ground stations and internal motion models.

Finally, a brief overview of typical control coordination schemes was introduced. A behavioral-type of
control coordination was selected for IRASSI, a scheme that involves prescribing one or more goals which
compete for onboard resources of a spacecraft. A behavior-based technique is particularly suited to IRASSI
because no formation-keeping has to be enforced at any point, but instead, an envelope of acceptable rela-
tive motion dynamics must be observed. The specific shape of this envelope is dependent on the GNC mode
and maneuver considered. The behavioral coordination does rely on multidirectional continuous communi-
cation links within the interferometer. Standard PD, LQG and Lyapunov-based controllers are applicable for
regulating deviations of reference relative trajectories in the event of violations of the envelope limits.

With this setup in mind, Part III of this research deals with the planning-optimization problem of the GNC
modes, namely the Formation Reconfiguration and Scientific Observation.
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Science may have found a cure for most evils;
but it has found no remedy for the worst of them all -
the apathy of human beings.

Helen Keller
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ABSTRACT

The third part of the thesis details the development of algorithms that support IRASSI’s science program and
optimize maneuver-planning activities. These algorithms are part of the iSCOUT tool, which aims to deliver
a unified mission performance simulation. This chapter introduces iSCOUT, by presenting an abstraction of
its functionalities and the stream of information interchanged between its four modules. The modules are
summarily described and the simplifications concerning the dynamics considered for the formation are defined.
General considerations and trade-offs concerning design choices are given.
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7.1. INTRODUCTION

The last part of the present thesis aims to investigate the feasibility of the IRASSI mission and deliver an end-
to-end, bottom-up evaluation of mission budgets and achievable science performance. Several constraints
have been introduced in Part II that have a direct impact on how a free-flying interferometer operates in
space, such as the intervisibility of the ranging systems during motion or the need for an unobstructed field of
view whilst observations take place. These constraints affect primarily maneuvering routines of the Nominal
Operations phase, such as reconfigurations prior to observations or baseline-change during observations.

This calls therefore for an integrated simulation of the Nominal Operations phase of the mission. The
interferometer SCience and Operations maneUver-planning Tool, or iSCOUT, was developed to answer this
call.

iSCOUT is a MATLAB-based program developed in the frame of IRASSI, composed of four different mod-
ules with the joint aim of optimally planning the sequence of science tasks, computing the associated recon-
figuration maneuvers and the paths to be followed by individual spacecraft during the science observations,
while simultaneously delivering collision-free trajectories which ensure the intervisibility of the spacecraft. It
integrates and builds on the constraints identified in Part II.

iSCOUT is ultimately intended to emulate a science and operations planner running on board the space-
craft to support formation autonomy-reliant activities and free resources from ground stations, whether it
is operational time and cost, communication slots allocation or personnel. In its current version, iSCOUT
can be used to perform preliminary task schedules, estimates of task and maneuver durations as well as of
representative fuel mass budgets which shall be allocated to free-flying interferometry missions. More impor-
tantly, it allows for an initial analysis to be made concerning the formation patterns that must be generated
in compliance with science goals. As such, iSCOUT is designed to be computationally simple. Therefore,
rather than proposing a complex, time-consuming and interwoven multi-objective solution to the mission
goals, the science and operations planning problem is framed as a set of sequential steps, whereby separate
multi-variable single-objective functions address individual goals and requirements of the mission.

An end-to-end IRASSI mission performance simulation usingiSCOUT is presented in Chapter 12, whereas
each intermediary chapter is dedicated to the individual modules.

7.2.1SCOUT ARCHITECTURE
T HE high-level design of iSCOUT is described in this section.

7.2.1. MODULES
The four modules of iSCOUT are briefly introduced:

¢ Task-Planner Module (TPM): assigns an optimized sequence of targets to observe within a specified
target tour time frame.

¢ Reconfiguration Module (ReM): assigns optimized final positions and associated linear translation tra-
jectories in inertial space for each of the targets of TPM, according to the science specifications.

¢ Collision- and Invisibility-Avoidance Module (CAM): refines the trajectories computed by the ReM to
ensure they are collision-free and no loss of intervisibility occurs during translation maneuvers.

¢ Baseline Pattern Module (BPM): assigns optimized trajectories to individual spacecraft according to
interferometric scanning pattern requirements, respecting operational conditions and geometric con-
straints stemming from the spacecraft mechanical architecture.

The modules can be run individually or in an integrated fashion. Although some of the parameters within
iSCOUT are tailored to the requirements of IRASSI, the core optimization algorithms within each module
are agnostic to their applications. Therefore, iSCOUT may well serve other free-flying or baseline-controlled
interferometric missions, being also inspired by the Darwin mission [105].

Although the formation is not required to follow a given reference trajectory on the quasi-Halo orbit
around the L, Lagrange point, station-keeping maneuvers ought to be periodically performed at a rate of
once per orbit (or every 6 months) [14] to ensure that orbit amplitude limits are not surpassed or that the
formation escapes the vicinity of L,. Currently, iSCOUT does not support the provision of station-keeping
maneuvers.
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Figure 7.1: iSCOUT information flow diagram.

7.2.2. INFORMATION FLOW WITHIN ISCOUT
The tool is composed of a set of sequential calculations aggregated by the modules, whereby the results of an
optimization routine are fed to the next module as input. A general depiction of the tool is provided in Fig-
ure 7.1. At the start of the program, the user must indicate whether a full integrated simulation is to be carried
out or if iSCOUT modules are to be run individually. If a full end-to-end simulation is desired, the tool is set
to optimize upcoming reconfiguration and observation maneuvers for a given science task. The simulation
is initialized by user-entered data, such as epoch, the duration of the simulation, the initial launch mass and
fuel mass of the spacecraft and initial pointing direction. The epoch information is used by the TPM module
to determine the direction of the anti-Sun vector, which, in turn, allows the algorithm to internally map the
portions of the celestial sky which are available at the beginning of the simulation. Based on the formation
current status, the TPM determines the ‘next best observation task’ for observation and the relevant output
information is passed on to the ReM, which calculates the associated final positions and linear trajectories
required for the new task. This information is disseminated to the CAM, which tests whether the linear tra-
jectories previously calculated by the ReM are safe in terms of collisions and intervisibility. It is crucial that
each individual spacecraft can determine where its neighbors are throughout the maneuver and as such the
ranging system must be visible and provide relative position updates at specified time intervals. If formation
elements fail the safety test, the reconfiguration trajectory is then refined until a collision-free, intervisible
solution is achieved. Finally, the baseline patterns for the actual observation of the target are computed and
the corresponding trajectories in inertial space are commanded. The TPM receives the updated status of the
formation members at the end of the maneuver and the next task is selected. The procedure is iterated until
the simulation time is exceeded.

Conversely, if a module (other than the TPM) is to be used separately, a predefined task sequence is
loaded, and the chosen module iterates through the same maneuver type (reconfiguration for ReM/CAM
or science for BPM) for the input target list. Else the TPM simply generates an optimal task sequence based
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on the current conditions.

It is envisioned that after either the CAM or BPM trajectories are computed, the maneuver information
is distributed among formation elements via a low-data-rate link of omnidirectional X-band antennas. The
individual maneuvers shall then be executed in an open loop.

7.3.1ISCOUT OPTIMIZATION ROUTINES

HE optimization processes associated with each module, including the algorithms, the constraints con-
T sidered and the information inputs and outputs is provided in Table 7.1.

Over the months that iSCOUT was developed, different optimization algorithms have been implemented
and tested within each of the modules. Ultimately, the selection was based upon computational speed, reli-
ability of convergence to global minima, and most importantly, the suitability of the method to each specific
problem. The latter is addressed in each of the respective chapters describing each module, Chapters 8 to 11,
whereas the used methods are briefly described below.

A near-neighbor search is used for the TPM module, whereas the remaining modules use the mesh-
adaptive direct search. The near-neighbor search method solves optimization problems by finding the point
in a given set that is closest (or most similar) to a given value - e.g., selecting the solution which is associated
with the lowest (or highest) value of a cost function. Its main applications include path-planning, pattern
recognition and DNA sequencing. Its simplicity and therefore computational speed are among its primary
advantages, whereas on a sequence of problems it is unlikely to deliver a globally optimal solution. Nearest-
neighbor heuristics are applied to the TPM module of Chapter 8 to find optimal sequences of science tasks to
be completed within a specified time window or even throughout a mission.

Direct search methods evaluate a set of points around the current one, in order to find one which re-
turns a cost function value that is lower than the value at the current point. Because direct search does not
use cost-function derivative information, it bypasses gradient discontinuities. Direct search methods can be
classified into local and global optimization approaches. Local direct search is best suited to convex optimiza-
tion problems, whereas a global search implementation is fit for problems with a low number of independent
variables due to the higher computation time as the time required for solution-space exploration increases
exponentially with the dimension of the search space. Direct search is employed within the ReM, CAM and
BPM environments, Chapters 8 to 11, largely to deliver fuel-minimal and fuel-balanced (or the AV-analogous)
maneuver solutions.

It should be noted that although optimization is a notable feature of this research, the aim here is not to
procure an imperious optimization procedure but rather to devise a framework that is capable of delivering
optimized task-planning and maneuver solutions while aggregating several mission constraints and require-
ments.

7.4. REFERENCE FRAMES

HREE coordinate systems of interest to the tool must be defined. The first one, Sy, is an orthonormal
T inertial reference frame with basis vectors {z¢, yo, 2o}, with a primary direction ¢ pointing to the J2000
Vernal Equinox and secondary direction z¢ pointing to the north ecliptic pole (parallel to the angular mo-
mentum vector of the Earth’s orbit around the Sun); yo completes the right-hand frame and both x¢ and yo
lie in the plane of the ecliptic.

The second reference frame, Sc, has orthonormal basis vectors {mc,yc, zc}, with x¢ pointing towards
the current target C direction. Sc is represented by a quaternion rotation of Sy by an angle 0, about an axis
1¢, whereby

e Lo

cosfc= ———— (7.1)
llzcll llzoll
. rc X T
ic=—2 0 (7.2)
llzc x zoll

The frames Sy and Sc are centered in a virtual point, with respect to which the formation is arranged,
before the reconfiguration ensues. Being the geometric midpoint, it is henceforth termed the ‘formation
center’.

Finally, the third coordinate frame, Sy, has orthonormal basis vectors {a: NyYN, 2 N} from which x y points
in the direction of next target N. Similar to Sc, Sy is represented by a quaternion rotation of Sy, by an angle
On, about an axis ¢y, as described by Equations 7.1 and 7.2 and a translation of Sy by a vector Sy is fixed in the
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Table 7.1: Summary of optimization routines for individual iSCOUT modules.

Module Goal Constraints Algorithm Input data Output data
C - Epoch, simulation duration, target  Final formation point-
Minimize score (criteria: target Nearest- . . N .
Task-Planner .. . . . catalog, initial (or current) forma- ing direction, desired
priority, total maneuver dura- Exclusion zones (sunshield) neighbor . . S .
Module (TPM) . . tion pointing direction; ReM and formation configura-
tion, cumulative frequency) search . .
BPM maneuver duration tion
. Minimize fuel/AV consumption User-specified (e.g., max. ma- Initial spacecraft positions in So?, ReM final spacecraft
Reconfiguration . . a . . - . .
and post-maneuver fuel/AV dif- neuver duration, max. trav- MADS final formation pointing direction, positions in Sy, ReM
Module (ReM) . . . . ]
ferences eled distance) desired formation configuration maneuver duration
Collision- and s . . .
H:AMAHWMW -m: Minimize fuel/AV" consumption Collision avoidance and rang- ReM final spacecraft positions in Final spacecraft trajec-
. ty and post-maneuver fuel/AV dif- . . . a1 & MADS inertial frame, ReM maneuver du- . .@ )
Avoidance ferences ing intervisibility ration tories in S
Module (CAM)
Step 1: Maximize central an- - . .
. ) . Collision avoidance, ranging
gle and interior angle differences . oy el . Step 1:
, | ) d intervisibility, baseline
Baseline given a (U, V)-plane-projecte estimation accuracy, sky MADS ) ) Final spacecraft
Pattern geometry access, desired scanning Desired ﬁ.mnmoﬁ scanning length, positions and
Module (BPM)  Step 2: Minimize fuel/AV con- length, trajectory projections Ste 2. owm.mm@zns M:B:o? ReM final trajectories in So, BPM
sumption and post-maneuver in (U, V)- plane kum - positions In 5o maneuver duration

fuel/AV differences

“Mesh-adaptive direct search
b So denotes an inertial frame and it is described in section 7.4.
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formation center after the reconfiguration maneuver. The vectors r¢,; and ry,; denote respectively the posi-
tions of the i" spacecraft before and after the maneuver in the inertial frame Sy, where i = {T3, T, T3, Ty, T5}
(‘T” denotes telescopes). The coordinate systems are depicted in Figure 7.2(a).

7.5. FORMATION BASELINES AND SEPARATION

LTHOUGH the general formation geometry has been introduced in Part II, this information is hereby sum-

marized in the context of iSCOUT and with the respective frames. The formation is arranged in a three-
dimensional configuration. For a given target N, the formation center is contained in a plane I perpendicu-
lar to the target direction, determined by the aforedefined vectors {yn, zn}. The distribution of the spacecraft
on the ITy plane is determined by the baseline associated with the target being observed (given as a function
of separation parameter d), and the distribution normal to the plane (that is, the ‘height’ i above/below the
Iy plane, along the xx axis) is determined by intervisibility requirements.

The parameter d defines the in-plane separation of each telescope relative to the formation center whilst
the telescopes are equally spaced by an angular distance of %” (or 72°). Three separation parameter d € dg,;
lengths have been set according to the IRASSI high-level requirements:

* d =10m, resulting in ‘short’ baselines, when the formation is at its most contracted state

* d =500 m, resulting in ‘medium’ baselines, when the formation explores the middle portions of the
(U, V)-plane

* d=1000m, resulting in ‘long’ baselines, when the formation is at its most expanded state

with the this triple set ds.; summarized as:
dser = {10,500, 1000} (7.3)

For a given attitude of a spacecraft in inertial space (determined by the direction of the target), no neighboring
telescope can be placed directly in a direction normal to the sunshield. This results in a set of acceptable
heights to be assigned to the telescopes at each observation instance:

h=1{-4d,-2d,0,2d,4d} (7.4)

The separation of the spacecraft is always higher in a direction normal to plane I1y. Figure 7.2(b) shows
the distribution of the formation relative to the plane ITy. The corresponding minima and maxima values
for the interferometer baselines, geometric delays and relative distances for these nominal d parameters are
available in Table 4.6.

7.6. SPACECRAFT MOTION DYNAMICS

7.6.1. GENERAL CONSIDERATIONS
For the planning of the maneuvers, it would be ideal that:

1. reconfigurations and target-associated repositioning of spacecraft occur swiftly to allow the operational
time to be allocated to science as much as possible;

2. science-associated maneuvers during observations, such as expansions or contractions, should be of
enough magnitude to allow the required scan length to be fulfilled within the specified observation
window, but should not cause induce vibrations or disturbances in the mechanical structure of the
telescopes.

As outlined in earlier stages of the IRASSI study, two propulsion systems are employed [35]: chemical
hydrazine-based thrusters (capable of Newton-level thrust force) and electrical colloid thrusters (which apply
micro- to milliNewton thrust force magnitudes).

Hydrazine-based thrusters are particularly suitable for periodic station-keeping or even contingent es-
cape maneuvers, but too inefficient (and thus prohibitively expensive at launch) for recurring mission ma-
neuvers, such as reconfigurations. This means therefore that reconfiguration and science maneuvers share
the secondary thrusters and that they compete for the upper and lower bounds of deliverable thrust. Recon-
figuration maneuvers are in this sense limited to the highest thrust delivered by the colloid engines.
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Figure 7.2: Reference frames and formation separation for iSCOUT modules.

For the present study, Busek colloid thrusters' are assumed as actuators, which deliver a maximum of 20
mN of thrust to the spacecraft. Although this is the current state-of-the-art, future developments may allow
the range of thrust to be expanded at an efficient expenditure of resources, which would be desirable for
reconfiguration maneuvers.

7.6.2. MODEL ASSUMPTIONS AND DYNAMICS
The following assumptions are made for simplification purposes:

1. The spacecraft are in free space (as if exactly at L, and no gravity gradient acts on the spacecraft, due to
the close proximity of the telescopes). In reality, the spacecraft experience a gravity-gradient-induced
acceleration difference acting on them, which translates to a drift of approximately 1 meter/day for rel-
ative separations of less than 100 meters (or an order of magnitude higher for inter-satellite distances of
about 1 km) [106], for a formation placed in a Halo orbit with an amplitude of 800 000 km x 400 000 km
around L,. Given that the duration of the ReM reconfiguration maneuvers does not generally exceed a
third of a day (or 8 hours), it is plausible to assume that the local dynamics are determined exclusively
by the actuators. For the BPM trajectories, 2.9% of the total target population requires an observa-
tion duration longer than 3 days, which may mean a deviation between the approximated and the real
trajectories of a few hundred meters. However, the BPM module is by itself a very computationally-
intensive program and because of the additional computational effort required for the precise integra-
tion of the individual trajectories, it was deemed appropriate to simplify the formation dynamics as if
the spacecraft are in free space (although it is foreseen in the future to complement the interferometer
dynamics with a suitable relative motion model). Even during idle periods, in-between observation
slots, the relative distance between the spacecraft shall nonetheless not exceed 10 km.

2. The spacecraft are modeled as point masses. As such, all maneuvers are purely translational and de-
coupled from attitude maneuvers;

3. The mass of the spacecraft is constant throughout the maneuver;

4. Each thruster vector can be pointed in any direction. There are 16 colloid thrusters distributed in two
planes, above and below the sunshield, to provide full control and redundancy of translations in three
axes (see Figure 7.3);

10nline source: NASA, “20-mN Variable Specific Impulse (Isp) Colloid Thruster,” https://ntrs.nasa.gov/archive/nasa/casi.
ntrs.nasa.gov/20160005350.pdf
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Figure 7.3: Thruster configuration of the secondary propulsion system. Credit: Eloi Ferrer-Gil.

5. The position of each spacecraft is determined precisely in an inertial frame (no error considerations are
made);

The actuators are assumed to be the Busek colloid thrusters, as introduced in the previous section, and
the following motion dynamics apply:

Fiu;, if f; (o) >0, ||u; 0.
Mii".iz 1w fz( 0). || z||3"E (7‘5)
0, otherwise.
F; .
., __l) if (t)>0)||u||¢0
fi=d Ta il ! (7.6)
0, otherwise.

where M; is the mass of the i‘" spacecraft (kg), #; is the acceleration vector (ms~?) in the Sy frame, F; is the
thrust force delivered by the actuator (N), u; is a unit force direction vector, f; is the instantaneous fuel mass
of the spacecraft (kg) and f; is the fuel consumption rate (kgs™"), I p is the specific impulse of the thruster (s)
and g is the standard gravitational acceleration at sea level (ms~2).

Each spacecraft has a launch mass of 2.3 tons and the fuel mass is decremented accordingly after each
maneuver.

7.7.1SCOUT SOFTWARE AND HARDWARE BASE

¢ SCOUT was developed in MATLAB’s 2019 version. In its current standing, iSCOUT is run on a network of
]. 32 processing units (Intel(R) Xeon(R) Silver 4108 CPU) with a nominal processing speed of 1.80 GHz, each
with 8 cores and 32 Gb of RAM. The optimization routines with each module employ both parallelization and
vectorization for maximizing computer resources and processor performance.

Whereas optimal individual maneuvers within the ReM, CAM and BPM modules take between 1 and
370 seconds to compute, the TPM can generally construct sequences of 45 tasks per hour. The suitability
of modern space-qualified processors for supporting iSCOUT is discussed Chapter 9, with reference to future
developments foreseen in space-based hardware.
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7.8.I1SCOUT ARCHITECTURE ADVANTAGES AND LIMITATIONS

N its current standing, iSCOUT is embedded with a set of modular functions designed for achieving task
I schedules and maneuver-planning solutions efficiently. It is clear that solving each of the problems asso-
ciated with the modules demands achieving a set of goals, often conflicting, while having to consider sev-
eral parameters that independently influence the goals. For a feasibility assessment tool that can perform
a preliminary end-to-end mission simulation whilst aggregating several of the mission constraints, the op-
erations and maneuver-design problems are framed as a series of multi-variable, single-objective functions.
Four main advantages arise from the simplicity of this approach in relation to an overarching multi-objective
problem:

1. the ability to separate and assess the influence of variables on each optimization problem

2. the ability to detect shortcomings or technical infeasibility of high-level mission requirements
3. the ease in implementation

4. the low computation complexity level and computation time

On the other hand, the simplified design of the modules and force model assumptions do, however, limit
the accuracy of the tool, particularly, for long-term mission planning. Current limitations include:

1. the absence of gravity gradients and control feedback loop to correct the trajectories
2. the omission of station-keeping maneuvers

3. the modularity of iSCOUT requires the TPM module to make assumptions concerning the output of
two other modules (reconfiguration maneuver duration of the ReM and baseline-change maneuver
duration of the BPM)

Addressing the accuracy concerns of iSCOUT will nonetheless increase the complexity of the tool and
decrease its computational efficiency.

7.9. CHAPTER SUMMARY

HE present chapter showcases the high-level architectural design of the iSCOUT tool, a modular pro-
T gram akin to an operations planner that aims to perform science-task scheduling and compute optimal
collision-free reconfiguration and science-related maneuvers, abiding by functional requirements and for-
mation constraints. These functions are performed by the four different modules of iSCOUT, which are de-
scribed in the next four chapters. The tool is intended to address the need of simulating and of measurably
evaluating the feasibility of IRASSI. Future versions of the tool may potentially be tailored for onboard utiliza-
tion for real-time mission planning.

Two execution modes are supported, an integrated simulation mode and execution on an individual mod-
ule basis. The optimization procedures selected for each module were identified, whereby a nearest-neighbor
search is implemented for devising optimal task sequences and a direct search method is used for maneuver-
planning.

The most relevant reference frames, an inertial one and a local formation one, were defined as were the
separation requirements, ensuring acceptable formation geometry envelopes. Three different separation pa-
rameters are used in the simulations, described by the set d.; = {10,500,1000}. The spacecraft separation is
higher along the direction of the target than on the plane defined perpendicularly to this direction.

Free-space dynamics are assumed in an open-loop maneuver-control configuration. In the current ver-
sion of iISCOUT, only the secondary (electric-based) propulsion system is of relevance. Station-keeping ma-
neuvers, which typically employ chemical thrusters, are not supported.

The problems within iSCOUT are optimized locally within each module. Future versions of the program
may bring it closer to being implemented in realistic scenarios. This can be by developing more elaborate
dynamics models, using a global optimization strategy across all modules or by extending the support to
station-keeping maneuvers. Further work within iSCOUT is discussed in detail in Chapters 8 to 11.
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Our posturings, our imagined self-importance,
the delusion that we have some privileged position in the universe,
are challenged by this point of pale light.

Our planet is a lonely speck in the great enveloping cosmic dark.

Carl Sagan
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ABSTRACT

This chapter introduces the IRASSI science targets and describes the method within iSCOUT that is devised
to optimize the sequence of observations. For a given epoch (or initial anti-Sun vector longitude), the Task-
Planner Module detects which targets are available for observation and preserves in a candidate list those who
remain in the field of view once the associated observation task is completed. Using time efficiency, target pri-
ority and target diversity metrics, two decision-making algorithms are compared to assess how task sequences
are built over the lifetime of the mission. Results show that nearest-neighbor heuristics produce savings in ma-
neuver time (and thus fuel) of up to 30% compared to a semi-stochastic near-neighbor search. This module
builds the maneuvering strategy around science requirements. Alternative scanning strategies are proposed at
the end of the chapter to potentially increase science returns and minimize time and fuel consumption required
for maneuvering in-between tasks.

Credits for the catalog input and general developments within this chapter are owed to Dr. Hendrik Linz (Planet and Star Formation
Department, Max Planck Institute for Astronomy, Konigstuhl 17, 69117 Heidelberg, Germany, linz@mpia-hd.mpg.de), who endured
extensive discussions via e-mail, telephone and in-person meetings.
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8.1. INTRODUCTION

RASSI’s main function is to observe targets in the far-infrared. It is first and foremost necessary to dis-

tinguish between farget and fask. Whereas a target refers to a celestial source of infrared radiation, a task
refers to all activities associated with observing a target (the collection of science data, the calibration of
instruments, the downlinking of processed data and the required reconfiguration maneuvers). One target
requires at least one task to be carried out. There are currently 784 pre-planned science tasks to be fulfilled
over the five-year operational lifetime associated with 453 targets. Due to the diverse nature of the targets in
terms of scientific interest and location in the celestial sky, there must be a balance between science return
and operational viability upon selection of the task sequence.

The main motivation for devising a science activities’ planning module stems therefore from the fact that
time and physical resources in space are scarce. Additionally, certain targets, particularly those close to the
celestial equator, are only available for observation during certain times of the year. An efficient solution
that maximizes science return and procures savings in energy expenditure, computational and operational
processes is thus imperative. The Task-Planner Module (TPM) was created to address these concerns.

The TPM is the first module of iSCOUT. It determines which celestial targets will be observed within a
specified time window;, taking into account its characteristics, such as its sky coordinates, emission frequen-
cies, and the associated formation configuration requirements, such as minimum and maximum desired
baseline lengths as recorded in the mission catalog. The output of TPM is the final sequence of tasks (or the
next best subsequent task if the tool is run integrally), the required pointing direction and initial and final
formation configurations, which serve as input of the next module, the ReM (or Reconfiguration Module, see
Chapter 9). The target catalog is expected to be dynamically updated as the nominal phase of IRASSI befalls.
This module allows for a real-time rescheduling of the science activities of the interferometer as new scientific
information becomes available.

8.2. PREVIOUS CONTRIBUTIONS

8.2.1. SCIENCE SCHEDULING AND PLANNING

Traditional mission design concepts using predefined and immutable sequences of commands have evolved
in the past decades to become fluid, malleable and adaptable to unpredictable environments. Having the
ability to react to unforeseen events or unknown terrains is particularly useful to reprogram activities in mis-
sions operating far from Earth, such as those conducting deep-space astronomy or planetary exploration.

The first demonstrator of onboard autonomous planning and fault management was the Deep Space
One’s Remote Agent [107]. The Remote Agent flight software had built-in encoded operational rules and con-
straints and received from the ground a set of goals to achieve during its experimental mission. However, the
agent’s software itself was tasked with generating the sequence of activities to accomplish the goals (using
priorities, heuristics and models) and with executing them. It also included a monitoring function able to
perform subsystem failure diagnosis and recovery during the execution of the plans. Similar developed sys-
tems took shape in the Continuous Activity Scheduling Planning Execution and Replanning [108], tested on
the Deep Space Four for creating accurate topological maps of the Tempel 1 comet and for determining gas
compositions of its coma, in the Mixed-Initiative Activity Plan Generator [109] (MAPGEN), an onboard task-
sequencing and scheduling tool for the Mars Exploration Rover mission, and in the Autonomous Sciencecraft
Experiment [110] (ASE) which flew on the Earth Observing-1 mission and aimed at supporting research on
the spectral and spatial resolution of volcanic events. In particular, the MAPGEN and ASE, developed in the
early 2000s, were complex day-to-day tactical planners which organized coordinated high-level activities and
provided schedules that ensured an efficient and conflict-free utilization of onboard resources, taking into
account time constraints, the health status of subsystem components, hardware availability and competi-
tion for sensors, actuators and processors according to user-generated goals, priorities or flight rules. The
heritage of some of these tools has also been incorporated into unmanned underwater [111] and surface
vehicles [112].

Several breakthroughs on automation of ground and spacecraft planning tasks came also from the Euro-
pean side [113-117]. Of particular interest to iSCOUT, is the Mission Analysis and Payload Planning System
(MAPPS), a high-fidelity, modular tool used by science operations and investigator teams specifically to plan
and simulate science routines for ESA’s Solar System missions [118]. Although MAPPS is not yet fully auto-
mated and does not operate on board the spacecraft, it works online, parallel to ongoing missions, such as
the MarsExpress, VenusExpress, Rosetta, BepiColombo and JUICE missions, among many others. It manages
input from ground users, such as operation requests, spacecraft pointing requests or event requests with
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Figure 8.1: Solution of a traveling salesman problem: the arrows denote the shortest possible route that connects every city. The dashed
lines show discarded paths. The distance between cities is assumed to be the same in both directions.

opportunity and constraint windows (e.g., for communications and telemetry downlink) and allows time-
based simulations of the spacecraft and experiment models to detect potential conflicts [118]. It can perform
short-term to long-term activity scheduling, but crucially, during short-term planning tasks, MAPPS detects
whether resource consumption conforms to allocated resources at the end of the medium-term planning cy-
cle. A configurable 2D mapping panel and an interactive 3D visualization display round up MAPPS’ main
functions. The majority of MAPPS utilities and user interfaces have been developed in C++.

All of these contributions focus on operational autonomy and responsiveness, by providing architecture
descriptions of ground-space segment interactions, information workflows and planning interfaces. How-
ever, they do not address the optimization and selection mechanisms associated with science task-planning.
In the TRASSI case, 784 observation tasks must be performed over the course of the mission, on the basis
of a set of metrics. Deciding the order in which these tasks should be performed, with respective target-
availability constraints, is akin to the Traveling Salesman Problem.

8.2.2. THE TRAVELING SALESMAN PROBLEM

A well-known challenge in combinatorial optimization, the Traveling Salesman Problem [119] (TSP) has ap-
plications in manufacturing, logistics and general activity-planning. In its classical formulation, the TSP con-
tains a list of N cities, N € Z*, connected by paths. The path length P; ; connects city pair i and j and typically
the problem attempts to find a route that minimizes the sum of the paths lengths for a set number of cities
that need to be visited at least once, before returning to the point of departure. Figure 8.1 shows a schematic
of the TSP. The analogous problem within IRASSI could be expressed as:

Given a list of targets, what is the most (time- or fuel-) efficient sequence of observation tasks that
maximizes science returns within five years?

In this analogy, maneuver events which link any two observation tasks correspond to the TSP paths.
The following aspects characterize the IRASSI problem:

1. The lengths of the paths correspond to the metrics used to evaluate candidate tasks and they are not
known a priori. These metrics are dependent on all previously sampled targets (or the task history) of
the same sequence. Path lengths connecting two tasks are thus asymmetric.

2. Subsets of targets are available at different times of the year and whereas the task pool reduces as the
mission progresses, certain targets have to be revisited. But time delays are not acceptable: if a target
leaves the field of view before the observation task is complete, this candidate task must obligatorily be
discarded and similarly, the observation time itself cannot be subject to optimization.

3. There is no fixed number of maximum tasks and the target catalog itself may increase as new informa-
tion is collected by the telescopes. Priorities of targets and tasks may also change dynamically over the
mission.

There exist several algorithms which attempt to solve the TSP. The most trivial solution is by exhaustive
search, that is, for a fixed number of cities, compute all city permutations and identify the cheapest route.
The computational speed, in this case, scales with a polynomial time complexity of & (N!) and therefore, cal-
culating all permutations becomes unfeasible even for 10 or 20 cities [120, 121]. The most suitable method
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for solving large instances, currently holding a record of nearly 86 000 cities [122], is the so-called branch-
and-cut method [123]. It is merely an organized way of performing an exhaustive search. In short, this ap-
proach applies firstly, a linear-programming relaxation for fast convergence, together with a cutting-plane
algorithm [124] as means to find optimization variables that are feasible but discarded in the first step, and fi-
nally, a branch-and-bound routine. Branch-and-bound involves defining a search tree, whereby the branches
represent subsets of the solutions explored by the algorithm. As solutions along the branch are searched, the
branch is compared to lower or upper bounds of the current optimal solution. If a branch does not produce
an improvement compared to the best current one, it is discarded by the algorithm. This, however, relies on
a fixed number of cities (tasks) imposed on a tour.

Variations of the branch-and-bound algorithm include the imposition of resource availability [125] or
temporal [126] constraints, which respectively may mimic whether or not a target finds itself in the field of
view of the telescopes and the starting time or duration of an observation task. Temporal constraints may
inclusively emulate target priorities, such that one might impose that an observation of a target of low pri-
ority may not start before an observation of a high-priority one. But these algorithms fail to account for the
dependency of the path length between two consecutive tasks on previous instances of the tour.

Heuristics-based algorithms have equally been developed to search paths over large sets of data expedi-
tiously. They seek to find a tour (typically via a greedy search) that terminates as soon as a feasible solution
has been constructed. Nearest-neighbor and Christofides are such examples. In the former case, the traveler
always chooses to move to the next closest unvisited city and yields on average a 25% worse path than the best
shortest tour [127]. The Christofides [128] method starts by constructing minimum spanning trees over the
to-be-visited cities, aggregating them with paths that connect to an odd number of other cities, to ultimately
find a non-repetitive tour route. In the worst case this method produces tours 50% longer than the shortest
one. However, the Christofides approach is not applicable to IRASSI as the path lengths (metrics) separating
two tasks are not symmetric (they rely on the past route taken) and do not obey triangle inequality rules.

Similarly, mutations of the TSP incorporate uncertainties regarding the availability of the paths which
only become apparent to the traveler upon reaching an adjacent site [129]. These are solved using competi-
tive analysis, that is, by minimizing the ratio between the worst-case distance cost of a planned route to the
distance cost of the shortest possible path computed offline, where all road blockages are known beforehand.
An analogous road blockage in the IRASSI case would correspond to the impossibility of performing a ma-
neuver in-between two observation tasks. However, it suffices that a target is within the field of view for a
path to be available and its distance cost predictable.

Attempting to observe as much as possible while minimizing the ‘cost’ of observing (whereas this cost is
directly dependent on past observations), are naturally conflicting criteria. The task-sequencing problem is
simultaneously more complex and constrained than any of the solutions proposed. The approach taken has
therefore focused on refining the initial conditions provided to the TPM module, by generating a surrogate
catalog ‘on-the-fly’, and implementing two heuristics optimization algorithms for comparison: a nearest-
neighbor and a semi-stochastic near-neighbor procedure.

Nearest-neighbor heuristics (NNH) are known to be sub-optimal [130], but reach a feasible solution in a
relatively short time. The interest in devising a dynamic catalog is to accommodate task sequences which
limit the impact of reconfiguration time and thus ensure that any sub-optimal solution found by the nearest-
neighbor method is as close to the best possible performing one. Nevertheless, the possibility of using local
search algorithms to refine tours generated by NNH under certain circumstances is addressed in Section 8.5.5.

8.3. IRASSI TARGET CANDIDATES

8.3.1. TARGET CLASSIFICATION

HE current catalog has been shortly introduced in Section 2.3.3. The 453 objects are associated with 784
T science tasks with a combined science duration of Q = 1597 days, or approximately 4.4 years, to be ful-
filled (as much as possible) during the operational phase of the mission. All remaining time shall be allocated
to other supporting tasks, from retargeting, reconfiguration, station-keeping, calibration, communications,
etc. These targets are categorized according to types and relative priorities and they are tagged with a priority
grade, the duration of the observation task, the number of visits, the desired scanning length, their emission
sensitivity and their location in the celestial sky. They are broadly aggregated in Table 8.1, whereas Table D.1 of
Appendix D shows all catalog entries. Emission-sensitive targets are highlighted in gray and this is elaborated
further in Section 8.4.1.

The total number of tasks refers to the number of targets multiplied by the number of visits. For ease, task
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Table 8.1: Target categorization for IRASSI.

No. Observation

Target type (No.) Priority No. visits
targets duration
T Tauri stars and disks (I) lor2 94 < 1day 2
Herbig Ae/Be stars (II) 2 139 < 3 days 2
Debris disks (III) 1,20r3 14 < 8days 3
Massive objects (IV) lor2 16 <1day 1
Galaxies (V) lor4 85 < 3 days 1
High-mass star-forming regions (VI) 1,20r3 20 < 1day 1
Hot cores and corinos (VII) 1,20r3 25 <1 day 1
FU-Orionis-class stars/objects (VIII) lor2 35 < 3 days 3
AGNIi (IX) lor3 25 < lday 1

priority or task type will be used to refer to the priority or type of the target that a task is associated with.

In Table 8.1, priority is shown in descending order, such that a ‘high-priority’ target receives a score of
1 and ‘low-priority’ one, a mark of 4. Approximately 9% of the tasks are of first priority, with the highest
proportion, at approximately 74%, being associated with second. The lowest priority targets are galaxies and
related science tasks make up about 9% of all tasks.

Observation durations range between 0.1 and 8 days. The histogram featured in Figure 8.2 shows the
observation task distribution with the respective duration and the cumulative frequency. Approximately half
of the total observation time is dedicated to tasks which require a target-sampling duration of less than 1.5
days and a quarter to those requiring between 1.5 and 2.8 days.

8.3.2. ACCESSIBLE SKY AND TARGET DISTRIBUTION

The region of the celestial sky which is available for observation is calculated according to the spacecraft’s
design, whereby the telescope mirrors point nominally in a direction perpendicular to the Sun’s direction,
allowing for a +20° attitude change relative to the observed direction. Figure 8.3 and Figure 8.4 show the sky
access for a single telescope located in L at two different times of the year, that is, for two different initial
anti-Sun vector longitudes. In the figures, these ‘forbidden’ regions are then colored in white (containing red-
marked targets) and the ‘accessible’ portions of the celestial sphere are marked in blue (containing yellow-
marked targets).

From Figures 8.3 and 8.4, it can be observed that as time passes, the instantaneous sky access continu-
ously shifts ‘eastwards’ in longitude and targets move in and out of the field of view continuously. Targets
close to the celestial equator can be observed twice per year for a maximum of =~40.5 days on each install-
ment. With increasing latitudes, this visibility restriction decreases. For instance, targets located at latitudes
of 45° can be observed a combined =117 days per year. Targets with a latitude of 70° and above are available
in the sky all year long.

The distribution of target priorities with respect to latitude is shown in Figure 8.5. About 38% of all targets
are concentrated in the equatorial regions, particularly in the latitude band between —15° and 15°. Whereas,
in general, Priority-3 targets seem well distributed across all latitude ranges, Priority-1 and Priority-4 targets
are predominant in the southern hemisphere. Priority-2 targets, however, are shown to be concentrated near
the celestial Equator and in the high latitude regions of about —65° and 60°. This is also the most populous
priority group.

With respect to longitude, Priority-1 and Priority-3 targets exhibit a uniform distribution across all ranges,
excluding a gap between 90° and 150°. A mild concentration of Priority-4 targets at longitude values of 30°,
180° and 330° is observed. Priority-2 targets are nonetheless dominant and concentrated in longitude bands
between 67° and 85° and between 236° and 253°. In fact, and curiously again, approximately 38% of all targets
fall in the aforementioned longitude bands. The distribution of target priorities according to longitude is
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Figure 8.2: Distribution of the number of observations by duration and cumulative frequency.
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Figure 8.3: Instantaneous sky access for an anti-Sun vector longitude A = 85°.
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Figure 8.4: Instantaneous sky access for an anti-Sun vector longitude A = 160°.

featured in Figure 8.6. The figure shows that depending on the time of the year, the mission is more likely to
sample certain target priority levels and that crucially, when crossing longitude ranges between 110° and 120°
or between 305° and 323°, chances are that no targets are available for observation and the interferometer
may remain idle. These longitude bands could, for example, be allocated for the execution of station-keeping
maneuvers.

For completeness, the distribution of target types with latitude and longitude is shown in Appendix D.

8.4. TASK-PLANNER MODULE (TPM)

T HE overarching goal of the TPM is to ensure that as many scientifically relevant targets as possible are
observed in the most (fuel- and time-) efficient manner. An analysis of the planning strategy is provided
followed by the adopted methodology and the implemented task-selection decision-making methods.

8.4.1. TASK PLANNING STRATEGY: EFFICIENCY VS. SCIENCE PERFORMANCE

There are numerous ways in which the science activities may be planned and the sequence of observations
optimized from the diverse set of targets. One possibility would be to carry out as many observation tasks
as possible within the operational lifetime of the mission. In order to maximize the number of tasks, the
strategy would then be to select tasks with the lowest associated observation duration and reconfiguration
maneuvers. This would, however, not guarantee that high-priority targets are selected within this time frame,
particularly because they make up only 9% of the target population (and half of those exceed an observation
duration of one day).

The other extreme would be to give importance only to the quality of targets and disregard the quantity.
In this case, generally observing the targets in ascending order of priority would be reasonable and high-
priority targets with multiple required visits would have their science tasks fulfilled soon after they enter the
accessible region of the sky. However, this may be inefficient from a time and fuel point of view, especially
if spacecraft have to perform an elaborate reconfiguration maneuver to sample the next target, located on a
different portion of the celestial sky.

Table 8.2 provides an overview of the relationship between the number of tasks and observation duration,
including the distribution of the latter with target priority. The first noteworthy trend is that even though
short-observation targets (< 1 day) make up the majority of the target population at 53%, they are mostly
associated with single tasks. It is the long-observation targets (= 1 day) that compose nearly three-fifths of
the total observations. Of these, more than 35% require an observation duration higher than 3 days. Ap-
proximately 24% and 62% of short-duration Priority-1 and Priority-2 targets respectively are associated with
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Figure 8.5: Distribution of target priorities relative to celestial latitude.

Table 8.2: Observation duration distribution in numbers and percentage of targets, according to their priority.

Distribution with observation duration

Parameter
< 1day = 1day = 3 days = 5 days = 7 days
Targets
Total (%) 242 (53%) 213 (47%) 77 (17%) 41 (9%) 10 (2%)
Priority 1 17 20 8 5 2
Priority 2 108 187 65 34 7
Priority 3 43 6 4 2 1
Priority 4 74 0 0 0 0
Observation tasks
Total (%) 328 (42%) 460 (58%) 163 (21%) 86 (11%) 21 (3%)
Priority 1 22 46 20 12 4
Priority 2 187 396 131 68 14
Priority 3 45 18 12 6 3

Priority 4 74 0 0 0 0
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Figure 8.6: Distribution of target priorities relative to celestial longitude.

multiple observations compared to 2% of third priority ones, whereas none of the Priority-4 targets require re-
visits regardless of duration. This means that if quantity is indeed the criterion that determines the sequence
of science activities, a disproportional sampling of lower priority targets ensues. Therefore, a compromise
between efficiency and science return is perhaps imperative in the planning decision-making procedure.

Note, however, that the observation time is not the only determinant of the total task duration. The re-
configuration time must also be considered.

TARGET PROXIMITY AND RECONFIGURATION TIME

All reconfiguration maneuvers are carried out to abide by baseline configuration requirements dictated at the
outset by the target catalog. Naturally, any time dedicated to these maneuvers detracts from time which could
potentially be allocated for science. In order to optimally order the tasks, an estimation of the time required
for these maneuvers should be carried out (without actually having to pursue complex calculations to derive
exact optimized values).

It would be intuitive to think that targets which are close to each other in the celestial sky would be as-
sociated with a shorter reconfiguration maneuver compared to a target pair associated with a high angular
separation. This would indeed be the case if the formation was linear or planar, not interchangeable and
the length of the baseline remained approximately constant across different targets. In such cases, the re-
configuration would be akin to a rigid-body rotation of the formation; an average rotation rate could sim-
ply be multiplied by the angular separation between targets to estimate the maneuver time. However, the
IRASSI case consists of a three-dimensional dispersion of interchangeable elements with variable baseline
requirements for different targets. Given that the distance traveled by each spacecraft differs significantly
in a reconfiguration maneuver, angular separation of targets alone becomes a poor predictor of maneuver
duration. Assuming equal thruster parameters, the maneuver duration is then largely dictated by the length
of the translation trajectories or the differences between the current and subsequent formation size. This is
illustrated by Table 8.3, where the formation maneuver duration is defined as the time the slowest spacecraft
takes to complete the maneuver. Three formation configurations are considered depending on separation
parameter d values: a short baseline ‘S’ with length corresponding to 10 m, a medium baseline ‘M’ of 500 m,
and a long baseline ‘L of length 1000 m - all naturally three-dimensional formations.

In Table 8.3, it is possible to observe that an increasing angular separation between targets is associated
with a nonlinear increase in maneuver duration, but only when baseline distances are maintained. When the
reconfiguration maneuver involves an expansion or contraction of the baselines, the maneuver time remains
nearly equal across different target separations. In addition, a baseline contraction or expansion is always
more time-consuming than maintaining the baseline constant. A full description of the reconfiguration pro-
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Table 8.3: Maneuver duration for different target separations and formation configurations.

Maneuver duration (hours)

Formation size
(initial-final) Target separation

5° 45° 90°
REN] 0.12 0.87 1.30
M-M 0.99 6.14 9.14
L-L 1.17 8.68 12.96
S-L 13.44 13.37 13.41
L-S 13.68 13.65 13.65

cedure is provided in Chapter 9.

The importance of this is that if the total duration is used as a selection criterion for generating task sched-
ules, the reconfiguration maneuver time must be appropriately estimated by the TPM (even before the recon-
figuration maneuvers are actually computed by the ReM).

SCANNING ORDER FOR EMISSION-SENSITIVE TARGETS

After each reconfiguration maneuver, the formation either expands or contracts. At the longest baselines,
there may be instances in which the interferometer may not be able to correlate the flux of the emissions (or
very minimally). This may be an issue for certain targets if the formation starts at the longest baselines, as
the spacecraft cannot record the interference fringes at the start of the observation and rather the fringes are
found as the formation contracts.

Although it is early to predict with exactness, most targets are not vulnerable to this effect. Disk-type
targets, for example, are well-defined sources in the infrared and it is relatively simple to predict a priori up
to which baseline lengths it is safe to perform measurements. Similarly, active galactic nuclei (AGNi) should
have a compact and central emission flux, which affords the flexibility of being able to start the measurements
at either end of the baseline length (minimum or maximum). For massive young stellar objects, high-mass
star-forming regions and hot cores, correlated flux loss at long baselines is more concerning, since apart from
a disk, also an envelope forms around the source structure. Because of this envelope, the limit of the baseline
length is too imprecise to be determined beforehand.

Furthermore, the issue of flux loss is target-dependent. There may be wavelengths in the far-infrared
that are very detectable, but which are associated with correlated flux loss at long baselines or, conversely,
highly excited molecular lines from very compact (little correlated flux loss) regions that are also weaker (bad
detectability). Good modeling techniques prior to the science campaign of IRASSI could provide further
insights.

With this information, initial scanning requirements were placed on tasks associated with the targets
identified above (massive objects, high-mass star-forming regions and hot cores and corinos, respectively
target groups IV, VI and VII), such that the formation elements initiate the observation at the shortest base-
line and expand during the observations. This affects 61 targets, or about 13% of the total target population
and none of the targets require revisits. These are henceforth referred to as ‘emission-sensitive targets’ and
highlighted in gray in Table 8.1. For the remaining targets, only the scanning length (i.e., the difference be-
tween the longest and shortest baseline length) is of importance and it is therefore irrelevant whether a target
is first sampled at the longest or shortest required baseline.

SCANNING ORDER EFFECT ON RECONFIGURATION TIME

Given that the thrust magnitude is fixed at the maximum limit of 20 mN for reconfiguration maneuvers, this
raises the question of whether reconfiguration time can be minimized by instead selecting the order of the
scanning (expansion or contraction) appropriately and individually for each target, in order to avoid unnec-
essary maneuvering time and resource expenses. This would institute that the initial reconfiguration sepa-
ration is equal to (or determined by) the final separation of the last observation for non-emission-sensitive
targets. The advantage of this setup is that it achieves minimal consumption of fuel and time, as most of the
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maneuvers can be kept well below 10 hours, as shown in Table 8.3. This has a positive impact on the mission
as a whole as more time can be dedicated to science.

In this light, a dynamic catalog concept has been devised, whereby the initial (and final) formation config-
urations of all (non-emission-sensitive) targets immediately available for the next task are adjusted according
to the final formation settings of the current target. For example, assume that the current observation task
involves a formation contraction during science activities. At the end of the observation, the formation finds
itself at its shortest baseline, e.g. with d = 10 m. For all non-emission-sensitive candidates for the next obser-
vation, the following applies:

« if the target of a candidate task is tagged with an intermediate' desired scanning length, the observation
task will have its initial separation set to its shortest baseline, d = 500 m, and its final separation set to
d =1000 m.

o if the target of a candidate task is tagged with an long desired scanning length, the observation task will
have its initial separation set to its shortest baseline, d = 10 m and its final separation set to d = 1000 m.

Only then is the feasibility of the tasks evaluated. The task-selection process is described in the next section.

8.4.2. METHODOLOGY

The metrics used to evaluate observation tasks are first introduced followed by the decision-making proce-
dures where the connection with the TSP is revisited. The model dynamics described in Section 7.6.2 apply
and so does the separation parameter set dy. = {10,500,1000} defined in Section 7.5.

TARGET-SELECTION METRICS
A weighted sum of three criteria is used to evaluate candidate tasks:

1. Relative reconfiguration time T},; (i.e., time efficiency)
The first criterion respects the requirement that most of the time of the mission should be allocated to
science observations. That is, if the expected reconfiguration maneuver duration is relatively long, then
it consumes mission time to the detriment of science. This maneuver corresponds to the associated
translations and any required interchange in position slots among formation members. If iSCOUT is
operated on a module-by-module basis, the TPM has no access to this information and the expected
reconfiguration maneuver time tg.y; is estimated by means of spline interpolation.

The interpolated values are based on the values obtained in Table 8.3 which portray typical reconfig-
uration times for different separation parameters d (introduced in Section 7.5 and for different target
angular separations. Four different spline functions are defined: three for cases in which the initial for-
mation baseline length (short, medium or long) does not change during reconfiguration and one for
when it does (that is, for emission-sensitive targets).

Else, if iSCOUT is operated in an integrated mode the value of tg.)s is provided by the ReM module
(details on are provided in Chapter 9, cf. Equation 9.9).

The relative reconfiguration time for a given target is thus given by:

IReM
Trer = - (8.1)
trotal
with
Lroral = tReM + Lcal T Uink + IBPM (8.2)

and where f.,; is the calibration time, #;;, is the time slot allocated for uplink/downlink of teleme-
try and science data and tgp); is the duration of the scientific phase for the considered task. Again,
if iSCOUT is integrally operated, tgpys is provided by the BPM module (described in Chapter 11, cf.
Equation 11.3), otherwise tgp) is approximated by the maximum allowable value of tgpps:

tBPM,max = 1.4tsci (8.3)

which corresponds to the combined time of the baseline-change maneuver and target observation du-
ration #; as provided by the catalog.

1 Targets associated with intermediate scanning lengths are not sampled at separation parameters d < 500 m.
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TRASSI assumes .47 = t;ink = 4 hours. t;4;4; refers then to the total task time.

From Equations 8.1 and 8.2, it is possible to see that if the reconfiguration maneuver duration .y
is large enough compared to the science phase tgpys term, Ty,; will approach = 1. As such, T, is a
measure of efficiency, as the lowest its value is, the higher the chances that in the future further tasks
are conducted.

2. Relative task priority P;;
The second criterion has to do with the fact that higher-priority targets should be observed more regu-
larly than low-priority ones, due to their scientific relevance. As such, the relative priority of the associ-
ated task is calculated simply as:

P—Pnin

(Pmax — Pmin) '

where P is the priority of a candidate task and P,;,;;,, and P, are respectively the minimum and max-
imum possible task priorities (where P,;, = 1 and Py, 4, = 4, cf. Table 8.1).

Pr= (8.4)

Using solely criteria 1 and 2 could, however, result in tours that are likely locally confined to isolated
regions of the sky and whose sequences of tasks are defined by the ascending order of priorities. Since
there is a correlation between target priority and target type, this is not necessarily desirable since after
collecting a certain amount of science data from a target type or a region, the interferometer should
move on to observing new portions of the sky and other target types. Therefore, in order to balance
maneuvering time, science relevance and data heterogeneity, the third criterion was introduced.

3. Relative amount of completed task types N,,; (i.e., task diversity)
This third criterion tracks the cumulative frequency of previous task types in a given tour. N, is the ra-
tio between the number of completed tasks of a given type Nyqs; and the total number of observations
tasks available of the same type Ny, (i.e., including revisits), multiplied by an optional weighting
factor w:

Npast

Nyop = (8.5)

Niotal X @'
In the above equation w is the ratio between the user-specified minimum tour duration & (in days) and
the duration of the combined to-be-completed science observation tasks available in the catalog, Q,
which currently totals 1597 days. With C € Z denoting the set of all to-be-completed tasks:

D D
w=—=——:0<w=<1l. (8.6)

Q C
Z l‘sciC
c=1

In the above equation, w is automatically set to 1 if 2 > Q. Whether the factor w is applied to Equa-
tion 8.5, is decided by the user. The advantage of this parameter is that it makes the decision-making
process agnostic with respect to the size of the catalog: if only so many targets can be realistically ob-
served within the specified time window (2 < Q), then Ny, is scaled to reflect this limit. Naturally,
this simple scaling process of N;,;,; assumes a uniform distribution of targets in longitude, which is
not necessarily true, as explained in Section 8.3.2. As time passes and the number of observable targets
becomes lower, the less accurate this approximation becomes. Naturally, as the selected tour duration
value increases, v — 1.

All three criteria scores reflect relative values, with a theoretical value between 0 and 1 (P,,; will in fact be
exactly zero for Priority-1 tasks). Finally, the function which determines the overall score of a candidate task

1S:

Tre; + Pre; + N,
J= rel ;el rel 8.7)

The factor % was simply applied to normalize the score function to a maximum value of 1.

TASK-SEQUENCING ALGORITHM
The TPM receives user-defined variables, such as initial epoch ¢; (in days, or alternatively, the anti-Sun vector
longitude value), the minimum tour duration 2 (in days) and a logical answer to whether a non-unity w factor
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Figure 8.7: Diagram of the IRASSI-TSP analogy.

is to be used in the metric calculations. At the start of the simulation, the target-task catalog’ is loaded and a
map containing all accessible targets at the epoch is generated. A surrogate catalog to be dynamically updated
as the tour sequence progresses is simultaneously initiated with default properties equal to the original target
catalog.

To make the analogy with the TSP, one can define the set C as that containing all to-be-completed tasks
of the catalog. The subset L; represents accessible tasks from a given task instance /; which can be evaluated
using the score function of Equation 8.7. The path lengths j; ; are defined by the score or cost associated with
performing task /i € L; from the starting task /; € C. The observable task score set J; contains all possible
path lengths connecting /; to candidate tasks. The tour sequence S is a set of s number of paths, with j; ;. € S.
The actual tour duration D is defined by:

s
D= Z jci,k 8.8)
c=1

and the tour ends once D = 2. Figure 8.7 schematizes the IRASSI-TSP analogy, with the set of observable
tasks Ly = {l», l4, Is} from the catalog set C = {I},---, I} and the score set J; = {jl,g, j1,4,j1,5}. Tasks I3 and I are
unreachable because the targets associated with them are unobservable. The full TPM sequencing algorithm
is described below.

1. Compute available task set L; from the set of targets within the field of view IV;, such that the latitude
and longitude of each target candidate ny € Nj;, respectively ®; and Ay, respect the following condi-
tions for ¢ = t;:

Ak (0, Qp (D) ¢ Acz,,,; = PIOj(Gez) Lez 1), 8.9)

where Aezmj is the projected the sunshield-associated exclusion zone on the celestial sphere, g, =3 m
(the sunshield radius), l,; = (1.10, 0, 0) m in the % frame (1.10 m is the distance of the detector from
the sunshield) and proj(*, *, *) is a function which executes this projection (the procedure is explained
in Chapter 4.2.4 and Appendix B).

2. If no task has yet been completed, select the initial task [;, associated with target n;, randomly using a
uniform distribution, from a pool of available targets in N;.

3. Remove ny = n; from N; if n; is associated with more than one task in order to avoid two consecutive
tasks being performed in connection with the same target. Update L; accordingly.

4. Perform a check functions on L;: if the list is empty, no tasks are available because either

(a) no targets are within the field of view, i.e., N; = @ or

(b) all tasks I associated with reachable targets in N; # @ have been completed.

2The catalog can be the raw list of targets with zero completed tasks to be fulfilled during the mission provided or contain a pre-
completed task set saved from a previously generated tour. If the latter is true, the initial target will be set as the last target from
the tour.
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The program adds then a 24-hour waiting period to the current tour epoch, resulting in an update of
the time variables e.g., D = D +1 days, and the program returns to Step 1. In the first year of operations,
for example, the chances that a non-visited target will be within reach after a 24-hour waiting period is
74%, rising to 83% after 48 hours.

5. Estimate fgen,, (via spline interpolation, cf. Table 8.3) and #;4¢4s;, and update the dynamic catalog
(i.e., set the properties of initial and final formation separation) for all tasks /; € L.

6. Calculate a final epoch ¢; * for all tasks, corresponding to the end of candidate observation tasks, such
that (cf. Equation 8.1):

tig* = ti+ loral,, ¥V Ik €L (8.10)

7. Remove from list N; targets ny € N; which do not satisfy the condition described by Equation 8.9, when
setting ¢ = f;, *, to ensure that at the end of each candidate task, the corresponding target is still within
the field of view. Update L; accordingly.

8. Repeat Step 4. At this stage, the list L; is updated and shall contain all available observation tasks.
9. Calculate the set J; to attribute a cost associated with each observation task

10. Select the next task /i (based on either method introduced in the next subsection), update the catalog
and generate a record on the mission task-progress database with the completion status of /; and with
the required initial and final separation recorded in the dynamic catalog at the current instance ;.

The process is iterated until D = 2 or the mission database contains all tasks prescribed by the catalog, as
illustrated by the pseudocode below.

DECISION-MAKING PROCEDURES

T wo decision-making methods are implemented for constructing task sequences: a nearest-neighbor and
a semi-stochastic near-neighbor procedure. The solutions obtained with each are compared in the next

section.

Nearest-neighbor heuristics NNH) Nearest-neighbor optimization is the process via which task sequences
are generated by always selecting the next lowest j; ;. value, j; € J;. This means thus that the selection score
described in Equation 8.7, for example, penalizes potential tasks requiring comparatively longer reconfigura-
tion maneuvers. Likewise, the score discourages the algorithm to select the next task if it is of a type that has
been observed disproportionally frequently relative to other type populations, even if the target has a high
priority.

In order to grasp the relative effect of criteria T;.; and P,,;, that is, the trade-off between efficiency and
priority, Table 8.4 shows the value of the objective function Jrp)s at the start of the simulation, when N,,; = 0.
The table is colored according to the value of Jrpy: the darker the color, the lower the Jrpys and vice-versa.
As expected, high-priority tasks with the lowest T.; have the lowest Jrpys value, at the top-left corner of the
table; tasks linked with the lowest P,,; requiring relatively long reconfiguration time occupy the bottom-right
corner with the highest Jrpys. It is possible to observe from the table, for example, that the algorithm would
select a Priority-2 task with a Ty,; = 0.10 (Jrpas = 0.14) over a Priority-1 task with T;.; = 0.50 (J7pp = 0.17).
Additionally, since J7pps = 0.25 both for a Priority-3 task with a short reconfiguration time and a high-priority
task with T;,; = 0.75, the value of N,.; would be the deciding factor in determining the next task. Note that
N,; will have, at the early stages of the simulation, markedly different values for differing task types. This is
due to the abundance of observation tasks associated with certain types, such as T Tauri stars and disks (188
observation tasks) and Herbig Ae/Be stars (278 observations), which together make up = 60% of all tasks. For
example, it will take about 17 more observations of the type Herbig Ae/Be stars compared to Massive objects
to obtain the same value of N,,;.

Naturally, the NNH is not a guarantee of a globally optimum solution. However, because the initial ob-
servation positions (i.e., final positions of the reconfiguration maneuver) are set dynamically and adapted to
each sequence’s instance, the solutions provided via the NNH method can be considered a good approxima-
tion of a hypothetical optimal tour.
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Algorithm 1 TPM task-sequencing algorithm.

: Define:
: duew ez, lez» Leals Uink

: Require:
@ > 07 ti € REOI Whool € {Or ]-}

: Initialize:

. [task, catalog] = retrieveCatalog
: w = getOmega(catalog, Wppo1)
D=0

© ® NS gE W N

,_
=4

12: while D < 2 or task < size(catalog) do

13: [Li, N;] = getList(#;, catalog)

14: if task = 0 then

15: [1;, n;] = firstTask (L;)

16: catalog = updateCatalog(/;, ‘completed’)
17: end if

18: L;=L;(N; An;);

19: D = checkList (L;);

20:

21: [tt0ral, catalogq] = estimateTime(catalog (/;, L))
22: li* =1i + ltotal

23: [Li*,Nj*] = getList(t,-*, catalog(l,-,L,-))

24: Li=L;NnL;*
25: D = checkList(L;)

26:

27: Ji = calcMetrics (t;orq1, catalogq (I, L;), w)

28: I = selectNextTask (J;)

29:

30: Update:

31: liZZk,D:D-‘r(tik*—ti),ti=tik*,task=task+l
32: catalog = updateCatalog([;, ‘completed’)

33: end while

Table 8.4: Relative importance of P,,; and T},;, when N,,; = 0.

Jrpm

Priority Pro Trer
0.10 0.25 0.50 0.75

P, 0.00
P, 0.33
P3 0.66

Py 1.00 0.37 0.42 0.50 0.58
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Table 8.5: Minimum number of tasks necessary to be available for at least two candidates to be considered by the SNS, for different
thresholds.

Threshold No. of tasks
3% 34

5% 21

10% 11

Semi-stochastic near-neighbor search (SNS) To escape the trap of local minima in devising optimal long-
term task sequences, a second method is introduced. This method, called a semi-stochastic near-neighbor
search (SNS), relies on the following three steps:

1. ordering the candidate tasks by ascending J; values
2. setting a threshold to identify top candidates out of the available pool
3. choosing the next task employing a uniformly distributed random process

As such, the SNS algorithm samples the solution space more amply than the NNH at each instance and may
be able to deliver different solutions, e.g., produce more observation tasks within the same time window.

The threshold value may itself be subject to optimization. In the present study, three values are selected:
3%, 5% and 10%. The number of top candidates is rounded up to the nearest integer. Note that selecting
the top candidate would emulate the NNH behavior. However, depending on the threshold value, there may
be instances in which only one target is available. This is shown in Table 8.5 where the minimum number
of candidates is given for at least two tasks to be traded. Note also that because the SNS is itself stochastic®,
there is a very low likelihood that two equal sequences are produced.

8.5. RESULTS AND DISCUSSION

T HE simulation setup is presented in this section followed by the obtained results and respective analy-
sis. The results are split into a short-term example tour, which demonstrates the effect of using the w

parameter in the scoring process, and a representative long-term tour which compares the effect of the two

optimization algorithms.

8.5.1. TPM SIMULATION PARAMETERS
The following assumptions hold within the TPM module:

1. The field of view is the same for all members of the interferometers (relative member distances are
negligible compared to interferometer-target distances and therefore target direction can be assumed
equal)

2. The interferometer is located at the L, point of the Sun-Earth/Moon system, at the center of the celes-
tial sphere. The rotation rate of L, about the Sun, is the same as the Earth’s, corresponding to 360 deg
in 365.25 days or 0.9856 deg/day. This is therefore the rotation rate of the field of view of the interfer-
ometer. Keplerian motion is assumed.

3. The mean equinox of J2000 is used to define the celestial reference coordinate system

4. Since spacecraft are treated as point masses, attitude maneuvers are not considered. Adjusting the
pointing of the formation from one target to the next involves thus a translation maneuver and the
term ‘retargeting’ does not apply. Instead, the term ‘reconfiguration’ is herein used.

5. Although attitude maneuvers are not considered by iSCOUT, the estimation of .y is calculated by
considering the shortest possible attitude change between two targets. For example, consider current

3The term ‘semi-stochastic’ is employed because the threshold that is imposed does not allow a random task selection of the full candi-
date pool.
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Table 8.6: Simulation parameters for the Task-Planner Module.

Dependency Parameter Value
f . d IBPM = Lsci Target-dependent, between 2.5 hours
Rgcon guration an and 8 days
science maneuvers
TReM Target-dependent, up to 14 hours
. . leal 4 hours
Operational activity
Hink 4 hours
Q 1597 days
Field-of-view slew rate 0.9856°/day
TPM algorithm Prioritization of:
variables targets Yes
tasks No (can be accommodated if needed)
Initial formation pointing direction Randomly selected from accessible sky

target n; with a position p; defined by Cartesian coordinates (A;,®;) and a candidate target nj with
position pg, defined by Cartesian coordinates (A, ®y). If the Cartesian separation between these two
targets in the celestial sky

M) 8.11)
|lpil[ [P |]

corresponds to 175°, the reconfiguration maneuver will not correspond to a full 175° reorganization of
the formation. Instead, the following ensues:

Z(pr,pi) = arccos(

(a) a180° attitude maneuver is assumed, followed by

(b) a 5°reconfiguration translation

This would correspond to the most resource-efficient way to maneuver in a realistic scenario as the
current setup of the tool models the spacecraft as point masses. For practical purposes, this means
therefore that for reconfiguration maneuvers, candidate targets are, at most,

Z(PryPi)| pax = 90° (8.12)
away.

Additionally, Table 8.6 summarizes the parameter values considered in the TPM simulation environment.

8.5.2. EXAMPLE TASK TOUR - EFFECT OF w

Two 100-day simulations are performed to demonstrate the effect of introducing w in the scoring process
and discuss its utility to the user. The first one does not apply any temporal scaling to N,,; (cf. Equations 8.5
and 8.6) and simply assumes w = 1. The second one scales N,.; with the combined to-be-completed science
observation tasks available in the catalog, Q, such that w = % =~ 0.063.

The NNH selection process is used. The initial anti-Sun vector longitude is set to A = 85° for both simu-
lations. The simulation is initiated from the beginning of the IRASSI mission, with an empty record of past
observation tasks. The first task /; of the first simulation, i.e., for the w = 1 condition, is selected at ran-
dom from the available list L; at the initial instant. However, the first task of the second simulation, i.e., for
o =~ 0.063 is set equal to that of the first simulation.

The results are presented in Tables 8.7 and 8.8 and the sequences are shown in Figure 8.8, where the
numbers correspond to the targets. The first target is 331. Table 8.9 provides a summary of the results. Over
the 100 days, 28 and 34 tasks are conducted respectively for w = 1 and for the w = 0.063 case, a 21% increase.
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This increase is naturally associated with the selection of shorter tasks, although the maneuver duration is,
on average, 10 minutes longer (3.44 vs. 3.27 hours). Another difference lies in the fact that for the w = 1 case,
only Priority-1 targets are observed, whereas with w =~ 0.063, 26% of the tasks are associated with Priority-2
targets. Of the total tasks completed, 32% are associated with previously observed targets, a reduction of 7%
compared to the w = 1 case. No passive days are recorded for both simulations, that is, there are always targets
in the field of view of the interferometer.

What is noteworthy, however, is that by scaling N,.; with w = 0.063, a balanced proportion of task types
are completed. Whereas with w = 0.063, between 94 %-96 % (mean= 95.4 + 0.7%) of the various types remain
to be observed, with w = 0.063, the range is significantly wider at 81 %-100 % (mean=94.4+5.5%). As such, the
w = 0.063 tour guarantees a diverse sequence of tasks, without necessarily detracting from observing high-
priority targets. It is therefore suggested that users scale the target diversity metric N;,; with the minimum
tour duration &.

8.5.3. IRASSI TASK TOUR - NNH AND SNS

To emulate the operation of the TPM, task tours with minimum duration 2 = 5 years were generated. Four
different tour sets were generated: one using NNH and three SNS-based tours, each with different thresholds:
3%, 5% and 10%. They are henceforth designated as SNS-3, SNS-5, SNS-10. The simulation conditions are
summarized in Table 8.10. The initial anti-Sun vector longitude is fixed at A = 85°. The simulation is initiated
from the beginning of the IRASSI mission, i.e., no observations have been made prior to this point, but all
four conditions start at the same task.

Because of the stochasticity of the SNS tours, each tour was repeated five times and the results reflect the
averages of the runs. Results were extracted at yearly intervals and summarized in Table 8.11.

The first trend that is visible is that tours generated by the SNS can outperform the NNH in terms of the
number of tasks, albeit only by up to 1.4%. This increase corresponds to the 630 tasks of the SNS-5 and
is achieved without detriment to the overall metrics. Appendix D.3 contains more extensive information
concerning these results - see, for example, Table D.2. However, due to the stochastic nature of the SNS, a
consistently higher number of tasks cannot be guaranteed. In fact, results show that, on average, the number
of tasks completed using the SNS approach does not differ from the NNH. Surprisingly, this also applies to
the mean performance Jrpys even though the average maneuver time fg.ps is 43% higher for SNS-10, 28%
for SNS-5 and 19% for the SNS-3. Since the duration of the science phase (tgpys) is the dominant term of
Equation 8.2, the increase in average tg.ys is not sufficient to affect T;.,; and thus Jrppy.

One interesting aspect to note is that the number of idle days is lower for the SNS tours than for the NNH.
This means that the spacecraft in SNS tours spend less time waiting around for a target (or a target that has
not yet had all of its associated tasks completed) to come within view. However, within the SNS tours, the
higher the threshold, the higher the tg.p;. Therefore, given that the number of tasks per day is the same for
the SNS and NNH, the formation spends more time maneuvering in-between tasks for SNS sequences. This
indicates thus that the NNH tour is more fuel-efficient than any of the SNS tours.

As expected, the number of single tasks decreases with increasing SNS threshold values, such that, nearly
30% of the tasks selected with the SNS-3 emulate those of the NNH. Conversely, when comparing the SNS
tours, one may observe that the range between minimum and maximum decreases with an increasing thresh-
old value, whilst averaging 621 tasks at the end of the five years. This is perhaps unexpected, since, for in-
stance, for the SNS-3 with 30% of the tasks selected only having one candidate, one might suppose that the
number of tasks will tend to converge to the vicinity of that obtained with the NNH. This may therefore indi-
cate that the magnitude of the range between the minimum and maximum number of tasks in the SNS case
may be attributed to stochasticity.

8.5.4. METRICS ANALYSIS

Following the results of the last two sections, Section 8.5.2 and 8.5.3, an analysis of the behavior of the metrics
over time is warranted. For example, by observing Tables 8.7 and 8.8, which have a duration of only 100 days,
it is noticeable that P,,; will largely remain near zero (as low-priority targets are penalized in the decision-
making process), as will N,;, as the task database starts to be populated. The relative reconfiguration time
T, is therefore generally the biggest determinant of the next task for the early stages of the mission.

On the other hand, in appendix Table D.3, which shows the yearly evolution of the NNH metrics for a
five-year simulation, it is noticeable that as time passes, the mean values of P,,; and, in particular, Ny,
rise and will tend to one. The variation of T},; over time is significantly lower and by the second quarter of
the first year, T;.; loses its dominance completely in the J7pys scoring value. The correlation value between
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Table 8.7: Sequence results of Example Task Tour, w = 1.

Target Visit Target Cumulative Trel P, Nyl J
No. No. Type  duration (days) (107%) (107%) (107%) (107%)
331 1 VI 0.00 0.00 0.00 0.00 0.00

74 1 i} 1.48 1.03 0.00 0.00 0.34
442 1 111 6.51 7.59 0.00 0.00 2.53
440 1 111 11.39 6.24 0.00 2.38 2.87
243 1 Y% 12.87 9.97 0.00 0.00 3.32
197 1 I 14.04 3.41 0.00 0.00 1.14

74 2 i} 15.68 10.64 0.00 0.36 3.67
197 2 I 16.82 1.54 0.00 0.53 0.69
442 2 111 21.902 8.43 0.00 4.76 4.40
441 1 111 28.64 3.30 0.00 7.14 3.48
440 2 111 33.48 5.25 0.00 9.52 4.93
441 2 111 40.19 2.84 0.00 11.90 4.92
442 3 111 45.14 6.16 0.00 14.29 6.81

11 1 v 46.71 18.1 0.00 0.00 6.05
232 1 IX 47.93 3.51 0.00 0.00 1.17
357 1 VII 48.96 14.9 0.00 0.00 4.96
441 3 111 56.00 7.30 0.00 16.67 7.99
163 1 I 63.27 3.91 0.00 1.06 1.66
167 1 I 70.85 0.42 0.00 1.60 0.67

29 1 i} 74.07 0.18 0.00 0.72 0.30

28 1 11 75.01 1.01 0.00 1.08 0.69

29 2 i} 78.22 0.03 0.00 1.44 0.49

28 2 i} 79.17 1.01 0.00 1.80 0.90
167 2 I 86.72 0.08 0.00 2.13 0.74
163 2 I 93.75 0.46 0.00 2.66 1.04

92 1 i} 96.24 0.71 0.00 2.16 0.96

17 1 % 99.36 2.30 0.00 1.18 1.16

343 1 VII 100.19 0.75 0.00 4.00 1.58
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Table 8.8: Sequence results of Example Task Tour, w = 0.063.

Target Visit Target Cumulative Tre1 P, Nyor Jj
No. No. Type  duration (days) (1072) (1072) (1072) (1072)
331 1 VI 0.00 0.00 0.00 0.00 0.00

74 1 i} 1.48 1.03 0.00 0.00 0.34
442 1 111 6.51 7.59 0.00 0.00 2.53
243 1 Y% 8.12 17.65 0.00 0.00 5.88
225 1 IX 9.13 9.72 0.00 0.00 3.24
197 1 I 10.55 20.09 0.00 0.00 6.70

74 2 11 12.18 10.64 0.00 5.74 5.46
197 2 I 13.33 1.54 0.00 8.49 3.35
357 1 VII 14.49 24.55 0.00 0.00 8.18
401 1 VIII 16.97 1.19 33.33 0.00 11.51
442 2 11 21.85 4.92 0.00 38.02 14.31

75 1 11 25.53 9.32 33.33 11.49 18.05

8 1 v 26.61 1.09 33.33 0.00 11.48

80 1 i} 27.19 1.55 33.33 17.23 17.37
403 1 I 34.40 0.24 33.33 16.99 16.85
432 2 i} 35.66 26.67 0.00 22.98 16.55
245 1 % 36.46 1.59 33.33 18.79 17.90
432 1 11 37.50 11.82 0.00 28.72 13.51
401 2 VIII 40.23 10.41 33.33 15.21 19.65
403 2 I 47.57 1.88 33.33 25.48 20.23
404 1 I 52.79 0.01 33.33 33.98 22.44
139 1 11 56.28 10.47 0.00 34.47 14.98
206 1 I 61.18 0.09 0.00 42.47 14.19
139 2 i} 64.34 1.36 0.00 40.21 13.86

29 1 11 67.57 0.51 0.00 45.96 15.49
373 1 VIII 71.20 8.76 0.00 30.42 13.06
376 1 VIII 73.09 3.08 0.00 45.63 16.24

17 1 Y% 76.39 7.70 0.00 37.58 15.09
167 1 I 84.22 3.63 0.00 50.97 18.20

29 2 i} 87.49 1.69 0.00 51.70 17.80

28 1 i} 88.42 0.10 0.00 57.44 19.18
167 2 I 96.03 0.79 0.00 59.49 20.07

28 2 11 96.98 0.62 0.00 63.19 21.27
373 2 VIII 100.61 8.90 0.00 60.84 23.25
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Target sequence of Example Task Tour
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Figure 8.8: 100-day sequences for the Example Task Tour for different w parameters.

P..; and Jrpys is the highest of the three metrics and stands at an average of 0.86 (cf. Appendix D.3.2). A
correlation factor of only 0.49 was found for T},;. It is suspected that this is due to the fact that the calculation
of target sequences is already optimized (for non-emission-sensitive targets) to guarantee that the order of
the scanning does not generate unnecessary reconfiguration maneuvers, keeping fg.p; and thereby T;.; low
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Table 8.9: Summary results of Example Task Tour. With tgpps = ts¢;, tppp becomes a measure of the observation duration.

Parameter w=1 w =0.063

Repeated target visits (%) 39 32

Remaining tasks of (%)

Type I 97 96
Type II 97 96
Type Il 81 95
Type IV 94 94
Type V 98 96
Type VI 95 95
Type VII 92 96
Type VIII 100 95
Type IX 96 96
No. idle days 0 0
Mean tppys (days) 3.34 2.49
Mean tasks per day 0.28 0.34
Mean tg.p (hours) 3.27 3.44

Table 8.10: Simulation parameters for the IRASSI Task Tour.

Simulation

Value
parameter
D 5 years
w 1
Optimizer NNH, SNS-3, SNS-5, SNS-10

in comparison with the other two metrics (cf. Equation 8.1).

As such, it is clear that different metrics will be predictors of the Jrpys value at different times of the
mission. This information may be useful in the context of devising more elaborate algorithms which could
explore these properties to generate alternative sequences using alternative score metrics after a certain
amount of mission time has elapsed. This topic is explored further in the ‘Conclusions and Future Work’
section.

8.5.5. CONCLUSIONS AND FUTURE WORK
From the results, it can be concluded that the NNH task-selection algorithm seems to provide better fuel-
savings than the SNS over the long term. As such, this algorithm will be used to generate the end-to-end
simulation of Chapter 12. The relative priority metric P,.; proved to be the biggest determinant of the task-
sequence selection procedure overall, using equal weights in the J7pjys scoring process.

The TPM module assumes* that each observation window or task is exclusively dedicated to one single
target and that reconfiguration maneuvers subservient to the target ought to occur prior to observations.
Although this scenario may represent an ideal case from a time-target availability and onboard resources

4The premise is obviously a result of current mission requirements established by IRASSI's science team.
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Table 8.11: Results of TPM’s IRASSI Task Tour. With tgpps = £:i, tppp becomes a measure of the observation duration.

Parameter NNH SNS-3 SNS-5 SNS-10
Completed tasks (min-max) 621 609to629 615t0630 613t0624
Mean completed tasks (%) 79 79 79 79
Mean no. idle days 344 328 329 325
Mean no. single tasks avail- - 186 143 104
able for SNS

Mean tasks per day 0.34 0.34 0.34 0.34
Mean fgpys (days) 1.97 1.98 1.97 1.96
Mean tg.ps (hours) 2.14 2.55 2.73 3.05
Mean Jrppy (-) 0.29 0.29 0.29 0.29

point of view, it is not necessarily the most efficient solution. Therefore, the next subsections detail possible
avenues for future investigation.

OPTIMIZATION ALGORITHM AND METRICS

The metrics used within TPM place an emphasis on sampling efficiency from a maneuvering point-of-view,
on target priority and diversity. This, however, assumes that at least one target is always available for observa-
tions. Whereas in the early stages of the mission, this is certainly the case, target scarcity gradually becomes
a concern over time. One possible way to remedy this is to design a multi-objective algorithm that minimizes
waiting times in-between targets over a tour. Another approach could perhaps consider an algorithm switch
at a bespoke instant in time during the mission (or after achieving a sufficient value of N,,; for all task types
and with the highest-priority tasks having been completed) to devote resources to observing targets as much
as possible until the end of the mission once the number of targets available falls below a certain threshold.
Algorithms such as the split-interval scheduling [131], which attempts to find sequences of tasks over non-
intersecting segments of time to maximize mission profits, could prove useful in this case. Vidal et al. [132]
provide a modeling and algorithmic design for combinatorial problems with time characteristics.

The NNH algorithm in the present work could also serve as a mechanism for generating starting tours for
the short- and medium-term observations using local search procedures [127, 133], which explore the solu-
tion space to a higher degree than the NNH. This would entail a modification of the target-selection criteria or
metrics in the current standing, but could push the solutions to within 1-2% of the global optimum [134]. Us-
ing local search algorithms may be suitable in situations where the maximum allowable number of targets N
associated with a maximum #,,,; is fixed, e.g., if operating payload instruments for longer than 22’21 trotal,
will cause a memory storage overload. This may also imply that the metrics become dependent only on the
maneuver itself instead of on the history of the tour (which is imposed by the ‘target diversity’ criterion N;;).

MODULE COMPLEXITY

The TPM was developed to cope with the preliminary character of the IRASSI study. Currently, only limited
information concerning the science tasks is available in the catalog. As such, all science activities are deemed
observation tasks with no differentiation in nature (e.g., detection of gases vs. measuring accretion rates
in protostars) or in order of execution. This differentiation could accrue to the prioritization of tasks being
considered differently from the priorities of the targets as in the current procedure.

The catalog can be extended to account for target characteristics and prioritization of different tasks as
more information becomes available either before or during the mission. This requires an adaptation of
the task-selection metrics. As missions progress and more astronomy data is available, the decision-making
procedures should be able to adapt ‘on-the-fly’ accordingly. Therefore, implementing such automated pro-
cedures which evolve online would increase the complexity of the module and could bring the TPM closer to
supporting a real mission.
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In addition, if there are temporal constraints on certain observation activities due to ground personnel or
due to communications unavailability, these can be incorporated within the module in the future.

TRADING SCIENCE PRIORITIES WITH MISSION-TIME SAVINGS

Maneuver duration is decoupled from observation duration. As such, a high-priority target may require an
observation window as short as 3 hours and a reconfiguration maneuver of 12 hours. However, in the same
time frame, one could observe instead five other targets of lower priority which are associated with very short
reconfiguration times. Whether this is beneficial from a scientific point of view, is a discussion to be relayed
to astronomers and one the author cannot judge. In any case, a future analysis in this regard should not
be excluded and the implementation of such a strategy would require a global optimization method to be
employed, which should include efficiency metrics stemming from target-aggregation within an observation
window, instead of a nearest-neighbor search.

TRADING SCIENCE PERFORMANCE WITH FUEL SAVINGS

As aforestated, the prioritization of science for individual targets requires that reconfiguration maneuvers are
performed systematically before any observation. Since colloidal engines are devised for these maneuvers,
they are extremely time-consuming and may limit the number of observations that can be performed during
the operational phase of the mission. An interesting question one could pose is whether a small decrease in
science performance for certain targets could be acceptable by simply reorienting the spacecraft (instead of
changing the size of the baselines and moving the spacecraft) before the expansion/contraction maneuver.
This is particularly relevant to IRASSI, given the high concentration of targets in certain regions of the celestial
sphere. This strategy would demand that attitude models are included in iSCOUT and that input from science
experts is provided for an assessment of the degradation in science performance in each case.

Similarly, aggregating several targets with comparable desirable baseline requirements and observation
times in a single observation task before proceeding to changing the baselines, instead of having consecu-
tive tasks for each target, could also be a feasible option. This option has been explored by Bailey et al. [135]
for a two-spacecraft formation, whereby retarget, reorient and resize strategies have been devised to guar-
antee fuel economy and fuel balance in light of an observation goal. In their work, using a ‘chained local
optimization’ [136] algorithm, Bailey et al. showed that mixing targeting and reorientation maneuvers before
resizing is significantly more efficient than imaging stars separately, particularly when separation angles be-
tween targets is relatively small. Although no mission time limitations or target availability constraints are
considered, a multi-tier optimization loop which accounts for both could perhaps extend this work and be
useful to IRASSI-type missions.

These aspects reinforce the idea that alternative strategies in sampling the targets and organizing the se-
quence of science events must be investigated in the future. An analysis should consider different operational
aspects and combinations of targets and their characteristics, such that the global and individual science re-
turn over an observation window does not degrade below a certain threshold. Independent parameters may
include:

1. how many targets in an expansion or contraction maneuver can be observed
2. the maximum acceptable target separations in the sky (or combinations thereof)

3. the maximum acceptable duration of individual target observations (or combinations thereof)

8.6. CHAPTER SUMMARY

HE present chapter introduced the setup of the Task-Planner Module. A survey describing the evolution
T of autonomous task-planning tools was provided and several algorithms which attempt to solve the TSP,
akin to the IRASSI task-sequence optimization problem, were presented. Given the peculiarities of the IRASSI
case, a nearest-neighbor search and semi-stochastic near-neighbor procedure were pre-selected for further
analysis, respectively the NNH and the SNS.

The targets from the current catalog were presented, whereby Priority-2 targets, the most populous group,
were shown to be concentrated in certain regions of the celestial sphere, namely close to the Equator and near
the 236°-253° band. It was also shown that although target separation was correlated with reconfiguration
maneuver time, the biggest predictor of maneuver duration was the initial and final formation size. Thisled to
a task-planning strategy that determined the initial and final configurations of the formation dynamically for
each task, rather than pre-programming it before the sequences, as a means to ensure fuel and time efficiency.
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The eligibility of a task candidate was evaluated using a weighted sum of three metrics: the relative
reconfiguration-maneuver time, the relative priority of the to-be-observed target and how often the same
target type has been previously observed. The NNH and SNS algorithms were used to generate five-year mis-
sion tours. Results showed that although there were instances in which the SNS outperformed the NNH by
observing up to 1.4% more tasks without detriment to the overall metrics, this cannot be guaranteed due to
the stochastic nature of the SNS. On average, the number of completed tasks was the same, but the average
maneuver time required by the SNS amounted to a 43% increase relative to the NNH, which makes the SNS
algorithm more expensive in terms of fuel. The NNH was then selected for generating IRASSI task sequences.

The last part of the chapter describes a pathway for further research in the context of task-planning for
IRASSI. For instance, although the NNH offers promising results by devising realistic tours quickly and in a
computationally efficient manner, more complex algorithms could be used to refine NNH-generated solu-
tions. Of particular relevance to future work, is how to best leverage overall time dedicated to science without
sacrificing the completion of specific observation goals and how to best aggregate maneuvers with an ac-
ceptable decrease of science returns. These are practical aspects that affect the feasibility of the mission and
should be subject to a more in-depth investigation. The difficulty lies instinctively in determining what ‘best’
is in this case and perhaps such a discussion requires a harmonization of goals between astronomers (who
aspire to maximize science returns), engineers (who work at the limit of what is technically achievable) and
mission managers (who would like to drive mission costs to a minimum).
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An experiment is a question which science poses to Nature
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ABSTRACT

To address the challenge of finding suitable relative positions in three-dimensional space which satisfy science
goals over long periods of time, a reconfiguration procedure has been devised. The method assigns optimized
post-maneuver positions of the individual telescopes for the next to-be-observed target. A mesh-adaptive direct
search algorithm is selected for the optimization and two cost functions are analyzed: a fuel-based and a AV-
based one, both pursuing a balanced use of these resources across the fleet. The effect of simulation variables
such as initial wet mass and fuel mass balance, thruster settings and cost-function weighting parameters is
evaluated with respect to overall used fuel and fuel balance, AVand AV balance and maneuver duration. Re-
sults show that for wet-mass-imbalanced cases, cost functions should be tuned differently for optimal fuel and
AVmanagement. This is not necessarily the case for homogeneous or fuel-mass imbalanced cases. The analysis
also suggests that the AV-based function produces more consistent optimal AV-balancing potential across dif-
ferent sets of initial conditions and shows less variability in individual maneuvers than the fuel-based function.
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9.1. INTRODUCTION

ECONFIGURATION maneuvers precede science activities and observation routines. They entail a set of

formation configuration adjustments, such as re-targeting, formation rotations and separation changes
by means of translations in inertial space. Such maneuvers are part of the Formation Reconfiguration GNC
mode introduced in Chapter 6.

The Reconfiguration Module (ReM) was designed to prescribe optimal trajectories in inertial space, while
accommodating science requirements, such as initial separation and target direction, and formation geom-
etry configurations. The ReM receives the observation plan generated by the TPM and outputs a set of final
spacecraft positions.

The formation reconfiguration methodology presented in this chapter builds on the approach devised for
the Darwin mission [12, 137]. The main differences lie in IRASSI being a decentralized free-flying five-element
interferometer, which must be distributed in three-dimensional space, whereas Darwin has a fixed central-
ized planar configuration of its four-element formation. As a result, the solution space for formation recon-
figuration positions is much larger. The reconfiguration strategies seek either the minimization of overall
fuel consumed and fuel differences across the formation or minimization of AV expended and AV differences,
simultaneously guaranteeing time-optimal maneuvers.

IRASSI is a homogeneous formation, in that both wet mass and fuel mass are equal for all elements. How-
ever, this work extends the analysis to other formation cases, with elements of differing wet and fuel masses,
in order to formulate generalizable mathematical expressions for optimal maneuver-planning.

9.2. PREVIOUS CONTRIBUTIONS

HE interest in devising optimal formation reconfiguration strategies has been well documented in the
T past two decades. Methods for optimal repositioning of spacecraft on the basis of fuel consumption and
balancing were found by Beard et al. for planar formations, allowing both for two-dimensional ‘rigid-body’
formation rotations about a point in space [79] and three-dimensional constrained [71] (or fixed configura-
tion) and unconstrained [138] rotations in space. In all three cases, a combination of bang-bang and bang-
coast-bang thrust profiles was used. However, the proposed schemes do not allow for the interchangeability
of the formation elements or aresize of the baselines. In addition, the analysis is restricted to single-maneuver
simulations, providing no insight on the long-term effects of the selected optimization parameters on space-
craft resources, such as onboard fuel or AV capacity.

Subsequently, Burgon et al. [137] builds on this research enhancing the optimization method by allowing
for reconfigurations which involve adjusting the baselines lengths and changing configuration within the
formation slots. This is applied to the planar case of the Darwin mission. The paper provides an analysis
of the impact of cost-function parameters on the performance of the algorithm using time, fuel and fuel-
balance metrics in free space. Also in the context of the Darwin mission, Junge and Ober-Blébaum [139]
devised a reconfiguration maneuvering technique around a target periodic (nonperturbed) manifold around
the Lagrange L, point. The method aims to achieve fuel-optimal solutions while penalizing collision-prone
situations. The formation member states and controls are discretized, for which equality constraints are
obtained and thereafter the nonlinear optimization problem is solved numerically.

However, most of the research conducted thus far in formation flying and reconfiguration maneuver op-
timization has focused on geocentric applications. Richards et al. [140] designed a fuel-optimal trajectory-
planning architecture, combining position assignment, plume-impingement prevention and collision-avoidance
constraints for formation reconfiguration and proximity operations applications near Earth. The path plan-
ning problem employs linear programming by adopting logical equality and inequality constraints, achieving
thus global minimum solutions. Commercial software is used for solving the linear cost function. A similar
approach is taken by Tillerson et al. [98], whereby high-level AV maps of global fuel costs are generated from a
distributed calculation of predicted costs for the repositioning of individual elements. Minimization of total
AV expenditure during reconfiguration of large constellations in geosynchronous orbits is also used as the op-
timization criteria in the work of De Weck et al. [141], which employs an auction-based position assignment
logic. The reconfigurations use a mixture of Hohmann transfers, plane-change and phasing maneuvers. And
Vaddi et al. [61] use analytical Hill-Clohessy-Wiltshire modeled-formations to find two-impulse optimal fuel
and, inherent to the method, fuel-balanced solutions, closely matching numerical optimization results.

Armellin et al. [142] developed a low-thrust-based propulsion method which addresses reconfiguration
maneuvers and station-keeping for short baseline (< 1 km) planar formations. Collision avoidance is con-
sidered in the fuel-optimal algorithm and the formations are distributed in elliptical orbits around the Earth.
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Linearized dynamics are adopted to bypass the computational burden and allow the method to be imple-
mented for real-time applications. For the same reason, maneuver durations are of the order of the reference
orbital period. However, to compensate for linearization errors, a feedback control loop augments the control
sequence by correcting for disturbances such as drag, planetary nonsphericity and sensor noise.

A two-stage path planning method for reconfiguration of clusters was devised by Aoude et al. [143], whereby
in the first step a Rapidly-exploring Random Trees algorithm is used for fast convergence and without dif-
ferential constraints, followed by a second smoothing step which improves the first solution by solving a
nonlinear cost function, (containing nonlinear dynamics and constraints) about the initial feasible solution.
This approach considers the coupling between positions and attitudes of all spacecraft, solving the trajectory
design and attitude planning problems simultaneously in six degrees of freedom with applications to deep
space missions.

Sun et al. [144] develop later a closed-loop brainstorm approach inspired by swarm-intelligence for fuel-
optimal two-impulse maneuvers, using formation configuration requirements and collision avoidance as
constraints for planar formation cases around Earth. Since circular orbits are assumed, the optimization in-
volved selecting the best time and control input that meet the constraints. The complexity and computation
load of the algorithm is nonetheless a disadvantage.

As can be concluded, a wealth of research has been dedicated to formation-flying and reconfiguration
topics. It seems, however, that most of the contributions have focused on the design of optimal techniques
without evaluating the influence of different initial spacecraft resource conditions or the behavior of the
methods in the long term, after successive maneuvers. The present study aims to take the first steps in mod-
eling how spacecraft resources are managed during reconfiguration periods in the IRASSI cluster based on
formation and operational requirements and over extended periods of time. There are particular similari-
ties between IRASSI and Darwin and therefore the reconfiguration analysis builds on the research devised by
Burgon et al. [137], placing an emphasis on the selection of suitable optimization laws which accommodate
the complexities of the IRASSI mission with acceptable computational effort. As such, efficient resource-
management strategies are pursued in the search for time-optimal reconfiguration solutions.

9.3. RECONFIGURATION MODULE (REM)
T HE approach devised for iSCOUT’ ReM module is introduced in this section.

9.3.1. IRASSI RECONFIGURATION MANEUVER REQUIREMENTS
The relative positions of the spacecraft are dictated largely by the targets that are observed. For instance,
targets emitting radiation at higher frequencies require shorter baselines and vice-versa. In addition, opera-
tional and geometrical constraints dictate that a three-dimensional configuration is used and that the laser
terminals are intervisible, as aforedescribed. As such, the final position of the reconfiguration maneuvers
corresponds to the initial position of the spacecraft when the science activities ensue, immediately before
the expansion/contraction thrust pulse. During the reconfiguration maneuvers, no science tasks take place.
The computation of the final reconfiguration positions is carried out by the ReM, the second module of
iSCOUT. The reconfiguration maneuvers entail a translation of the individual spacecraft in inertial space (the
gravity gradient between the spacecraft is negligible, as addressed in section 7.6.2). This is done in several
steps. Firstly, the primary mirrors must be pointed in the direction of the target'. For this purpose, the ar-
rangement of the formation takes place relative to a plane perpendicular to the target direction in the celestial
sphere. This arrangement is dictated by the required target baseline and other aforementioned constraints.
Given that the spacecraft perform equal functions and no hierarchy is commanded, an infinite number of so-
lutions that conform to these conditions are possible. In order to find a feasible solution, each reconfiguration
maneuver is framed as an optimization problem taking into account the following goals:

1. Maneuver time: the operational phase should prioritize science tasks (combined duration of 4.5 years)
over functional tasks; as such, reconfiguration maneuvers should be time-minimal so as not to con-
sume time that could potentially be allocated for science tasks.

2. Spacecraft resources:

INote that simultaneously, the sunshield should remain perpendicular to the Sun direction, with a maximum attitude deviation of +20°.
As such, most targets can only be observed at specific times throughout the year. This is accounted for in the planning sequence of the
TPM module
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(a) Fuel and fuel balance: given the large population of tasks and the impact of fuel mass on mission
cost and mass budgets, the maneuvers should be fuel-minimal. Since the spacecraft operate in-
dependently, there is a risk that one spacecraft inadvertently expends more fuel than the others
over time. Naturally, this affects the capacity of the interferometer to fulfill the science goals. In
order to prevent fuel deprivation on one or multiple spacecraft, fuel balance must be taken into
account.

(b) AV and AV balance: alternatively, spacecraft resource management may be expressed as a function
of the AV. This is particularly suited to formations with differing launch masses.

Note that these optimization goals compete with each other. For example, to ensure fuel-use equalization,
it may be required that certain spacecraft travel further, increasing overall fuel consumption. Fine-tuning the
prioritization of these goals is part of the methodology described in the next subsection.

9.3.2. METHODOLOGY

The setup for the IRASSI reconfiguration analysis and optimization is analogous to that developed for the Dar-
win case [137]. Whereas the reference frames of relevance, the IRASSI formation geometries and the model
dynamics were introduced in sections 7.4 to 7.6.2, the optimization problem is addressed in this section.

GEOMETRY OPTIMIZATION NOTE

Since ReM aims to find post-maneuver positions that satisfy a list of requirements, one may wonder if, for
instance, the requirements can be expressed as constraints in the optimization problem. Whereas the d
parameter must be fixed a priori because it is defined by science, this option would allow the ‘out-of-plane’
variable h to be optimized for each telescope.

The constraints associated with h are defined by intervisibility conditions among the telescopes and base-
line accuracy thresholds. Although the spacecraft must always keep the sunshield normal to the Sun (with a
tolerance of £20°), they can survey targets in any direction normal to the Sun vector. This means that when a
new target is selected and if the direction of the Sun is known, a new attitude in inertial space is commanded
and a new position assignment must take intervisibility into account. With the new attitude defined, no
neighboring telescope can be placed directly in a direction normal to the sunshield for each spacecraft.

However, the computational complexity of this approach is a disadvantage. It requires a minimum of
five independent variables, twenty constraints of intervisibility (four lasers x five spacecraft) and twenty con-
straints of baseline accuracy. Alternatively, to bypass such an expensive processing procedure, a set of ac-
ceptable heights & can be defined (and traded during the optimization) such that h; € h = {hy,..., hs} which
results in full compliance with intervisibility requirements (for all possible anti-Sun vector directions in the
inertial frame) and baseline accuracy limits. Since this approach simplifies the optimization procedure in
terms of complexity and computational time, without necessarily detracting from a potentially optimal fuel
and fuel-balance result, this option was selected. The full examination of the optimization parameters is
given in the subsections ahead.

OPTIMIZATION

The aim of the ReM is to calculate optimized final reconfiguration positions which satisfy the science and
functional goals (formation pointing direction, configuration and baseline length for a given target, intervis-
ibility and baseline estimation accuracy) in terms of maneuver time, fuel and fuel balance.

The three-dimensional configuration, described in the previous subsection, is centered in the formation
center point, with individual telescopes dispersed relative to plane I1y. This formation center point can
be located anywhere in inertial space, following the translation maneuver. This is described by the vector
rN = {rNx, I'Ny» er} in Sg. Furthermore, the rotation of this plane Iy around the x y axis, is not fixed and can
be used as a further independent variable in the ‘local’ target-associated frame Sy, indicated by the angle 01
relative to an arbitrary vector in Sy (this setup is illustrated in Figure 9.1). As such, the independent vector
can be described as:

X ={rnx TNy, TNz 07} 9.1)

The in-plane (yn, zy) coordinates of the spacecraft are determined by the separation d associated with
the target being observed. The out-of-plane height is determined by the set h. Since the arrangement of the
set h elements, h = {h;,..., hs}, is not fixed in any particular order and all satisfy intervisibility requirements,
there are 5! = 120 possible assignment combinations. In addition, due to the decentralized nature of the
formation, any spacecraft can occupy any of the five positions in inertial space. This results, again, in 5! = 120
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Figure 9.1: Independent variables r and @7.

possible permutations. This means therefore that for each optimization variable set X, there are 120-120 =
14400 potential combinations to trade (compared to six for Darwin’s centralized planar formation [137]).

In order to simplify the problem of competing optimization goals (time, fuel and fuel balance or AVand
AV balance), time-optimality was selected for all reconfiguration maneuvers, such that the allocation of sci-
ence tasks is prioritized throughout the operational mission lifetime. Prior to the maneuver, the spacecraft
are idle, at rest. Each spacecraft has to fire the thrusters to initiate the maneuver and eventually reverse the
thrust direction in order to come to a rest again. Given that the thrust force is the same for all spacecraft, the
spacecraft which travels the furthest in a reconfiguration maneuver is the slowest to arrive at the final posi-
tion if a bang-bang thrust profile is used. This dictates the total duration of the maneuver, as the maneuver is
only deemed complete when all spacecraft have arrived at their assigned destinations.

However, the other spacecraft can economize propellant if they coast in-between firing periods, such that
atthe end all spacecraft arrive at their final positions at the same time. Given that the distance traveled during
the translation maneuver is different for each spacecraft, the coast/firing periods have to be calculated for
each element of the formation, such that the fuel mass and fuel balance across the formation are calculated.
This is described in the next subsection.

By implementing a combination of bang-bang and bang-coast-bang thrust profiles across the formation
for time-optimal maneuvers, then fuel economy and fuel-use equalization can be found by pursuing the
optimization of the spacecraft’s final position. Two optimization objective functions are proposed, one fuel-
based and another that is AV-based. The first attempts to find an optimum between overall fuel mass use
during the maneuver and remaining fuel mass balance among formation members:

n n

]f=Z(fi(to)—fi(tReM))+ﬂfZ Z | fi (tren) = [ (trens)| ©2)
i i jij>i .

i;j = {le TZ; T3’ T4r TS}

where f; (fp) is the initial fuel mass of the i’ h spacecraft and f; (treps) is the final fuel mass of the i th spacecraft
and X is the independent vector as defined in Equation 9.1. The first part of the objective function addresses
fuel use and represents the total amount of fuel mass expended by the whole formation during the maneuver.
The second part of the equation concerns fuel balance and represents the sum of the fuel differences among
cluster members at the end of the maneuver. The term uy is the weighing of the second part of the equa-
tion. Note that the fuel balance concerns the equalization of the post-maneuver remaining fuel, rather than
promoting equalization in fuel use among telescopes during the maneuver. The motivation is that if, for any
reason (e.g., a malfunction), a spacecraft is fuel-deprived, then the best approach is to allow this spacecraft
to remain close to its initial position and command other spacecraft to move, conserving as much as possible
the remaining propellant in the faulty spacecraft.
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A natural outcome of implementing this cost function is that due to the dependency of the fuel mass
calculation on the spacecraft mass (as shown in the following subsection), there is the risk that in cases where
launch mass differs among formation elements or when u is improperly tuned, significantly more overall
propellant is used in attempting to equalize the post-maneuver’s fuel. Heavier spacecraft would simply be
pushed to travel further. Therefore, a second optimization routine attempts to overcome this issue by re-
writing the objective function of Equation 9.3 in terms of AV.

Similar to J¢, this new routine attempts to find an optimum between combined exerted AV for the ma-
neuver and the differences between remaining AV available for individual spacecraft after the maneuver, by
means of the weighing parameter pay:

n n n
Jav =Y (AV; (1) = AV (trenn)) + Hav Y, Y, |AV; (trem) — AV (tren)|
i i jij>i 9.3)

iyj = {le TZ) TS; T4v TS}
where the AV calculation is naturally connected to the fuel mass by the following expression:

M;
AV; = gol,In (9.4)
1= 8olsp Mi_(fi (to)—fi(tReM))

As such, Jay attempts to balance post-maneuver spacecraft resources regardless of spacecraft mass.

Minimizing Jr and Jay becomes then a function of the weighting parameters pr and pay. It shall be eval-
uated whether different ranges of optimality can be found, by virtue of fine-tuning pr and uay values across
different initial conditions. Note that J r and Jay optimize for different parameters (fuel and fuel balance vs.
AVand AV balance), so the goal is not necessarily to compare performance between them within each metric
in this case, but to understand the effect of the weighting parameters on spacecraft resource use in general.

Both objective functions are analyzed: first, in an IRASSI context, and thereafter in a general formation
flying context. A mesh-adaptive direct search (MADS) algorithm [145] is used for the optimization. For each
variable set X, two function costs, J f and Jay, are calculated for the 14400 potential position combinations
and the lowest one is returned and stored in the algorithm’s database. The process is iterated until the variable
set X meets the stopping criteria (e.g. objective function cost Jr and Jay below a certain threshold). If a
solution set X} is found for target N, the positions of all spacecraft in inertial space are computed and the
next reconfiguration maneuver optimization procedure starts for the next target.

The MADS method solves optimization problems by searching a set of points (mesh) around the current
point in the pursuit of an improvement of the cost function. A scalar multiple of a set of randomly generated
vectors is added to the current point to form the mesh. The MADS version used in this work is thus not
deterministic, as the choice of the polling directions has a probability component. As part of the direct search
methods family, it bypasses the need of computing cost function gradients to generate solutions. Its selection
as an optimization algorithm is motivated by two main aspects:

1. the ability to achieve convergence to global minima [145] when no constraints are imposed, as in the
ReM case. The low number of independent variables (four) also makes the direct search a suited algo-
rithm.

2. the suitability for parallel computing environments: as a distributed-type entity, all spacecraft share an
inter-communications link and processing facilities, for the correlation process of science data. Paral-
lelization of computing resources on a shared network for science activities and maneuver-planning is
a way to take advantage of existing software and hardware capabilities within the fleet. This allows the
solution space to be searched expeditiously.

OBJECTIVE FUNCTION PARAMETERS

For a given variable set X, the total duration of the maneuver tg.) is given by the spacecraft o which takes
the longest to arrive at the final position using a bang-bang thrusting profile. In order to identify the slowest
spacecraft o and obtain fg.ps, the reconfiguration maneuvers for all spacecraft using a bang-bang thrust
profile are calculated. The dynamics of each formation element i are governed by Equation 7.5 during the
maneuver and the trajectory on which the spacecraft travel is described by the difference between the final
7To,rin and initial resting position r¢,;5 in Sop:

Ttrav,i = To,fin,i —T0,in,i (9.5)
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Along this trajectory, the spacecraft fire the thrusters continuously in the direction of travel for half of the dis-
tance ”T‘g—“”” and reverse the thrust for the remaining ”T‘g—“"” For each of these sections, using Equation 7.5,
the acceleration is given by:

Hrt'r;'v,'iH _ % 9.6)
1
By rearranging Equation 9.6 and given that ||7¢rav,in|| = ||Ptrav,in|| = 0, one obtains:
2F; 2F, 2F; U
||'i:t'rav,i|| = Vj» H'f'trav,i“ = ﬁ;tth,i» ||7'truv,i|| = ﬁ:% 9.7

where f;y; is the thrust duration associated with each of the sections % for the it" spacecraft. The
maneuver duration #; for each spacecraft is then given by t; = 2¢;;,; for a bang-bang thrust profile. Using
Equation 9.7 and for a constant thrust F;, the individual maneuver times can be expressed as a function of
the traveled distance ||7¢rq0,i|| and wet mass M;:

M;
t=2 H"‘trav,i” - (9.8)
F;
The slowest spacecraft o and associated with a given variable set Xy, is then identified as that for which ¢; is
maximum, determining the total maneuver duration of the formation tg.s:

IReM = lg = MAX f; 9.9
1<i<b

The other spacecraft will travel on their trajectories, employing a bang-coast-bang profile. Naturally, for each,
the duration of the coast has to be adjusted such that all spacecraft complete their maneuvers at the same
time tgrepr- As such, three distinct time intervals 73, 72 and 13 representing the durations of the bang-coast-
bang thrust profile respectively are defined for the remaining four spacecraft:

T1= [0» tw,i[
T2 = [tw,i, (trems = tui) [ (9.10)
T3 = [(l‘ReM - fw,i),tReM]

where 1, is the thrust pulse width for spacecraft i and 7; and 73 have the same duration. Let D;(¢) be the

distance of spacecraft i along r+r4y,; at time ¢. The associated acceleration D;(), velocity D;(t) and position
D; (1) equations for a bang-coast-bang profile are then:

D0 D;(1) D;(1)
F; F; 1F ;2
M m; ! it ren (9.11)
) ) 2. .
0 7w % (tw,it—$) tetT,
F; F; F; trem—1)?
A 31, (LRevs — 1) ﬁli(tw,i(tReM_tw,i)_%) rET3

At t = tpen, the distance traveled is D; (fgem) = ||T¢rav,i||, With T¢rap,; defined in Equation 9.5, and can be
described as:

Fi
Di (trem) =~ tuw,i (tReM = tuw,1) 9.12)
M;
whereby rearranging the terms and solving for ¢, ; such that #,,; < tRé’M , results in
IReM thewr  Mi D 9.13)
[ —— — —_— — —D:(t .
w1 2 4 F; i (tReM)

For the slowest spacecraft o, it becomes evident that

lo =2ty,o = tReM (9.14)
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Using Equation 7.6 and given that there are two periods of thrust for each maneuver, the fuel consumed by
the i'" spacecraft is:

. F;
frem,i = _th,ifi =2ty : (9.15)
Ispgo
The final fuel masses for each spacecraft are:
fi Grens) = fi (t0) — frem,i (9.16)

Correspondingly, the AV; value for each formation element can then be calculated using Equation 9.4. Fig-
ure 9.2 portrays, at last, the thrust profiles used during reconfiguration.

Thrust A
Thrust A
F
F
o >» Time
‘ . >» Time t() tW ¢ —t tReM
0 w,o 2ty s = trem ReM wi
—F —F
T, T3 1 72 T3
< ><€ > C—— M —>
(a) Bang-bang (b) Bang-coast-bang

Figure 9.2: Illustration of thrust profiles during reconfiguration maneuvers. The thrust vectors are parallel to the spacecraft’s trajectories.
Adapted from Burgon (2010) [137].

9.4. RESULTS AND DISCUSSION

T HE simulation setup is presented in this section followed by the obtained results and respective analysis.

9.4.1. REM SIMULATION PARAMETERS
The initial simulation variables used for all maneuvers in the ReM module are based on preliminary estima-
tions for the IRASSI mission [14], assuming colloidal thruster parameters. They are featured in Table 9.1. The
selected optimization solver is mesh-adaptive and is part of MATLAB’s Global Optimization Toolbox [146].
For demonstrative purposes, the reconfiguration maneuvers are computed consecutively according to
the predefined sequence of targets. However, the science-related translation maneuvers which take place in-
between reconfigurations are considered, such that the initial position prior to the reconfiguration maneuver,
is the final position of the previous observation task.
For each maneuver, fuel-related and AV-related optimization metrics were retrieved, as shown in Ta-
ble 9.2, along with the maneuver duration for each cost function. The metrics were nondimensionalized
as follows:

¢ Total fuel and AV: relative to initial total values (the sum of fuel and AVin the formation)

 Sum of fuel and AV differences: relative to initial total values (the sum of fuel and AV in the formation)?.

e Maneuver duration: relative to total the tour or maneuver allocated time (o tRéM ). The allocated time

includes the observation duration and all associated maneuvers (reconfiguration and expansion/con-
traction of baselines during observations).

The metrics reflect solely the spacecraft resources used during the formation reconfiguration maneuvers,
according to the assumptions described in the previous chapter. No considerations are made to account for
attitude control maneuvers or station-keeping.

2This nondimensionalization of the sum of the fuel differences is meant to provide a measure relative to reference mass or AVvalues.
This does mean that, in reality, the resulting fuel differences can surpass 100% if one or multiple spacecraft suffer a sudden depletion
of the tanks, for example.
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Table 9.1: Simulation parameters for the IRASSI formation.

Simulation parameter Value
i {Th, T, T3, Ty, T5}
F; 20-103N
Lsp,i 2500 s
Optimizer Mesh-adaptive direct search

Table 9.2: Optimization metrics.

Metric Expression
Total fuel used (kg) i (fi (t0) — fi (trenn)
Sum of fuel differences (kg) i i | f; (trens) — fi (trem)|
i i
Total AV expended (ms™1) i (AV; (o) — AV (trem))
Sum of AV differences (ms™!) f f) |AV; (trem) — AV (trem)|
Jij>i

9.4.2. EXAMPLE IRASSI TOUR

In order to analyze the effect of the weighting parameters u s and pay, on a preliminary basis, a general tour of
20 targets, involving 19 reconfiguration maneuvers over the course of approximately 11 weeks, was generated
for two different values for each, ur, uay = {0,500}. When ur = 0, it represents the case when optimization
minimizes only fuel and when pay = 0, only AV.

For this tour, all spacecraft were initialized with a wet mass of M; = 2300 kg and a fuel mass of f; = 15 kg,
such that no fuel imbalance existed at the beginning of the tour. After each maneuver, both the fuel mass
fi and spacecraft wet mass M; were decremented accordingly. The initial target’s unit vector is IN = [1,0,0]
(coinciding with Sp) and all subsequent targets are associated with their real locations in the ecliptic frame.
All formation configurations are three-dimensional and the maneuvers use three baseline combinations,
{short, medium, long} where correspondingly d = {10,500,1000} m. For instance, a maneuver designated
‘S-L’ describes a formation pointing to target C, with a separation parameter d = 10 m, performing a trans-
lation maneuver such that the final configuration has a separation parameter d = 1000 m and points to a
new target N. This reconfiguration maneuver, ‘S-L’ represents a formation expansion, whereas the inverse
sequence would describe a formation contraction.

The cost functions, J r and Jay, include the metrics described in Table 9.2. The fuel-related metric results
are presented in Figure 9.3 and Figure 9.4, whereas the AVresults are shown in Appendix E.1.1, in Figure E.1
and Figure E.2. The mean traveled distance by the fleet is also shown in Appendix E.1.1, in Figure E.3. Fig-
ure 9.5 shows the duration of each maneuver and all results are summarized in Table 9.4 in adimensional
form. The remaining fuel of Table 9.4 reflects that of the entire constellation.

Figure 9.3 shows the fuel used for each individual maneuver for the whole fleet. For the cases in which

Table 9.3: Parameters for Example IRASSI Tour.

Simulation parameter Value
M; (1) 2300 kg
Hf, Hav {0,500}

fi (%) 15kg
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Figure 9.3: Fuel used per maneuver for Example IRASSI Tour.
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Figure 9.5: Maneuver duration per maneuver for Example IRASSI Tour.

Table 9.4: Summary of results for Example IRASSI Tour.

Mean value per maneuver

Metric
pr=0 Ly =500 1Ay =0 Hav =500
Total fuel used (%), mean 0.08 0.25 0.08 0.25
Sum of fuel differences (%), mean 1.59 0.03 1.77 0.03
Total AV expended (%), mean 0.08 0.25 0.08 0.25
Sum of AV differences (%), mean 1.59 0.03 1.76 0.03
Maneuver duration (%), mean 0.65 0.78 0.67 0.80
Distance traveled per spacecraft (km), mean 2.00 6.88 2.07 6.47
Remaining
fuel (%) 98.44 95.19 98.43 95.24
AV (%) 98.45 95.21 98.43 95.25

ur = pav = 0, there is very little difference in fuel consumption between the two objective functions, both
requiring a mean fuel consumption of 0.08% of the total fuel (or =60 grams) per maneuver as summarized in
Table 9.4. However, with an increase in weighting parameters to p = uay = 500, more than three times more
fuel is expended respectively (for each cost function) as the spacecraft try to equalize their final fuel masses or
AV capabilities. The sum of the fuel differences is presented in Figure 9.4. Naturally, with 1y = uay = 0, no fuel
balancing is observed and the differences in spacecraft resources rise over time at a similar pace for the two
cost functions. The trends observed in Figure 9.3 and Figure 9.4 are respectively observed for the AV metrics’
plots, shown in Figure E.1 and Figure E.2 of Appendix E.1.1.

Concerning the duration of the maneuver, shown in Figure 9.5, it is possible to observe that the Jay func-
tion takes on average 18 minutes more to complete the maneuver than J¢ (a difference of 0.02% of the allo-
cated 11 weeks). With pr = uay =500, as the spacecraft are commanded to travel further in order to balance
their post-maneuver fuel mass or AV, there is a natural rise in maneuver time compared to g = pay = 0.

Longer distances are associated with higher weighting parameters and resource consumption. On av-
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erage, for each additional 60 grams (or 0.08%) of used fuel, each spacecraft travels approximately another
=~1.10 km. The standard deviations of Figure E.3 also show that higher weighting parameters demand more
equitable traveled distances. This a natural consequence of better fuel and AV balancing.

Overall, the fuel-based objective function ¢ seems to be more effective at balancing resources (both fuel

and AV). However, when it comes to resource consumption, the results are split. For example, for AV expenditure:

for ug = pav =0, Jr is more economical and for ur = pay = 500, Jay is the cost-effective one. This likely
means that the two objective functions require different weighting parameters to achieve a comparable re-
sult for the same metric. The evaluation of this effect over ranges of u s and pay values is explored in the next
subsection. In addition, the embedded stochasticity in the mesh-adaptive optimization algorithm (which de-
termines the direction of the search in the quadri-dimensional solution space, as there are four independent
variables) contributes to the differences in results.

9.4.3. EFFECTIVE ENVELOPES

Since the weighting parameters py and pay of respective Equations 9.2 and 9.3 influence the objective func-
tion results and determine the extent to which spacecraft resources are balanced, it is of interest to mission
designers to select appropriate pr and pay values. Ideally, an optimum range can be identified, whereby a
suitable resource balance solution is achieved without sacrificing significant amounts of fuel or AV.

Table 9.5: Parameters for effective envelopes analysis.

Initial sum of differences

Case studies IS);T;;?::: Value .
Fuel (kg) AV (ms™)
M; (o) {1700,2000,2300,2600, 2900} kg
Case A NG 1073 < g, pav < 10° 0.00 446.01
fi (to) 15.00 kg
Case B M; (ty) 2300 kg
I UNY 1073 < Hfr Ay < 103
B.1 15.00 kg 0.00 0.00
B.2 {14.40,15.00,15.00,15.00, 15.00} kg 2.40 25.75
B.3 i (%) {13.65,15.00,15.00,15.00,15.00} kg 5.40 57.92
B.4 {14.40,14.55,14.55,14.55,15.00} kg 2.40 25.75
B.5 {13.65,13.95,13.95,13.95,15.00} kg 5.40 57.92

In order to identify the optimal ranges of the weighting parameters for each cost function, two different
case sets, A and B, are tested for a single randomly selected maneuver, repeated 20 times in order to achieve
enough consistency with the optimization algorithm. For both sets, the parameters iy and uay are varied
between 0.001 and 1000. However, the initial conditions for spacecraft wet mass M; and fuel mass f; dif-
fer. In Case A all spacecraft are initialized with the same f;, but with different M; (such that the average
mass of the formation is 2300 kg). This emulates general formation conditions which do not necessarily re-
flect IRASSI. The selection of these values is merely aimed at demonstrating the behavior of the algorithms
in mass-imbalanced formations. In Case B, all spacecraft have the same M;, but five different initial fuel
conditions are tested. Case B.1 corresponds to that in which the spacecraft are initialized with null fuel and
AV capability differences. Cases B.2 to B.5 correspond to different initial fuel mass conditions and emulate
potential non-nominal scenarios, such as malfunctions. Cases B.2 and B.4 have an equal initial sum of fuel
differences, but with differences distributed among one and several spacecraft respectively. The same applies
to Cases B.3 and B.5. Although Case B.1 is, in theory, the most representative case of IRASSI, the interest in
simulating different conditions lies in attempting to determine consistent (and generalizable) optimal enve-
lope across different formation compositions and initial conditions, lending a measure of robustness to the
optimization law. The case sets are summarized in Table 9.5. For both case sets a semi-logarithmic scale is
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adopted. A total time of 1.48 days is allocated for this single target.

CASEA

The fuel-related metric results for J r are presented in Figure 9.6(a) and Figure 9.6(b), while Figure 9.6(c)
displays the corresponding maneuver duration. The AV-related metrics are shown in Appendix E.2.1 (Fig-
ures E.7(a) to E.7(c)). An ‘effective’ interval is one in which changes in us or pay produce changes in the
evaluated metrics. In general, within an effective interval, fuel balancing requires higher fuel expenses, the
rate of required fuel increases with u¢ and lower balancing of resources are associated with lower us. The
same applies to AVbalancing and pay envelopes.
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Figure 9.6: Fuel metrics and maneuver duration for Case A and J¢.

In terms of fuel consumption, in Figure 9.6(a), the most pronounced effect of ¢ occurs for 0.1 < 1 < 10.
The variance in fuel consumption for py < 0.1 is nearly undetectable, with the difference between maximum
and minimum fuel consumption lying in the sub-milligram level, whereas for 7 > 1, this difference reaches
nearly 0.05% (or 38 grams) of the total fuel. The sum of fuel differences, shown in Figure 9.6(b), displays
broader range of effective uy between 0.01 and 5. With an increase of iy beyond 5, no improvement in fuel
balancing is detected, on average. Itis nonetheless interesting to capture the effect of an increasing us: with a
single reconfiguration, post-maneuver summed fuel differences can decrease from nearly 164 grams (0.22%
of the initial formation fuel) with ur < 0.01 to about half of that for uf = 5, for an initially fuel-balanced
formation. Fuel and fuel balance compete nonetheless for the interval of 0.1 < uy <5, whereas in the range
0f 0.01 < ur < 0.1 a slight improvement in fuel balance is achieved without sacrificing fuel. Similar behavior
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is observed for AV (cf. Figure E.7(a) and Figure E.7(b)), but over a much narrower range of pay values and
seemingly with lower variability between repetitions. In percentage terms, less AVis expended nonetheless
for higher pay than for the fuel case.

In general, the maneuver duration decreases from a maximum of nearly 41% of the allocated time (14.5 hours)
of the total mission time to a minimum of around 34% (13.3 hours) for u r=0.8, as depicted in Figure 9.6(c).
Thereafter, i.e. is for r>0.8, the maneuver duration increases again. A minimum duration of 12.1 hours
(37.3% of allocated time) is observed in Figure E.7(c) for the same pay = 0.8 value.

To summarize, the following can be reported from the single-maneuver analysis of Case A:

* For wet-mass imbalance, the pay effective range is significantly narrower than that of .
* pr=0.1and uay = 0.5 provides a modest fuel- and AV-balancing effect with negligible fuel and AV sacrifice.
* pf = pav = 0.8 provide the best maneuver duration.

* us =~ 10 and pay = 5 provide respectively the best fuel and AV equalization but requiring significant
propellant consumption. These are also generally the upper boundary of effective parameters.

CASE B

The fuel-related metric results of Case B are presented in Figure 9.7(a) and Figure 9.7(b), whereas the maneu-
ver duration is shown in Figure 9.7(c). The AV-related metrics are shown in Appendix E.2.2 (Figures E.11(a)
to E.11(c)). For all figures of Case B, each line reflects the mean of 20 repetitions.

Fuel consumption, shown in Figure 12, will rise at around pf ~ 0.1 and plateau from p 7 > 4 for Case B.1,
and from about py > 1 for Cases B.2 and B.3, whilst monotonously increasing for Cases B.4 and B.5. As such,
it can be concluded that the effect of uf is dependent on the initial fuel mass conditions. Specifically, on the
distribution of f; among formation elements: the more spacecraft have uneven initial fuel masses, the more
the algorithm will try to compensate for it during the maneuver, by commanding several spacecraft to move
further such that at the end of the maneuver, fuel equalization is achieved. This correlation is discordant with
the findings of a similar analysis carried out by Burgon et al. [137] and this is attributed to the magnitude
of the fuel differences considered: the fuel differences considered by Burgon et al. were not large enough
to capture the effect of fuel distribution on fuel consumption. Finally, the upper bound of effective uf for
Cases B.4 and B.5 in the present analysis is out of the range of the simulated uf values. It is also noteworthy
that when fuel mass imbalances are concentrated on one spacecraft (Cases B.2 and B.3), the effective range
is narrower than in other cases.

Case B.1 demands the least fuel consumption overall, although Cases B.2 and B.3 do seem more efficient
strictly in the range between 1 < 1y < 8. Again, this relation is not observed in the work of Burgon et al. [137].
However, the explanation for the discrepancy in the findings is, in this case, not only attributed to the mag-
nitude of the initial fuel differences considered, but also to the length of the maneuver. The maneuvers con-
sidered in the present work are significantly more demanding than in Darwin’s case (the IRASSI spacecraft
must travel further to reconfigure between formation geometries with baseline lengths one order of magni-
tude higher or more than Darwin), whereby the associated increased fuel expenditure for fuel balancing of
Case B.2 and B.3 is detected ‘earlier’ with a single maneuver. Indeed, different tests were made in the frame
of the present work, where shorter reconfiguration maneuvers were required from the formation, and results
showed that additional fuel consumption of Cases B.2 and B.3 (compared to Case B.1) only became apparent
over time, after subsequent maneuvers. This means that for a single maneuver, more demanding reconfigu-
ration properties may conceal granularity effects of 1y (or pay) parameters which would otherwise be visible
with shorter maneuvers.

The fuel differences of Figure 9.7(b) are subtracted from their respective initial fuel mass values, with pos-
itive values representing a decrease in post-maneuver f; equalization, and negative values corresponding to
a desirable increase in post-maneuver f; balance. The best fuel balance capacity among the five scenarios
corresponds to Cases B.4 and B.5. This is due to the fact that individual fuel differences are lower (than in the
remaining cases). Therefore, the optimization algorithm is able to find reconfiguration solutions that result in
small increments/decrements in fuel differences for each element pair, but which produce a substantial im-
pact on the total sum of fuel differences. These residual improvements are met with great fuel consumption
penalties, however.

The maneuver duration profiles of Figure 9.7(c) diverge among the cases for u¢ > 0.01. For Case B.1, the
maneuver duration decreases with increasing ¢, which is not observed for the other four cases.
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Figure 9.7: Fuel metrics and maneuver duration for J f of Case B.

The analysis for the AV-related metrics are omitted for brevity reasons, since similar trends are observed,
but the following points summarize the single-maneuver analysis of Case B:

* The more distributed the fuel-mass imbalance, the narrower u ¢ and pay effective ranges.

* us = pav = 0.1 provides amodest fuel- and AV-balancing effect with negligible fuel and AV consumption
sacrifice for all cases.

* uf = pav = 0.9 provides the best maneuver duration for fuel-imbalanced formations (Cases B.2 to B.5).

* pf = pay =4 provide respectively the best fuel and AV equalization and are generally the upper bound-
ary of effective parameters.

Finally, the same trends concerning fuel consumption, fuel differences, AV expenditure, AV equalization and
maneuver duration have been observed for varying actuator parameters, such as thrust force F; and specific
impulse Iy, for both /¢ and Jay. This is demonstrated in the Appendix section E.2.1.

In order to evaluate the effect of these parameters in the long term, the metrics are analyzed in the context
of a multi-maneuver tour.

9.4.4. IRASSI TOUR ANALYSIS
The present subsection aims to show the effect of a varying pr, gay on tours composed of 200 different re-
configuration maneuvers, for which a total time of =602 days is allocated. Two tour groups, Tour A and Tour
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B, are considered, whereby the initial fuel mass conditions of Case A and Case B, described in the previous
section, apply respectively. The variation of u¢ and pay is restricted to intervals of interest identified in the
single-maneuver cases. A summary of the simulation parameters is provided in Table 9.6.

Table 9.6: Parameters for IRASSI Tour analysis.

Initial sum of differences

Tours z:rn:ri?;:: Value .
Fuel (kg) AV (ms™)
M; (o) {1700,2000,2300, 2600, 2900} kg
Tour A > Bav pf=Hav =0,10"2 < pp, uay < 10 0.00 446.01
f; (to) 15.00 kg
Tours B M; (1) 2300 kg
Hfr HAV Hf=pav =0, 10_25/vtfyl«‘AV<10
B.1 15.00 kg 0.00 0.00
B.2 {14.40,15.00,15.00,15.00,15.00} kg 2.40 25.75
B.3 fi (to) {13.65,15.00,15.00,15.00,15.00} kg 5.40 57.92
B.4 {14.40,14.55,14.55,14.55,15.00} kg 2.40 25.75
B.5 {13.65,13.95,13.95,13.95,15.00} kg 5.40 57.92

To compare the efficiency of each tour, a performance metric is used, similar to that introduced by Burgon
etal. [137], which quantifies the relationship between fuel- (or AV-) balancing capacity with fuel consumption
(or AV expended). More specifically, the metric is described as:

percent increase in fuel or AVbalancing

fuel or AV balancing performance = (9.17)

percent increase in fuel or AV expended

If n designates the nominator of Equation 9.17 and m the denominator, then the performance is calculated
as described in Table 9.7. Since the initial fuel- and AV -balancing values are null for certain tours (fuel-based
Tour A and Tour B.1), these cases are compared to the fuel-only and AV-only optimal tours, i.e., pf = pay = 0.

Table 9.7: Performance metric calculation dependencies.

Tours Parameter Fuel or AV balancing performance
Tour A (fuel), Tour B.1 n Relative to u = pav =0 tour
Tour A (AV), Tour B.2 - Tour B.5 n Relative to initial values, f; (tp) or AV; ()
All m Relative to iy = pay = 0 tour

TOUR A

Selected pf values of interest and their effect on fuel consumption and fuel balancing are shown in Figure 9.8
for the IRASSI Tour A, whereas Figure E.12 of Appendix E.3 shows the effect on expended AV and AV-balancing
for the same tour and for specific pay values. The results shown correspond to the mean of the five repeti-
tions.

This tour is initially fuel-balanced and from Figure 9.8 it can be seen that this remains the case over time
for the higher values of ps. An ur = 0.09 shows a 33% improvement in fuel-balancing relative to ur = 0 case,
but at no fuel penalty, a trend also observed in the section 9.4.3. This tour is not AV-balanced at the beginning
of the simulation. One interesting observation is that for the /oy function, fuel differences improve (relative
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Figure 9.8: IRASSI Tour A with varying u ¢ parameter: total fuel remaining (top) and fuel differences (bottom).

to the pay = 0 tour) only for pay < 0.2, whereas AV-balancing continues to improve for 0.2 < uay < 5. This is
shown in Figure E.13.

The tour performance results are shown in Figure 9.9. A ‘high performance’ is associated with a positive
increase of fuel balance (or similarly reduction in fuel differences) percentages relative to the ratio of fuel
consumption (the same applies to AV). The u ¢ and pay values of performance peak designate those for which
the highest performance is detected, whereas the range concerns positive performance values. These are
indicated in Figure 9.9. Table 9.8 and Table 9.9 summarize the main findings concerning this analysis.

TOUR B

The previous analysis is repeated for the Tour B group. The results are summarized in Table 9.8 and Table 9.9.
From the former, it can be observed that for Tour B.1, the peak occurs for lower values of i and pay than for
other cases, which means that significant reductions in fuel differences can be achieved at low fuel consump-
tion levels relative to pr = pay =0, although this stems from the nature of nominator » in Equation 9.17.

For Tours B.2 - B.5, both cost functions seem to show a good agreement between the peak values of u s and
pav. From Table 9.6, given that the AVimbalance in these cases is solely due to the fuel imbalance, the Jay
function seems able to minimize AV differences and consumption better than the /¢ counterpart concerning
fuel. Maneuver times are nonetheless nearly identical between both functions.

For the tour analysis, it can be reported that:

* The range 0.2-0.4 is identified more often with higher performance for both p¢ and pay for heteroge-
neous formations.

e AV-based function produces more consistent optimal performance peaks across different sets of initial
conditions than the fuel-based function.

* Wet-mass imbalanced formations (Tour A) require lower values of yr and pay for optimal results.

* Initially fuel-balanced formations (Tour B.1), such as IRASSI, require for optimal performance us =
uav = 0.05.

* For initially fuel-uneven formations (Tour B.2-B.5), ur = pav =~ 0.2 is generally the lowest boundary for
which no increase in fuel- or AV-balancing performance is achieved.
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Figure 9.9: IRASSI Tour A fuel- and AV-balancing performance.
Table 9.8: Fuel and AV-balancing performance metric results.
s for perfor- 5 of perfor- pay for perfor- pay of perfor-
Tours
mance peak, fuel mance range, fuel mance peak, AV mance range, AV
A 0.09 0.07-10 0.20 0.10-10
B.1 0.05 0.01-10 0.05 0.02-10
B.2 0.30 0.30-10 0.30 0.30-10
B.3 0.40 0.30-10 0.40 0.30-10
B.4 0.30 0.20-10 0.30 0.20-10
B.5 0.20 0.20-10 0.20 0.20-10

9.4.5. CONCLUSIONS AND FUTURE WORK

The analysis conducted concerning the effect of weighting parameters on spacecraft resource management
provided an insight into effective envelopes relevant for expressing reconfiguration maneuvers cost func-
tions.

It can be concluded that for homogeneous formations such as IRASSI, either a fuel- or AV-based cost
function with a weighting parameter valued at 0.05 is expected to provide the best compromise between
resource balance and resource consumption. For heterogeneous formations, a AV-based function with pa-
rameter pay =0.2-0.4 is suggested.

With the tour results, one can estimate that over the five years of the IRASSI mission, nearly 15-20% of the
total secondary propellant may be dedicated to reconfiguration maneuvers, whereas over 5% of the mission
time (or a combined 95 days) is allocated to such maneuvers.

Finally, the ReM module described in the present chapter benefits from simplifications which may limit
its application to a real mission. In this frame, the topics addressed in the next subsections could be used as
guidelines for improvement of the module:
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Table 9.9: Metric results for peak 11 and pay at the end of tours.

Ir Jav

Remaining Fuel Duration!! Remaining AV Duration

Tours .
fuel (%) diff." (%) (%) AV (%) diff. (%) (%)
A 95.30 6.18 5.17 95.13 48.91 5.17
B.1 95.18 5.36 5.03 95.22 5.54 5.03
B.2 93.69 1.16 5.06 93.73 0.86 5.06
B.3 92.14 1.21 5.05 92.17 1.07 5.05
B.4 93.51 0.22 5.04 93.55 0.15 5.04
B.5 93.88 4.19 5.05 93.91 4.00 5.05

! Differences
I Cumulative maneuver duration

MODEL ASSUMPTIONS AND DYNAMICS
The motion model used in this analysis (and described in section 7.6.2) assumes that the spacecraft are in
free-space, without considering gravity gradients between spacecraft. In order to increase the accuracy of
the dynamics and of the maneuvers, gravity and disturbances such as the solar radiation pressure, could be
included.

This would, in addition, require a feedback control loop which would need to be suitably tuned for re-
moving the perturbation effects on the trajectories.

OPTIMIZATION ALGORITHM
A multi-objective optimizer could be implemented and compared to the multi-variable, single-objective
function of the present analysis. In fact, a weighted-sum approach has known drawbacks [147], the most
significant of which relates to the dominance of one variable (e.g., fuel used) over another (e.g., fuel balance),
leading to inconsistent distances to the optimal Pareto set across different maneuvers.

The impact on computation time should nonetheless be examined in order to understand whether the
multi-objective method merits implementation for near real-time onboard computation of reconfiguration
maneuvers of spacecraft.

OPTIMIZATION CONSTRAINTS
In the present chapter, it was demonstrated that a AV-based function displayed significantly less variabil-
ity than the fuel-based one. It could be of interest to study whether placing constraints on the maximum
distances that spacecraft are allowed to travel has an impact on minimizing the variability of fuel-based func-
tions.

Alternatively, if the thrusters are allowed to vary their magnitude (compared to the present case in which
they operate at the maximum output), time constraints could also be prescribed or included in the multi-
objective optimizer.

SIMULATION CONDITIONS

The studied initial conditions included heterogeneous formation where either the launch mass or fuel mass
differed among elements. Simulating the combined effect of these two aspects could aid in gaining further
insights into the maneuvering dynamics of heterogeneous formations.

ONBOARD PROCESSING AVAILABILITY
The suitability of optimization methods for real-time processing on board, considering hardware limitations
and speed of convergence of the algorithms on a distributed network, could be investigated.

In the frame of this study, on a virtual network of 16 cores (3.50 GHz), using vectorization, each maneuver
within ReM takes about 1-105 seconds to process (largely driven by the 14400 combinations which must be
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traded at each iteration). Modern space-proven processors are at least an order of magnitude slower than
general desktop computers, the state-of-the-art of the former being the European GR740° (250 MHz) and the
American High-Performance Spaceflight Computing* (HPSC, 500 MHz). Using such state-of-the-art space-
qualified processors (and disregarding other speed-loss-inducing sources, such as motherboard bus speed,
memory, software system, etc.), at least five minutes are expected for each maneuver.

It is however to expect that processor technology advances significantly in the coming years, particularly
considering NASA’s ambitions of bringing quantum computing to space °. One can therefore be hopeful, if
not optimistic, that sufficient processing capacity will be available for a timely convergence of the algorithms
at the time when IRASSI (or a similar mission) launches.

9.5. CHAPTER SUMMARY

N order to support mission autonomy and ensure compliance with science goals, a Reconfiguration Mod-
Iule, responsible for repositioning the formation prior to observations, was devised. For this purpose, a
survey of existing literature was firstly presented, whereby it was concluded that in-depth analyses of long-
term effects of formation maneuvers on spacecraft resource consumption and management, particularly in
the context of heterogeneous formations, were not available. This gap set out the scope of the research, along
with the motivation of setting up a maneuver-optimization procedure that was computationally simple in
nature for real-time and onboard applications.

Next, the maneuver requirements, namely fuel and fuel balance as well as AVand AV balance were iden-
tified. Two weighted-sum optimization functions were described and implemented in light of these require-
ments, with respective weighting parameters ¢ and pay. The weighting parameters ur and pay determined
the relationship between resource consumption and resource balance. Higher weighting parameters ensure a
more balanced use of resources across the fleet but demand a higher consumption of fuel and AV. The tuning
of these parameters for different simulation conditions was a core task within the analysis.

Four independent variables were used to determine the final positions of the reconfiguration maneu-
vers for each spacecraft. The geometry of the final positions considered intervisibility and functional con-
straints as well as the required baselines associated with the next to-be-observed target. For each solution
set, 14400 combinations are traded to account for the interchangeability of positions within the formation.
The spacecraft follow linear translation trajectories in inertial space, connecting their initial and final posi-
tions, using a combination bang-bang and bang-coast-bang thrust profiles to ensure time-optimal reconfig-
urations. The simulation conditions included a mixture of heterogeneous formations, with either different
initial wet mass or fuel mass among elements and homogeneous formations (representing IRASSI). Single
maneuvers and tours containing 200 maneuvers were used to derive reconfiguration scenarios.

Results showed that, generally, parameter values iy > 10 and pay > 5 seem ineffective. For formation
with equal wet mass and fuel mass, parameters pf = pay = 0.05 provide the most cost-effective compromise.
Conversely, heterogeneous formations may benefit by using a AV-based cost function to plan reconfiguration
maneuvers over the long term, with a weighting parameter within the range of uay =0.2-0.4. Metrics asso-
ciated with the AV-based function also show less variability for individual maneuvers than those associated
with the fuel-based one.

An outlook for future improvements within the ReM module, particularly concerning motion models and
the optimization procedure was proposed. The investigation of the suitability of such methods for onboard
processing hardware is also suggested. The ReM stands nonetheless as a robust method to optimize lin-
ear trajectories efficiently (in terms of computation complexity and time) for formation-flying applications,
where full control over the relative weight of the optimization metrics is given to mission planners.

The ReM is a crucial module within iSCOUT. It receives the sequence of targets meant for observation
from the TPM, described in Chapter 8 to formulate suitable reconfiguration strategies. Since these are constraint-
free, the next module, the Collision-Avoidance and intervisibily Module (CAM) assesses whether conjunction
events or loss of visibility links occur and refines the ReM trajectories if necessary.

3https:/ /www.gaisler.com/doc/gr740/GR740-UM-DS-2-3.pdf
4https:/ /ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20180003537.pdf
5 https://www.nasa.gov/feature/ames/quantum-supremacy/
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ABSTRACT

The Collision- and invisibility Avoidance Module (CAM) computes curvilinear trajectories for reconfiguration
maneuvers that are compliant with safety requirements. The final positions and the total maneuver time re-
main fixed with respect to the plan of the Reconfiguration Module (ReM), but a perpendicular thrusting force
is added to the nominal thrust vector, itself parallel to the trajectory. The exact magnitude and direction of
the perpendicular thrusting vector are subject to a mesh-adaptive search optimization, as is the duration of
its coasting period. Nearly 6% of previously generated trajectories of homogeneous formations require modifi-
cation by the CAM module due to safety violations. Results show that, due to these modifications, over 300%
additional resource consumption (fuel or AV) may be required relative to the amount of resources previously
allocated by the ReM. Violations involving more than three pairs of spacecraft require the highest amounts of
additional resources and computation time. Invisibilities, which typically are associated with multi-spacecraft
violations, are therefore significantly more likely than collisions to consume higher amounts of fuel or AVand
require longer processing times for the computation of solutions.
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10.1. INTRODUCTION

URING reconfigurations, a set of safety requirements apply to the formation. The first one is the min-
D imum separation distance, to ensure that collisions do not occur. The second one is that the ranging
system lasers mounted on each spacecraft must be intervisible, at least periodically, to ensure that the accu-
racy of the estimation of relative distances does not degrade below a given threshold.

Since the ReM module does not consider these requirements to compute the linear reconfiguration trajec-
tories, the Collision- and invisibility Avoidance Module (CAM) was conceived to address these requirements.
The CAM checks whether the ReM trajectories are safe and redesigns these trajectories in case a violation of
safety requirements is detected. The CAM uses a set of flexible parameters to optimize the maneuvers as a
function of fuel and fuel differences or of AV and AV differences.

The tours generated with the ReM module are the focus of this analysis. It includes thus the case of IRASSI,
a homogeneous formation, as well as formations either with wet-mass imbalances or fuel-mass imbalances.

10.2. PREVIOUS CONTRIBUTIONS

* SCOUT is intended to support autonomous operations and, as such, allow spacecraft to react immediately
1 as soon as a violation is detected. A short review of online, reactive, autonomous trajectory-planning meth-
ods with collision-avoidance constraints and control feedback laws with potential applications to the IRASSI
mission, has been introduced in Section 6.5.1, in the context of goal-based (behavioral) control coordination.
In its current standing, however, iSCOUT underlying motion models assume free-space dynamics, without
consideration of disturbing forces or off-nominal situations, such as conjunctions, and thus in an open-loop
configuration. For the calculation of safe trajectories, offline path-planner methods are of relevance.

Most of the literature of Section 9.2 which considered collision-avoidance constraints in the offline path-
planning process of reconfigurations, dealt with single-step strategies. That is, final reconfiguration positions
are automatically considered as collision-avoidance constraints in the path-planning algorithm [98, 140, 142].
Other research work examples complement this review. For example, Kim, Mesbahni and Hadaegh (2004) de-
vise a heuristics approach akin to a ‘bouncing ball’ to determine the optimal control forces that steer space-
craft to predefined relative states (positions and velocities) while abiding by minimum separation distance
requirements. When a collision is detected between a pair of spacecraft, a sudden change in the direction of
the control force (‘bouncing’) ensues for both spacecraft. The algorithm is given the initial spacecraft states
relative to the inertial frame, but the individual inertial states during the maneuver, however, are unspeci-
fied a priori and are instead a product of the optimal control forces solution calculated by the bouncing-ball
algorithm. This way, the trajectories are energy-optimal and collision-free.

Wang and Schaub (2010) propose an open-loop, short-range collision-avoidance strategy for deep-space
formations by using electrostatic forces. The alternative trajectory is composed of three patched conic sec-
tions (‘repel-attract-repel’) and is achieved by applying constant charge magnitudes. The magnitude of
the charge and the charge switching times are subject to optimization whilst minimum-distance and path-
geometry constraints ensure that the alternative trajectory maneuver is safe and symmetric. At the end of the
maneuver, the original relative motion direction of the spacecraft involved is restored. The authors recog-
nize, however, the difficulty in adapting the algorithms to large spacecraft formations due to computational
complexity.

The reconfiguration problem within iSCOUT is nonetheless split into two steps. The first one, addressed
by the ReM, simply calculates unconstrained optimal trajectories. The second one, addressed by the CAM,
uses safety constraints for finding alternative trajectories bounded by initial and final positions as well as
total maneuver time. A two-stage setup is also proposed by Sultan et al. [150] for deep-space formation-flying
applications, who devise a trajectory parametrized by cubic polynomials and define a set of way-points that
satellites must pass. The first stage solves an unconstrained, energy-optimal problem that finds the location
of the final way-point (the endpoint) for each spacecraft. If no proximity violations are detected for the single
way-point, this trajectory will be a straight cubic-parametrized line. Else, the second stage introduces way-
points and deals with way-point separation in collision-prone trajectories. The new trajectories are assessed
and the process is repeated either by introducing new way-points or modifying the positions or velocities of
existing ones until safe trajectories are found for all spacecraft. Each way-point is associated with a location
and velocities, yielding thus six optimization variables for each way-point for each spacecraft. The authors
highlight the scalability of their method to large satellite constellations which achieves solutions speedily.

Open-loop, collision-free reconfiguration maneuvers in free-dynamics environments are also implemented
by Li et al. [151]. Li et al. use predefined initial and final positions of each spacecraft to generate trajecto-
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ries containing both a straight-line component connecting these two points, using a bang-coast-bang thrust
profile, and an orthogonal element (perpendicular to the linear component), which employs simply a bang-
bang approach. The trajectories are parametrized respectively by a velocity component parallel to the linear
trajectory and a perpendicular one. Both velocity components limits are pre-computed from actuator prop-
erties and spacecraft orientations. Evolutionary algorithms are used to solve a single-objective cost function
seeking the minimization of collisions, path lengths, maneuver execution time, fuel consumption and fuel
distribution. The analysis is extended to a five-spacecraft formation, although complexity and difficulty in
finding feasible solutions rise with the size of the formation. One of the biggest drawbacks of this method is
the fact that it leads to the formation being asynchronous: each spacecraft executes a maneuver of different
durations. In highly time-constrained missions, such as IRASSI, the telescopes have to be coordinated so as
to initiate observations simultaneously and in order not to miss observation window opportunities.

Although none of the aforementioned manuscripts mentioned the issue of intervisbility in free-flying for-
mations, these contributions form a starting point for the CAM. The approach devised therefore is a modi-
fication of the algorithm proposed by Li et al.. Thrust forces, instead of velocities, are implemented within
the CAM and, for a given avoidance maneuver, the execution time is fixed by that computed previously by the
ReM. Additionally, collision avoidance within the CAM is not used to calculate the cost function but is instead
expressed by inequality constraints. The path lengths term is similarly removed from the cost functions, but
coasting time associated with orthogonal components are introduced as independent variables within the
CAM.

10.3. COLLISION- AND INVISIBILITY-AVOIDANCE MODULE
(CAM)

HIis module refines the linear paths calculated by the ReM in case collisions and/or intervisibility loss
T events are detected. If no collisions or loss of visibility occurs, no action is taken by the CAM and the
iSCOUT tool can then either distribute the ReM maneuver information to the spacecraft or relay this infor-
mation to the BPM module, which then proceeds to compute the baseline patterns as described in the next
chapter.

However, if either violation is detected, an alternative trajectory is computed to ensure the safety of the
formation and compliance with the relative positioning requirements. The alternative trajectory employs an
additional thrust force perpendicular Fy., to the (ReM) trajectory of each spacecraft.

Although collisions must be avoided at all times, the accuracy in the relative distances’ determination is
not at the micrometer level outside science activity periods and, as such, intervisibility is not required on a
continuous basis. The discretization procedure for the two constraints, collision avoidance and intervisibility,
thus differs.

10.3.1. RELATIVE POSITION ESTIMATION DURING INVISIBILITY: CRITICAL PROPAGATION TIME
In the vicinity of Ly, the spacecraft experience a gravity-gradient-induced acceleration acting on them. The
absolute accelerations which the spacecraft experience differ depending on the position of the interferometer
in the orbit. These accelerations deviate up to dmqx = 6.9 x 1079 ms™2 for in-orbit distances of 1 km (see
Philips-Blum et al., 2018 [47]).

From a relative positioning perspective, this means that either the acceleration estimator model for rela-
tive distance estimations is extremely precise or, if the propagation model considers a constant acceleration
throughout the orbit, then (inter-laser distance) updates from the ranging system at certain propagation time
intervals [0, 7] are required to correct biases in the relative distance estimation determinations. If the accel-
eration difference between two telescopes, telescope 1 and telescope 2, located in different points in space
with positions 3 (f) and r2 (), equals a;,4x:

llaz —a1ll; = Amax (10.1)

then, in order to stay within the submeter-level region of relative distance accuracy over time ¢ € [0, 7], the
propagation time is then given by [47]:
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By rearranging the terms or Equation 10.2, the critical propagation time can be obtained:

2:-1m

~ 4.7 hours (10.3)

Terit =
Amax
The onboard relative motion estimation model should therefore receive updates from the metrology system,
at most, every 4 hours and 40 minutes to ensure a collision-free environment during idle periods. As such, the
CAM module checks whether there are periods of invisibility which last longer than 7.,;; = 4.7 hours during
the reconfiguration and collision-avoidance maneuvers.
For the sake of simplicity, throughout this analysis, an invisibility instance is a period of invisibility with
an associated duration higher than 4.7 hours. Shorter invisibility events are within propagation time require-
ments and therefore do not count as a violation.

10.3.2. RELATIVE POSITION ESTIMATION DURING INTERVISIBILITY
Once the lasers are intervisible, the ‘snapshot’ baseline estimation method described in Section 4.2.3, based
on least-squares optimization, is used to complement the onboard propagation model of relative motion
and derive the relative positions of the spacecraft. With intervisibility guaranteed and with the stated error
assumptions, the accuracy at a given time instant becomes solely a function of the instantaneous formation
geometry.

For completeness, the nominal assumed errors are reiterated here. These are:

¢ the distance measurement errors, assumed to be Gaussian-distributed with zero mean value and a
standard deviation o4 = 1 pm;

* the three orientation angles v of each satellite, also using a Gaussian distribution, with zero mean value
and a standard deviation o, = 0.1 arcsec.

No lever-arm distortions or lever-arm distance measurement errors are considered. During intervisibility
between each of the 20 laser links, therefore, the relative positions are computed at time-steps of one second
for each link.

10.3.3. METHODOLOGY
The maneuver requirements are analogous to those described in section 9.3.1 in terms of spacecraft re-
sources: fuel or AV consumption should be minimal and balanced across the formation. However, the CAM
maneuver time is limited by that previously calculated by the ReM module, fg.p;. The model dynamics de-
scribed in Section 7.6.2 apply.

ORIENTATION DURING THE MANEUVER

During reconfiguration, the spacecraft maintain their attitude, pointing towards the target. Let St denote the
telescope reference frame centered on the telescope’s detectors, with basis vectors {a:T,yT,zT}, where 1
points towards the target (parallel to the nominal trajectory), zr is normal to the sunshield (parallel to the
spacecraft-Sun line) and yr completes the right-hand frame of the orthonormal system.

Figure 10.1 shows the orientation of the spacecraft at the start of the CAM maneuver, with F and Fp.,
being respectively the nominal thrust parallel to the ReM trajectory and Fp. is the thrust perpendicular to F,
and @, is the angle of the thrust relative to the spacecraft-Sun line. This angle dictates the direction of Fper,
whereas the magnitude of Fj., determines the deviation relative to the nominal path, that is, how far each
spacecraft travels.

OPTIMIZATION

If either collisions or loss of intervisibility are detected in the ReM trajectories, an alternative path has to be
computed. The time to perform this surrogate CAM maneuver is bound by tg.ps, calculated by the ReM and
described in the previous chapter.

The CAM maneuver involves departing from the nominal ReM trajectory by applying thrust Fy.;,; perpen-
dicular to the trajectory (simultaneous to the nominal one F; parallel to the trajectory) at the initial instant
and for a specified duration of time. The direction of this Fy.;,; thrustis reversed once the maximum deviation
from the nominal trajectory is reached, and twice more two return to the nominal trajectory. Again, in order
to guarantee resource savings, the spacecraft are allowed to coast in-between firing periods. The thrusting
scheme is illustrated in Figure 10.2. All spacecraft arrive therefore at their destinations simultaneously.
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Figure 10.1: Spacecraft orientation during the CAM maneuver and thrust geometry.
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Figure 10.2: Comparison between thrust profiles during reconfiguration maneuvers. The parallel thrust has a fixed magnitude of 20 mN
and is used by the ReM to compute linear trajectories while the perpendicular thrust is calculated by the CAM. Both shown examples
use a bang-coast-bang approach.

To delimit the possible solution set in inertial space, there are three optimization variables attributed to
each spacecraft i: the direction of the perpendicular thrust component ¢,,,; the magnitude of this thrust
Fper,i and the duration of the coast phase associated with the perpendicular thrust pulse ,,, ;. It results in
an independent vector with the 15 variables defined by:

S= {(pper,i; Fper,i, tcper,i} (10.4)

where the thrust angle range is 0 < ¢ r,; < 27, the coasting duration is bound by the interval 0 < tc,,, ; < frem
and the maximum thrust magnitude Fp.r,; is user-specified. Ideally, the higher the coast phase Leperiv the
higher the fuel savings.

Similar to the ReM module, overall resource savings and resource balance among formation elements
are pursued by means of two optimization objective functions, a fuel-based one and a AV-based one, the
selection of which is specified by the user. They are recalled below:

n n n
Jr =2 (fi(t0) = fi renn)) + 15 Y D | fi (trens) = fj (trens)| (10.5)
i i jij>i
n n n
Jav =) (AV; (t0) = AVi (trea)) + Hav Y, Y, |AV; (trem) — AV (trem)| (10.6a)
i ijij>i
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M;
AV = o0 T In (10.6b)
1= 8olsp Mi_(fi (to)—ﬁ(tReM))

with
i)j = {le TZ; T3) T4) T5}

The weighting parameters values p and pay of respective Equations 10.5 and 10.6a can equally be se-
lected by the user.

The mesh-adaptive direct search (MADS) introduced in Chapter 9 and used by the ReM is also employed
by the CAM'. However, differently from the ReM, the CAM optimization process is constrained by the collision-
and invisibility-avoidance requirements, as well as relative position estimation accuracies. The constraints
used for the computation of optimized trajectories are presented in Table 10.1, where the minimum safety
distance parameter y is setat y = 10 m.

Table 10.1: Nonlinear constraints for CAM.

Constraint
Expression
(ref. frame)

\/[xo,i (1) = xo,j (t)]z +[¥0,i () =0, (t)]z +[20,i (1) — 20, (t)]z =Y,

V1€ [to, tRem]

Collision avoidance (Sgp)

VI x5 (0= x0; 02+ [yni (0 - yr,; 0] = ||22: (1) - 21 (0| tan 0,.),

ViReM = Terit NALt=[LTt+1]: At =T (it

Intervisibility (St)

Relative pos. estimation bij(t)<1m

accuracy (So) ViRent = Terit ADE= 18, £+ 1] AE=Toriy

There are several ways in which collision- and invisibility-avoidance maneuvers can be pursued. It has
been proposed that a time term is added to the independent vector for optimization [105] determining the
starting time of the departure from the ReM trajectory. However, for a five-spacecraft formation, this would
lead to an additional five parameters subject to trade-off by the mesh-adaptive algorithm, increasing the
computational time and complexity. Imposing a departure from the nominal ReM-generated trajectory at
t =0, as proposed by Li et al. [151], accomplishes overall fuel savings as the algorithm allows telescopes to
coast for most of the journey in case an alternative trajectory has to be computed.

OPTIMIZATION FUNCTION PARAMETERS

The dynamics of each formation element i are governed by Equations 7.5 and 7.6 during the maneuver. The
introduction of a perpendicular thrust element simultaneous to the nominal parallel one, however, does re-
quire additional fuel consumption which is proportional to the thrust impulse width of the perpendicular
thrust, Lwperit

tReM — 2 tcpe,_,-
twper,i = 4 (107)

The fuel consumption associated with the perpendicular thrust is therefore given by:

Fper,i

Isp&o

feam,i = =Atu,, fi = 4tu,,,; (10.8)

11t should be remarked that prior to deciding on a final optimizer for the CAM, two other methods of MATLAB's Global Optimization
Toolbox [146] were implemented and compared: a genetic algorithm and a surrogate one. However, none of them proved to be useful
in finding good solutions. The genetic algorithm required more runs than the MADS for convergence and the surrogate method was
slower and no more accurate than the MADS.
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Table 10.2: Simulation parameters for the IRASSI formation.

Simulation parameter Value
i {Th, Tz, T3, Ty, T5}
Isp,i 2500 s
v (collision-avoidance) 10 m
T.ri¢ (invisibility-avoidance) 4.7 hours
0 4 (relative position estimation) 1pm
o, (relative position estimation) 0.1 arcsec
Optimizer Mesh-adaptive direct search

Together with Equation 9.15, the total fuel consumption for a collision- or visibility-loss-avoidance maneuver
is: )
fav,i = fReM,i + fCAM,i = _4twpe,_,- —— (2 twi+ 4twper,iner,i) (10.9)
Ispgo

As in the ReM, the AV; value for each formation element can then be calculated using Equation 10.6b and the
corresponding AV, is given as a function of f,,,;. It should also be highlighted that as soon as one violation
is detected, alternative trajectories are sought for the full constellation and not simply for the telescope pairs
involved. This is to ensure that any alternative path among the pairs involved will not itself violate non-
modified trajectories.

10.4. RESULTS AND DISCUSSION

0 illustrate the functioning of the CAM module, first an example CAM maneuver is presented, followed

by an analysis of the IRASSI tours. These tours were generated by the ReM module and presented in sec-
tion 9.4.4. Each tour ReM maneuver is screened to assess whether collision or invisibility events are detected.
If that is the case, then an alternative trajectory is calculated by the CAM.

The simulation setup is firstly presented followed by an analysis of violations events obtained with the
ReM tours. The obtained results and discussion are featured in the subsequent section. For curiosity, the need
for maneuvering was also investigated for the effective-envelope single maneuvers of ReM (cf. section 9.4.3)
and is presented in Appendix F.

10.4.1. CAM SIMULATION PARAMETERS

The simulation setup is the same as for the ReM module, whereby spacecraft employ colloidal-based propul-
sion, and the optimization solver, the MADS, is part of the MATLAB’s Global Optimization Toolbox [146]. The
simulation parameters and initial mass conditions are reiterated in Table 10.2.

Each trajectory and constraint is evaluated with the time-resolution of one second. For each maneuver,
fuel-related and AV-related optimization metrics were retrieved (cf. Table 9.2). The results are shown as a
function of the additional fuel, f, and AV, AV,, and of the additional sum of fuel and AV differences obtained
with the CAM maneuvers, respectively, f;, and AVy, used by the CAM. The f; and AV, are given as the ratios

of:
_ feam = frem

fr (10.10a)
Sfrem
AVeay — AV,
AV, = = CAM — T ReM (10.10b)
AVRem

The f;, and AV, ratios are obtained via the same method: the sum of differences of fuel or AV obtained with
CAM subtracted and divided by that of the original ReM maneuver. The results are also shown in terms of the
computation time necessary to achieve convergence.

2Note that Equation 10.9 denotes a suboptimal way of computing the magnitude of f;,, ;. The consideration of the resultant of the two
perpendicular force magnitudes F; and Fp,r,; associated respectively with fuel consumptions frep,; and fcapn,; would result in an

; ) 2
optimal fgy i op; Value, such that fgy opr = fReM,i +fCAM,i’



10.4. RESULTS AND DISCUSSION 169

10.4.2. EXAMPLE CAM MANEUVER

Exemplified is a single collision- and invisibility-avoidance maneuver. The original nominal trajectory, shown
in Figure 10.3(a), involves a collision of all ten spacecraft pairs at the origin of the inertial frame Sy, the half-
point of the 10-hour maneuver, and one invisibility instance. This invisibility event is detected between tele-
scope pair T3 — Ty and lasts for the whole maneuver. The initial position coordinates 7g ;, of the formation

are:
-208.5 -328.8 -135.9

1265  184.2 8.6
roin=| 732 -30.7 —60.8| m (10.11)
-172.0 -1429  -2.0

180.7 318.1 190.1

The final commanded positions mirror the initial positions, such that g, g, = (=1) - 7'g,in. All spacecraft are
initialized with 15 kg of fuel and 2300 kg of wet mass.

The avoidance maneuver, in Figure 10.3(b) is calculated using p ¢ = 0.05. The collision threat is removed
and all spacecraft are intervisible throughout the maneuver for periods longer than 7.,;, =~ 4.7 hours®. Fig-
ure 10.4 shows the distance among all spacecraft pairs for the original trajectory and the CAM-modified one.
The safety distance of y = 10 m is indicated by the dashed line. By measuring the relative positions at all
instants when ranging-system laser links are available (i.e., when telescopes are intervisible), it is possible
to observe that the maximum difference between the true and estimated positions never rises above 11 um,
using the baseline estimation snapshot method described in Section 4.2.3.

200 200
E O E O
= = Ty
N N
-200+ -200+
-400 4 -400 4
e —
-300 -200 -100 ¢ -200 -300 -200 -100 ¢ -200
100 200 (m) 100 200 (m)
X, (m) Yo X, (m) Yo
(a) Original trajectory (b) CAM trajectory

Figure 10.3: CAM Example Maneuver: the CAM designs an alternative trajectory for collision- and invisibility-avoidance. White spherical
markers denote initial positions and black markers the final positions.

All spacecraft perform the avoidance maneuver distinctively, obtaining different trajectory lengths and
coasting/thrusting durations. They all achieve the commanded final position in the specified time of 10 hours
without violating any of the constraints or maximum values prescribed to the independent variables. The op-
timized variables, i.e., the angle of the perpendicular thrust component ¢,,,;, the magnitude of the thrust
Fper,i and associated coasting duration ¢, , are presented in Table 10.3. Telescope T coasts for the major-
ity of the maneuver (recall that there are two coasting periods associated with the perpendicular thruster),
whereas the thrust magnitude of telescope T> is the highest.

10.4.3. COLLISION AND INVISIBILITY EVENTS FOR REM TOURS

Firstly, it must be assessed whether the spacecraft violate safety requirements at any point within the ReM
tours. The tours were presented in section 9.4.4 and each is composed of 200 maneuvers within a total op-
eration time of =602 days. Each tour is repeated five times, giving a total of 1000 maneuvers for each initial
condition and each cost function. The initial mass conditions are reiterated in Table 10.4 respectively. The
weighting parameter values pr and pay are those which provided the best fuel and AV-balancing performance
within the ReM, according to the specific initial conditions.

3Invisibility instances of durations well below 4.7 hours remain between six different pairs of telescopes, but these do not pose a concern
to relative position estimation with accuracy requirements below one meter.
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Figure 10.4: Distance of telescope pairs with collision risk (top left) and collision-avoidance (top right). The legend on the top-left-hand
plot applies to the right-hand plot. The estimated relative position deviations relative to the true positions are shown on the bottom plot.

The violation instances are shown in Table 10.5. For each tour and cost function, the values reflect the
mean of the five repetitions. The ‘Total’ columns show the ratio between the number of maneuvers with de-
tected collision or invisibility violation and the number of tour maneuvers (200). The ‘Pairs’ columns show the
mean number of spacecraft pairs involved in collision or invisibility events over the tours. The last column,
‘Duration’, shows the average ratio between the duration of invisibility and the duration of the reconfiguration
maneuver for each pair. No relative position estimations which violate the accuracy threshold of one meter
were detected during reconfiguration.

In terms of collisions, the B.3 tour shows the highestincidence rate at about 12-13% for both cost functions
(or about 25 detections out of 200), while the other tours have a detection rate which never exceeds 6% (or 12
detections). On average, collisions of any tours involve up to 1.2 pairs of spacecraft.

With regards to invisibilities, the B.5 tour has the highest proportion of instances for the J cost function,
at 7.2%, and the B.4 tour that of the Jaoy, with 6.7%. A minimum of ten instances are detected for B.1 (for Jay).
The number of invisible pairs, on average, is between 2.3 and 3.0, whereas the average invisibility duration
varies between =53% and 57% (corresponding to approximately 7 and 7.5 hours). Upon closer inspection,
there were instances whereby up to 8 ranging links out of 20 became invisible in a single reconfiguration
maneuver.

Tours A, with an initially unbalanced wet mass, and B.1, associated with a homogeneous formation, have
the lowest proportions of collision events. Overall, the need for alternative trajectories due to invisibilities
and collisions, is typically consistent for concentrated fuel imbalances (Tours B.2 and B.4). Curiously, there
is a divergence been the fuel-imbalance distribution cases in terms of collisions, with Tours B.3 registering
the highest proportion and Tour B.5 the lowest. Given that the values reflect the averages of five repetitions,
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Table 10.3: Independent variables results for Example CAM maneuver.

Telescope Pper (deg) Fyer (mN) Leper (hours)
Ty -119.58 6.81 4.51
T 118.05 18.28 2.32
T3 -79.81 11.16 0.05
T, 143.37 14.76 2.79
Ts -144.99 11.95 2.24

Table 10.4: Parameters for IRASSI Tour analysis.

Initial sum of differences

Tours 173 KAV Mass (kg)
Fuel (kg) AV (ms™)

M; () = {1700, 2000, 2300, 2600, 2900}

Tour A 0.09 0.20 0.00 446.01

fi (1) =15.00

Tours B M; (tg) = 2300
B.1 0.05 0.05 fi (1) = 15.00 0.00 0.00
B.2 0.30 0.30 fi (tp) = {14.40,15.00, 15.00, 15.00, 15.00} 2.40 25.75
B.3 0.40 0.40 fi (tp) = {13.65,15.00,15.00, 15.00, 15.00} 5.40 57.92
B.4 0.30 0.30 fi (tp) ={14.40,14.55,14.55,14.55,15.00} 2.40 25.75
B.5 0.20 0.20 fi (1) ={13.65,13.95,13.95,13.95,15.00} 5.40 57.92

it is unlikely that this effect may be attributed to chance (the MADS algorithm is stochastic). It may well be
that the algorithm implemented within the ReM attempted to minimize the resource differences by finding
peculiar final position combinations for Tour B.3. In addition, the J¢ cost function is generally associated
with 6% higher number of collisions and invisibilities than the /Ay function, on average.

Although invisibilities tend to occur more often than collisions, there is only a chance of 0.1% that both
collision risk and invisibility instances occur within a single reconfiguration maneuver. This is because col-
lision events are associated with short ReM trajectories (i.e., when the baseline parameter d is maintained
between an initial and final ‘short’ baseline configuration) and invisibility events involve longer trajectories
and longer maneuver duration times (e.g., when the baseline parameter d is maintained between an initial
and final ‘long’ baseline configuration). Figures 10.5 illustrate this relationship. The top plots show the num-
ber of collision and invisibility pairs as a function of maneuver time and the bottom plots as a function of
traveled distance. All simulation sets of Table 10.4 are considered here. It is clear that collisions are typical
for maneuvers shorter than 3 hours and distances lower than 700 m. On the other hand, invisibility instances
prevail for maneuver duration over 7 hours and traveled distances between 1.5 and 3 km. Figures 10.5(b)
and 10.5(d) also show that the number of mutually invisible pairs rises with increasing maneuver duration
and trajectory length.

10.4.4. CAM MANEUVERS FOR IRASSI TOURS

The present subsection shows the additional fuel and AV (f; and AV;), as well as their respective summed
differences (f; and AVy,), required by the CAM maneuvers. The tours are composed of 200 different recon-
figuration maneuvers, for which a total time of =602 days is allocated. The initial fuel and wet mass conditions
of the two tour groups, Tour A and Tour B, described in the previous section, apply respectively. Of the five
repetitions of each ReM-generated tour, one is randomly selected for the CAM module demonstration.
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Table 10.5: Detected collisions and invisible pairs during reconfiguration maneuver.

Collisions Invisibilities
Tours Total (%) Pairs Total (%) Pairs Duration (%)
If Jav Jf Jav I Jav Jf Jav I Jav
A 0.7 1.4 1.0 1.1 5.6 5.7 2.6 2.7 56.6 53.2
B.1 0.7 0.2 1.0 1.0 5.4 4.8 2.7 3.0 53.7 53.9
B.2 4.8 5.7 1.1 1.1 5.6 5.8 2.9 2.8 56.9 57.8
B.3 13.2 11.8 1.2 1.2 6.5 6.1 2.3 2.9 57.2 57.2
B.4 4.7 4.6 1.1 1.2 6.3 6.7 2.7 2.6 55.9 54.6
B.5 1.4 1.7 1.0 1.0 7.2 6.3 2.6 2.7 54.5 54.0
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Figure 10.5: Number of telescope pairs involved in collision and invisibility instances as a function of maneuver duration and ReM
trajectory distance.

The metrics are the additional resources and the computation time associated with CAM maneuvers. To
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maintain the same structure as in the ReM tours, results are discriminated between J f and Jay functions,
although the focus is not to compare the performance of the metrics between the two functions. Throughout
the analysis, no relative position estimation errors higher the required maximum of one meter were detected
during the CAM maneuvers and the analysis focuses therefore on collision- and invisibility-avoidance con-
straints.

ACHIEVING CONVERGENCE WITH THE MADS
During the analysis, two issues regarding convergence within the CAM module became apparent:

1. due to the imposed constraints and the setup of the optimization process (thrust profile and indepen-
dent variables) convergence of the MADS was rare. To improve the rate of successful convergence to
a solution, a loop was implemented whereby the initial guesses for the independent variables S of the
MADS were randomized values at each iteration.

2. with the perpendicular thrust limited to Fper = 20 mN (as per hardware limitation [38]), with the pro-
posed setup, convergence with the randomized trials was still unachievable or the speed of conver-
gence of the algorithm was unreliably slow - in the order of 45-60 minutes. To cope with this issue, after
40 iterations (totaling approximately 10 minutes) the limit of Fp,, was relaxed. A new upper bound
of Fper = 200 mN was imposed, an order of magnitude higher than the current theoretical physical
limit [38].

A strong improvement in the success rate of the CAM calculations was observed by implementing these two
steps. There were nonetheless instances for which the upper limit of Fy,; = 200 mN was not enough to
guarantee convergence. This is attributed to the setup of the optimization process and recommendations for
future work in this context are proposed in section 10.4.5.

This means that for the cases in which convergence was achieved, the highest of the five F,,,; values in
the formation for a given CAM maneuver will belong to either of the two intervals I; or I»:

I =10,20] mN (10.12a)

I, =120,200] mN (10.12b)

When the maximum Fp,;,; € I, this instance is denoted Fj.;1, otherwise if the maximum Fy.;,; € Iy, it is
denoted Fpera.

ADDITIONAL RESOURCES

The additional resources required for CAM-generated alternative trajectories relative to the original (straight-
line) ReM ones are summarized in Table 10.6. The table reflects the averages for each tour for one repetition.
Results show that over 300% more fuel or AV may be required for an alternative trajectory in comparison to
those computed by the ReM.

Whereas the Jay function was previously associated with 6% less collision- and invisibility events in ReM
trajectories, the function was shown to be more expensive in terms of additional AVthan the J¢ function
concerning fuel. Conversely, the additional AV differences are lower with the /oy than the fuel differences of
Jr. Since these results reflect a single repetition of the CAM for each maneuver, they are not generalizable.

Although the initial sum of AV differences at the beginning of the simulation for Tour A amounts to 446 ms™
a change in AV differences is barely detectable for all alternative maneuvers of this tour. The breakdown of
each CAM maneuver for Tour A is presented in Figure 10.6(a) for the /Ay function. The abscissa shows the ma-
neuver number and the nature of the violation: ‘I’ for invisibility and ‘C’ for collision. The numbers atop bars
represent the number of spacecraft pairs associated with the violation. It is possible to infer that the higher the
number of spacecraft associated with the violation, the higher the AV}, or the additional AVrequired for gen-
erating an alternative trajectory. Collisions also seem to require less additional fuel than invisibility events.

Concerning Tours B, the distribution of fuel imbalance does not seem to have an impact on the f; and f;,
metrics (the absolute fuel consumption and fuel differences naturally follow the same trends as those iden-
tified in Chapter 9 within each tour). Figure 10.6(b) shows the results for the heterogeneous formation case,
Tour B.1, in terms of fuel consumption. A rise in the number of pairs involved in a violation is accompanied
by an increase in both additional fuel consumption and fuel differences among elements. There are, however,
instances, where a reduction in f;, is observed. For maneuver 54, for example, this reduction corresponds
to 25% at an additional fuel consumption of 144%. Finally, similar to what is observed in Tour A, the single
collision event is associated with the lowest f;.

1

’
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Table 10.6: Results for the IRASSI Tours’ CAM maneuvers.

I Jav

Tours

Fuel (%)  Fuel diff.! (%) V(%) AV diff. (%)
A 300 52 323 0
B.1 160 30 268 72
B.2 186 126 110 61
B.3 98 2 87 1
B.4 130 68 187 64
B.5 166 13 295 113

! Differences

The distribution of additional fuel and AVresources is shown in Figure 10.7(a) in semilog scale. As can
be observed, there is a clear progression of the amount of additional resources required to execute the CAM
maneuver and the number of spacecraft pairs involved in the violation.

CONVERGENCE ANALYSIS AND COMPUTATION TIME

Table 10.7 shows the proportion of events for each of the maximum ranges of Fye,. The values in the first
columns show the ratio between the number of Fy.; instances and the total violation events of the tour,
whereas the second column shows the same for Fj.,2. The proportion of non-convergent solutions relative
to total violation events of the tour is shown in the third column.

Overall, there is a chance between approximately 50 %-75 % that a safe alternative trajectory is found for
thrust magnitudes between [0,20] mN (Fper1). Curiously, allowing the range of Fj,, to increase up to 200 mN
(Fper2) had little impact on fuel-imbalanced tours (Tours B.2 to B.5), but it is enough that convergence to a
solution is found for Tours A and B.1. Indeed, no solution is found for Tours B.2 to B.5 between 19 %-53 % of
the times. Upon close inspection, 89% of total non-convergent events were intervisibility-related violations
involving on average 4.1 spacecraft pairs. The remaining 11% were associated with collisions involving a
mean of 1.7 pairs.

The distribution of maximum Fp,, values is also shown in Figure 10.7(b). Whereas F,,» events are loosely
distributed among the number of formation pairs, Fy.;1 events occur significantly more often for low num-
bers of telescopes involved in a given violation. On average, the number of pairs associated with Fp,r; in-
stances corresponds to 1.4 and rising to 3.7 pairs for Fj.,» instances. This clearly indicates that the higher
the number of pairs, the more likely it is for a higher thrust to be demanded from the algorithm - that is, the
further the spacecraft will travel away from the nominal trajectory. Similarly, higher computation times are
associated with Fy,» instances and a higher number of pairs. Each calculation of Fp,» takes on average 11.5
minutes, compared with 2.5 for Fp.,1 maneuvers.

These results show that the MADS optimization algorithm either does not converge (after 60 iterations) or
spends significant amounts of time finding solutions when a violation involves more than three of four pairs
of spacecraft. Even though non-convergent events and Fj.;» maneuvers represent, on average, a minority
of maneuvers of the whole of the tour (200 maneuvers), never exceeding a combined 5% of the total tour
maneuvers, it is not acceptable that such maneuvers are expensive in terms of computation time, thrust and
hence onboard resources (fuel and AV). Alternative strategies are discussed under ‘Conclusions and Future
Work’, in section 10.4.5.

METRICS AS A FUNCTION OF VIOLATION TYPE

The overall metric averages discriminated between the type of violations, are presented in Table 10.8. Invis-
ibilities require 199% more fuel and 248% more AV than the ReM trajectories, which corresponds to 2.5-3.5
more than fuel and AVrequired for collision-avoidance maneuvers. Although collisions do not increase re-
source differences, the results show that resources are approximately 70% more unbalanced at the end of
invisibility-avoidance maneuvers compared to the original ReM trajectory.
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Figure 10.6: Additional resources and resource differences for Tour A and B.1. ‘T’ violations refer to invisibilities and ‘C’ to collisions. The
numbers of pairs involved in each violation are shown on top of the bars.

Fper1 events are nearly balanced between the two violation types. However, due to the fact that invisibil-
ities often involve several pairs of spacecraft, as shown in Table 10.5, there is a need to spend more fuel to
resolve these violations and therefore 74% of all F.,» instances are connected to invisibility-avoidance ma-
neuvers. For Tours B.2 to B.5, in 28% of the times that a violation is detected, no solution is found because of
invisibilities. Invisibilities make up 89% of all non-convergent events.

The difficulty in resolving intervisibility violations among several pairs is reflected in the computation
time, at over 8 minutes for each CAM maneuver - double that required to calculate collision-avoidance ma-
neuvers, on average. In comparison, each straight-line ReM maneuver takes, at most, 30 seconds to compute.
The imposition of safety constraints together with thrust magnitudes limitations, therefore, have a strong im-
pact on the rate of production of collision- and invisibility-free, alternative trajectories.

10.4.5. CONCLUSIONS AND FUTURE WORK

The analysis concerning the need for alternative trajectories shows that up to 13% of ReM maneuvers for a

given tour may require an alternative trajectory. For homogeneous formations such as IRASS]I, this value is

around 6%. Overall, albeit by 6% margin, Jay performed slightly better in achieving violation-free trajectories.
It was also shown that the collisions and invisibility periods occur in the same reconfiguration maneuver

at arate of one in every 1000 maneuvers, since collision events are prone to occur in short-duration (typically,
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Figure 10.7: Distribution of additional resources and maximum Fper with number of pairs involved in collision or intervisibility viola-
tions.

Table 10.7: Proportion of events for each of the maximum Fp.r ranges of CAM maneuvers for tours.

Fper1 (%) Fperz (%) NC' (%)

Tours

Ir Jav Ir Jav Ir Jav
A 75 57 25 43 0 0
B.1 69 50 31 50 0 0
B.2 63 67 0 0 37 33
B.3 76 73 3 8 21 19
B.4 75 56 0 9 25 35
B.5 69 47 0 0 31 53

! Non-convergent

ofless than 3 hours) and short-distance (less than 700 meters of displacement) reconfiguration maneuvers, as
opposed to invisibility periods which are largely present for long-duration (of over 7 hours) and long-distance
(of more than 1.5 km of displacement) reconfiguration maneuvers.

Depending on the tour type, over 300% more fuel or AVmight be required for an avoidance maneuver
compared to the original ReM trajectory. However, since only a small fraction of ReM trajectories require an
alternative path and reconfiguration maneuvers are generally cost-effective (in Chapter 9 it was shown that
~95% of the secondary propellant and AV capacity are still available after 200 maneuvers), this increase is not
likely to generate fuel-starvation on any spacecraft before the end of the mission. This does indicate, however,
that the optimal positions calculated by the ReM are potentially sub-optimal if the trajectory is modified by
the CAM module.

Given the similarities of the methodologies, the avenues for further work within the CAM largely match
those of the ReM module. Furthermore, ideally, the ReM should be able to deliver trajectories that are free
of any safety violations. However, the imposition of constraints does result in a higher computation time as
observed in section 10.4.4. Given that on average only 13% or less of the maneuvers require a refinement
of the ReM trajectory, there is no particular need to include collision- and invisibility-avoidance in the ReM
unless powerful processors are used to guarantee that mission time is not unnecessarily used to calculate
reconfiguration maneuvers. However, the fact that not all alternative solutions of the CAM complied with
the physical limitations of the thrusters (Fj,;,; < 20 mN) does require that the current CAM setup is adapted.
Suggestions for future investigation and improvements are made in the following subsections.



10.4. RESULTS AND DISCUSSION 177

Table 10.8: Summary for the IRASSI Tours’ CAM maneuvers according to violation (collision or invisibility).

Metric Collisions Invisibility
fr (%) 80 199
far (%) 0 68
AV, (%) 71 248
AVg, (%) -1 70
Fper1 events (%) 48 52
Fperz events (%) 26 74
NC! events (%) 11 89
Computation time'! (min) 3.9 8.2

! Non-convergent, applies only to Tours B.2 to B.5
" Does not include computation time for non-convergent events

INTER-MODULAR LOOP
If CAM maneuvers:

* require 300% more fuel or AV than the original ReM trajectory;
e involve a higher computation time than the ReM;
e are not always compliant with the thrust magnitude limit of Fj,,; = 20 mN;

then one can consider devising a loop between the CAM and the ReM, such that in cases where multiple pairs
of spacecraft violate safety requirements, a new ReM position can be delivered that is both collision-free and
fully intervisible during the reconfiguration maneuver.

THRUST PROFILE AND OPTIMIZATION VARIABLES

In order to ensure compliance with the maximum thrust magnitudes of colloidal engines, other strategies on
how to operate the engines can be devised. For instance, the imposition of the four coasting periods #,,, ,
associated with the perpendicular thrust Fy,; to be equal, could be removed. Similarly, the start time of
Fper,i could also be subject to trades in the optimization, instead of imposing that the perpendicular thrust
starts automatically with the CAM maneuver. Perhaps the demand that the total CAM maneuvers maintain
the same duration as the original ReM ones is the biggest contributor to the algorithm not finding a suitable
solution. This would require a sensitivity analysis, since too long of a maneuver or cumulatively long CAM
maneuvers may impact the ability to pursue science activities in the allocated operational slots and targets
may leave the field of view of the interferometer.

In summary, the effect of varying the different ¢, ; times for each spacecraft, of varying the start time
of Fper,; and of adding time to the complete reconfiguration maneuver could be individually investigated
to complement the present work. The inclusion of each of these parameters in the optimization process,
however, increases the current number of independent variables of set S from 15 to at least 20 (one per
spacecraft). This could further affect negatively the computation time.

SIMULATION PARAMETERS
If all of the methods described above fail to produce a measurable change in compliance with Fr,; <20 mN,
it may be warranted to revise high-level system requirements and mission drivers. For instance:

e for cases where no solution is found by the CAM algorithm within a reasonable amount of time, the ReM
could be run again for the same science task such that a new final position is calculated and used by
the CAM. Additionally, a modified ReM routine that takes into account the CAM constraints (collision
avoidance, intervisibility and relative position estimation accuracy) could be used to generate new final
positions.
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* if a science task is of extreme importance, but requires Fy,r,; > 20 mN, the primary propulsion system
could instead, and exceptionally, be activated for the associated CAM maneuver

 similar to what has been proposed in Chapter 8, alternative strategies for sampling targets should be
sought in the pursuit of optimal science performance. If the target separation for two consecutive sci-
ence tasks is small enough (e.g., less than 5°), then perhaps reconfiguration maneuvers should indeed
be forgone such that the spacecraft only change their attitude.

10.5. CHAPTER SUMMARY

HE CAM module is proposed for refining trajectories associated with the ReM which contain either vio-

lations of proximity limits among spacecraft or periods of invisibility between the laser links. Its setup
resembles that of the ReM, in that alternative maneuvers are sought in terms of minimization of fuel and
fuel differences or of AVand AV differences. The final positions and the time to complete the collision- or
invisibility-avoidance maneuver are dictated by the ReM. A mesh-adaptive direct search is equally reused as
the optimization algorithm. However, safety constraints are imposed on the algorithm, namely the avoidance
of collisions and invisibility periods with a duration of 4.7 hours to ensure that the uncertainty of the relative
distance measurements does not surpass the one-meter limit during reconfigurations.

The analysis conducted in this chapter provided valuable insights into the rate at which violation of con-
straints occur for ReM-generated maneuvers, the onboard physical and computational resources required
for bypassing these transgressions, their dependence on the number of pairs involved and the violation type
(collision or invisibility).

Up to 6% of the ReM trajectories require an avoidance maneuver for homogeneous, IRASSI-type forma-
tions. The need for alternative trajectories due to invisibilities and collisions, is highest for a small fuel imbal-
ance (1.35 kg) concentrated on one spacecraft (Tours B.3). Interestingly, collision and invisibility transgres-
sions are rarely present in the same ReM trajectory. This is owed to the fact that the collision risk arises largely
for short ReM distances and invisibility instances for long-duration, long-distance ReM maneuvers.

Although differences between the additional fuel and AVrequired for executing a CAM maneuver were
detected for respectively the /¢ and the Jay cost functions, these are merely attributed to the stochasticity of
the optimization algorithm. Over 300% more resources may be required compared to that of the initially cal-
culated by the ReM. This is accompanied by over 100% more resource differences among formation elements.
Results also showed that not only did invisibilities require between 2.5 and 3.5 times more resources than col-
lisions compared to the original ReM-calculated resources, the average computation time for generating an
invisibility-free trajectory, at over 8 minutes, was double that of producing collision-free maneuvers. Because
the ReM takes one order of magnitude less time to produce a new solution, it is proposed to investigate a new
setup of iISCOUT in the future, whereby a second run of the ReM is called when the first run produces a tra-
jectory with violations involving several pairs of spacecraft. This second iteration of the ReM could formulate
a new final position of the reconfiguration maneuver by taking into account the CAM (collision-avoidance
and intervisibility) constraints. This may prove to expedite computations instead of forcing the CAM to find
alternative paths for fixed final formation positions.

Although a solution within the initially imposed thrust limit of 20 mN is found for the majority of the ReM-
generated trajectories with violations, there is at least 25% chance that the thrust magnitude is not enough
to seek viable alternatives, particularly when violations involve more than three or four pairs of spacecraft.
Increasing the thrust limit to 200 mN solved all of the remaining trajectories for homogeneous and wet-mass
imbalanced formations (Tours B.1 and A respectively), but had a negligible impact on fuel-imbalanced cases
(Tours B.2 to B.5). For overcoming this issue, recommendations for further investigation include changing
the thrust profile during CAM maneuvers and studying the feasibility of using the primary propulsion sys-
tem for exceptional reconfiguration maneuvers to ensure compliance with the safety constraints (minimum
separation distance and intervisibility).

The CAM module is called intermittently, as instances of constraint violations are detected in the ReM tra-
jectories. It receives the reconfiguration-maneuver data and makes the necessary modifications. Once this
step is completed, the CAM returns the information to the iSCOUT coordinator that proceeds to disseminat-
ing and ordering the planning and execution of the maneuvers to each spacecraft. ReM and CAM maneuvers
precede science observations. The next module, the Baseline Pattern Module (BPM), calculates the patterns
that spacecraft follow during the expansion or contraction of the formation. The BPM thus takes over once
the spacecraft have arrived at their final reconfiguration destinations.
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The meeting of two personalities
is like the contact of two chemical substances:
if there is any reaction, both are transformed.

Carl Gustav Jung
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ABSTRACT

The Baseline Pattern Module generates trajectories associated with the science observations. These entail a very
low magnitude initial thrust to change the length of the baselines, by either contracting or expanding them.
The thrust is applied for a certain duration of time, followed by a coasting phase and another (symmetric)
thrusting stage. It is during the coasting phase that observations take place as no operation of the engines is
allowed due to the sensitive payload. In order to compute the BPM maneuver, a two-step optimization process
is devised. The first step selects the final positions of the spacecraft according to desired patterns and strict
geometric constraints and the second one determines the magnitude and duration of individual thrusts. Both
steps employ a mesh-adaptive pattern search for optimization. Results show that thrust magnitudes in the mN
range suffice for the majority of tasks, whilst keeping AV expenditure within 0.35 ms™'. The constraints are
fulfilled and preliminary response functions associated with the formation baseline patterns are simulated.

Credits for the relative positioning method used in this chapter are owed to Dr. Kathrin Frankl and MSc. Mathias Philips-Blum (Institute
of Space Technology and Space Applications, University of the German Federal Armed Forces, Munich, Germany). The development
and analysis of the method which calculates the response function of the interferometer was performed jointly with Dr. Hendrik Linz
(Planet and Star Formation Department, Max Planck Institute for Astronomy, Heidelberg, Germany).
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Figure 11.1: (U, V)-plane coverage (on-sky orientation) of the mid-IR interferometric observations of NGC 3783, a spiral galaxy of the
Centaurus constellation. The different colors represent the various observing runs in 2005 May (green), 2009 March and May (light blue),
2011 April (red), and 2012 February to June (violet). Source: Honig et al. (2013) [152].

11.1. INTRODUCTION

FTER spacecraft have reached their final reconfiguration positions, the science-related activities com-
Amence. These include not only the re-calibration of the science instruments if required, but crucially the
completion of observation tasks as well as the computation and execution of the maneuver that initiates the
expansion or contraction of the baselines.

The Baseline Pattern Module, BPY, is responsible for the planning of the baseline change maneuvers.
More specifically, its goal is to prescribe the linear trajectories which the spacecraft must follow during the
observations in a resource-efficient and resource-balanced manner. The patterns generated by these tra-
jectories result in bespoke (U, V)-plane coverage and response functions which must be fused with target
measurements made by the interferometer. Since only suitable response functions can be used for interfer-
ometry and there is a dependency of these on the formation baselines for every instant the measurements are
taken, the trajectories must be designed according to predefined science requirements. The requirements
loosely dictate the drift velocities, the direction of motion or the scanning length during BPM maneuvers.
This target-constrained sampling approach places the focus on the maximization of science return, whilst si-
multaneously considering the avoidance of collisions, invisibility events and sky obstruction in the planning
of these maneuvers.

The mapping from physical space to the (U, V)-plane is many-to-one as there is an infinite number of
physical configurations which result in a single (u, v) coordinate. Altogether, the content outlined in this
chapter concerning the mapping of physical space onto the interferometric response functions reflects pre-
liminary efforts in finding optimal formation trajectory patterns which enable the generation of desirable
astronomy images that ultimately contribute to the furthering of our current understanding of phenomena
in the far-infrared.

11.2. PREVIOUS CONTRIBUTIONS

HE patterns obtained when sampling the sky are directly associated with the type of interferometry in-
T struments and the location of the interferometers. For instance, ground-based interferometers observing
the sky produce curved patterns in the (U, V) map due to the Earth’s rotation. Such an example is given in
Figure 11.1, using the mid-infrared beam combiner instrument MIDI of the VLTI in Chile.

Space-based interferometers do not have the luxury of achieving the same natural rotation at the same
time scales. Alternative strategies of sampling the sky can be sought by exploring environmental pertur-
bations that induce relative accelerations [153, 154] in the case of free-flying interferometers, particularly
if located in the vicinity of Earth. DeCou shows, however, that formation flying strategies that require pro-
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pellant expenditure beyond station-keeping are not viable for low-Earth orbit constellations with propulsive
efficiencies lower than I5, = 3000 s. Hussein and Scheeres. [155, 156] devise closed-form analytical solutions
that predict image quality for a minimum number of passive satellites in a formation distributed in a plane or
line and for circular sun-synchronous, eccentric or perturbed orbits [155, 156]. The image quality optimiza-
tion procedure is framed as that which supplies a maximum of pixels of resolution in the coverage plane.
Linear formation arrangements around the Earth are suited to formations with sufficiently small maximum
baselines (or conversely, requiring an orbit with a sufficiently high orbit radius).

In deep space, the only mechanism to generate trajectories that produce suitable images is to use thrusters.
Hussein et al. [157] propose an intermittent thrusting strategy for dual-spacecraft interferometry, whereby
the spacecraft follow a path on Riemannian manifolds. The manifolds are constructed by applying geome-
try constraints. The constraints involve defining a paraboloid virtual structure along which a thrust-induced
spiral evolves. The spiral defines coverage characteristics, whereas the depth of the paraboloid determines
the focusing properties of the apertures. The motion-planning problem is formulated in an optimal control
setting, using time as an independent variable on a single objective function that uses a weighted sum of
fuel expenditure and image quality. Image quality is given as a function of the signal-to-noise ratio, which is
maximized by minimizing the relative speeds between the spacecraft in the formation. As explained by the
authors, as a spacecraft moves more slowly, more time is spent in the neighborhood of a relative position state
in space. This leads to more photon collection at that state, and thus a stronger signal. Although it may seem
that minimizing fuel consumption is equivalent to minimizing relative speeds (and thus maximizing image
quality), the authors show in previous work [158] that a tradeoff is necessary. Attitude and maintenance of
line-of-sight are not considered.

Chakravorty and Ramirez [159] frame the calculation of fuel-optimal maneuvers as a traveling salesman
problem for multi-element interferometry missions following spiral trajectories. Imaging maneuvers cor-
respond to consecutively reaching different positions in cylindrical coordinates (r, ) at each point in time
in the plane normal to the target direction. Their results show that efficient imaging maneuvers require a
tradeoff between the total time allowed for the maneuver, the number of satellites in the formation and the
propulsion system. Fuel-optimal solutions typically correspond to the loosest spirals, that is, the spiral with
the maximum possible spiraling rate %. Additionally, as the number of satellites in a constellation increases,
shorter maneuver times are required and the total fuel cost of an imaging maneuver is reduced. As an ex-
ample, using electric propulsion (I, = 7000 s) and considering 8 spacecraft executing one hundred imaging
maneuvers, each over 24 hours would require 63% of their launch mass to be propellant. With their design,
the authors prove that imaging solutions are feasible for multispacecraft formations using state-of-the-art
propulsive technologies, both in deep space and in the near-Earth environment.

Complementing the latter is the extension to cases where the target direction changes with time and,
similarly, where the relative distances to the target are time-variant in orbits around the Earth [160]. Both
of these cases involve re-designing the cost function to include a closed-loop controller. Other sampling
strategies involved previously introduced ‘rigid-body’ formation rotations about a point in space [79] and
three-dimensional constrained [71] (or fixed configuration) and unconstrained [138] rotations in space.

These are all interesting points of departure for devising a strategy that fulfills imaging requirements for
the IRASSI mission. Their lack of applicability to the IRASSI case, however, is largely motivated by the fact that
the mission is currently designed for avoiding the usage of thrusters in-between target samples. The change
of the baselines is initiated by the thrust, but during the observations, the spacecraft must strictly passively
drift. Additionally, spiral trajectories have not been evaluated in terms of line-of-sight maintenance ability
between elements. The fact that each spacecraft have four laser links to their neighbors which must remain
visible throughout observations, makes a spiral-like trajectory challenging unless several laser terminals are
provisioned for each pair link.

To avoid mixing science performance metrics with functional metrics, such as fuel usage, in a single ob-
jective function as done in previous work [155-158], a two-step optimization is devised. The first step uses
target-specific catalog information to derive an envelope of suitable geometries constrained by a set of geo-
metric and functional requirements. The second one uses onboard resources expenditure (fuel and/or AV)
and balance.

11.3. BASELINE PATTERN MODULE (BPM)

HE BPM receives parameters associated with the next observation (or a sequence of tasks) as an input
from the mission catalog as well as the final reconfiguration positions in the inertial frame Sy calculated
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by the ReM module. The latter are used as initial positions for the calculation of the BPM science trajectories.

Similar to the ReM, the trajectories designed by the BPM consist of three phases (bang-coast-bang), whereby
the drifting phase (or coast) corresponds to the science observation. The differences lie in the fact that in this
case, all spacecraft are allowed to drift (versus only four in the ReM) and the thrust magnitudes are allowed
to differ among formation elements (which was fixed in the ReM), such that the start of observations is syn-
chronized among all formation members.

11.3.1. (U, V)-PLANE COVERAGE REQUIREMENTS

Achieving desirable pattern combinations of the formation baselines is one of the most critical functions
of iSCOUT. The relationship between formation geometry and its mapping onto the (U, V)-plane has been
detailed in section 4.2.5. It will be shortly summarized here.

Ground-based telescope arrays take advantage of Earth’s natural rotation to produce curved patterns in
the plane. This natural rotation is obviously not available in the vicinity of L, and the spacecraft must be
thrusted to initiate coverage. Different combinations of relative positions, relative drift rates and even atti-
tudes produce different coverage patterns. Due to internal calibration requirements and the high sensitiv-
ity of the onboard instruments, continuous operation of the thrusters is discarded during observations and
hence the resulting trajectories and generated patterns are straight ones.

Although there is no universal optimal (U, V)-plane coverage or a simple figure-of-merit, certain charac-
teristics which generally determine suitable coverage are:

¢ asymmetry in motion: for instance, regularly-spaced spacecraft, with the same drift rate degenerate the
synthetization procedure

e symmetry in the interferometric beam: the more uniquely covered areas of the plane, the better. The
formation should expand or contract in different directions and with different lengths; uncovered areas
in the (U, V)-plane coverage should be kept small since these will boost the unwanted sidelobes in the
so-called ‘dirty beam’ of the interferometer, which is the response function of the interferometer to the
incoming brightness signals [24].

These two requirements seem to compete with each other, as the more asymmetric the drift rates, the less
likely the patterns will cover unique portions of the plane. There is thus a confined region of the solution
space which can be used for trading of these requirements. Since attitude maneuvers are not considered
in iSCOUT, optimization of plane mapping becomes then a function of fine-tuning the relative drift rates
given a set of initial positions. An example showcasing undesirable and desirable patterns is provided in
section 11.3.3.

11.3.2. METHODOLOGY

During observations, the formation will either expand or contract in order to cover as many unique points in
the (U, V)-plane as possible. An expansion or contraction maneuver associated with science activities is thus
designated a BPM maneuver. The starting position of the spacecraft is the final position of the reconfiguration
maneuvers computed by the ReM module.

In order to abide by the science requirements and ensure the feasibility of the maneuver, a two-step op-
timization approach is devised: the first step seeks to find the best scanning patterns in the (U, V)-plane
at the end of the maneuver considering geometric formation configuration limitations which affect, for ex-
ample, intervisibility or minimum proximity limits. The second step sizes the thrusting phase and thrusting
magnitude of each formation individual while minimizing and balancing fuel or AV consumption. Using
a multi-variable, multi-objective optimization routine (instead of the two-step approach) was discarded in
order to explicitly prioritize science over resource management.

BPM STEP 1: BASELINE PATTERN OPTIMIZATION

The first step of the BPM uses the final three-dimensional coordinates of each spacecraft as the independent
variables to quantify the asymmetry of the polygonal shape of the formation projected in the (U, V)-plane.
The resulting projection is expressed in (1, v) coordinates. With the shape that is produced from this pro-
jection, the five central angles § (as measured by two consecutive vertices) and five interior angles 8 are
measured, as illustrated in Figure 11.2. Using only one of either of these parameters would conflict with the
desirable sampling of different areas in the (U, V)-plane, highlighted in Section 11.3.1.
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Figure 11.2: (U, V)-plane projection parameters for BPM: central angle § (red) and interior angle f (green).

The independent vector set Y contains the three-dimensional coordinates of each spacecraft in the local
Sy frame (cf. Section 7.4), a total of 15 variables:

Y ={xn,i, ¥N,i»2N,i} (11.1)

From these coordinates, the projection of the trajectories in the (U, V)-plane is computed and the opti-
mization scheme returns the solution Yppy which maximizes the following cost function:

n n n n
Tepma =D Y, 16:(tgpm) =6 m (tepa)l+Y. Y |Bi(tepm) — Bm (tepM)| (11.2)

I m:m>l I m:m>1

where the subscripts / and m are the vertices of the polygon, coinciding with the projected positions of the
five telescopes, {T1, T», T3, Ty, T5}, n is the total number of vertices in the polygon (n = 5) and tzpy/ is the total
maneuver duration time:

IBPM = 2tw,BPM *+ Lsci (11.3)
which is composed of two short symmetric impulse phases ,, ppas and the time allocated for the observation
of the target, #,.;. The calculation of f; is addressed in the next subsection.

The first part of Equation 11.2 addresses the difference between two consecutive central angles at the end
of the maneuver. Each central angle is defined by a vector connecting the origin of the (U, V)-plane and the
(projected) positions of two spacecraft i and j (which form two consecutive vertices):

(ui, vi) - (uj, v;)

i, vi) - (uj, vj)]

cosd; = I=1,...,n (11.4)

Each pair of consecutive central angles share therefore one vertex. Similarly, the second part of the objective
function concerns the sum of the differences between the five interior angles after the BPM maneuver. Each
interior angle connects three vertices, i, j and k, and is defined by two vectors according to the following
formula:

(wi—uj,vi—v;j)- (ur—uj, v — vj) I=1. n (11.5)
(i = wjy vi = vj) - (e = wj vie = vy |

It must be remarked, however, that the objective function defined by Equation 11.2 can only be used in its
current form if a set of geometrical conditions are met: namely, if the relative order of the vertices is the same
before and after the BPM maneuver. That is, each §; angle is defined by the same spacecraft i and j, at t =0
and at ¢ = tgpy. The same applies to the five ,, angles, which must be individually defined by the same i,
j and k telescopes. This is ensured both by constraining the optimization algorithm and setting strict upper

cosf; =
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and lower bounds on the independent variables of set Y according to the scientific requirements associated
with the target being observed.

Because the solution space is confined to acceptable regions to alarge extent due to catalog-based param-
eters and thus via the selection of the upper and lower bounds of the independent variables, the search for
the solution set Yppy becomes typically one in which feasible regions around constraints are easily found.
There is thus not a significant advantage in using intricate optimization methods (e.g., highly stochastic or
gradient-based). As such, due to its reliability, the MADS previously used in the ReM and CAM module is also
used in the BPM module.

The constraints are imposed on the optimization function in order to accommodate for predefined de-
sired scanning patterns associated with the target as well as other functional requirements, described in
Chapter 4. The full list of constraints is summarized in Table 11.1 and shortly described thereafter. It is clear
from Table 11.1 that due to the different nature of the constraints, they are described in different reference
systems. The first two (collision avoidance and intervisibility) also apply to the CAM module.

Collision avoidance It ensures that the final positions in inertial space do not violate safety requirements.
The minimum safety distance parameter y is set at y = 10 m. This constraint is mostly applicable for contrac-
tion maneuvers.

Intervisibility In order to ensure that the projected patterns in the (U, V)-plane do not result in formation
configuration solutions that impair the ranging system lasers from linking to each other (at end of the expan-
sion/contraction maneuver), this condition is imposed. The angle 6, ; refers to the angle of range invisibility
and is a function of the spacecraft’s mechanical configuration, such that 6,; =32.55° (cf. Chapter 4).

In Step 1 intervisibility is evaluated solely at ¢ = tgpy;. Step 2 handles intervisibility during the maneuver.
Differently from the CAM, intervisibility must be guaranteed at all points in the BPM trajectory, instead of
intermittently during reconfiguration, due to heterodyne detection and onboard correlation processes.

Baseline estimation accuracy Chapter 4 introduced the baseline estimation procedure, whereas a prelim-
inary evaluation of the baseline in free-dynamics conditions over a span of 8 days was provided in Chapter 5.
Its use in the context of science activities is now explored.

Whereas the coverage of the (U, V)-plane is evaluated in (u, v) coordinates, the baseline estimation accu-
racy is dependent on the geometry of the constellation in three-dimensional space, as well as on the relative
attitude between spacecraft. The baseline estimation accuracy requirement prevents thus the optimization
algorithm from finding post-maneuver positions in inertial space which violate the baseline estimation ac-
curacy of 5 um.

In a real mission setting, relative distance measurements (from the ranging system) and relative attitude
measurements (from star trackers together with the ranging system) are used to estimate the baselines. In
the simulated environment, the absolute positions of the spacecraft in the inertial frame Sy are used instead
to derive the sensor measurements and thereafter, to determine the formation baselines and the associated
accuracies (cf. Figure 4.7).

First, a local swarm coordinate system using a spacecraft as a reference (origin), named SV1, is initialized.
The x-axis is described by a line connecting the telescope reference points of SV1 and a second spacecraft,
named SV2. A third spacecraft, named SV3, is located in the x-y-plane (see Figurel1.3(a)) and defines the
y-axis. The z-axis completes the right-handed coordinate system and has the same direction as the z-axis of
the satellite’s body coordinate system (shown in Figure 11.3(b)). Next, the inertial coordinates of the five SVs
are transformed into this local system. The formulas of the transformation can be found in previous work of
Philips-Blum ez al.. 2018 and the method is also addressed by Frankl et al. 2017.

Now, the true baselines between the telescope reference points (the detectors) and the true distance vec-
tors between the ranging sensors are determined from the transformed true coordinates. Further, two major
sources of errors are introduced in the measurement chain: distance measurement errors and attitude errors.
The distance measurement errors emulate those introduced by the ranging system. These distance measure-
ment errors are modeled as random, Gaussian-distributed, with zero mean value and a standard deviation of
1um. The attitude errors simulate those originating from star-trackers and the angular measurements of the
ranging system. The errors are associated with each of the three orientation angles « of each satellite, having
also a Gaussian distribution, but with a standard deviation of 0.1 arcsec. These assumptions concerning the
sensor errors result from internal project estimations.
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Table 11.1: Nonlinear constraints for BPM Step 1. Constraints marked with “*’ are also implemented on Step 2 and evaluated at all time steps, Y € {19, ..., tgppm}-

Constraint

(ref. frame)

Expression

Collision avoidance* (Sy)

Intervisibility* (St)

Baseline estimation accuracy* (Sp)

Sky access* (Sy)

Scanning length (UVW)

Disjointed projected trajectories (UV W)

/\Ts;. (tepM) — Xo,j QEUE:N +[y0,i (tBPM) — Yo, QEuE:N +[20,i (tePM) — 20, QE:S_N =y,

/\T@;. (tepM) — X1,j QE:S_N +[yzi (tepm) — y1,j Qmwiv_m = ||z7,i (tpm) — 21, (tgpM) || tan (B,7)

@C. () =5um

/\T\ZL. (tBpM) — VN, j QEUE:N +[zn,i (tgpM) — 2N, j :mEs:N = ||xn,i (tBpm) — XN, j (tgpa) || tan (Bez),

Vi (tgpar) — i ()12 + (Vi (tepm) — Vi (10)1% < bges - (1+ tol) (Maximum)

Vi (tgpa) = i (1)1 + (Vi (tspa) — Vi (£)1% = bges - (1 - tol) (Minimum)

IF Li = (g, vi)| Vi = (1 = 1 (10) SHERE=UL 4 ), (1)} and

o o o ] ) vi(tgpm)—v;(to) ) ) o
Lj={(uj,vj)|vj = (uj - u; (1) IS.:%:TS:&+§ :&T thenL;nLj=¢

11
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Figure 11.3: Local swarm coordinate system (left), satellite coordinate system with telescope reference point (red) (right) for the baseline
estimation procedure.

The following step is the generation of initial guesses for the positions of the telescope reference points.
Using these positions and the orientation angles @, an approximation value for the distances between the
sensors is computed, as shown in Equation 11.6. The result of this formula is the computed distance d;.‘ffji
(Figure 4.7, rel. pos. algorithm) between the sensors of satellites i and j given in the coordinate system

of satellite i. Other parameters are the telescope reference points pzf orm p;.c °'™ of each satellite defined in

the swarm coordinate system as well as the lever arms I3 i 1°*'J in the respective body-frame coordinate
systems. The lever arm is the position vector of the sensors relative to the telescope reference point. The last
parameters are the rotation matrix RT (ajorm) to rotate the lever arm /; into the swarm coordinate system

and the matrix R, (a{ orm

parameter « is a vector containing the three orientation angles of the satellites in the inertial system.

) to rotate a term from the swarm coordinate system into that one of satellite i. The

disgtji _ HR(a{orm) ) (p;”orm _p{orm +RT (a;”orm) . (l:zati)) —l;ati

(11.6)

In the estimation step, a trilateration problem is solved by least-squares optimization to determine the
relative positions of the telescope reference points.

A further step in the relative positioning algorithm is the calculation of the design matrix. This is done by
the differentiation of Equation 11.6 with respect to the unknown positions of the telescope reference points.
The equation system is finally transformed into a normal equation system, with the difference of the mea-
sured and computed distances as measurements and the corrections of the initial telescope reference points
as unknowns. The algorithm runs several iterations until a threshold value for the correction of the estimated
positions will be reached. In the last step, the final baselines can be compared to the true baselines, yielding
bi j-

In a five-element formation, there are 20 one-way measurements (each of the 10 baselines is indepen-
dently estimated by the two laser links of a pair of spacecraft). If any of the 20 measurements in b; j exceed
the required 5pm for a given variable set Y, the baseline estimation accuracy constraint is violated. This
solution is then discarded and the algorithm proceeds to finding a new variable set.

The imposition of this constraint in Step 1 ensures that the final positions of the BPM maneuver result in a
constellation geometry which complies with the baseline estimation requirements, whereas Step 2 addresses
the baseline estimations’ accuracy during the maneuver.

SkyAccess This constraint prevents the occultation of the target by ensuring that at no point during the drift
there is an incursion of neighboring telescopes in the field of vision of one another. The issue of accessing
the sky and the geometry of these parameters was described first in section 4.2.4. Within iSCOUT, targets are
firstly selected prior to proceeding to the position optimization of the formation - a procedure titled ‘target-
constrained sampling’. The role of this constraint is to ultimately prevent a drift pattern that results in the
spacecraft violating a volume of space which must be unobstructed for a proper target observation.

The semi-angle of the cone which determines an exclusion area, 0., is a function of the telescope’s field
of view. Apart from the pure geometrical target occultation, a safety margin to account for diffraction effects
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that broaden the reception pattern of an antenna was included (see the contributions of Napier 1999 for
details). At the longest operational wavelengths of IRASSI (300 um), the center of the primary beam of an
IRASSI antenna will have a FWHM' of ~19” (cf. Table 2.1). It is assumed that, in addition to the geometric
cross-section, the antennas have to obey an additional angular separation of %ﬂ x 10 in order to be outside

of the innermost antenna reception side lobes. The 8, is thus scaled as 6,, = %ﬁ x 10 = 0.026°.

Scanninglength This constraint imposes a minimum and maximum pattern scanning length. The variable
bges is the target-related scanning length, available from the mission catalog and tol specifies a tolerance
around this prescribed value. This adjustment factor can be specified by the user, adjusted to each target
and/or each spacecraft, varying between —1 < tol < 1. Typically, the larger the value, the larger the solu-
tion space and hence the higher the potential value of Jgpys,1, but the longer the algorithm takes and less
control over the final pattern one has, making unpredictable outcomes of the final Fourier-transformed re-
sponse function G (¢, v) more likely. The default values for IRASSI are ol = +0.2, the sign of which is adjusted
depending on whether an expansion or contraction maneuver is considered.

Disjointed projected trajectories The initial coordinates of the formation, delivered by the ReM, ensure
that projected (u, v) coordinates fall on each of the (U, V)-plane’s quadrants. To maintain this distribution
during the BPM maneuver and to guarantee that (U, V)-plane is covered as much as possible, no intersections
of the projected trajectories are allowed.

BPM STEP 2: RESOURCE MANAGEMENT OPTIMIZATION

The second step of the BPM calculates the thrust-impulse duration of the formation, ¢,, gpys, and the indi-
vidual thrust magnitudes of the spacecraft, F; in order to ensure continuous intervisibility in a collision-free
environment and with baseline estimation of sufficient accuracy, as the spacecraft reach their final positions
Yppum (calculated by the first step of the BPM module). The vector set Z contains six independent variables:

Z ={Fppm,i> tw,spm} (11.7)

where the maximum thrust duration #,, ppp and the thrust force can be specified by the user. By default,
tw,BpM is restricted to 0 < £, < 0.2¢5;, where t,; is the time allocated for the observation of the target. This
means that, with two thrust impulses, the total ¢gp)s time can be, at most, 40% higher than the science dura-
tion fgc;.

The optimization goal is expressed as a fuel-based or AV-based (user-specified) objective function, similar
to those used for both the ReM and the CAM, to ensure overall resource savings and resource balance among
formation elements. Although the weighting parameter can be set by the user, its default parameters for the
IRASSI case are ur = uav = 0.05, as determined in Chapter 9. The cost functions of Step 2 are summarized
below:

IBPMm2f :]f|yf:0.05 (11.8a)

JBPM 24y = AV |uav=0~05 (11.8b)

where /¢ and Jay are described by Equations 9.2 and 9.3 respectively.

The trajectories are discretized in time steps of one second and the algorithm evaluates constraint viola-
tions at each step for each Z set. The optimization returns the solution set Zgpy containing the thrusting
time and individual magnitudes which simultaneously deliver the lowest amount of fuel consumption (or
AV expenditure) during the science maneuver and the lowest post-maneuver summed fuel (or AV) differ-
ences.

Four of the constraints devised for Step 1 are applied to Step 2, as indicated in Table 11.1:

¢ Collision avoidance
e Intervisibility
¢ Baseline estimation accuracy

» Sky access

LFull width at half maximum
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However, unlike Step 1, these constraints are evaluated for all ¢ € {t,..., tpppy} instead of only on the final
instant.

A MADS algorithm was also used for Step 2. However, similar to the CAM module, the initial conditions
were subject to a multi-start selection process, using a random distribution, within the range values pre-
scribed above for ¢, and F;.

MAPPING PHYSICAL SPACE ONTO THE INTEREEROMETRIC BEAM

The response function G(u, v) of the interferometer is loosely obtained by measuring the baseline from the
projected distances in the (U, V)-plane at each observation instance (i.e., 10 data points, corresponding to
the 10 immediate baselines, per timestamp); mapping this information to a logical coverage matrix, with the
origin of the data at its center, and Fourier-transforming the resulting matrix [161]. The result is a theoretical
synthesized interferometric beam (called ‘dirty beam’, akin to a response function). The pseudocode below
illustrates this process.

Algorithm 2 BPM transformation from physical space onto the interferometric beam.

: Define:
: Number of samples along trajectory: N

1
2
3:
4: Require:

5: Five BPM trajectories in Sy frame: Ts, € R
6

7

8

9

. Initialize:
: Np = NumberBaselines(Ts,,)
: Tyyw = alignPlane(Ts,)
10: [u, v] = transformCoordinates(Tyvw)
11: By, = getBaselineMatrix(u, v)
12: UVpax = Max(u, v)
13:
14: forny=1:1:2*N, do
15: forn;=1:1: N;do

16: coverage (B, (np, ns, D+UVmax, Buy(Np, Rs, 2)+UVmax) =1

17: coverage(~ Byy(ny, ns, D+UVmax, ~ Buy(Bp, Mg, 2)+UVimax) =0
18: end for

19: end for

20:

21: Beam = FourierTransform(coverage)

22:

23: function getBaselineMatrix(u, v)
24: forny=1:1:2*N,do

25: forn;=1:1: N;do

26: fori=1:1:4do

27: forj=i+1:1:5do

28: BaselineMatrix(nyp, ns, 1)= ||u(ng, i) — u(ns, j)||
29: BaselineMatrix(ny, ns, 2)= ||v(ns, i) — v(ns, j)||
30: end for

31 end for

32: end for

33: end for

34: return BaselineMatrix

35: end function

It should be mentioned that there is one last step in the image-processing chain from the part of the as-
tronomy or science team. The real intensity distribution on the sky as measured by the interferometer is
convolved with the synthesized beam to obtain the final target images (the so-called ‘dirty images’). How-
ever, this step no longer involves the motion of the formation, instead, it relies on the previously-obtained
dirty beam. The goal of the BPM is therefore to deliver a suitable dirty beam that can be convolved with the
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Table 11.2: Comparison of BPM patterns using Step 1.

Metric parameter "Less desirable’ ’More desirable’
Sum of central angle ¢; differ- 916.0 715
ences (deg)

Sum of internal angle §; differ- 852.3 194 1

ences (deg)

intensity distributions measurements.

11.3.3. EXAMPLE BPM PATTERNS

In order to illustrate the effect of the symmetry requirements addressed in Section 11.3.1, two examples of
IRASSI-like maneuvers are given: one in which an undesirable pattern is achieved and one in which the op-
posite is true. To obtain the trajectories for the first case, hereby termed the ‘less desirable patterns’ case, the
asymmetries are maximized without employing any of the constraints introduced in Section 11.3.2. In the
second case, the ‘more desirable patterns’ case, the constraints are switched on in the asymmetry optimiza-
tion.

These two examples are shown in Figures 11.4 and 11.5. Note how in the ‘less desirable patterns’ case of
Figure 11.4(a), the difference between the scanning lengths is high (nearly two orders of magnitude difference
among certain spacecraft pairs) and the spacecraft find themselves concentrated in certain regions of the ITy -
plane (e.g., T; and T3, T, and T5).

This extreme asymmetry of the ‘less desirable patterns’ is reinforced by the fact that the summed differ-
ences of central angles and internal angles are extremely high, as shown in Table 11.2. Recall that these angles
are used to calculate the objective function of the BPM Step 1, in Equation 11.2.

The result of this is that the dirty-beam is largely asymmetric and there is no clear compact core at the
center of the beam and thus the side lobes become faint only at extremely large G(u, v) values (Figure 11.5(a)
is zoomed in for viewing purposes). Conversely, in the ‘more desirable pattern case’, the mild asymmetries in
spacecraft trajectories, that is the scanning length among formation elements, shown in Figure 11.4(b), result
in a neat, evenly distributed lobe structure with a clear compact Gaussian core with lobes that fade radially
quickly (Figure 11.5(b) is also zoomed in).

Although some asymmetry is desirable for a good (U, V)-plane coverage, this example illustrates the effect
that the constraints have on the generation of a suitable geometry. With the imposed constraints the sum of
differences of central angles or internal angles should never rise above =~ 250°.

Projected trajectories in 11 -plane Projected trajectories in T1 N -plane
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Figure 11.4: Different patterns of the projected trajectories in the I1-plane.



11.3. BASELINE PATTERN MODULE (BPM)

191

Response Function G(u, v) - FFT

-200

-150

-100

-50

G(u, v) (rad)

50

100

150

-150 -100  -50 0 50 100 150

G(u, v) (rad)

(a) Less desirable pattern

G(u, v) (rad)

Response Function G(u, v) - FFT

-200

-150

-100

-50

50

100

150

-150 -100 -50 0 50 100 150

G(u, v) (rad)

(b) More desirable pattern

Figure 11.5: Different patterns of the final response function G (u, v), or ‘dirty-beam’, resulting from the projected trajectories.

11.3.4. EXAMPLE BPM MANEUVER AND ANALYSIS

As an example, a detailed analysis was carried out for two targets using the simulation parameters described
in Section 11.3. The thrust duration of the BPM maneuvers is restricted to 0 < £, < 0.2t,;;. The Fppyy,; is
capped at 200 mN, similar to the CAM module for guaranteeing convergence.

The two targets are identified by their order in the catalog: Target 232, corresponding to the small and faint
Circinus constellation, and Target 163, a T Tauri disk called CITau. A maximum tolerance t0/=0.2 was allowed
for the generation of the trajectories and the AV-based optimization function Jgpps,2,, With pay = 0.05 was
selected. The spacecraft were initialized with the parameters described in Table 11.3. The computed trajec-
tory patterns, the corresponding (U, V)-plane coverage and dirty beam/response function (output of BPM
Step 1) are shown from Figure 11.6(a) to Figure 11.8(b), for the two targets. The solutions in terms of applied
thrust, BPM maneuver duration and expended fuel (output of BPM Step 2) are presented in Table 11.4.

The first maneuver involves a contraction of the baselines, from an initial in-plane (ITy) separation pa-
rameter d=1000 m (cf. Section 7.5), requiring a nominal scanning length of b;,; = 500 m. On the other hand,
the second target demands a baseline expansion from an initial in-plane separation parameter d = 10 m and

a scanning length of b5 = 1000 m.
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(a) Target 232

Figure 11.6: Projection of trajectories in Ily-plane.

(b) Target 163

In Figure 11.6(a) and Figure 11.6(b), the distribution of the projected trajectories in the I1y plane is shown,
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Table 11.3: Simulation parameters for the Example BPM Maneuver.

Simulation parameter Value
i {T1, T, T3, Ty, T5}
Ispi 2500 s
M; 2300 kg
fi 15 kg
Lw,BPM,max 0.2%5c;
7 (collision-avoidance) 10 m
Tcrit (invisibility-avoidance) 1s
04 (baseline estimation) lum
o0, (baseline estimation) 0.1 arcsec
0. (sky access) 0.026°
tol (scanning length) +0.2

Optimizer

Mesh-adaptive direct search

Table 11.4: Summary of results of BPM’s science trajectory patterns generation.

BPM Step  Metric parameter Target 232 Target 163
- Initial d (m) 1000 10
- Scanning length b, (m) 500 1000
Sum of central angle §; differences 611 48.7
Step 1 (deg)
Sum of internal angle §; differ- 161.9 81.4
ences (deg)
tw,ppm (hours) 1.47 14.3
IBPM (days) 0.97 7.85
Fpppy,i (mN) {3.0,7.2,14.9, 13.3,7.6} {0.2,0.4,0.2, 0.1,0.4}
Total AV (ms™!) 0.21 0.05
Step 2 Sum AV diff. (ms™?) 0.28 0.06

Drift velocity during observations
(mms™, in inertial frame S)

Drift velocity as projected on Iy
plane (mms™1, Sy frame)

{6.5,15.4,32.1, 28.7,16.4} {4.1,7.4,4.1, 1.8,7.5}

{6.5,7.8,7.7, 6.8,7.0}  {0.7,0.5,0.5, 0.6,0.6}
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Figure 11.7: Coverage of (U, V)-plane associated with the baseline patterns.
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Figure 11.8: Response function (‘dirty beam’) associated with the baseline patterns.

with a portion of each of the quadrants covered, followed by the corresponding (U, V)-plane coverage. All
imposed requirements are fulfilled. A compact core in the dirty-beam image forms; the side-lobes, due to the
straight spacecraft trajectories, are also straight lines and are clearly weaker than the core. This is a desirable
situation since the finally restored intensity distribution of an astronomical source will be the convolution
of the real intensity distribution on the sky with this dirty beam. After all, this beam response then has to
be removed from the final astronomical images by post-processing steps (e.g., CLEAN or maximum-entropy
methods). The two cases are different in that for Target 163, a large range of baseline lengths (from short to
long) is covered, while for Target 232 just intermediate and long baselines have been secured (which can be
implemented for science targets that just need this high spatial resolution and where the science happens on
the smallest spatial scales).

From Table 11.4, it is possible to observe that for long observation durations such as that of Target 163,
resulting in #ppps = 7.85 days, very low levels of thrust are required, with Fppy; varying from 0.08 mN for
telescope T, and 0.36 mN for 75 and drift velocities in the order of mms~!. The low level of Fg pym,a = 0.08
mN is mostly related to the fact that telescope T, remains in the vicinity of the plane ITy throughout the BPM
maneuver, moving in a near bi-dimensional trajectory, whereas the other spacecraft are required to move in
three-dimensional space during the expansion and thus require more thrust force. Conversely, targets that
must fulfill the scanning lengths over shorter observation times will drift with higher velocities. These reach
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a maximum of 32.1 mms~! for Target 232, with thrust magnitudes Fgpy,; of up to 14.9 mN in the Sy frame.
The magnitude of the drifts of the yy and z) coordinates, as projected in the Il plane varies between 6.5-
7.8 mms™!,

It should be remarked that achieving convergence to a solution for BPM Step 1 whilst guaranteeing that
all requirements are fulfilled strongly depends on the initial conditions provided to the optimization solver.
Namely, on the limits placed on the independent variable values. These limits reduce the solution space of
the variables to a resulting envelope of acceptable geometries for which a constraint-violation-free solution
is likely to be found. On the other hand, a mere ‘dead-reckoning’ approach, with a randomized initial guess
is likely to be non-compliant with the imposed constraints even if it delivers an optimal solution, simply be-
cause certain requirements compete with each other: for instance, the baseline accuracy (defined as a con-
straint) and the asymmetry of the projected trajectory patterns (part of the cost function, cf. Equation 11.2).
The more asymmetric the patterns, the more the baseline estimation accuracy degenerates due to high incur-
sions of the telescopes on the x axis, and the more visibility issues are likely to arise. The baseline accuracy
is a high-level mission requirement which must be fulfilled, as introduced Chapter 2, and is therefore as rel-
evant as the achieved asymmetry. One alternative to this setup is to include certain terms, such as baseline
accuracy, in the objective function and employing a multi-objective solver instead of a single-objective one.

11.3.5. CONCLUSIONS AND FUTURE WORK
This module aggregates several functional requirements for delivering optimal trajectories from a resource-
usage and science point of view. Simulations have shown that there is a dependency of the consumed re-
sources and drift velocities on the duration of the observation tasks (or tgpps). The longer the tgpys, the
longer the spacecraft are allowed to coast and the slower they move relative to their initial positions, thereby
saving AVresources. Conversely, shorter observation windows require faster maneuvers and the spacecraft
will both spend more AV and have a less balanced post-maneuver AV distribution.

The work set out in this chapter circumscribes initial attempts to relate physical spacecraft separation and
science performance in space. Future work goals in this context are described in the following subsections.

IMAGE-BASED OPTIMIZATION

The set of characteristics identified for producing general agreeable (U, V)-plane coverage, however, could
be transferred to the final Fourier-transformed images, such that the pattern optimization is closer to the
final synthesized images of the celestial targets, instead of being contained in intermediate steps. One could
potentially optimize the brightness and the distribution of the lines on the dirty beam images by employing
machine-learning and pattern-recognition algorithms which associate such arrangements with a suitable
visibility function. For a good beam, the intensity levels of the outer parts of the beam image should be
clearly fainter than for the central main peak. The central part of the beam image, on the other hand, should
be compact and as close to a circular shape as possible.

ALTERNATIVE PATTERNS AND SCANNING STRATEGIES

Should technology advancements allow, other means of scanning the (U, V)-plane could be employed in-
stead of linear expansion/contraction trajectories. Multiple-pulse thrusting or continuous thruster opera-
tion would yield respectively step-like and curved projected paths, such as the spirals introduced earlier in
this chapter, and perhaps allow more uniform areas of the (U, V)-plane to be surveyed. An analysis of the
effect of firing thrusters while operating sensitive instruments would have to be performed.

RELATIVE MOTION MODELS

The results presented in Chapter 5, have demonstrated that there is a continuous drift between spacecraft.
This drift amounts to over 600 meters depending on the initial conditions of the formation. Because the
spacecraft are assumed to be in free space in the current setup, not modeling gravity-induced disturbances
may, in effect, not truthfully represent the trajectory patterns which are achieved for observation tasks which
have a duration of several days. The inclusion of these disturbances should be part of future improvements
of the BPM module.

11.4. CHAPTER SUMMARY

A STRONOMY images produced by interferometers rely on measurements which must be correlated at each
sample instance. The correlation involves temporal and physical separation information. Image quality

is largely dependent upon the number of samples collected and the physical separation between spacecraft.
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The BPM module was thus developed with the aim of generating optimal patterns in physical space that,
when transformed to the spatial frequency domain, can contribute to producing meaningful infrared images.

These trajectories are computed by means of a two-step process. The first one guarantees that the re-
sponse functions have a confined center with uniformly spread side-lobes with an intensity significantly
weaker than the core. This is achieved by trading off asymmetries in the physical trajectories and drift rates
with a minimum distribution of the trajectories in the physical I1y plane. The second step addresses the
means to achieve these trajectories, that is, the most resource-efficient and resource-balanced way to reach
the final positions that use the thrusting time and magnitudes as independent variables. With a bang-coast-
bang thrust profile, the observations take place during coasting. A set of constraints are imposed in the op-
timization process, namely intervisibility, baseline accuracy, sky access and desired scanning length and a
mesh-adaptive direct search method is employed in both optimization steps.

From a maneuvering point of view, the science requirements detailed in this chapter can be met with
a suitable choice of upper and lower bounds of the independent variables. These bounds are specified by
task-specific information contained in the catalog, such as desired baseline length. The analysis conducted
in the frame of this chapter has shown that baseline changes of about 1000 m over short observation windows
(a couple of hours) require the highest consumption of resources, as the spacecraft must move fast to reach
their final positions within the specified time. Conversely, shorter baseline changes over long observation
periods (lasting several days) require the lowest resource consumption, as the thrusting phase is significantly
reduced compared to the first case and spacecraft can comfortably coast at very low drift rates.

The BPM is the last module of iSCOUT. The next section focuses on presenting end-to-end simulation
results representative of the IRASSI mission.
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There is no demand for women engineers, as such,
as there are for women doctors;
but there’s always a demand for anyone who can do a good piece of work.

Edith Clarke
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ABSTRACT

The task and maneuver-planning framework introduced in Chapter 7 was developed in the frame of the IRASSI
study and is intended for performing preliminary formation-flying mission simulations and feasibility analy-
sis. Its modularity allows users to optimize different sets of problems with specific constraints to form a global
picture of what can be achieved within a given mission. This chapter performs thus a complete simulation of
a five-year mission of IRASSI, whereby it is shown that 621 out of the total 784 tasks are successfully completed
at a penalty of 34% of AV expenditure. Although over 76% of the time is dedicated to observations, idle periods
represent 8% of the total mission time - an issue that can be minimized by extending the IRASSI catalog. 5%
of all reconfiguration trajectories must be re-designed due to collision and invisibility occurrences. The most
costly module in terms of AV per maneuver and computation time is the CAM.
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12.1. INTRODUCTION

s afirst step of an evolving tool, iSCOUT is capable of performing feasibility analysis of several types of ac-

tivities from task scheduling, to optimization of reconfiguration and science-related maneuvers, bringing
together a set of elements (quality of science, the geometry of the spacecraft, visibility of metrology systems,
target occultation, collision avoidance, etc.) which are crucial for assessing the viability of formation-flying
missions.

This modular tool was introduced in Chapter 7 and subsequent chapters detailed the methodology fol-
lowed in its development and embedded functionalities. Embodying the culmination of these efforts, this
chapter aims to showcase the results of a long-term mission simulation in the context of IRASSI.

12.2. HIGH-LEVEL OPERATION AND SIMULATION PARAMETERS
HE sequential set of operations within iSCOUT are recalled below:

1. The Task Planner Module (TPM) delivers a science-task sequence within a user-specified tour window,
based on a weighted metric which takes into account time efficiency, priority and diversity of task can-
didates.

2. The Reconfiguration Module (ReM) calculates straight trajectories of individual spacecraft in inertial
space, setting the final reconfiguration positions according to requirements associated with the to-be-
observed target. The trajectories are time-optimal and the user can specify the degree to which fuel-
minimization and fuel-balancing are achieved in the reconfiguration maneuver.

3. The Collision- and invisibility Avoidance Module (CAM) checks for collisions and invisibility instances
during the ReM maneuver. If such safety violations are detected, an alternative trajectory with the
duration and final positions generated by the ReM is calculated, using fuel-minimization and fuel-
balancing as optimization parameters.

4. The Baseline Pattern Module (BPM) provides formation expansion or contraction linear trajectories
which maximize pattern asymmetries, whilst abiding by a set of science and functional requirements,
such as intervisibility, sky access or baseline estimation accuracy.

The planning of these activities is distributed on a network of onboard processors and information con-
cerning, e.g., the solutions of the modules are exchanged among formation elements via the X-band antenna.
Individual spacecraft controllers can compute their own actuator strategy. Each satellite can still replan to op-
timize other local parameters ensuring that global constraints (e.g., time, intervisibility, collision-avoidance)
are not violated.

The end-to-end simulation has a duration of five years. The modules are run sequentially and the simu-
lation parameters share commonalities with those of the previous chapters. The goal is thus to obtain long-
term optimized task sequences and to analyze how resources are managed across the fleet in ideal, free-space
conditions for IRASSI-like maneuvers of different nature.

Table 12.1 summarizes the simulation parameters and those marked with an asterisk (‘**’) apply also to
the CAM and BPM modules. Given the fact that higher savings and better balancing of AVwas achieved rel-
ative to fuel using the fuel-based cost function, and due to the demonstrated lower variability in individual
maneuvers, the AV-based cost function was selected with a corresponding parameter piay = 0.05. This value
was shown to have the best AV-balancing performance.

It should also be remarked that on the basis of the CAM analysis in Chapter 10, that is, due to the fact that
convergence of the optimization algorithm for the AV cost function within the nominal maximum magnitude
of the colloid thrusters of 20 mN ! was only observed 50% of the times for nominal mass distribution condi-
tions (case B.1), the upper limit of Fp,, for the end-to-end simulation was correspondingly increased to 200
mN.

12.3. END-TO-END SIMULATION RESULTS
HE results of the science task tour for a period of five years are first shown. The resources used by each
module are thereafter summarized, followed by an analysis of the accuracy of the TPM in estimating
parameters of other modules in its task-evaluation procedure.

10nline source: NASA, “20-mN Variable Specific Impulse (Isp) Colloid Thruster,” https://ntrs.nasa.gov/archive/nasa/casi.
ntrs.nasa.gov/20160005350 . pdf
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Table 12.1: Parameters for the IRASSI end-to-end simulation. Parameters marked with an asterisk (**’) apply also to the CAM and BPM

modules.

Module Simulation parameter Value
Tour duration 2 5 years
Initial target 331

TPM Initial simulation longitude 85°
Optimization method Nearest-neighbor heuristics (NNH)
Estimation of treps Spline interpolation
Estimation of tgpy, 2tw,BPM,max T sci
Subscript i correspondence* {Th, Tz, T3, T4, T5}
Weighting parameter* pay 0.05
Specific impulse* I, 2500 s

ReM ReM nominal thrust force F 20 mN
Initial launch mass M; {2300,2300,2300, 2300, 2300} kg
Initial fuel mass f; {15,15,15,15,15} kg
Initial AV AV; {160.4,160.4,160.4,160.4,160.4} ms™"
Optimization method* Mesh-adaptive direct search (MADS)
CAM maximum perpendicular thrust force Fye, 200 mN

CAM Minimum separation distance* y 10 m
Critical propagation time 7., 4.7 hours
BPM maximum nominal thrust force Fgpy 200 mN
Critical propagation time 7., 1s
Standard deviation of distance measurements o; 1pm

BPM (relative position estimation)
Standard deviation of attitude angles o, 0.1 arcsec
Sky exclusion semi-angle 8., 0.026°

Maximum tolerance values tol +0.2
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12.3.1. TASK ASSIGNMENT (TPM)

The total number of completed observations within the operational mission lifetime is 621, an average of
~124 tasks per year. That means that using the optimization scheme proposed in Section 8.4.2 and nearest-
neighbor heuristics (NNH), 79% of observations are completed relative to the current standing of the catalog,
with 163 observations (or 21%) remaining. All Priority-1 observations are completed within the first two years,
even though more than two-thirds (cf. Table 8.2) have a science campaign duration (¢gpps) of more than one
day. The low associated maneuver times fgep; and the fact that the ratio NV,.; between cumulative frequency
of each completed task type and total observations to be completed is low in the initial stages of the mission,
ensures thus that the highest-priority tasks are completed early on.

The average value of P,,; increases steadily until the third year, as lower priority tasks slowly populate the
mission sequence. In the third year alone, 48 Priority-4 tasks (with a very short observation duration of less
than one day, cf. Table 8.2) are carried out, which corresponds to over a quarter of all tasks conducted that
year. In comparison, in the second year, 99% of all completed tasks are of Priority 2. In the fourth and fifth
years, the proportion of completed Priority-2 tasks increases again and P,.; decreases accordingly.

At least one task of each type is executed in all but the second year, which misses only Type-III and Type-
IX tasks. The proportion of remaining observations at the end of the five-year operational lifetime varies
between 0 %-35 % for all tasks, with five out of the nine types below 15%. For Type-V targets, a record 97.6%
of all observations are completed. Types II and VIII have completed observation rates comparable to the
overall population (77% and 82% respectively), whereas Type-I tasks fare well below the average, at 65%.
This is attributed to the high concentration of Type-I targets in particular areas of the celestial sky (as can be
observed in Figures D.1 and D.2 of Appendix D), which only allows for a combined four-week observation
window per year.

It is interesting to note that even though 21% of the total observations remain to be completed after five
years, the overall proportion of tasks associated with highly emission-sensitive targets (Types IV, VI and VII)
is lower, at about 10%. Given that the high-priority population is under-represented in this group (compared
to the total observation population) and that emission-sensitive targets are associated with demanding tg.s
values and short observation durations, the skewness towards higher completion rates can only be explained
by the fact that N, is low in the first two years. In fact, by the third year, the algorithm tries to compensate
the diversity of the sampled population so far by observing under-represented target types, such as emission-
sensitive ones (Type IV, VI and VII). This is likely a contributing factor to the increase in T;,; between the sec-
ond and third year, combined with the fact that the mean science phase duration #gp)s reaches a minimum
of 1.39 days in the third year.

As depicted in Table 12.3, whereas N,,; steadily (and expectedly) increases over time, the peak value of
P,.; is achieved in the third year, whereas T;.; and Jrpys reach a maximum in the fourth year, after which a
decrease is subsequently observed for these metrics. It is also worth mentioning that T,,; decreases by =54%
between the first and second year, not because of longer observation durations (in fact, the opposite is true),
but because the average tr.)s is lower. This coincides with the lowest amount of observed emission-sensitive
targets and with the time window when 99% of Priority-2 targets are observed. Given that these are very
concentrated in certain regions of the sky, the time required for reconfiguration between these targets is thus
low and motivates the lowest fg.ps value of all the five years.

Finally, the number of days where no observation is detected is nil in the first two years of the mission,
increasing to 11 in the third year. Thereafter, in the fourth and fifth years, the interferometer spends respec-
tively 37% and 55% of the operational time idly waiting for a target to enter the field of view. As the catalog
is extended with other potential target candidates in the far-infrared or if the IRASSI mission lends itself to
other astronomy tasks or exploration pursuits, downtimes can be further minimized.

12.3.2. MANEUVER PLANNING (REM, CAM AND BPM)
Every observation task entails both a ReM and a BPM maneuver. CAM maneuvers are, however, required only
upon detected safety violations using ReM-generated trajectories.

In the simulated five-year tour, 5% of reconfiguration maneuvers required intervention by the CAM. In-
visibility violations motivate 93.5% of all CAM maneuvers, involving an average of 3.5 spacecraft pairs. Con-
versely, collisions make up the remaining 6.5% and only affect one single pair for each instance.

With the parameters of Table 12.1, the management of AV resources across the fleet was evaluated through-
out the mission. At the end of the 621 observations tasks 65.9% of the initial AVis still available for the full
formation, whereas the AV differences amount to 6.3% of the total initial AV. With a combined total of 1271
maneuvers (among the ReM, CAM and BPM), this means that, on average, maneuvers require 21.5 cms™! of
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Table 12.2: Number of observations over time for IRASSI end-to-end simulation.

No. observation tasks

Parameter Start Year 1 Year 2 Year 3 Year 4 Year 5
c i c r c r c r c r c r
Total Cumulative 0 784 124 660 274 510 459 325 563 221 621 163
Per target priority
Priority 1 0 68 67 1 68 0 68 0 68 0 68 0
Priority 2 0579 56 523 204 375 313 266 381 198 427 152
Priority 3 0 63 1 62 2 61 30 33 44 19 54 9
Priority 4 0 74 0 74 0 74 48 26 70 24 72 2
Per target type
Typel 0188 22 166 61 127 82 106 103 85 122 66
Type Il 0278 47 231 118 160 173 105 199 79 215 63
Type 111 0 42 15 27 15 27 20 22 28 14 36 6
Type IV 0 16 3 13 5 11 10 6 12 4 15 1
TypeV 0 85 8 77 10 75 59 26 81 4 83 2
Type VI 0 20 3 17 5 15 16 4 19 1 20 O
Type VII 0 25 4 21 8 17 15 10 18 7 20 5
Type VIII 0 105 18 87 48 57 67 38 80 25 86 19
Type IX 0 25 4 21 4 21 17 8 23 2 24 1
Per target emis-
sion
sensitivity
Low 0723 114 609 256 471 418 305 514 209 566 157
High 0 61 10 51 18 43 41 20 49 12 55 6

! Completed
' Remaining
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Table 12.3: Yearly average results of TPM’s IRASSI Task Tour.

Parameter Start Year 1 Year 2 Year 3 Year 4 Year 5
Completed tasks (%) - 16 35 59 72 79
Completed tasks - 124 274 459 563 621
No. idle days - 0 0 11 134 199
Mean tasks per day - 0.34 0.41 0.50 0.28 0.16
Mean tgp)s (days) - 2.51 2.08 1.46 1.77 2.43
Mean tg.)s (hours) - 2.87 0.92 2.27 2.75 2.20

Mean Performance (-)

JroMm - 0.09 0.21 0.36 0.43 0.40
Tyel - 0.05 0.02 0.07 0.09 0.07
Prel - 0.15 0.33 0.56 0.52 0.41
Nyer - 0.08 0.27 0.46 0.67 0.72

AV (or 20.1 grams of fuel). Figure 12.1 shows the evolution of AV expenditure and AV differences across the
formation. Table 12.4 presents the breakdown of resources per telescope. The fuel metrics correspond to the
fuel results achieved using the AV-based cost function, with gy = 0.05.

The remaining AV per spacecraft varies between 62% and 69% at the end of the mission, corresponding
to a net fuel consumption between 4.7 and 5.7 kg. Nearly half of these resources are dedicated to reconfigu-
ration maneuvers as shown in Table 12.5. With typically low thrust values, BPM maneuvers required nearly
30% of the total AV, Each BPM maneuver requires on average 13.4 cms™! of AV (or 12.3 grams of fuel). What is
noteworthy, however, is that with only 5% of maneuvers, the CAM module requires over a fifth of onboard AV.
Adaptation of the thrust profiles could potentially be investigated in the future, as proposed in Chapter 10,
in order to assess whether improvements in resource-usage metrics can be found. For clarity, the AVand av-
erage thrust metrics associated with the CAM in Table 12.5 refer exclusively to the perpendicular thrust Fp.r,
keeping in mind that the simultaneous nominal thrust, which is applied in the direction of the trajectories, is
accounted for by the ReM row. Similarly, the duration of the CAM maneuver is accounted for by the ReM.

The cumulative duration of reconfiguration maneuvers accounts for 5.63% of the total mission time,
whereas the average reconfiguration lasts approximately 3.98 hours. The longest maneuver is registered at
a duration of 17.5 hours. Furthermore, 11.3% is allocated to functional tasks, such as calibration, communi-
cations to ground and exchange of telemetry data. The remaining 83.07% of the mission time is associated
with BPM module activities: the duration of the thrust associated with baseline expansion or contraction ma-
neuvers makes up 6.67% of the total mission (on average, 4.7 hours) and 76.4% is dedicated to actual target
observations.

12.3.3. IMPLICATIONS OF EMPLOYING A PRIMARY PROPULSION SYSTEM FOR CAM AND BPM
MANEUVERS

As discussed in Chapters 10 and 11, the upper limit of the secondary colloid thrusters was raised from the
commercially advertised maximum magnitude of 20 mN to an artificial limit of 200 mN to ensure conver-
gence of the optimization procedures and compliance with the science requirements, in the face of the cur-
rent design of the iISCOUT modules. Different avenues to pursue a revisit to the issue of convergence were
proposed, ranging from a redesign of the profile of the thrusts and a different selection of optimization vari-
ables to the addition of a loop between the ReM and CAM modules and even usage of the primary propulsion
system in instances where the 20 mN upper limit is violated.

Although some of these suggestions can be addressed in a future study, the implications of using the
chemical-based primary propulsion system are hereby discussed. Taking the results of the end-to-end simu-
lation (that is, with an average of 54.7 ms™'of AV spent out of the initially available 160.4 ms™!) and a worst-
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Figure 12.1: Total AVremaining (top) and AV differences for the IRASSI end-to-end simulation.

Table 12.4: Resource usage per spacecraft.

Tele- Remaining Net AV Remaining Net fuel
scope AV (%) usage (m/s) fuel (%) usage (kg)
T 64.44 56.62 64.37 5.34
T 66.83 52.79 66.76 4.99
T3 62.22 60.18 62.15 5.68
Ty 67.18 52.24 67.10 4.93
Ts 68.73 49.75 68.66 4.70

Table 12.5: Resource usage and maneuver duration per module.

Share of AV Mean Total maneuver

Module/activity
expenditure (%) thrust (mN) duration (%)
ReM 48.37 20.00 5.63
CAM 21.85 31.89 (5.63)
BPM 29.78 14.20 83.07
observation (o< fsc;) 0.00 0.00 76.40

baseline change (o< 2t,5pn) 29.78 14.20 6.67
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case assumption that all CAM and BPM maneuvers are performed by the primary propulsion system, the
following applies:

* the CAM and BPM are responsible for 51.63% of the total AV expended, or 28.2 ms™!
* the primary propulsion system relies on hydrazine as propellant, with a specific impulse I;; 0f 230 s

¢ using Equation 9.4 and assuming an initial launch mass of 2300 kg, one obtains a total of additional
propellant mass of 28.6 kg

Given that with the colloid thrusters (I5, = 2500 s), the same CAM and BPM maneuvers would require
only 2.6 kg, a net mass penalty of 26.0 kg (28.6—2.6) must be considered for employing the primary propulsion
system, with the current iSCOUT setup. This 26.0 kg mass penalty must be added to the currently considered
total propellant mass of 109.2 kg (cf. Section 3.4.3), a 24% increase in fuel mass (or correspondingly 1% in
launch mass).

Another option is simply to employ more colloid thrusters. Nonetheless, a combination of a redesign
of the thrust profile together with a investigation of the use of more powerful secondary (electric) thrusters
should be pursued before considering the addition of more colloid thrusters, as the mass penalty of propul-
sion hardware would be higher than the mass penalty of electric-based propellant mass. A suitable distribu-
tion of additional thrusters around the center of gravity of the spacecraft ought to furthermore be investigated
in the latter case.

12.3.4. ESTIMATION ACCURACY OF [gep AND Igppy

As explained in Chapter 8, for the evaluation of candidate tasks, the TPM depends on parameters which are
generated by other modules. This is the case of the fg.5s and fppys values, used to calculate the total time
associated with the task. Equation 8.2 is reproduced below for clarity:

Ltotal = tReM + tcal + Uink + IBPM (12.1)

where tg.)s is the reconfiguration maneuver time, f.4; is the calibration time, #;;,x is the time slot allocated
for uplink/downlink of telemetry and science data and tgp)s is the duration of the scientific phase for the
considered task. Since TPM does not have access to the tg.ps and tgpps values, these values are estimated.

The estimation of fg.ps is based on an interpolation of a matrix containing previously computed recon-
figuration durations. The estimation accuracy is thus measured as that of TPM’s estimated fg.ps and the real
trenm computed by the ReM for the same maneuver. Results indicate that the calculation of #z.s by the TPM
seems to persistently underestimate the reconfiguration maneuver duration, as Figure 12.2(a) shows. This
leads to an estimated error with a median of 1.73 hours per reconfiguration maneuver. Over the five-year
mission and the 621 tasks, this represents an accumulated error of 47.4 days, or 2.6% of the total mission
time.

In order to improve these estimations in the future, more samples can be incorporated in the pool of
values which TPM uses for interpolation and/or a correction factor can be added in the TPM.

The estimation of the tpp)s is pursued by the following strategy: in the BPM, an upper limit can be set to
the thrust time, f,, ppar,max When an expansion/contraction maneuver is to be computed. For example, the
default value is given as a function of #;:

tw,BPM,max = 0.2ts¢; (12.2)

With two thrust impulses, the total tpp)s time can be, at most, 40% higher than the science duration:

tBPM,max = 2tw,BPM,max + Lsci = 1.41tsci (12.3)

The TPM takes this maximum value, ppp,max, as a proxy for tgpps. Since this is a maximum limit, the
result is that the ¢pp)s will be conservatively overestimated by the TPM relative to the real value computed
by the BPM. This is shown in Figure 12.2(b), where the difference between the estimated and real tgpy; is
presented. At a median error of 3.91 hours per baseline-change maneuver, an accumulated error of 101 days
at the end of the mission, corresponding to a total of 5.5% of the operational lifetime, is obtained. With
this knowledge, and similar to the tg.ps case, correction factors can be applied to the TPM using the current
iSCOUT setup.

With the tg.p; underestimated and the tgpp; overestimated, one obtains a net overestimation of the over-
all maneuver time that corresponds to 2.9% of mission time. This means that in the end-to-end IRASSI sim-
ulation, nearly 53 days are available and can be used in the calculation of mission time margins (e.g., unfore-
seen events that require mission downtime or even time needed for onboard processing of maneuvers).
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Figure 12.2: Difference between estimated and obtained times of tgeps and tgpps. The estimated values are calculated by the TPM,
whereas the obtained trops and tgp)s are respectively computed by the ReM and BPM modules.

12.3.5. COMPUTATION TIME
The time required for the computation of tasks and maneuvers is presented in Table 12.6. The CAM requires
the highest amount of time per solution, at over 6 minutes, followed by the BPM Step 2 process (which in-
volved finding the thrust duration and magnitude for the expansion/contraction phase prior to the observa-
tions). Recall that a CAM maneuver takes effect when proximity or visibility violations are detected.
Typically, the higher the number of spacecraft pairs involved in such violations, the longer the compu-
tations take. For example, the average computation time required for computing alternative trajectories is
merely 45 seconds for violations involving one spacecraft pair but rises to over 10 minutes for four or more
pairs. The highest computation time was registered for an invisibility violation involving 7 spacecraft pairs,
at 24 minutes. A full mission simulation, like that presented in this chapter, takes an average of three days to
calculate.

12.3.6. CONCLUSIONS

With the assumptions made throughout the construction of iSCOUT, it can be concluded that an IRASSI mis-
sion can be successfully completed within the five years, as the large majority of science tasks are fulfilled,
costing an average of 34% of the initially available onboard resources. The functional and geometric require-
ments are met with the use of both linear- and nonlinear-constrained optimization.

The long computation times associated with some of the modules, namely the CAM and the BPM Step
2, may naturally have implications for a space-borne use of iSCOUT in the future. Since the computation
time is not considered in the planning of activities within iSCOUT, this must be an added feature to the tool if
the formation must recursively compute the sequences of their own tasks and maneuvers. Achieving conver-
gence within a reasonable amount of time is important not only because it maximizes mission returns, but
because there may be a need of reacting to an unpredictable environment in a timely fashion. As outlined in
the ‘Future Work’ section of Chapter 9, compatibility with onboard processors should be investigated. Addi-
tionally, architecture-level tradeoffs should conduce to the selection of dedicated software and programming
languages that are enablers of onboard autonomy and time-sensitive computation solutions - and which may
preclude the use of interpreted language, like MATLAB.

The current architecture of iSCOUT is driven by top-down high-level mission requirements which were
defined at the outset of the IRASSI feasibility study. In Chapter 3, for example, a combined 143 m s lof AVwas
estimated for reconfiguration and baseline change maneuvers. Simulations show that only 38% of the initially
planned AV is actually required for such maneuvers over the five years of nominal operations. This informa-
tion could be used to iterate mass budgets of the spacecraft in the future (keeping in mind all simplifications
used in the simulation).

Similarly, the strategies outlined in Chapters 8 to 11 place a strong emphasis on science performance. In
the respective ‘Future Work’ sections, several issues were raised and discussed, primarily concerning the fea-
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Table 12.6: Computation time for individual modules.

Parameter Module Computation time (s)
TPM 81
ReM 105

Mean per task or

maneuver CAM 371
BPM Step 1 <1
BPM Step 2 207
TPM 50402
ReM 65100

Total tour CAM 11504
BPM Step 1 620
BPM Step 2 128548

sibility of the design choices. Several alternative methods were proposed, ranging from the task-sequencing
procedures (observing multiple targets in a single task instead of one target), the optimization frameworks
(multi-objective algorithms) to thrusting strategies (for achieving curved or step-like trajectory patterns to
improve science returns). Each proposed adaptation results from the in-depth analysis throughout Part I1I of
this thesis and can be identified as a bottom-up approach to improving the iSCOUT tool. Finally, a compari-
son of iSCOUT with standard mission-planning methods could additionally add value to this research.

12.4. CHAPTER SUMMARY

HE present chapter provides the results of a complete five-year IRASSI mission simulation. A synopsis
T of the tool is given, followed by the parameters used in the simulation. Results associated with the TPM
module show that 79% of all tasks available in the catalog can be completed within five years in ideal con-
ditions. All Priority-1 tasks are carried out, followed by over 97% for Priority-4 tasks. Priority-3 tasks benefit
from a completion rate of 86%, whereas 26% of Priority-2 tasks remain unfulfilled.

Due to the three-dimensionality of the formation, 95% of ReM-generated trajectories are free of colli-
sions and ranging-system invisibility events. ReM maneuvers consume 48% of the total of expended onboard
resources and require an average of 21 cms™! of total AV per single maneuver. Altogether, ReM maneuvers
require 5.6% of the total mission time.

The provision of resource-efficient escape trajectories during reconfiguration for the remaining 5% of
ReM trajectories is handled by the CAM module, which does however require higher consumption of AVand
fuel per maneuver than any other module at 1.9 ms~! and uses nearly 22% of consumed AV, With the artificial
increase of the upper limit of Fp,, to 200 mN, convergence was achieved 100% of the times that the CAM
module was called.

An average AV expenditure of 13.4 cms™" is registered for the baseline change maneuvers, generated by
the BPM Step 2. Overall, nearly 30% of consumed AV resources are dedicated to the BPM maneuvers, which
make up 6.7% of the mission time. The remaining 76.4% of the full mission time is dedicated to the actual
scientific observations.

It was also observed that time parameters fz.)s and tppjs are respectively under- and overestimated by the
TPM module. Overall, the net result of this discrepancy is that there are an additional 53 days (or 2.9% of the
total mission) available, indicating that initial TPM estimates were conservative. At an early mission-planning
stage, this extra time could be purposed for the calculation of time budget margins. Such margins could
correspond to mission downtime due to malfunctions or to required periods allocated to onboard processing
of maneuvers, which remain unaccounted for in the current version of iSCOUT.

It is thus concluded that an IRASSI mission can be successfully completed in the specified time frame and
future advancements within iSCOUT can refine these results and close the gap between a feasibility study

1
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and a high-fidelity mission simulation.
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In 399 B.C. Socrates was accused of introducing new gods

and questioning accepted gods.
He was sentenced to death by a jury of 500 of his peers.

His philosophy did not pass peer review.

Don L. Anderson
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13.1. CONCLUSIONS

This thesis was motivated by the need to assess the feasibility of a free-flying interferometry mission that
must operate independently in deep space and fulfill a set of complex science tasks over the course of five
years. It departed from the stated aim:

to deliver a unified mission feasibility result for free-flying interferometers at Ly, with a particular
focus on the IRASSI mission, encompassing a multi-disciplinary set of technical requirements that
directly affect formation-flying operations.

To achieve this objective, the thesis was divided into three parts. The contributions and main findings of
each part, driven by three research questions respectively, are discussed below.

PART I - MISSION DESIGN AND ANALYSIS
The first part of the thesis considered the question:

Research Question 1

How can a reference mission scenario be defined in support of the high-level mission requirements?

This question was answered in a broad sense in Chapters 2 and 3, respectively where the main mission
drivers were introduced and the nominal mission scenario was presented.

Chapter 2 provided an overview of precursor missions upon which IRASSI’s concept is built on. Whereas
past missions relied on precise formation control or mechanical structural connecting observing elements,
IRASSI bypasses these requirements by employing a metrology system in combination with heterodyne de-
tection, overcoming technical limitations from the past. The maximum baseline distance of 850 m is owed
to the stringent resolution requirements of 0.1 arcsec at the longest wavelength of 300 um. The mechanical
configuration of IRASSI draws largely from the heritage of previous astronomy missions. This is the case of
the main mirror, for instance, whose diameter of 3.5 m matches that of the Herschel Space Observatory. Due
to these dimensions, one single launcher is potentially prohibitively small to host the full formation and the
spacecraft are envisioned to be launched in a triple 2-2-1 sequence.

Chapter 3 defines the mission phases and nominal trajectory of IRASSI, delivering an estimation of mass
and power budgets. Eight major phases compose the mission, including the Launch, the Transfer Cruise to
L,, the Deployment of the Spacecraft and the Nominal Operations. The Nominal Operations phase is the
longest phase of the mission. It comprises itself of a set of science-related activities such as Formation Re-
configuration, Scientific Observations or Calibration of the instruments. These activities form an Observation
Cycle and have a combined duration ranging between 1 and 8 days. The duration of the observations is the
biggest factor in determining the span of the Observation Cycle and approximately 600 Observation Cycles
are expected throughout the mission. Three launch periods of about one month are available in the studied
years of 2029 and 2030. The duration of the Transfer Cruise is expected to last between three and four months
and once in its nominal orbit, the formation is foreseen to be visible from ground stations for 10 hours per
day on average.

The mission required AV totals 225 ms™!. Due to differing magnitude requirements for the various ma-

neuver tasks, two propulsion systems have been devised: a primary one, consisting of hydrazine-fueled
thrusters reserved for orbit-control maneuvers, and a secondary one, based on colloid thrusters for operation
exclusively during the Nominal Operations phase. The spacecraft are expected to weigh 2300 kg, a quarter
of which is allocated to payload hardware and 5% is allocated to fuel (1% to electric propulsion and 4% to
chemical propulsion). A peak power requirement of 1780 W is expected, provided by solar arrays with an area
of 8.4 m? mounted on the sunshield.
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Main findings of Part I

e After a maximum transfer cruise of four months, deployment of the spacecraft and the com-
missioning of the payload, nearly 600 observation tasks are expected over the five-year Nominal
Operations mission phase.

¢ Asuitable orbit design requires station-keeping maneuvers only once every six months.

¢ Preliminary mass budgets estimate a launch mass of 2.3 tons per spacecraft (including 20%
margin), of which 5% is allocated to fuel.

The first research question considered the first building blocks towards a mission design that satisfies
high-level requirements. The next part of the research addresses specific challenges that must be considered
in the development and simulation of a multi-element spacecraft formation.

PART II - FORMATION-FLYING GEOMETRY, DYNAMICS AND GNC
The second part of the thesis considered the question:

Research Question 2

What is the expected behavior of a free-flying formation in the vicinity of L, and what formation coor-
dination strategies are applicable to an interferometer such as IRASSI?

This first part of this question was answered in Chapters 4 and 5, where a step-by-step analysis demon-
strated that an envelope of nominal formation geometries could be defined and that even when immersed in
the L, environment, the degradation of the formation was minimal for the time scales corresponding to those
of the Observation Cycle. Chapter 6 investigated formation organization structures for IRASSI with particular
focus on the Nominal Operations phase of the reference scenario.

Key geometrical and operational constraints that must be strictly respected during the operational phase
of the mission were identified in Chapter 4. These are the intervisibility of the ranging system, the base-
line estimation accuracy, the accessibility of the sky and the scientific performance of the interferometer as a
whole. The intervisibility of the ranging system is affected by the sunshield dimensions and relative mounting
location, whereas the baseline estimation accuracy dictates that an asymmetric three-dimensional formation
configuration is preferred over e.g., a planar one, due to the ambiguity of the relative positioning errors. En-
suring sky accessibility prevents any spacecraft from entering another’s field of view and occluding a target
during observations. And finally, science performance has a double dependency on the science instruments
and on the relative drift patterns of the formation. As such, it is up to mission planners to design optimal
formation trajectories that deliver the best contribution to the imaging procedures. Together, these four re-
quirements constrain the distribution of the spacecraft in three-dimensional space and they serve as a basis
for constructing a nominal formation geometry.

The nominal formation geometry is thus defined with respect to a plane Iy perpendicular to the tar-
get direction. The telescopes are distributed uniformly along a circle with a radius d contained in the Iy
plane and separated by an out-of-plane distance k. The out-of-plane distance is the height above the plane
and scales with d, such that & < kd, k = {0,2,4}, resulting in the formation being dispersed along the tar-
get direction to a higher extent than in perpendicular direction. The minimum and maximum circle radius
are d = 10 m and d = 1000 m, and correspond respectively to the small and large formation scenarios. An
envelope around this nominal formation geometry allows a deviation between 200 %-2500 % of the relative
distances before a violation of constraints takes place, depending on the formation pair being considered.

Chapter 5 investigated the evolution of the formation over time, in an L, environment and in control-free
conditions. The first step of this process consisted of implementing an analytical relative motion model in
MATLAB and validating it using NASA’s General Mission Analysis Tool (GMAT) considering a full-force model.
It was shown that over the course of nearly three weeks, a relative distance error of up to 10% was expected,
reducing to a fourth of that for time scales of the Observation Cycle - approximately 8 days. The modeling
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error was verified for different positions along the Halo orbit and for different epochs, in order to capture the
eccentricity effects of Earth’s orbit around the Sun.

With the nominal formation geometry developed in Chapter 4, the relative motion model predicted rela-
tive drift magnitudes of up to 45 m and drift rates of 1.8 mms~! for small formations at the end of the 8 days.
A linear relationship between these quantities and formation size was observed, such that large formations
were associated with two orders of magnitude higher drift and drift rates compared to the small formations.
The orientation of the formation in the inertial frame was shown to change at a maximum rate of 3°/day. In
these free-drift conditions, three out of the four formation configuration requirements identified in Chapter 4
were assessed. No loss of intervisibility was detected over the eight days of simulation. In fact, depending on
the initial orientation of the formation in space, it takes between two and four weeks until at least one of
the ten metrology links is lost. Moreover, using nominal error assumptions regarding distance measurement
and pointing accuracy, the baseline estimation accuracy largely remains under the required 5pum, indepen-
dently of formation size. Finally, over 95% and 99.9% of the total sky remains unobstructed for observations
for a small and large formation respectively during the uncontrolled drift, which for a position-constrained
target-sampling approach is an exceptional outcome in that a vast majority of the celestial sky is available for
science tasks at any given time.

From the analysis contained in Chapter 6, it was concluded that IRASSI should be treated as an au-
tonomous, self-organizing and distributed agency, given that it operates far from Earth with limited contact
opportunities to the ground and considering that inter-satellite links for communication are available to all
spacecraft. These links can be used to explore the parallelization of computation processes for science and
maneuver planning activities, reducing dependency from ground stations, boosting mission robustness and
increasing resilience to unanticipated events during the operational phase. Finally, a behavioral-type coordi-
nation control, which involves prescribing one or more formation goals competing for onboard resources of a
spacecraft, is especially suitable for IRASSI for the majority of the GNC modes of the mission. Throughout the
operational phase, the formation must respect the envelope around a nominal formation geometry and rela-
tive motion dynamics, without having to strictly enforce formation-keeping. Formation goals such as ‘avoid
collisions’, reach final reconfiguration positions’ or ‘maintain intervisibility’ are some of the objectives that
can be prescribed in such a coordination framework. Due to the slow dynamics of the L, environment, stan-
dard PD, LQG or Lyapunov-based controllers can be employed for regulating deviations of reference relative
trajectories in the event of violations of the envelope limits.

Main findings of Part II

* The major requirements affecting the design of a nominal formation geometry are the intervis-
ibility of the ranging system, the baseline estimation accuracy, the accessibility of the sky and
the scientific performance.

¢ The nominal formation geometry is characterized by being elongated in the target direction
and distributed uniformly around the axis connecting the formation center and the target.

* The nominal formation geometry remains stable over time and satisfies the formation require-
ments in free-drift conditions, independent of formation size, orbit location and orientation of
the formation, without the risk of an imminent violation of predefined conditions.

e Sharing of computing resources on a communications network is a way to take advantage
of existing software and hardware capabilities within the fleet to increase autonomy and a
behavioral-type coordination scheme should underpin the organization of the formation.

The second research question led to the outline of prerequisites that must be satisfied during the Nom-
inal Operations phase. The last part of this research work addresses the technical feasibility of the mission,
bringing together all mission objectives and constraints identified in the first and second parts.

PART III - DEVELOPMENT OF ISCOUT, A MANEUVER-PLANNING TOOL FOR FORMATION OP-

ERATIONS
The third part of the thesis considered the question:
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Research Question 3

How feasible is the mission once all formation constraints and science requirements are considered and
how can a mission ‘end-to-end’ performance be evaluated? What maneuvering strategies guarantee the
safety of the telescopes and deliver the maximum science return?

This question motivated the development of a simulation environment that is able to aggregate all mis-
sion parameters to deliver a unified assessment of the practicability of the mission. The architecture of this
modular environment, called iSCOUT (interferometer SCience and Operations maneUver-planning Tool), is
introduced in Chapter 7. Assembled in MATLAB, iSCOUT is supported by four modules with the joint aim
of optimally planning the sequence of science tasks, computing the associated reconfiguration maneuvers
and the paths to be followed by individual spacecraft during the science observations, while simultaneously
delivering collision-free trajectories which ensure the intervisibility of the spacecraft. The four modules are:
1) Task-Planner Module (TPM), 2) Reconfiguration Module (ReM), 3) Collision- and Invisibility-Avoidance
Module (CAM) and 4) Baseline Pattern Module (BPM). As such, Chapters 8 to 11 detail the methodologies as-
sociated with each module, whereas Chapter 12 provides end-to-end simulation results of a five-year IRASSI
mission using the iISCOUT tool.

In Chapter 8, which describes the TPM, it was shown that a methodical selection of science tasks was
needed, given that a large proportion of targets are located in concentrated regions of the celestial sky and
can therefore only be observed within a time window in particular seasons of the year. The initial and final
formation size were the major determinants of reconfiguration maneuver duration. In order to minimize
unnecessary maneuver time that detracts from observation opportunities and minimize fuel expenditure, a
dynamic task-planning strategy that determined the initial and final configurations of the formation ‘on-the-
fly’ for each task candidate was devised. Thereafter, the eligibility of a task candidate was evaluated using a
weighted sum of three metrics: the relative reconfiguration-maneuver time, the relative priority of the to-be-
observed target and how often the same target type has been previously observed. A nearest-neighbor search
was selected for constructing task sequences during missions.

Chapter 9 describes reconfiguration maneuvers optimization procedure within the ReM. This procedure
selects the final positions of the spacecraft that return the lowest value of two user-defined cost functions:
a fuel-based and a AV-based one, both pursuing a balanced use of these resources across the fleet by virtue
of the respective weighting parameters values uy and uay. Higher weighting parameters ensure a more bal-
anced use of resources across the fleet but demand a higher consumption of fuel and AV. During reconfig-
urations maneuvers, a mixture of bang-bang and bang-coast-bang thrust profiles are used to ensure time-
optimality. During the bang phases, a constant thrust magnitude of 20 mN is used. For identifying the best-
performing us and pay values, maneuver tours using different initial fuel and wet mass conditions were
simulated using a range of uy and pay values. The fuel- and AV-balancing performance of each tour was
thereafter assessed. Results showed that for homogeneous formations (with equal wet mass and fuel mass),
parameters of p¢ = pay = 0.05 provide the most cost-effective compromise. Conversely, heterogeneous for-
mations may benefit from using a AV-based cost function to plan reconfiguration maneuvers over the long
term, with a weighting parameter within the range of pay =0.2-0.4. In individual maneuvers, metrics as-
sociated with the AV-based function also showed less variability than those associated with the fuel-based
one.

A safety analysis of the ReM maneuvers led to the development of the CAM module introduced in Chap-
ter 10. The CAM module procures a refinement of the ReM linear trajectories in case collisions or invisibil-
ity periods between metrology systems are detected. The safety analysis shows that collisions were present
nearly exclusively in short-baseline reconfiguration maneuvers and involve an average of 1.2 pairs of space-
craft. Invisibilities, on the other hand, occurred for long-baseline reconfigurations and involve 2-8 pairs. The
ReM trajectories are modified by the addition of a second thrust, perpendicular to the nominal trajectory con-
necting the initial and final reconfiguration positions. A bang-coast-bang profile is used for the secondary,
perpendicular thrust. The direction, magnitude and coasting time of this thrust are independent variables
of the same cost functions used in the ReM (using the best fuel- and AV-balancing performance py and pay
values). The higher the number of telescope pairs involved, the higher the computation time for achieving an
alternative trajectory with the CAM and the higher the fuel or AV expended. In fact, over 300% more resources
may be required with a CAM maneuver than initially allocated with the ReM.

BPM, the last module of iISCOUT, was presented in Chapter 11. It dealt with the calculation of formation
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expansion or contraction maneuvers during observation tasks. As such, the BPM generates optimal trajectory
patterns in physical space that, when transformed to the spatial frequency domain, lead to the interferometer
generating high-quality infrared images. A two-step process is used for designing baseline-change trajecto-
ries. The first one maximizes asymmetries. The second step searches for the most resource-efficient and
resource-balanced solution, in terms of fuel or AV, using thrust magnitude and coasting time as indepen-
dent variables. The four requirements identified in Chapter 4 are considered in the optimization process as
constraints, to ensure that during the expansion or contraction of the formation, visibility is not lost or that
spacecraft do not occlude each others’ field of view. In addition, geometric patterns associated with science
requirements, such as distribution of the trajectories in the I1y plane and desired scanning length, are equally
described as constraints. The analysis conducted within the BPM showed that drift rates in the order of a few
mms~! are to be expected. Nonetheless, similar to the CAM module, the upper limit of the thrust was in-
creased to 200 mN to ensure that the aforestated requirements are fulfilled, with baseline changes of about
1000 m over short observation windows (a couple of hours) demanding the highest consumption of resources
in the fleet. A mesh-adaptive direct search is the selected optimization procedure for the maneuver-planning
algorithms of Chapters 9, 10 and 11.

With the simulation environment implemented within iSCOUT, the feasibility analysis of an integral IRASSI
mission over the five-year lifetime was performed. This was the focus of Chapter 12. Each spacecraft was ini-
tialized with 15 kg of fuel, or 160.4 ms™! of AV. Results show 621 observation tasks, or 79% of all tasks available
in the catalog, can be completed within five years in ideal conditions. More specifically, the completion rate
ranges between 74% and 100% across the four task priorities with the lowest associated with Priority-2 and
the highest related to Priority-1 tasks. The onboard consumed resources average 34.1 % of the total initially
available. In addition, 95% of ReM-generated trajectories are free of collisions and ranging invisibility events.
Of the total consumed onboard resources, 48% are used by ReM maneuvers which require altogether 5.6% of
the total mission time. The remaining 5% of ReM trajectories require an intervention by the CAM module,
whose share of consumed AV totals nearly 22% of the total AVexpended. Invisibility violations are behind
93.5% of all CAM interventions, involving an average of 3.5 pairs of telescopes. The CAM demands the high-
est consumption of AVand fuel per maneuver than any other module at 1.9 ms~!. Conversely, the lowest
AV expenditure per maneuver is registered for the BPM at 13.4 cms™!. Nearly 30% of consumed AVis dedi-
cated to BPM maneuvers, which make up 6.7% of the mission time. The remaining 76.4% of the full mission
time is dedicated to the actual scientific observations.

Under nominal conditions and with the stated assumptions of iISCOUT, it was possible to demonstrate
that the mission can be successfully completed in the specified time frame if the trusting capability of the
thrusters is increased from 20 mN to 200 mN. A fuel mass penalty of 26 kg was estimated if all CAM and BPM
maneuvers are to be pursued with the hydrazine-based primary propulsion system, a 24% increase to the
current spacecraft total propellant mass of 109.2 kg.

Over the course of iSCOUT’s development, several avenues for future work were identified, overcoming
the present limitations of the tool. This is conducive to leaving a set of guidelines that should be explored in
order to bridge the gap between a feasibility study and a high-fidelity mission simulation.

Main findings of Part III

¢ Under nominal conditions, 79% of observation tasks can be fulfilled, with nearly two-thirds of
fuel tanks still full at the end of the mission.

¢ Over three-quarters of the mission can be dedicated to actual science observation. The remain-
ing amount of time is allocated to maneuvers and functional tasks, such as calibration or com-
munications.

* Homogeneous formations such as IRASSI benefit from weighting parameters of yr = pay =
0.05.

¢ Despite intervening on only 5% of the ReM trajectories, the CAM module is both the most ex-
pensive one in terms of onboard resources (fuel and AV) and computation time per maneuver.
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13.2. RECOMMENDATIONS

Advancements within iSCOUT and a refinement of the current IRASSI mission should complement the work
developed throughout this thesis. Hence the following recommendations are proposed for future work:

¢ iSCOUT modules

— Task-Planner Module (TPM)

o Optimization algorithm and metrics: local-search procedures that complement the NNH al-
gorithm could be implemented to improve NNH solutions. In addition, multi-objective opti-
mization could be considered not only for selecting tasks based on time efficiency, task pri-
ority and diversity, but also for minimizing idle periods due to target scarcity.

— Reconfiguration Module (ReM)

¢ Optimization algorithm and constraints: as in the TPM case, the applicability of a multi-
objective optimization algorithm could be investigated, such that nondominated points in
the objective space of fuel and fuel balance (or AVand AV balance) are preserved, together
with the respective solution values in the decision space. This could also lead to considering
maneuver time and thrust magnitude in the decision-making procedure of the ReM. Con-
straints such as traveled distance or even thrust direction could similarly be used to improve
the current multi-variable, single-objective optimization setup. Proximity constraints could
also be incorporated in order to bypass the need for CAM module interventions.

o Simulation conditions: the ReM considered separately fuel-mass and wet-mass imbalances
across the formation. Addressing both sources of mass imbalances simultaneously could lead
to further insights into the formation behavior over time.

— Collision- and invisibility-Avoidance Module (CAM)

o Thrust profile: adopting different modes of operation of the secondary engines in the genera-
tion of alternative, safe trajectories during reconfiguration could prove to be a valuable effort.
Varying the duration of coasting periods, the duration of the reconfiguration maneuver itself,
the starting time of the perpendicular thrust and even removing the imposition of perpendic-
ularity of the CAM thrust are potential avenues for examination. The expected improvement
of this module would then be measurable in terms of resource savings per maneuver and
computational time.

— Baseline Pattern Module (BPM)

o Image-based pattern optimization: machine-learning and pattern-recognition algorithms
applied to the final, post-processed images that are able to reverse-engineer formation tra-
jectories can be viable alternatives to producing suitable (U, V)-plane coverage. Recent de-
velopments in this field make these concepts promising candidates for science and mission-
planning purposes in the near future.

¢ iSCOUT architecture design choices

— Catalog information: tasks being differentiated in the future (e.g., gas detection vs. measurement
of accretion rates in protostars) could lead to a new task-prioritization scheme, where the order of
execution is taken into account. This requires introducing new task-selection metrics. Moreover,
if catalog extensions occur periodically during the operational phase of the mission, relevant met-
rics (e.g., target diversity, that accounts for the total population of tasks of the same type) should
be scalable in real-time to incorporate new entries as soon as these become available.

— Onboard execution and processing: iSCOUT is currently an ex-anfe mission-planning tool, exe-
cuted on a network of ground-based processors. However, with technology advances, it is fore-
seeable that more complex operation planners run on board the spacecraft in order to support
formation autonomy-reliant activities and reduce costs, freeing resources from ground stations,
such as communication slots and personnel. Future iterations of iSCOUT could be adapted for
onboard use, enabling distributed space-based facilities to compute day-to-day routines inde-
pendently from operators. Similarly, the suitability of optimization methods for real-time pro-
cessing on board, considering hardware limitations and speed of convergence of the algorithms
on a distributed network, ought to be investigated.




216

13. CONCLUSIONS AND RECOMMENDATIONS

Perturbations on motion dynamics: relative motion model for L, environments which accounts
for gravity gradients can be included in order to produce more realistic trajectories during passive
drift phases or idle periods, such as uplink/downlink of telemetry. Similarly, the implementation
of control feedback loops for governing relative motion would allow to simulate off-nominal sce-
narios and to evaluate the ability of the formation to react to an unpredictable environment.

Attitude models: attitude motion was not considered in this research beyond error assumptions
in the baseline estimation accuracy. Simulating both orientation maneuvers and disturbances are
important aspects of an astronomy mission that relies on precise pointing mechanisms to achieve
its goals.

Station-keeping: although orbit control was simulated and associated fuel budgets calculated
during the Mission Analysis phase, this was not considered in the development of iSCOUT. Future
improvements of the iSCOUT tool may thus consist of the provision of station-keeping maneu-
vers.

Inter-modular loops: to facilitate the exchange of information between modules and the conflict-
resolution capacity of iSCOUT, modules should be interconnected and able to generate new solu-
tions upon request.

Alternative operational scenarios: an in-depth analysis of any mission requires the consideration
of realities outside the nominal one. As such, configuration files containing a set of bespoke ini-
tial conditions could be loaded onto iSCOUT and the effect of simulation parameters on mission
performance could then be evaluated. Emulated conditions can include, for example, actuator
malfunctions or the imposition of temporal constraints on certain observation activities due to
ground personnel or communications unavailability. Typically, such exercises deliver invaluable
insights to mission planners and ultimately allow for detailed design iterations of complex sys-
tems.

e Mission and system-level design choices

— Trading science and function: Priority-1 tasks are among the least abundant in the catalog. Since

the mission was built around delivering the highest science returns, an interesting question to
pose scientists is whether several low-priority targets could occasionally be observed in place of a
single high-priority one. This quantity vs. quality dichotomy is one that saves fuel and potentially
observation time that can be used to expand the mission lifetime. Attitude-change maneuvers
in place of reconfiguration maneuvers could similarly save onboard resources and prolong the
mission.

Actuators: using two propulsion systems operating at different magnitudes leaves a void in-between
the two regimes, as registered by the CAM. Perhaps future technology developments will naturally
overcome this issue. However, the impact of switching in-between propulsion systems during
times coinciding with or near science observations may be subject to future analysis.

Alternative pattern and scanning strategies: the top-down requirement of using linear patterns
due to thrust usage limitations during observation could be removed should technology develop-
ments allow. It could be subject to research whether curvilinear or spiral trajectories could real-
istically be obtained, how much improvement in (U, V)-plane coverage is achieved and whether
there are long-term effects on spacecraft fuel consumption by devising such ambitious patterns.
As science is at the center of IRASS], this critical aspect is a final recommendation for future work
from this thesis.
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COMPLEMENTARY INFORMATION ON
MISSION ANALYSIS

A.1. DESCRIPTION OF MISSION PHASES BEFORE NOMINAL OPERATIONS

1.

Pre-Launch

Pre-launch activities comprise of final checkouts of hardware and software equipment prior to launch,
preparations of the launch pad, fueling and tank pressurization of the launcher and its stages and
preparation of the synchronized and countdown sequences.

Launch

The Launch phase is initiated by the removal of the umbilical circuit from the ground, followed by the
irreversible engine ignition sequences. Three launchers are used to deploy the five-element formation,
in a 2-2-1 sequence. The Launch lasts until the upper stage engines shut down after intercepting the
desired highly elliptical orbit around Earth. Launch capacity is highly dependent on available technol-
ogy and given the time distance between the present research work and a hypothetical IRASSI launch,
specific decisions concerning launcher types, maximum allowable mass, etc., cannot be reached.

. Deployment of Propulsion Modules

The propulsion modules are deployed after insertion in the highly elliptical near-Earth orbit, preceding
the Transfer Cruise to L.

Transfer Cruise to Ly

The transfer starts immediately after the deployment of the propulsion module and finishes with the
deployment of the individual spacecraft. During this phase, the module travels from the near-Earth
highly elliptical orbit into deep space, reaching the vicinity of L,. Intermediary corrections are made
in order to adjust the trajectory of the propulsion module and ultimately achieve the final orbit around
L, successfully.

Deployment of Spacecraft

Following the transfer and preceding the Activation & Initial Formation phase, the spacecraft are de-
ployed in the target orbit. During this deployment process, either the propulsion module or the newly-
ejected spacecraft should perform a collision-avoidance maneuver to allow for the safe continuation
of the deployment of the remaining spacecraft and avoid contact with both the propulsion module or
soon-to-be-ejected spacecraft.

In addition, once all spacecraft are deployed, the disposal of the propulsion module should be ensured,
such that it will not obstruct the orbits of spacecraft around L,. A potential burn maneuver could thrust
the propulsion module in the anti-Sun direction, for instance.

Activation & Initial Formation

After the formation deployment, vital subsystems need to be activated. Batteries supply power for the
initial reorientation and attitude correction of the spacecraft, and solar array deployment. The ini-
tial Sun acquisition, deployment of antennas and other necessary appendages is performed, followed
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by the initiation of the communication units, checks on the overall health of the spacecraft and pre-
liminary testing of onboard equipment. The spacecraft should also acquire the initial constellation
geometry in the operational L; orbit.

7. Subsystem & Payload Commissioning
This phase prepares all the vital and scientific apparatus for their nominal activities during the mission.
Besides regular checks to functions such as thermal balance and radiation shielding, which ensure
the survival of the payload, all scientific instruments should be initiated and verified for instance, by
sending and receiving telemetry from the scientific instruments via the data-handling subsystem and
monitoring the produced contents.

A.2. LAUNCH-WINDOW OPTIMIZATION PROCEDURE

The launch window optimization procedure is described in the pseudocode of the next page. The core al-
gorithm consists of nested loops employing a bisection method [162] to its control variables. The trajectory
prescribed is that of Ariane 5 Flight 188 [32]. The nominal values of the simulation parameters are:

O0Xnom =02nom =0 (A.1a)

AE nom = 27.35° (A.1b)

where 0X,om and 0 X,0m relate to the vicinity of the L, orbit, in the %, frame, and Ag nom is the longitude of
the propulsion module once it intercepts the HEO orbit. The same variables without the subscript (‘nom’)
refer to the measured values. The ‘RAAN’ term refers to the Right-ascension of the Ascending Node of the
HEO orbit. Finally, subscripts ‘v’ and ‘I’ refer respectively to upper and lower boundary values.
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Algorithm 3 IRASSI launch-window selection in the years of 2029 and 2030.

Define:
5xﬂ077h 5Znomr AE,nom

1:
2:
3:
4: Require:

5: Launch time boundaries: t,, t; > 0

6: RAAN boundaries: RAAN,, RAAN] >0
7: AVlower boundary: AV} >0

8: AVesc upper boundary: AVegc, y >0

9:

10: Initialize:

11: Sat, Propulsion Module (PM)

12:

13: for Date = January 1%, 2029 : 1: December 31% 2030 do

14: while A — Ag pom = 1073 do

15: Update: PM.Epoch = Epoch(Date, ¢)

16: while |62 —82,0m| = 1073 do

17: Update: PM.RAAN

18:

19: while PM escapes to heliocentric orbit during transfer do
20: Propagate PM Near Earth for 25.7 hours

21: Update: AV

22: Apply AVegc and Propagate PM Transfer for 50 days
23: if [6% — 8%nom| < 107° then

24: AVupper boundary: AVy = AVegc

25: end if

26: end while

27:

28: while |65 — 6 %n0m| = 107° do

29: Propagate PM Near Earth for 25.7 hours

30: Update: AV

31: Apply AV and Propagate PM Transfer to 6x =0and 6y =0
32: Propagate PM Transfer to L,-orbit insertion point
33: Measure |0 X — 6 X0, | and apply bisection to AV

34: end while

35: Measure |0z — 0 Z,0m| and apply bisection to RAAN

36: end while

37: Measure \A E—AE, nom| and apply bisection to launch time ¢
38: end while

39:

40: /* Assume Sat is deployed from PM */

41: Propagate Sat around L, for 5 years & Perform station-keeping every 6 months
42: if6y,.,.. < Aymax NAzmin <02z, < Az max then

43: Add Date to launch-window database

44: end if

45: end for







COMPLEMENTARY ANALYSIS OF
FORMATION GEOMETRY

The present appendix chapter aims to complement and support the analysis of the Formation Geometry
addressed in Chapter 4. The representation of the formation in the celestial sphere is described and results
concerning further formation geometry conditions, demonstrating the relationship between relative position
assignment and sky accessibility.

B.1. FORMATION GEOMETRY AND SKY ACCESS

In order to perform a transformation of the formation arrangement in the local coordinate system £ devised
in Section 4.2.1 to the exclusion zone area projected onto the celestial sphere, the ecliptic celestial coordinate
system Sy is firstly described. Sy, is an orthonormal inertial reference frame with basis vectors {wo,yo,zo},
with a primary direction x¢ pointing to the J2000 Vernal Equinox and secondary direction z¢ pointing to
the north ecliptic pole (parallel to the angular momentum vector of the Earth’s orbit around the Sun); yo
completes the right-hand frame and both 29 and yg lie in the plane of the ecliptic !.

If the Earth revolves around the Sun in one year, then the Sun-Earth line moves, defined by the Ax-axis,
along the xy-yp plane at a rate of 360 deg/year or 0.9856 deg/day. The simulation epoch or the initial anti-
Sun vector longitude define then the angular displacement of the Ax-axis on the xo-yp plane of Sy, that is,
the phase A at which the exclusion zone is evaluated. For example, when the spacecraft longitude coincides
crosses the Vernal Equinox axis, A = 0. Since the radius of the celestial sphere is considered to be infinite, any
point within it can be considered the center. This applies to the spacecraft and they are thus located at the
origin of Sy. The size of the sphere can be adjusted for representation purposes. And finally, the coordinate
system Z is set to be centered on one of the spacecraft pair being analyzed for the study.

B.1.1. CONICAL PROJECTION ONTO SPHERE

Once the relative distance between spacecraft l,, and the cone half-angle 6., are known (cf. Table 4.2), the
cone which defines the exclusion zone must be projected on a sphere. This sphere has a radius equivalent to
the relative distance value ||l..||. Let us denote [, as:

lez=le; AT+ lezyAy+ lez, Az (B.1)

where Iz, lezy and /., are scalar values at the simulation epoch and Az, Ay and Az are the basis vectors of
the local frame £. Then the height of the cone is scaled such that:

lezy, = lez COS (Be7) (B.2)
and the corresponding scaled cone radius ge.,. becomes:

Gezee = lezllsin(Ocz) AQezy, L lez,, (B.3)

1 This coordinate system is also described and used in Chapter 7.4
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gez,, denotes any vector connecting the center of the cone base to any point on its outer radius. This pro-
cess is illustrated in Figures B.1(a) and B.1(b), respectively first, in a two-dimensional example whereby the
magnitudes of I, and g, are shown, and then on celestial sphere with the appropriate vectorial repre-
sentation.

With this new geometrical reference, the base of the scaled cone defines the exclusion zone. If each point
p circumscribing this area is defined as p = (o, py, p.;) in the local £ frame, then the latitude ® and longitude
A values of p become:

A%
<1>p=g-tan‘1(—”:2)_<5”) (B.4)
Ap=tan™! (?) +1, (B.5)

X

where AZ is the unit vector of the local £ reference frame, p is the vector connecting the the origin of the £
frame and point p and A is the angular phase of Az along the xy-y plane of the inertial frame and keeping in
mind that the zy-axis of the inertial sphere onto which the celestial sky is projected, is parallel to the Az-axis
of the local £ frame. The conversion from date in a J2000 standard epoch to A, in degrees, is a simplified
multiplication of the number of days elapsed from the J2000 Vernal Equinox and the field-of-view slew rate of
ﬁozays =0.9856°/day. Given that the rate of change of the true equinox with respect to the Vernal Equinox
of the J2000 is approximately 1.4° per century, this is deemed a reasonable simplification.

The final projection of the exclusion zone on the celestial sphere is shown in Figure B.1(c), along with the
respective latitude and longitude values of point p, respectively ®, and A,.

Az, z, Az, z,

£ i ‘AR
. . / s
! &L Ecliptic / iy
\ . 1 [ J >
\\ <O \ ,Tf,é()/, )
> X 2\
\\\‘ \\\ A\/ >

~ )

xo\ xo ¥
J2000 Vernal Equinox J2000 Vernal Equinox
(a) 2D representation (b) 3D representation (c) Final projection

Figure B.1: Illustration of the exclusion zones projection onto celestial sphere.

B.1.2. ADDITIONAL EXCLUSION ZONE RESULTS

To further illustrate the effect of relative position assignment, the analysis on the exclusion zones is expanded
in this subsection. The setup of the analysis is the same as that described in Section 4.2.4 and will not be
reiterated here in entirety. Two different pointing directions of the telescopes are analyzed and, for each, two
different values of the out-of-plane component & are tested. In these examples, & becomes a function of
factor f, whilst retaining its dependency on d as shown in Section 4.2.4:

h;= {—fd, —gd,o, gd,fd}, i={T, T, T3, T4, T5} (B.6)

The factor receives the value of f = 0.1 and f = 10, whereas d is set at d = 100 m. The corresponding
exclusion zone projections are show in Figures B.2 and B.3. It is noteworthy how a low value of the out-of-
plane component k (0 < ||k]| < 10 m) with respect to d (d = 100 m), shifts exclusion zone projections to lower
latitude regions for a Il orientation parallel to the Az-Ax plane and to higher latitudes for a I orientation
parallel to the Ay-Ax plane in comparison with a higher out-of-plane component % value (0 < || k|| < 1000 m).

A change of & in the Az affects only the latitude of the projection, since it induces a change in the l;,, Az
component and thus in the p. value, as explained in the previous section. If lo;, Az and le.,, Ay remain



B.1. FORMATION GEOMETRY AND SKY ACCESS 233

unchanged changed, so does py and pj, and hence the longitude. This is observed in Figures B.2(a) and
B.2(b), when the orientation of Iy is parallel to the Ay-Ax plane.

Conversely, a change of £ in either the Ay or Ax directions, affects both the longitude (due to the term
||lez, || in Equation B.4) and the latitude, since p, and p, depend on the l;,, Ax and lez,, Ay components
of l,z,,. This is why a longitudinal shift, apart from the latitude deviation, is observed between Figures B.3(a)
and B.3(b).

The results in terms of total exclusion zone relative to celestial sky area projection area, A,¢s;, as described
by Equation 4.15, are summarized in Table B.1. For the small formation case hereby considered, that is,
f =0.1, the exclusion zone affects a quarter of one percent of the celestial sky, whereas for the large formation
case, with f = 10, the exclusion zones make up only 0.009% of the total sky area. Lastly, in Figures B.2(b) and
B.3(b), all exclusion zones fall exclusively on the accessible sky, that is, outside the ‘forbidden’ region dictated
by the sunshields.
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Figure B.2: Instantaneous sky access for a formation pointing direction parallel to Ay-Ax plane for 121 June.
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Figure B.3: Instantaneous sky access for a formation pointing direction parallel to Az-Ax plane for 121 june.

Table B.1: Percentage of exclusion zone A, affecting the celestial sky for different values of factor f, by setting d = 100 m.

Formation pointing Arest
direction in the £ frame f=0.1 f=10
Parallel to Ay-Ax plane 0.250 0.009

Parallel to Az-Ax plane 0.250 0.009




COMPLEMENTARY ANALYSIS OF
FORMATION DYNAMICS

The present appendix accompanies the Formation Dynamics assumptions and results introduced in Chap-
ter 5. The first part of the chapter defines the variables used in the linearized third-order solution for periodic
motion along Halo orbits in the circular-restricted problem. In addition, the validity of this model and its
simplifications is demonstrated for short-term simulations, which calculate the ephemeris of the formation
based on numerical integration.

The second section of this appendix presents the relative errors of positions and velocities of the Roberts’
model. And the last section provides additional formation dynamics results that complement section 5.4.

C.1. CONSTANT DEFINITION AND RESULTS

C.1.1. CONSTANT DEFINITION

The following sets of equations shall define the constants presented from Equations 5.12 through Equa-
tion 5.9. They were introduced in Chapter 5.2 as part of Richardson’s analytical solution [43] for describing
Halo-type periodic motion about collinear Lagrange points.

P 363 (kz - 2) C.1
2T 40+ 200 .
303

= C.2
2= i +20) €2)

3¢3Y (.3

=== —6k(k—7y)+4 _
3= o 3Ky —6k(k—7y) +4] (C3)
_ 3c3y
= i (2+3ky) (C.4)
9
asy) = —4—;/2 [403 (kazz — by1) + key (4+ kz)] +
(C.5)
9y2 +1-
+ (u) [363 (2(123 - kbzl) +Ca (2 +3k2)]
2ds
1 (9
azp = A {ZY [4c3 (kags — b22) + kcg] +
(C.6)
3
+§ (9)/2 +1- Cz) [cs (kbgg + dgl —2ap4) — 64]}

3c

by = —273? (3ky—4) (C.7)
3c

by = _d_sl)’ (C.8)
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3
b3y = 3 {8y [3¢3 (kba1 —2az3) — cq (2+3k%)] +
>
+(97* +1+2¢5) [4cs (kazs — ba1) — kea (4+ &%) ]}

1
b3y = 4 {9y [c3 (kb2 + da1 — 2a24) — ca] +

3
+§ (972 +1+ 2(,’2) [4cs (kazg — bao) + kC4]}

c3
doy = ——>
255
dz = 612 (4c3 a3 + c4)
d =i[4c (@23 — da1) + ¢4 (4+ k?)]
32= gz 1403 (s —da) +
And with »
1 1-p)xy
h=—% (_1)”u+(_1)"%
n+1yn+l
X1 (1+)(L )

(C.9)

(C.10)

(C.11

(C.12)

(C.13)

(C.19)

where p denotes the mass ratio of the Earth+Moon binary, Mg and M), respectively, relative to the mass of

the system, which also includes the mass of the primary body, the Sun, Mgs:

_ Mg+ My,
K= ME+MM+MS
Additionally,
\ 37/2
d =T[k(6Y2—1)—2Y]
gy2
do ==L [k(11y* - 1) -2y

For the frequency correction of Equation 5.5:

1
T2y [y(1+ k2)— 2]

51 {gcs [2a21 (K* = 2) = ag3 (k* +2) - 2kba1 ] -

—§c4 (3k* - 8K* +8)}

1 3
- ~e3[2a0 (K* -2 k? +2) +2kbys +5do1 | —
S2 2}/[)/(1+k2)—2’€] {203[ a22( )+a24( + )+ 0o + 21]

3
—504 (12— kz)}
where

2y

1
k=—(?+1+2¢)= ——"—
2y v ) (Y2+1-0c)

The linearized frequency y is computed from the solution to the fourth-order equation below:

(2 -2)y* — (2= 1)(1+2¢2) =0
For the amplitude-constraint relationship of Equation 5.8:
h=am+ 2)/2 S1

lz =ay+ 2}/282
where
3 3 )
a) = —563 (2ap1 + ap3 +5do1) — 504 (12— k )

a—sc(a a)+gc
2—23 24 — A22 84

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)

(C.20)

(C.21D

(C.22)

(C.23)

(C.29)

(C.25)
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C.1.2. CONSTANT NUMERICAL RESULTS
The constants are implemented in MATLAB [146] and the results are verified by matching the condition
to that selected by Richardson [43]. First and foremost, the amplitude in the §z-axis, A;, must be set to
A,=125000 km. The remaining obtained constant values are presented in Table C.1.

From Table C.1 it can be concluded that the values are very much equal or comparable to those obtained
by Richardson. Eventual discrepancies may lie in floating-point accuracies of MATLAB. The model is there-
fore deemed as correctly implemented and Richardson’s results are verified.

C.2. VALIDATION OF RICHARDON’S MODEL FOR HALO-TYPE ORBITS

The Lindstedt-Poincaré approach developed by Richardson [43] summarized by Equations 5.1a to 5.1c, pro-
vides an uncontrolled periodic solution of a spacecraft orbiting the vicinity of the L, point of two larger pri-
mary bodies, in a Halo orbit. In order to evaluate the linearization error of the analytical solution, simulations
were carried out for different initial conditions, namely for different orbit amplitudes (the selection of differ-
ent orbit locations and times of the year was analyzed for the relative motion and is referred to in the body of
the paper, in Section 5.3.2).

The Richardson’s Model was implemented in MATLAB and compared with the numerical solutions of
GMAT. The GMAT setup is the same as the relative dynamics analysis in Chapters 5.3 and 5.4 - the Earth was
chosen as the primary, central body with the Moon and the Sun as point masses in the force model and solar
radiation pressure was considered. The modeling error was evaluated for two cases, Case 1 and Case 2, whose
properties are presented in Table C.2. Case 1 corresponds to the nominal one, analyzed in Chapters 5.3 and
5.4. For both Case 1 and Case 2 the initial position of the formation reference point reflects a phase ¢ = 0° at
the start. The simulation time was fixed at 20 days, with time steps of 1 hour for both MATLAB and GMAT. The
error was calculated by subtracting the analytical solution of Richardson from GMAT’s solution. The selected
simulation epoch was arbitrarily selected as March 1%, 2030, at 12 o’clock.

x109 «10°

GMAT— "~ Richardson's Model

-5 _
dy (km) -15 5z (km)

(a) Casel (b) Case2

Figure C.1: Halo motion for 20 days of simulation. Comparison between GMAT and Richardson’s model in a L, -centered frame.

Atafirst glance, little difference is observed for both cases of Figure C.1 between GMAT’s numerical model
and Richardson’s analytical solution. However, it becomes clear that, over time, there is a divergence between
the two models, particularly with respect to the motion along the § x-axis, as Figure C.2(a) and Figure C.2(b)
show.

For Case 1, after 20 days, the difference in absolute terms corresponds to 7 853 km, 2 413 km and 7 693 km,
respectively for the 6 x-, 6 y- and 6 z-axes. Comparatively, for Case 2, the divergence is less pronounced, with
a deviation of 1 144 km in dx, -673 km in § y and -3 636 km in the § z-axis. Thus the magnitude of the model-
ing error is dependent on the amplitudes of the selected Halo orbits: a larger Halo (Case 1) will deviate more
significantly than a smaller one (Case 2). Moreover, the negative values of the § x coordinate seem consis-
tently overestimated by Richardons’ model'. In percentage terms, however, this is not necessarily observed.
Comparing Figures C.3(a) and C.3(b), for instance, the deviation percentage between GMAT and Richardson’s

I¥or clarity, in the simulation considered, the values of the 5x coordinate are negative both for GMAT and in Richardson’s model, but
since in the latter case the absolute value is greater than in the former case, the error is positive in the images of Figure C.2. This also
explains why the percentage error is negative in Figure C.3.
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Table C.1: Obtained values of the constants for Halo orbits around Ly, according to Richardson’s formulas [43].

Parameter Value
a; (km) 1.4959787069100 x 10'!
ny (rad/sec) 1.991024 0402378 x 1077
U 3.0402251287815 x 1076
y 2.0569734042454

k 3.1871711142072

r 2.9078316195585 x 107"
c 3.9403564238169

c3 -2.9796765949607

cs 2.9700912658565

s ~7.4446349621510 x 1071
2 1.2504476333031 x 107!
L —1.4827774676202 x 10!
I, 1.6736397273739

a -8.5279167382047

as 6.1547603113297 x 1071
d, 2.9316788954036 x 10?
d> 1.4978827265460 x 103
a -2.0529078013434

az -2.5164167387936 x 107!
az 8.9623704953262 x 107!
az 1.0659864358797 x 107!
as 7.8060355042169 x 1071
asy 8.3694733631127 x 1072
by 4.9133770380455 x 107!
bo> —6.2719510503310 x 1072
b3 8.5525397055215x 107!
b2 2.0433717990027 x 1072
dxn 3.5211277417790 x 107!
ds 1.8828851741527 x 1072

dso 3.9401477238815x 1071
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Table C.2: Initial conditions of formation reference point relative to Ly.

Parameters Case 1l Case 2
A, (km) 250272.869 221566.865
Ay (km) 794070.722 703086.472
A, (km) 400000.000 200000.000
Initial Position 6 xy (km) —332435.467 265324.918
Initial Position 6 yy (km) 0.000 0.000
Initial Position 6 zg (km) 357052.550 180937.186
Initial Velocity %p.000 (km s™h 0.000 0.000
Initial Velocity 8 ,.000 (km s 0.352 0.304
Initial Velocity §2y.000 (kms™!) 0.000 0.000
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Figure C.2: Halo motion modeling error (absolute) between GMAT and Richardson’s model.

model is comparable for both cases for the 6 y and dz coordinates at the 20-day mark at less than 0.5% and
3.5% respectively. The percentage error for the 6 x coordinate, on the other hand, is approximately 5.5 times
greater for Case 1 than for Case 2. The percentage error is given as the ratio between the distance error (shown
in Figure C.2) and the real instantaneous value of each coordinate determined with GMAT.

From these simulations, it can be concluded that the analytical solution will always lead to a divergence
of the trajectory relative to the numerical case. However, Richardson’s analytical solution provides a useful
approximation for up to 10 to 20 days, seldom exceeding an error percentage of 1% over the first two weeks
for the tested initial conditions. Given that for the IRASSI mission, scientific activities take place over the
course of typically 48 hours (occasionally during one week), this analytical solution is then a reasonable tool
to model the motion of a spacecraft in a Halo orbit around L, on a preliminary basis.

C.3. VALIDATION OF ROBERTS’ MODEL

C.3.1. GENERAL CASE
The general case corresponds to the first tested case in section5.3.1, with an epoch arbitrarily selected as that
of March 1%, 2030, at 12 o’clock and an initial phase ¢ = 0°.

Figure C.4(a) shows the percentage error of relative distances whereas Figures C.4(b) and C.4(c) show the
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Figure C.3: Halo motion modeling error (percentual) between GMAT and Richardson’s model.

percentage error of velocities. The percentage error is given as the ratio between the distance or velocity
errors (shown in Figure 5.6) and the real instantaneous value of each coordinate distance or velocity deter-
mined with GMAT. At the end of the simulation, the error along the Ax-axis amounts to approximately 14%
of distance along the same coordinate. The percentage error of Ay is the lowest of the three, at less than
10% over the simulated time of 20 days and it is positive given that the direction of the movement is increas-
ing along the negative direction of the Ay-axis. This is interesting to observe: although the deviation of Ay
rises fast in the last half of the simulation (as Figure 5.6(a) shows), the model captures the change in the Ay
coordinate better than in the other two cases (Ax and Az). In particular, it is clear that the lowest absolute
error, corresponding to Az is also the one which is modeled the poorest with the gravity-gradient equations
of relative motion since the percentage of the error rises to nearly -50% of the real distance along the same
coordinate: that is, the Roberts’ model significantly overestimates the magnitude of the Az position, in the
negative direction of the same axis.

The percentage error of the relative velocity along the Ay coordinate, ey, shows that the gravity-gradient
model increasingly underestimates Ay over time, reaching a maximum of 25% at the end of the simulation.
This leads to the conclusion that even though the distance is proportionally better modeled than the other
coordinates with Roberts’ model, this is only true because of the limited simulation time. The parabolic
increase in the Ay percentage error would eventually lead to biases in the Ay distance and, due to the motion
coupling shown in Equations 5.12a to 5.12c, contribute to modeling errors in the other two coordinates (Ax
and Az). Conversely, the percentage error of Az decreases from approximately 27% to less than 21% over
the 20 days. The percentage error of Ax is shown separately in Figure 5.6(b), where a high overestimation by
the gravity-gradient model is detected. The graph shows two interesting peaks around day 13, with extrema
at about 161000 % and -65000 %. This is because GMAT predicts that Ax increases positively for the first
week (not directly obvious in the graph due to the scale) and thereafter continuously decreases, reversing its
direction on the 13" day around which the peaks are observed and retaining values very close to zero. On the
other hand, Roberts’ model predicts a monotonous Ax increase in magnitude in the negative direction. The
mean percentage error is 513% in the first half of the simulation and -306% in the last five days.

INFLUENCE OF REFERENCE POINT’S LOCATION ON RELATIVE DYNAMICS MODELING ERROR

INITIAL PHASE ¢

Overall, from Figure 5.8(a) the Roberts’ model seems slightly more accurate in the vicinity of the extrema
values of § z, when the phase is ¢p = 0° or ¢ = 180° for the simulation time considered. But interestingly, the
percentage of the error of Figure C.5(a), albeit minor for all cases, is slightly higher for ¢ = 0°, at nearly 10%,
than for ¢ = 180°, at 8.6%. The same trend is visible in Figure C.5(b), where the lowest deviation percentages
are for initial phases ¢ = 180° and ¢ = 270°. The percentage error of the velocities is nearly double to that
of the positions for each case at the end of the simulation but nearly comparable for the first half. The per-
centage error is given as the ratio between the distance or velocity errors (shown in Figure 5.8) and the real
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Figure C.4: Relative motion modeling error (percentage) between GMAT and Roberts’ model. Epoch of simulation is March 15t, 2030.

instantaneous value of each coordinate distance or velocity determined with GMAT.

C.4. DYNAMICS OF THE IRASSI FORMATION AROUND L,

C.4.1. ADDITIONAL RELATIVE DRIFT RESULTS

To further understand the relative motion of the formation under uncontrolled dynamics, the analysis of the
relative drift is expanded in this subsection. The initial conditions of the spacecraft are defined in Table 5.2
for the small and large formation scenarios. The ITy plane is oriented parallel to the Ay-Ax plane (parallel to
the ecliptic plane), defining the pointing direction of the formation. The initial phase corresponds to ¢ = 0°.

Figure C.6 shows the evolution of the relative distance among spacecraft pairs for both scenarios. As
observed in Section 5.4.1, the majority of the pairs experiences a decrease in separation. Note in Figure C.7,
however, that the ratio between the change in position (drift) and initial separation is inversely proportional
to the measured distance among spacecraft: the drift is proportionally larger for closer pairs than for more
separated pairs.

The drift along the coordinate relative to the formation reference point, located on reference plane Iy,
as a function of time, is shown in Figure C.8 and Figure C.9 respectively for the small and large formation
scenarios. Similarly, in Figures C.10 and C.11, the drift along each coordinate is plotted relative to the others
in order to offer a parallel for the diagrams of the more typical LVLH (Local Vertical Local Horizontal) frame
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Figure C.6: Relative position over time for both formation scenarios

for Earth-orbiting formations.

From Figure C.10 and Figure C.11, it is possible to see that changes along the Az coordinates are signifi-
cantly smaller than for the Ax and Ay for the initial part of the simulation, but an exponential increase brings
it to a magnitude change of a total of 2 meters for the small formation scenario (and two orders of magnitude
greater for the large formation scenario), comparable with the changes along the Ax-axis. The higher the
initial Az, the higher the out-of-plane drift, and the further away from the primaries (Azy>0), the more the
telescopes will be pulled towards the reference point along Az. The highest value of Axy, for T3, is associated
with the highest drift along the Ay coordinate, as a result of the coupling in Equations 5.12a until 5.12c.
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Figure C.8: Time-evolution of drift relative to formation reference point - small formation scenario.
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Figure C.9: Time-evolution of drift relative to formation reference point - large formation scenario.
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Figure C.11: Drift along coordinates relative to formation reference point - large formation scenario.






COMPLEMENTARY ANALYSIS OF TPM

The present appendix chapter aims to complement and support the analysis of the Task-Planner Module
(TPM), introduced in Chapter 8. Entry values of IRASSI catalog targets are summarized and the distribution
of target types is presented. Tour results discretized at annual intervals for different TPM task-sequencing
algorithms are compared.

D.1.IRASSI CATALOG

The IRASSI catalog is the main source of information of iSCOUT. It contains a list of targets identified in the
frame of the IRASSI feasibility study. Each target contains specific information which determines the overall
sequence of science observations (TPM) and shapes the formation maneuver requirements prior (ReM/CAM)
and during the observations (CAM). Table D.1 provides an overview of the entry values for each target.

D.2. TARGET DISTRIBUTION

Figure D.1 shows the distribution of target types with latitude. Itis visible from the plot, for example, that there
is a large concentration of Type-I targets (T Tauri stars and disks) near the equatorial regions and that Type-V
targets (galaxies) are predominant in the latitude ranges below 20°. Type-II targets (Herbig Ae/Be stars) are
common in the latitude regions between —35° to —25° an in the high latitudes of the northern hemisphere,
>55°. With one exception, all Type-III targets (debris disks) are located in the southern hemisphere. Of the
total 61 emission-sensitive types (Types IV, VI and VII), 44 are located in the northern hemisphere, including
all of the Type-VI targets.

The distribution of target types with respect to longitude is shown in Figure D.2, where it can be observed
that target groups are generally aggregated by area. For instance, the vast majority of Type-V targets are situ-
ated within the 160°-205° band. Conversely, no target of Types III, IV, VI and VII can be found in the longitude
range of 100°-230°, whereas in the same region only two Type-I targets are found. The elusive Type-VI targets
(high-mass star-forming regions) exist only in the longitude ranges below 65° and above 300° and Type-I tar-
gets are severely concentrated in two regions, at around 70°-80° and again in the vicinity of 235°-250°. Since
these two regions are separated by 180°, the opportunity to observe these target types arises only twice a year
and the observation window for each one lasts for approximately two weeks.

D.3.IRASSI TASK TOUR

D.3.1. ADDITIONAL SNS-5 TOUR RESULTS.
Table D.2 shows the breakdown of the SNS-5 tour per repetition.

D.3.2. ADDITIONAL NNH TOUR RESULTS.

Table D.3 shows the metrics breakdown of the NNH tour on an annual basis. Figure D.3(a) shows the evolution
of the three metrics over the five-year simulation and the average annual metric correlation relative to Jrpy
is shown in Figure D.3(b). The overall correlation values are presented in Table D.4.
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Table D.1: Catalog entry values.

Parameter Possible value and value ranges

Ecliptic longitude [0°,360°]

Ecliptic latitude [-90°,90°]

Priority {1,2,3,4}

Number of visits {1,2, 3}

Observation duration [0.1,8] days

Target name {.}

Target type {Massive young stellar objects, Galaxies and galactic center,

Herbig stars or disks, T Tauri stars or disks, Active Galac-
tic Nuclei (AGNi), High-mass forming regions, Hot Cores or
Hot Corinos, FU-Orionis class stars and objects or debris
disks}

Target no. {L, 1L, I1I, IV, V, VI, VII, VIII, IX}

(U, V)-plane scan length  {intermediate, long}

Emission sensitivity {low, high}
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Figure D.1: Distribution of target types relative to celestial latitude.



D.3. IRASSI TASK TOUR 249

27 T T T
B Type |
24 N Type 1T
Type III
I Type IV
21 [ TypeV |1
Type VI
| I Type VI | |
2 18 I Type VIII
20 I Type IX
S5 8
S
o
—
2 12 .
g
=1
Z
9 [ .
ol | 1
Il | “ {["{rem gl
I | | [ | | I

0
0° 20° 40° 60° 80° 100° 120° 140° 160° 180° 200° 220° 240° 260° 280° 300° 320° 340° 360°
Longitude

Figure D.2: Distribution of target types relative to celestial longitude.

Table D.2: Results of TPM’s IRASSI Task Tour for the SNS-5 algorithm. With tgpps = tsci, tppap becomes a measure of the observation
duration.

SNS-5

Parameter

Rep. 1 Rep. 2 Rep. 3 Rep. 4 Rep. 5
Completed tasks (%) 80 79 79 78 79
Completed tasks 630 616 621 615 619
No. idle days 310 331 323 343 339
No. single tasks available 144 142 140 146 143
Mean tasks per day 0.35 0.34 0.34 0.34 0.34
Mean tgp)s (days) 1.97 1.98 1.97 1.96 1.96
Mean tgqp (hours) 2.55 2.83 2.85 2.82 2.63
Mean Jrpm (-) 0.29 0.29 0.29 0.29 0.29

Table D.3: Yearly average results of TPM’s IRASSI Task Tour for the NNH algorithm.

Mean NNH

Performance Start Yearl Year2 Year3 Year4 Year5

Jrpm - 0.093 0.208 0.361 0.426 0.399
Trol - 0.046 0021 0070 0089  0.065
Pro; - 0151 0333 0557 0519 0414

Nyt - 0.082 0.271 0.457 0.669 0.718
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Figure D.3: Evolution of metrics over time and correlation of individual metrics with J7pp taken at yearly intervals.

Table D.4: Correlation of individual metrics to overall J7ppy.

Metric Correlation value
Trel 0.49
Preo 0.86

Nyer 0.82




COMPLEMENTARY ANALYSIS OF REM

The present appendix section aims to complement the analysis of the Reconfiguration Module (ReM), in-
troduced in Chapter 9. The following subsections provide details at the formation level on AV metrics and
distance traveled and on the resource management of individual spacecraft and the variation of simulation
parameters such as thrust force and specific impulse. The chapters and subchapters follow the same struc-
ture as Chapter 9.

E.1. ExXAMPLE IRASSI TOUR

E.1.1. ADDITIONAL FORMATION RESULTS

The AV-associated results of Section 9.4.2 are shown in Figures E.1 and E.2. Figure E.3 shows the mean dis-
tance traveled with the corresponding standard deviations.

E.1.2. INDIVIDUAL RESULTS

The results presented in Section 9.4.2 are hereby discriminated by spacecraft. The fuel used and AV expended
are shown for both the fuel-based and AV-based cost functions, such that it is possible to inspect how re-
sources are managed according to each cost function (even though they optimize for different resources).
These results are provided in Figures E.4 and E.5. Additionally, the distance traveled in inertial space is pre-
sented in Figure E.6. In all figures, T;,i = 1,---,5, denotes the individual telescopes.

As expected, it may be observed that higher values of the simulation parameters py and pay (respec-
tively, first and third plot from the top of Figures E.4 until E.6) promote a more leveled use of resources
among spacecraft, independently of the metric considered. Additionally, the peaks in fuel consumption and
AV expenditure of section 9.4.2 (Figures 9.3 and E.1) are also visible in the bottom plot of Figures E.4 until E.6,
whereby a three-fold increase in fuel or AV use is distinguishable for the ninth and tenth maneuvers, respec-
tively ‘S19 — Msg0’ and ‘Msgp — Sy’ Interestingly, the impact on the distance traveled is not linearly related to
resource consumption, as the spacecraft are commanded to travel more than 10 times further compared to
the other maneuvers.

E.2. EFFECTIVE ENVELOPES

E.2.1. CASEA

The AV-associated results of Section 9.4.3 for Case A are shown in Figures E.7(a) and E.7(b). Figure E.7(c)
shows the maneuver duration for the Joy cost function.

VARIABILITY

In addition, the present subsection provides a short analysis of the spread of the results of the repetitions
concerning the four metrics described in Table 9.2: fuel used, sum of fuel differences, AV expended and sum
of AV differences. Figure E.8 shows the relative standard deviation of the four metrics featured in Table 9.2, as
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Figure E.4: Fuel used per telescope for Example IRASSI Tour, using two cost functions, the fuel-based and the AV-based, each with two
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Figure E.5: AV per telescope for Example IRASSI Tour, using two cost functions, the fuel-based and the AV-based, each with two different
parameter values. The simulation parameters are ptp =0, g =500, gy = 0 and pay = 500.
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Figure E.7: AV metrics and maneuver duration for Case A and Jay.

calculated by:

1 < -\2
—1 Z (xi_x)
i=1

o, = : (E.1)
X

where X is the mean of a metric considering the 20 repetitions of the single maneuver described in Chapter 9,
x; is the point value of the metric and r is the repetition number. The spread, or variability is analyzed in SI
units (kg for fuel-related metrics and ms~for AV-based ones).

A number of straightforward observations can be made from Figure E.8: the first one is that there is a
relationship between the spread of the metrics and the value of the uy and uay parameters, whereby the
spread starts to increase as the effective envelope values of each parameter are reached (at approximately
pr = pay > 0.1), thereafter decreasing again and remaining approximately constant for pay > 0.8 the AV-
based function and uy > 10 the fuel-based function. The second one is that the variability of the J¢ function
is generally higher than the Jay one for all yy = pay > 0.2, (with the exception of the 0.6 to 0.7 range of the
pav weighting parameter for the first two plots, fuel used and AV expended), whereas the spread is marginally
higher for Jay for us = pay < 0.2. The third one is that two pronounced peaks for each cost function, respec-
tively for u¢ = 0.8 and pay ~0.4 to 0.7 are observed for the bottom plot, the AV differences. This is because the
average value X is very close to zero for these ur and pay values.

Overall, and for the effective envelopes of each cost function (0.1 < ur <10 and 0.1 < uy <5), the variabil-
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Figure E.8: Relative standard deviation of metrics for the two cost functions, J r and Jay.

ity of the J¢ function can exceed that of the /oy one by one order of magnitude. The variability is also less
constant for J [ This is attributed to the fact that due to the nature of the fuel-based cost function, the solution
space is larger (for instance, the algorithm may command systematically heavier spacecraft to spend more
fuel than lighter spacecraft to achieve fuel-balancing) and this effect becomes evident with the stochasticity
of the mesh-adaptive pattern search algorithm. The Jay cost function, on the other hand, has a smaller so-
lution space for equaling resources regardless of wet mass and is more consistent across different simulation
conditions. The consequence of this is primarily that it makes the AV-based optimization more predictable
in uncertain scenarios for heterogeneous formations.

AVMETRICS AS A FUNCTION OF F; AND I,

The trends observed with the nominal engine parameters (F; = 20 mN and I, = 2500 s) are applicable to
other values of thrust magnitude and specific impulse, as demonstrated in Figures E.9 and E.9. At higher pay
values, the variation of the expended AV seems nonetheless to be higher.
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Figure E.9: Expended AVfor varying values of thrust magnitude F; and specific impulse Isp.
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Figure E.10: AV differences (normalized) for varying values of thrust magnitude F; and specific impulse Isp.

E.2.2. CASEB
The AV-associated results of Section 9.4.3 for Case B are shown in Figures E.11(a) and E.11(b). Figure E.11(c)
shows the maneuver duration for the Jay cost function.
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Figure E.11: AV metrics and maneuver duration for Case B and Jay
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E.3. IRASSI TOUR ANALYSIS

The AV-associated results of Section 9.4.4 for Tour A are shown in Figures E.12.
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This appendix presents the number of collisions and instances of invisibility detected in the ReM maneuvers.

F.1. COLLISION AND INVISIBILITY EVENTS FOR REM EFFECTIVE ENVELOPES

Safety violations within the single-maneuvers of the ReM, presented in section 9.4.3, are firstly presented.
The simulation parameters are recalled below, each applying to Cases A and B:

* Two cost functions (Jr and Jay)

* 54 different y1f and pay parameter values (1073 < py, tiay < 107°)
¢ 1 maneuver

e 20 repetitions

These give a total of 1080 different simulations for each cost function and for each case. Table E1 summarizes
the total number of occurrences for each constraint. For each tour and cost function, the values reflect overall
means, that is, across all repetitions and across all i and pay parameter values. The “Total’ columns show
the ratio between the number of maneuvers with detected collision or invisibility violation and the number of
tour maneuvers. The ‘Pairs’ columns show the mean number of spacecraft pairs involved in collision or invis-
ibility events over the tours. The last column, ‘Duration’, shows the ratio between the duration of invisibility
and the duration of the reconfiguration maneuver.

There were no instances where both collision and invisibility were detected in a single maneuver. For Case
A, one single collision-prone occurrence was detected across all conditions (2 x 54 x 1 x 20=2160), whereas for
Case B only invisibility periods materialized. On average, each invisibility instance lasted for 32 %-33 % of the
reconfiguration maneuver (or between 5.4 and 5.6 hours) for both cost functions. Mean invisibility detections
are generally consistent between J r and Jay, except for B.2, where 34% more violations are detected with J 2

For both Case A and Case B, collisions or invisibility instances only occurred between a single spacecraft
pair (not necessarily the same pair, naturally). Only Case B.1 was free of both collisions and invisibility situa-
tions.

Figure E1 shows the number of repetitions for which invisibility has been detected for both cost functions.
It is interesting to note that invisible pairs are detected solely within the range 0.4 < pr, uay < 3. The mean
duration of invisibility periods for these repetitions is shown in Figure E2, again, for both cost functions. On
average, invisibility instances last between approximately 4.7 and 5.8 hours.
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Table E1: Detected collisions and invisible pairs during reconfiguration maneuver.

Collisions Invisibilities
Tours Total (%) Pairs Total (%) Pairs Dur.! (%)
Jr  Jav Tr  Jav Tr  Jav Tr  Jav Jr  Jav
A 0.1 0.0 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
B.2 0.0 0.0 0.0 0.0 4.1 5.5 1.0 1.0 32.7 32.8
B.3 0.0 0.0 0.0 0.0 6.3 5.8 1.0 1.0 32.8 324
B.4 0.0 0.0 0.0 0.0 54 55 1.0 1.0 33.0 33.1
B.5 0.0 0.0 0.0 0.0 56 5.8 1.0 1.0 322 322
I Duration
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Figure E1: Number of repetitions with detected invisible pairs during reconfiguration maneuver.
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