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Satellite servicing and associated capabilities have the potential to establish a new space
mission design and operation paradigm throughout Earth orbit. By integrating fundamental
elements of the logistics chains that complex engineered systems enjoy on Earth’s surface to
Earth’s orbit, the feasible domain for space missions will significantly expand. Some estimates
suggest that the burgeoning satellite servicing industry could generate over 14 billion United
States Dollars in revenue over the next decade, driven in large part by growing demand from
satellite operators in Low Earth Orbit. However, despite significant economic development and
the modern shift of commercial and government space industry focus to Low Earth Orbit, the
study of satellite servicing architecture design in this context requires more analysis to mature.
Existing satellite servicing mission design literature generally investigates the system design

problem as an economic feasibility analysis or system optimization problem. A subpopulation



of this literature introduces novel design metrics to the system design process, such as mission
flexibility, bringing significant utility to mission designers. In recent years, mission resilience has
proven to be a space mission design metric of significant interest to a diverse set of stakeholders
such as the United States Department of Defense. Despite its rapidly expanding use, resilience
in the context of space mission design has been described primarily qualitatively, limiting its
engineering use. Satellite servicing, as with other applications of engineering resilience techniques,
aims to integrate capabilities into a complex system that enables a response to system degradation
in a favorable manner. This thesis develops a robust simulation framework to parametrically
investigate the Low Earth Orbit satellite servicing system design space in the context of scenarios
of interest, such as the potentially degrading events of solar storms, orbital debris collisions, and
natural satellite failures. A focus will be placed on quantifying the effects on system resilience
that satellite servicing can afford Low Earth Orbit constellations. First-order space mission
design parameters will be parametrically investigated using the developed analysis and simulation
framework. Through leveraging the Earth’s J2 perturbation to help route servicer satellites
efficiently throughout a constellation of modeled customer satellites, it will be shown that the
integration of satellite servicing capabilities into Low Earth Orbit constellations can significantly
increase system resilience inside the performance constraints of existing space vehicles. Satellite
Servicing system design strategies will be presented that can be employed to increase mission

resilience and feasibility.
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Chapter 1: Introduction

1.1 Motivation

Modern developments in spacecraft servicing and, more generally, in-space logistics have
resulted in a signi cant increase in motivation to incorporate such capabilities into existing and
future space mission architectures. These capabilities aim to apply elements of the logistics,
maintenance, and repair chains that complex engineered systems enjoy on Earth into the design
of space vehicles and missions [2, 3]. The effect of satellite servicing possibly represents a
paradigm shift in how space operations are conducted. By enabling the maintenance, repair,
repositioning, refueling, and upgrading of satellites while in orbit, space mission design may
signi cantly change relative to what has been seen in the past few decades. [2,4]. The fact that
the satellite servicing and in-space logistics industry is expanding is indisputable [5-8]. The
remaining unknown factors of satellite servicing capabilities relate to the "who” and "how” these
maturing capabilities will be used in orbit.

The demand for new satellite-enabled services from users on Earth is rapidly expanding
[9]. With recent developments enabling the deployment of proliferated Low Earth Orbit (LEO)
constellations, many of these service-providing spacecraft will be smaller, less expensive satellites
compared to populations of satellites sent to orbit in the past. Nonetheless, demand for all types
of satellites, including larger, more exquisite spacecraft in all domains of Earth orbit, will expand

1



as well [10].

Engineering and system design challenges associated with integrating satellite servicing
into space mission architectures are no trivial task. While robust literature exists exploring its
application to higher orbital regions such as Geostationary Orbit (GEO), application and design
space studies detailing satellite servicing's application to LEO is still largely emergent. It is,
therefore, the goal of this research to help provide a novel analytical lens through which to view
this complex problem and, ideally, further re ne the design space to begging to clarify the answer
to the "who” and "how” of in-space logistics in Low Earth Orbit.

The primary analytical lens that will be applied in a novel way to the analysis of a satellite
servicing architecture system design will be that of resilience. Resilience is an oft-used adjective
to describe the ability of a system to respond (favorably) to changes in its operational environment
[11-13]. Resilience and the application of this concept to complex engineered systems have rich
literature spanning elds as diverse as ecology, nuclear engineering, automotive engineering,
and software engineering, among others [12, 13]. In recent years, the concept of building and
operating resilient spacecraft or architectures of spacecraft has become an important topic of
discussion among those who design, build, and operate space missions [5,8,14,15]. However, this
design metric has been used primarily qualitatively to describe a desired ability of space missions.
These qualitative descriptions have limited utility for those designing and building these systems
[16—18]. This research aims to apply well-founded resilience quanti cation methods from diverse
engineering disciples to provide a novel lens through which to view the integration of satellite
servicing to a variety of relevant scenarios that highlight how satellite servicing can be used
to increases mission/system resilience. For Earth-based systems, servicing enables complex
engineered systems to operate favorably in harsh environments and recover from failures and
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degradations in capability. This thesis will illustrate how satellite servicing capabilities can offer
similar effects to space systems.

This research will speci cally focus on the application of satellite servicing capabilities
to the LEO orbit region, as this region represents the current area of most signi cant growth
and investment, as well as a comparatively less-robust set of literature compared to analysis
in the context of other orbit regions such as GEO [3, 19]. LEO also represents a signi cant
area of investment and capability development for satellite servicing capabilities and upcoming
demonstrations, making it a highly relevant context in which to analyze the application of in-
space logistics to space missions [10, 20]. Figure 1.1 makes clear that LEO has, over time,
become the dominant area for new private investment, further justifying this thesis's focus on
satellite servicing in the LEO domain. As more investment is put into LEO, it is reasonable to
expect that the demand for logistics and servicing systems representative of what is seen on Earth
will increase over time. Additionally, this data focuses on private investment, but this is assumed

to be representative of market trends seen in other sections, such as the public sector.



Figure 1.1: Increase in private funding for investment ventures in different orbital regions as a
function of time, showing the emergence of LEO as a dominant investment domain [20]

A myriad of synergistic factors helped build the motivation case for this research. The
overlap between recent developments in the space industry and recent policy developments provides
a convincing basis for increased effort into modeling the integration of satellite servicing capabilities

into existing and future space mission design programs, speci cally in the context of LEO.

1.1.1 National Prioritization

In the summer of 2022, the White House Of ce of Science and Technology Policy (OSTP)
published national guidance on promoting the development of satellite servicing and in-space
logistics capabilities in general, thus codifying the emerging importance of this suite of in-orbit
capabilities [4]. Accordingly, space entities such as NASA and the US Space Force (USSF)

will likely heed the guidance of the executive branch of government and begin to develop and



integrate in-space logistics and satellite servicing capabilities into future mission architectures.
This will require system-level design efforts that help constrain design requirements for future
space-based logistic infrastructure mission architectures and provide insight into how servicing
operates under de ned scenarios of interest [4, 6]. Figure 1.2 represents the cover page of the

landmark National ISAM Strategy document [21].

Figure 1.2: National Science and Technology Council National In-Space Servicing, Assembly,
and Manufacturing National Strategy [4]

1.1.2 Emphasis on Resilience

Resilience has become an intensely popular phrase to describe a speci ¢ desired quality

of current and future space missions. Originating mainly from government organizations such



as the Department of Defense and NASA, a push for increasing the resilience of space mission
architectures has become a popular point of emphasis when discussing future space missions
[22—-24]. When discussing the resilience of space mission architectures, satellite servicing is an
often overlooked capability. In general terms, and as will be de ned in future sections, a system
is resilient to the extent to which it can recover from system degradations, a valuable attribute of
missions that operate in harsh environments such as Earth orbit. As will be shown through the
presented research, resilience is a valuable lens through which to view the application of satellite

servicing to space missions.

1.1.3 Expanding Market For Servicing

The demand for the capabilities provided by satellite servicing is expected to increase
steadily throughout the coming decade [25, 26]. Some estimates by Northern Sky Research (a
leader in space industry investment research) project that the satellite servicing industry will be
worth over 14 billion by 2031 [25]. Other reports suggest market valuations of 10s of billions
[10]. Similar reports also project that satellite servicing providers will only be able to meet nine
percent of existing demand over the same period [26]. It is also asserted that the majority of
growth in this industry will be driven by non-GEO market demand, speci cally in the context of
growing numbers of satellite constellations [25, 26]. Figure 1.3 illustrates the projected demand

growth over the next decade broken out into different servicing activity categories [26].



Figure 1.3: Anticipated global demand for satellite servicing capabilities over the next decade
[26].

Traditionally, the satellite servicing problem has been considered primarily in the context
of GEO satellites. As the LEO market aggressively expands, servicing opportunities in LEO
will exist, especially for inspection, component upgrade, and orbital cleanup capabilities due to
the inherent increased satellite degradation rates seen in LEO constellations [27]. Additionally,
the drive for more resilient architectures could drive an increase in satellite servicing capability
demand in LEO [27]. This is especially true for government or military customers where demand

for servicing capabilities may be inelastic.

1.1.4 Recent Advances

Recent advances in spacecraft and space launch technology have resulted in a paradigm

shiftin how both the public and private sectors think about space mission design. Reusable launch



vehicles have signi cantly dropped the cost to orbit — from around 8,000 USD per Kilogram
to Low Earth orbit (using the Atlas V as an example) in 2000 to 1,500 USD per kilogram in
2020 using the Falcon Heavy [28]. Advances in small satellite systems, autonomous operation,
commercial off-the-shelf components, and commercially available sensors have all made their
mark in making space more accessible and lucrative to a wider range of both private and public
entities. These contributions have transformed the on-orbit environment from a government-
dominated domain into a booming business. By many projections, the size of the future space
economy will be worth multi-trillions of USD by 2040, making it a very lucrative investment

for government entities and commercial companies alike [29]. A large portion of this business
will undoubtedly be taking place in LEO, where most satellites orbit at an altitude below 2000
kilometers [19]. The number of satellites in LEO will continue to expand dramatically as more
‘mega-constellations' such as the global broadband internet constellations of Starlink and OneWeb
are built up [30-32].

The large scale of projected LEO constellations presents an attractive trade space for the
application of in-space logistics systems to this mission architecture. Satellite servicing can
provide a signi cant advantage in adopting constellation-wide capabilities that would otherwise
be reserved for individual satellites, thus providing savings for each satellite node of the constellation.
Satellites in LEO are typically lower mass and less expensive than satellites in other orbital
regions such as Medium Earth Orbit (MEO) and GEO [3]. Because of this, LEO has been an
understudied case study for in-space logistics. An essential element of this constellation logistics
management and support infrastructure will involve on-orbit servicing of constellations to refuel,
repair, upgrade, and even de-orbit satellites. This class of capability has seen several recent

successes on orbit through two successful missions of Northrop Grumman's Mission Extension
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Vehicle (MEV), among other missions to be discussed in ensuing sections [33], [34].

1.1.5 Need For Modeling Capability

Due to the expanding interest and expanding maturity of capabilities being developed to
support in-space logistics missions, there is a renewed need to develop modeling and simulation
frameworks that t potential modern concepts of operations for satellite servicing applications.
Traditionally, satellite servicing has been modeled from the perspective of providing servicing
or logistics capabilities to large satellites in GEO [35, 36]. Literature supporting the analysis of
satellite servicing integration with other orbital regimens has been expanding but may not fully
re ect the interests of potential stakeholders. Past modeling efforts will be discussed in upcoming
sections. As outlined in previous sections, demand for LEO-based services and satellite servicing
will likely expand in the coming decades. Additional modeling and simulation lenses are needed

to explore more elements of the LEO satellite servicing problem to meet future servicing demand.

1.2 Earth Vs. Space-Based Logistics Paradigm

The stark differences between the logistics services provided to Earth-based complex engineered
systems such as cars, aircraft, or ships and the logistics provided to equally expensive and
critical space-based systems offer insight into why the integration of satellite servicing into space
missions is essential. As more and more satellites are launched into Earth orbit, the dependence
on space-based providers of daily activities on Earth will continue to increase. Currently, satellites
in LEO provide vital functions such as positioning and navigation, environmental monitoring,

weather predictions, and disaster monitoring.



Complex engineered systems on Earth generally have robust maintenance, upgrade, and
repair procedures that keep these incredibly complex systems operating at their intended level
of capability [3]. Examples are numerous. The simple personal vehicle has a well-designed
and regular maintenance and repair routine and can even be upgraded depending on the owner's
desires. The average price of a consumer car in 2021 was approximately 42,000 USD [37]. The
aviation industry provides an additional example of how a system's increased cost and complexity
result in increased maintenance and logistics. Aviation maintenance standards in the United
States mandate many different routing and case-speci ¢ maintainers checks, ranging from routine
ight-line checks to intensive heavy maintenance checks done at pre-determined points in the
aircraft's lifespan [38].

The same cannot be said for the incredibly complex spacecraft routinely sent to orbit.
Logistics and maintenance is severely lacking compared to Earth-based standards when on-
orbit systems are considered. The USSF is currently beginning the process of elding its new
constellation of LEO missile-warning satellites [39]. These satellites will provide the capability
to warn the United States military of global missile launches. Each of these individual satellites
is expected to cost 14 Million USD [39]. There is no publicly available information detailing
any maintenance or logistical support to this future satellite architecture despite its vital national
security mission. The cost of an individual next-generation missile-warning satellite is similar to
that of a different, Earth-based military platform: The M1A1 Abrams Tank. This military vehicle
costs 10 million USD [40]. This military vehicle has an extensive maintenance routine consisting
of routine upgrades, routine maintenance, and battle damage repair, along with a devoted logistics
chain to support its operations [41].

The direct comparison between a space vehicle and a ground vehicle in a similar price
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range highlights the discrepancies between the logistics and maintenance paradigm for these two

different types of systems.

1.3 The Case for In-Space Logistics

According to the 2022 State of the Space Industrial Base report, in-space satellite servicing
capabilities are critical infrastructure for the future of civil, military, and commercial space
industries [42]. Literature expressing many distinct bene ts of integrating satellite servicing and
logistics services to various space mission architectures exist [36, 43, 44]. This section discusses
some of the most widespread and accepted potential bene ts of adopting satellite servicing and
general in-space logistics capabilities. While this list is not comprehensive, it is representative of

existing literature.

1.3.1 Repair and Life Extension

Satellites are designed with a nite mission lifespan. However, unlike most complex
engineered systems (such as automobiles, naval vessels, and aircraft), once their mission lifespan
has elapsed or an unwelcome fault puts the system out of operation, satellites are not maintained
or repaired to remedy faults or extend operational life [36]. Servicing activities such as refueling,
inspection, and repair bring capabilities to satellites that terrestrial systems have enjoyed since
their early inception. As with cars, maintenance is (in most cases) cheaper than scrapping the car
and purchasing a new vehicle. One would not dispose of a car when its drive belt is worn out
— instead, it would be repaired or replaced during routine maintenance. This type of regular

maintenance and life extension is not available for LEO satellites in the current operational
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environment, which is where the use case for on-orbit servicing is made. Satellite issues such
as low fuel levels, mis-deployed solar arrays, or mis-deployed communications arrays (among
others) are all potentially life-shortening states that a satellite could nd itself in that could be

remedied by the application of in-space servicing.

1.3.2 De-Orbit Capability

A signi cant bene t that on-orbit servicing offers to a customer constellation unique to the
logistics support of space systems is the ability to safely and reliably de-orbit satellites. As LEO
becomes more congested, the need for guaranteed de-orbit has never been more critical. De-orbit
maneuvers can cost a satellite upwards of 100 m/s\Wf[45]. This single maneuver represents
a signi cant demand on the operational lifespan of a satellite and a potential area of bene t
if this demand could be removed from an individual satellite. The United States Government
has prioritized the mitigation and management of orbital debris through the publication of the
National Orbital Debris Implementation Plan [21]. This report emphasized the importance of
developing technologies and methods for reducing the orbital debris population through active
methods. Satellite servicing can provide signi cant advantages in this area through servicing
actions such as repositioning, orbit transport, and transfer. Servicing spacecraft can remove
retired or damaged spacecraft from the nodes of a constellation, guaranteeing that they are

properly de-orbited and do not create more debris.
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1.3.3 Enable New Space Mission Pro les

Furthermore, satellite servicing can bring about new space mission pro les that were not
feasible in past operational paradigms where satellites could not be serviced. Especially in LEO,
where orbital maneuvering deeper in Earth's gravity well is costlier in terms of fuel needed,
and sensor elds of view are smaller compared to GEO satellites, LEO satellites can bene t
signi cantly from speci cally the refueling aspect of servicing [3]. As LEO becomes more
congested, it is reasonable to assume that spacecraft occupying this orbital region will need to
execute avoidance maneuvers on a more frequent basis than in the past, which could be enabled
by an expanded fuel budget provided by servicing spacecraft. As a primary potential bene ciary
of expanded on-orbit servicing capability, the Department of Defense (DoD) — speci cally the
United States Space Force — could boost the maneuver budget for spacecratft by utilizing satellite
servicing capabilities [6]. Servicing can provide a signi cant advantage in adopting constellation-
wide capabilities that would otherwise be reserved for individual satellites, thus providing savings
for each node of the constellation. For example, instead of each individual node (satellite) in
a constellation being responsible for its de-orbiting, this requirement can be unloaded to the
supporting servicing infrastructure, resulting in fuel and mass savings for individual satellites

[46].

1.3.4 Resilience

System and architecture resilience will likely be an increasingly important requirement
for acquiring future space systems [22, 27]. By integrating many space systems across many

orbital regions into one system architecture, the ability of the system to operate in unfavorable
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environments and still meet performance requirements is increased. In-space satellite servicing
can offer the same increase in resilience, but from a different perspective [16]. Integrating the
ability to upgrade components, refueling to enable more timely and numerous maneuvering,
and repairing satellite components give individual satellites — and therefore the constellation or
architecture they are a part of — the ability to mitigate environmental or other unexpected events

that could degrade performance.

1.3.5 Adoption of Constellation Maintenance Function

Servicing can provide a major advantage in adopting constellation-wide capabilities that
would otherwise be reserved for individual satellites, thus providing savings in terms of design
complexity for each node of the constellation. For example, instead of each individual node
(satellite) in a constellation being responsible for its own de-orbiting (and thus using fuel that
otherwise could be used to continue operations), this requirement can be unloaded to the supporting

servicing infrastructure, resulting in fuel and mass savings for constellation nodes [46].

1.3.6 Responsiveness to Changes in the Operational Environment

Space vehicles operate in a dynamic and hostile environment, where changes in conditions
due to a plethora of arti cial and natural environmental factors are unpredictable and potentially
damaging. While changes are inevitable, the current operational paradigm of space missions
is relatively static and cannot generally respond to changes in the operational environment in a
meaningful way. Aircraft can maneuver to avoid potentially hazardous weather, and some can be

refueled to extend mission duration as needed. Automobiles can change tires changed, or chains
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added to respond to changes in road conditions. Analogs to these capabilities are not found
on orbit. The ability to be responsive to changes in the operational environment and mission
requirements has been highlighted by Saleh et al. in their work in quantifying the degree of
exibility that satellite servicing can bring to space missions [36, 47]. It will be shown that the
application of in-space logistics can be used to increase the ability of spacecraft to respond to
changes in the operational environment, just as the complex systems we use daily on Earth can

do.

1.4 Thesis Scope

The primary motivation for decisions made in determining this research's scope revolved
around building an analysis framework that can be utilized by engineering decision-makers and
mission architects who need to gain insight into deciding how the potential application of satellite
servicing could change their mission architecture, and how a satellite servicing system should be
designed. In this way, the analysis framework is built to enable the simulation of real-world
scenarios and ground the analysis in the context of representative mission examples.

Additionally, an analysis framework intended to assist in the decision-making process must
provide insight into rst-order space mission design variables such as the number of servicing
satellites, locations of servicing satellitesy budgets, and system capability. In the case of this
analysis, system resilience is also analyzed and considered a potential rst-order design metric
of interest.

For the remainder of this thesis, the term satellite servicing will be used to describe all

capabilities associated with logistics support, maintenance, upgrade, or repair capabilities applied
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to satellites. The intent for using this term is to refrain from scoping this research to a particular
on-orbit activity.

This thesis follows a parametric systems analysis approach. A parametric analysis explores
how changes in one or more parameters affect the outcome of a system or process. Parameters
are variables that can be adjusted or manipulated to see how they impact the behavior of a system
or process. Parametric analysis is particularly useful when the relationship between the input
and output variables is complex and not immediately apparent. By systematically varying the
parameters and observing the resulting changes in the system or process, researchers can gain a
deeper understanding of how the system works and identify the best values for the parameters to

achieve speci c goals.

1.5 Stakeholders and Intended Audience

Due to the architecture (or system) level analysis perspective of this research, the intended
audience and stakeholder groups t into one or more of the following groups: (1) decision-
makers, (2) mission operators, or (3) mission planners. The level and scope of the presented
analysis lend themselves well to integration into design decision-making processes. Clear system-
level design variables and metrics are presented to give those making decisions about how a space
mission architecture should be developed or operated perspective into how satellite servicing can
be applied to their mission set.

Inside this intended audience is a selection of stakeholders identi ed as potentially bene ting
from the presented research. Three examples of potential stakeholders are the National Air and

Space Administration (NASA), the United States Space Force Space Systems Command (USSF-
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SSC), and the United States Space Force Space War ghter Analysis Center (USSF-SWAC).
NASA is a pioneer in the eld of in-space logistics, notably due to its leadership on the OSAM-1
mission [48]. As NASA matures the mission concept of OSAM-1 and develops in-space logistics
technology into the future, system-level analysis of how these capabilities could be applied to
future missions could present signi cant utility.

The United States Space Force is the newest branch of the United States Military. This
organization protects and defends American Space capabilities in Earth orbit. Recently, the
Space Force's Space Systems Command (SSC) has expressed signi cant and growing interest
in the bene ts that a maturing ecosystem of satellite servicing capabilities can offer its spacecraft
and mission architectures [9, 23, 49, 50]. The Space Force's Space War ghter Analysis Center
(SWAC) is closely related to the Space Force's Space System Command. This organization,
broadly, is charged with developing and modeling the future space mission architectures that
the Space Force will acquire in the future. As the satellite servicing industry matures over time,
more and more effort may be placed into directly modeling the impact that integration of in-space
logistics capabilities can have on future Space Force mission concepts. It must be noted that this
is not a comprehensive list of potential stakeholders but is meant to provide insight into concrete

examples of what kinds of organizations this research is intended to be consumed by.

1.6 Thesis Overview

This thesis has been developed to assist the reader in building knowledge in 3 primary
areas: (1) background and current status of the satellite servicing and LEO ecosystem, (2) satellite

servicing system design and strategies for modeling this complex system, and (3) an interpretation
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of what elements of the satellite servicing system design trade space look like for several speci ¢
application cases. The objective of this thesis and research, in general, is not to provide a de nite
"correct” answer to the engineering problem of applying satellite servicing to space mission
architecture. The objective is to provide a novel lens through which to analyze this complex
problem and to add to existing analysis that has been developed to build further the design trade
space that governs this area of research. To accomplish this, the presented thesis will adopt the
following structure:

Chapter 2 provides prerequisite background and literature review information to assist the
reader in understanding how the presented research ts into the broader eld of in-space logistics
research. Chapter 3 provides an overview of the modeling and analysis methodology developed as
part of this research. Speci cs regarding contributions to the area and limitations of the presented
analysis framework will be discussed here. Chapters 4-6 dive into the speci cs of each modeling
component developed to support this analysis. Chapter 7 will discuss the results obtained by
applying the developed modeling framework to real-world scenarios. Chapter 8 will draw clear
conclusions from the analysis results, and chapter 9 will detail plans for future work building

upon the capabilities developed supporting this thesis.

1.7 Nomenclature Note

A wide range of phrases describe satellite servicing or similar concepts. As an illustrative
example, in years past, the acronym OSAM (On-Orbit Servicing, Assembly, and Manufacturing)
is now represented by the abbreviation ISAM (On-Orbit Servicing, Assembly, and Manufacturing)

after the publication of the National In-Space Servicing, Assembly, and Manufacturing National

18



Strategy [4]. Despite the change in the acronym, the concepts referenced by each term are
the same. Additionally, the United States Space Force has introduced new acronyms SAML
(Space Access, Mobility, and Logistics), SML (Space Mobility and Logistics), and SMS (Space
Maneuver and Servicing) [50]. While each acronym has unique intended uses to increase readability,
reach, and transparency, this thesis will use satellite servicing to describe the suite of capabilities
relevant to this research.

Another note on nomenclature involves the use of the term "architecture.” The intent for
utilization of the phrase is for it to act as a term used to describe an orbital distribution of satellites.
A mission architecture should bring to mind the necessary distribution and types of satellites

needed to accomplish a speci ¢ mission.
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Chapter 2: Background and Literature Review

2.1 Historical Perspectives

In-Space repair, upgrade, and maintenance of spacecraft have been demonstrated since
the 1990s, starting with the International Space Station and the repair of the Hubble Space
Telescope [51]. These missions provided early use cases which showed the promise of in-space
maintenance of spacecraft. Since then, multiple signi cant milestones have been reached that
further demonstrated the feasibility of in-space maintenance and expanded the use cases and
the methods used to accomplish it. One of these milestones was the Defense Advanced Research
Projects Agency (DARPA) Orbital Express mission in 2007, which successfully demonstrated the
autonomous docking and rendezvous between two robotic spacecraft. The discussion surrounding
satellite servicing applications has recently been a common topic of discussion [6], [8], [52]. This
is primarily due to several recent development and successes in this eld, speci cally as a result
of recent mission successes on-orbit. A signi cant milestone that showed potential customers
the value of satellite servicing is the recent success of Lockheed Martin's Mission Extension
Vehicle (MEV). In April 2020, MEV-1 docked with Intelsat 901, which was critically limited by
its amount of onboard station-keeping fuel. It will provide ve years of additional station-keeping
fuel to the satellite — nearly doubling the satellite’s mission design life [34]. In April of 2021,

MEV-2 docked with Intelsat 10-02 and provided the same service [53].
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2.2 Satellite Servicing: Current Environment

Recent years have brought signi cant development in the technology and conversation
surrounding the satellite servicing industry [5, 15, 54]. Through analyzing and collecting press
releases, news sources, and existing company databases, a general overview of the current status
of the in-space logistics industry is presented in this section. This is not an exhaustive list of
current and recent events in the satellite-servicing ecosystem. Still, it is representative of the
expansion in the market and conversation in recent years.

A strong demand from a reliable customer base must be present for any industry to grow.
In recent years, the conversation surrounding the purchase and development of satellite servicing
capabilities has become signi cantly more robust compared to years past. Signi cant demand
signals have originated in the past few years from United States Government customers, speci cally
the United States Department of Defense (DoD). Currently (2022 - 2023), the conversations
originating from DoD leadership have built up a substantial support base for integrating satellite
servicing into current and future missions [49, 55, 56]. This is signi cant, as the lack of strong
demand signals has been a hurdle to the adoption of satellite servicing and in-space logistics
technologies into space missions [54]

Demand and debate are not the only maturing element of the satellite servicing capability
ecosystem. The technologies that will enable the integration of in-space logistics to LEO mission
architectures have seen signi cant maturation and innovation in recent years. The private sector
has developed a signi cant portion of recent advances in satellite servicing capability. Table 2.1
shows a sampling of major private ventures currently building up in-space logistics capabilities

in the private sector [10]. The Field "SFR” represents the source's unique rating metric that
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provides insight into the degree to which a listed company or effort will likely become a reality.
The columns "category” and "altitude” provide helpful insight into what kinds of capabilities
and in which orbit regimes' future capabilities will likely consist and where they will operate.
A signi cant takeaway from this database is the diversity of capabilities being developed in
the private sector to support in-space logistics infrastructure development. A large variety of
capabilities that mimic many logistics functions found on Earth are being developed in orbit and

at a diversity of orbital regions.

Figure 2.1. SpaceFund satellite servicing companies database, ranked by SpaceFunds's realit
ranking - a measure that aims to "provide critical, intelligent, and non-biased information about
the status of the growing space industry, and to make as much of this data available to the public
as possible” [10]

Academia, Industry, and the United States government have been investing in satellite
servicing technologies, and several signi cant milestones have been met in making satellite
servicing technologies a viable operational capability. Table 2.1 provides an overview of the
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major missions advancing satellite servicing capabilities. Figure 2.2 provides a depiction of what

a selection of these robotic satellite servicing missions looks like

Figure 2.2: Selection of Robotic Servicing Missions. [left] Orbital Express [52], [middle] picture
of MEV closing in on an Intelsat [53], [right] artists depiction of MEV mission [53]

2.3 Low Earth Orbit Missions: Current Environment

LEO constellations will make up the backbone modeled customer satellite base for this
analysis due to their surging importance in providing the space-enabled capabilities used on
Earth, the level of projected future investment in this orbital region, as well as the need for more
studies of the application case for satellite servicing to this orbital region [3, 10]. Therefore, it
is important to understand what current and future LEO constellations consist of. That will be a
primary factor in determining how satellite servicing architectures are deployed in LEO. For the
sake of this discussion, the current and planned LEO constellations will be broken down into two
primary groups: communications/data transfer constellations and data collection constellations,
as this provides a useful framework for the discussion of the LEO satellite constellation population.

Communications constellations are the LEO architectures that transmit information to customers
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Table 2.1: Robotic ISAM Missions and Recent Technology Development

Constellation Description
Name
Mission In 2016 Orbital ATK and Intelsat signed an agreement

Extension Vehicle
(MEV)

for a servicing mission for Orbital ATK's MEV to service

provide station-keeping extension capabilities to Intelsat 90

GEOQ[11]. MEV-1 docked with Intelsat 901 in April 2020 and

lin

provided ve years of mission life extension - nearly doublipng

the mission design life [34].
MEV-2 docked with Intelsat 10-02 — providing ve years
mission life, and then will transfer to graveyard orbit [53]

Orbital Express

a DARPA program to validate the technical feasibility
robotic, autonomous on-orbit refueling and recon gurat
of satellites met success on June 29 2017.

More recently, in April 2021
Df

of
on

This mission

demonstrated the successful rendezvous and docking of
ASTRO (servicing satellite) and NextSat (simulated customer

satellite) [57]

OSAM-1

Previously called RESTOR-L, OSAM-1 is a NASA robot

ic

spacecraft equipped to extend a spacecraft's lifespan (even

spacecraft that were not designed to be serviced on orbit)

[48].

The system will rendezvous with, grapple with, refuel, and

relocate a satellite

RSGS

This DARPA program, named Robotic Servicing

Geosynchronous Satellites (RSGS), has the objective

create an operational dexterous robotic capability to re

of
to
pair

satellites in geosynchronous Earth orbit (GEO), extending

satellite life spans, enhancing resilience, and improy

ing

reliability for the current U.S. space infrastructure [58]. RSGS

is set to launch in 2023 with the business model of servi¢

government satellites at a xed price point

Astroscale

ing

A Japanese company, Astroscale, developed an End-Oft-Life
service demonstration called ELSA-d (End-Of-Life Services
by Astroscale — demonstration). This mission demonstrated

the ability to capture a client satellite magnetically [9]

Mission Robotic
Vehicle (MRV)

Northrop Grumman Follow-On vehicle to the MEV. Launchipg

in 2024 — goal to provide on-orbit augmentation inspection

and

repair capabilities as well as installation of mission extension

pods (MEPSs) [59]
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around the globe. An overview of the current and future LEO communications constellations

consists of the following constellations presented in the table 2.2.

Table 2.2: LEO Communications Constellations

Constellation
Name

Description

Iridium

Iridium's LEO telecommunication constellation provid
global voice and data coverage. This constellation consis
66 operational satellites (6 planes of 11 satellites each).
planes are inclined to 86.4 degrees, and the orbital altitud
these satellites is approximately 780 kilometers [60]

es

ts of
The
e of

OneWeb

The OneWeb constellation will be a global space-based inte
constellation. It is planned as 648 satellite constellatig
currently, 146 have been launched. These satellites wil
arranged in 18 planes of 36 satellites each at an 87.9-de¢
Inclination and 1,200 kilometers of altitude [61]

rnet
NS;
| be
2gree

Starlink

The Starlink constellation will be another satellite inter
constellation, consisting of a proposed 4425 satellites a
altitude of approximately 550 km, with inclinations rangi
from 53 degrees to 81 degrees [31]

het
t an

g

Telesat
LightSpeed

Telesat's Light speed constellation will consist of 180 sate
multi-orbit internet constellation consisting of 2 orbital ban
(one band at 1000 km altitude, and 99.5-degree Inclination
another band at 1248 km altitude and 37.4-degree Inclinat
[62]

lite
ds
and
[ion)

SDA Tranche O
Transport Layer

SDAss transport layer (Tranche 0) will be a LEO constellati
of 20 satellites that will provide low-latency military data a
connectivity worldwide [63]

on
nd

Figure 2.3 gives a visual of three LEO communication satellites. The features that are most

notable of these constellations are many orbital planes of multiple satellites spread over the globe.
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Figure 2.3: Sampling of constellation patterns for LEO communications constellations. [left]
proposed Starlink constellation [31], [middle] Iridium constellation [60], [right] proposed

OneWeb constellation [32]

Data-collection constellations are the LEO mission architectures that collect valuable information
from orbit. An overview of the current and future LEO data-collection constellations may grow

to resemble some of the constellation form factors described in table 2.3.
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Table 2.3: LEO Data-Collection Constellations

Constellation Description
Name
ICEYE ICEYE operates a global X-Band SAR satellite constellation,

deploying 21 satellites since 2018. Altitude of about 560-580
Km, 97.7 sun-synchronous orbit [64], [65]
Hawkeye 360 The company Hawkeye 360 operates a LEO RF data collection
constellation comprising of 5 “clusters” of 3 satellites (15 total)

and is actively growing capacity. These satellites are located in
a sun-synchronous orbit at 575 km of altitude [66], [67]
SDA Tranche 1| The next layer to built on top of the aforementioned SDA

Tracking Layer Tranche 0 data transport constellation, 28 satellites for| the
National Defense Space Architecture tracking layer have been
contracted. This constellation layer will consist of 4 planes

with 7 vehicles per plane [68]

Maxar Maxar's Worldview Legion global optical imaging
Worldview constellation consisting of 6 imaging satellites that will
Legion replace existing worldview-1, GeoEYE-1, WorldView-2

WorldView-3. Satellites will be sun-synchronous and mid-
latitude [69]
Planet Labs Planet Labs is a LEO optical imaging constellation operator
and currently operates 2 constellations, consisting of Dove,
RapidEye and SkySat satellites. Is planning to roll out a new
constellation, “pelican,” consisting of 32 satellites [70].

2.4 Enabling Technologies

Recently, certain enabling technologies have fallen into place that make deploying vast
satellite constellations and servicing satellites economically feasible and technologically viable
[3]. This section will provide the author's perspective, as informed by the literature and current
events, on which recent technology developments have expanded the prospects for in-space
servicing of LEO satellite constellations. This discussion aims to brie y outline the technology
developments that have enabled the increased feasibility of integrating satellite servicing into

spacecraft mission design. This does not represent a comprehensive list but the author's opinion
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regarding which technologies have had the most signi cant impact in increasing the maturity and
feasibility of in-space logistics.

Reduced Launch CostsThe cost per kilogram launched to an orbital region is a signi cant
driver in developing space system architectures. In the past, space mission architectures often
consisted of small numbers of large, highly exquisite, and expensive spacecraft. However, as
commercial launch providers such as SpaceX have signi cantly reduced the monetary barrier of
entry to space, more commercial and government entities have gained access to orbit. As a result,
a more exible approach to space missions has gained momentum, spawning a greater diversity
of business models and companies to enter the market [3]. Figure 2.4 shows how launch cost
per kilogram has decreased from 1980 to 2020, especially in heavy and medium-sized launchers,

which have been able to launch many satellites with one vehicle.

Figure 2.4: Graphic depicting the decreasing cost of launch per kilogram of mass sent to orbit
from 1980 to 2022 [28]
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Proliferation of small satellites and LEO constellations: Over the past decade, the
proliferation of LEO constellations has been enabled by the decrease in satellite costs brought
about by the normalization of the use of small satellites. Small satellites facilitated the transition
from small numbers of large satellites to large numbers of smaller satellites to accomplish many
space missions, especially in LEO. In LEO, tasks such as earth observation and communications
have embraced the concept of small satellites and their associated constellations. Figure 2.5
below shows this transition in action. The number of small satellites launched in 2020 far
outnumbers the number of other spacecraft types launched and is dominated by two proliferated
LEO constellations of communications satellites [71].

The vast number of satellites in LEO makes a strong business case centered around economies
of scale. In economics, economies of scale are de ned as the cost advantage that a company
experiences when it increases its output level to a certain point [72]. In terms of the satellite
servicing problem, with the dense packing of satellites in LEO, companies who invest in the
development of servicing platforms here can scale up their number of customers and reap more
income easier than in other orbital regions. With cheaper access, cheaper cost of individual
platforms, and more possible customers, LEO is positioning itself as a potentially lucrative region

for companies to invest in.
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Figure 2.5: Growth in Smallsat Launches from 2011 to 2020 [71]

Ride-share Opportunities: Ride-share opportunities have greatly lowered the barrier of
entry for small satellite operators. The ESPA (EELV Secondary Payload Adapter) was a major
development made in the 2000s that enabled the launch of secondary payloads (small satellites)
with little to no impact on the primary mission [73]. Figure 2.6 below provides a visual of Moog's

ESPA rings.
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Figure 2.6: Examples of ESPA Ring Con gurations [73]

This ride-share technology has enabled the deployment of ESPA-class small satellites in
a signi cant cost-reduced fashion. Costs for small sat ride-share on a SpaceX launch is 1.1
Million USD for 200 kg, with additional mass at 5.5k per kilogram [74]. These ride-share rides
can even be reserved on an online portal similar to booking a commercial aircraft ight [74].
The normalization of ride-share opportunities for small satellites has revolutionized how many
companies access space. Regarding the satellite servicing problem, this enabling technology not
only lowers the cost of accessing orbit but has facilitated the construction of the proliferated LEO
constellations that will incorporate the servicing customer base.

Robotic Spacecraft Operations:Reliable autonomous rendezvous and proximity operations
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are necessary for any servicing operation between two objects in orbit. While it seems risky, it
has been proven to be a highly tractable problem that can achieve reliability [57, 75]. While the
autonomous docking and rendezvous of spacecraft have been demonstrated on multiple occasions,
the development and deployment of capable robotic manipulators that can facilitate the docking
and manipulation of satellites in a servicing scenario are also progressing. Missions such as the
Mission Extension Vehicle utilize space-rated robotic technologies. These robotic manipulators
are often prohibitively expensive and hinder the economic case for in-space servicing. Developments
have been made in recent years to develop small satellite-based manipulators that can overcome
the cost-related restrictions of large robotic systems [76]. The University of Maryland's Space
Systems Lab has demonstrated these capabilities in neutral buoyancy and earth-based simulations.
The designs below represent examples of small satellite-based manipulator systems developed by

the Space Systems Lab.

Figure 2.7: University of Maryland Small-Sat Based Robotic Manipulators [76]
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2.5 Satellite Servicing Modeling Efforts

Before diving into the analysis methodology built in support of this research, it is necessary
to discuss previous efforts concerning the modeling and analysis of applications of satellite
servicing to space mission architectures. Many other elds of study are necessary for enabling
these capabilities, such as robotic operations, guidance and navigation, and propulsion. However,
these areas will not be the focus of this review. Broadly, the author's ndings show that the
literature can be broken down into three primary study vectors. The studies described in this
section do not represent an exhaustive list but provide a representative sampling of these three

primary research areas.

2.5.1 Mission Design Analysis and Optimization

There is no doubt the literature detailing satellite servicing and, more generally, in-apace
logistics mission design and optimization has no shortage. The general form of research involving
the system design and optimization of a satellite servicing system can be de ned by setting a
population customer of satellites (usually constrained to a speci c orbital region) and conducting
analysis to determine to optimal trajectory routing scheme for a single or multiple logistics-
providing-satellite to visit members of the customer population. This is often done in the context
of random customer satellite failures, a sub-population of customer satellites that require a service
such as refueling, or a predetermined set of satellites that are considered to fail [77-79]. The
analysis methodologies used in these studies are wide-ranging. Some sources utilize queuing
theory and inventory management techniques to determine optimal satellite servicing system

design and performance [80,81]. Other system optimization methods use heuristic-based methods
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such as genetic algorithms or particle swarm optimization to arrive at optimal satellite servicing
system designs [82]. The results of these studies often present optimal satellite servicing architecture
design parameters relevant to the use case under examination. Examples of such design parameters
are the number of logistics satellites needed, the fuel required to accomplish a given mission,
the time necessary to achieve the mission, and others. The utility of these studies comes in
the form of providing clear system design variables that can be used to accomplish an in-space
logistics mission. These parameters and associated optimal, or simply best, values and system-
level design practices are helpful for decision-makers looking to apply satellite servicing to the
design of future missions, as they help de ne the engineering feasibility and utility associated

with the integration of satellite servicing capabilities into mission architectures.

2.5.2 Economic Feasibility Studies

Another primary research vector relating to the application of satellite servicing comes in
the form of economic feasibility analysis. The broad objective of this class of study is to assess the
economic utility of such a system through high-level space mission design. The major question
these models ask is, "Does the bene t of servicing (in-space logistics) outweigh the cost? [75].
These studies generally provide a methodology for determining the on-orbit market for satellite
logistics services. This typically comes in the form of several satellites degrading or failing
over a speci ed time in an orbital region of interest, attaching a dollar value to those aggregate
degradation or failures, or providing analysis of past failure insurance claims as a foundation on
which to build a business case [57,83,84]. These models provide signi cant utility in determining

which types and cost levels of servicing systems can be considered feasible and provide utility to
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a potential customer population of satellites.

2.5.3 Modeling in the Context of Novel System Metrics

A subset of research papers tackling the design problem of in-space logistics and satellite
servicing take elements from the previous two research vectors and build novel analytical frameworks
that provide novel insight into the engineering and economic trade space of satellite servicing.
There are numerous examples of this analysis, but generally, they provide insight into the design
trade space by introducing novel metrics to assess the utility of satellite servicing beyond just
a cost-effectiveness analysis [47]. A major instance of this work came from Saleh et al. in
developing a framework for assessing the added mission exibility that a servicing system could
offer a group of customer satellites [36,47]. To accomplish this, an analysis framework considering
uncertainties in mission requirements and market changes was constructed that showed that
satellite operators (customers) could greatly bene t from servicing since it allowed operators
to respond to changes in mission requirements after the mission has been launched [36]. This
analysis centered around decision tree analysis that allowed the researchers to account for uncertaintie:
inherent in the design of a space mission. The result was the development of a satellite servicing
value model decoupled from cost and highlighted a customer-centric approach to the valuation
of servicing utility. Other examples of constructing novel methods to assess the utility of satellite
servicing have been developed by M. Luu et al., speci cally in the context of proliferated LEO
mission architectures such as constellations. Luu developed multi-attribute utility functions
that considered design metrics such as mass delivered, timeliness, and the number of servicing

events [82]. Additional discussion is provided regarding the mission assurance and reduction of
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system requirements that servicing can offer a population of satellites. The utility of this form
of analysis is placing more analytical tools and analysis lenses in the hands of mission designers

and decision-makers.

2.5.4 Modeling Effort Conclusions

From the discussion of previous satellite servicing modeling efforts, the context in which
the presented modeling and analysis framework resides can be made more explicit. Each of the
discussed analysis vectors has distinct bene ts. However, some are more saturated than others.
The modeling and analysis framework developed in this thesis intends to remain grounded in
the bene ts associated with the "Mission Design Analysis and Optimization” analysis vector
while also developing a novel analysis lens through which to view the satellite servicing design
problem: resilience. This will ideally provide similar novel insight as to Saleh and Luu but remain
grounded in mission design fundamentals that will ensure that metrics provide utility to mission

designers.

2.6 De nition of an In-Space Logistics System

2.6.1 In-Space Logistics De nition

According to the April 2022 In Space Servicing, Assembly and Manufacturing (ISAM)
National Strategy published by the National Science and Technology Council, in-space (also
commonly known as on-orbit) servicing is de ned as the in-space inspection, life extension,
repair, or alteration of a spacecraft after its initial launch [4]. This set of services includes

actions such as but are not limited to: visual acquisition, rendezvous and/or proximity operations,
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docking, berthing, relocation, refueling, upgrading, repositioning, undocking, unberthing, release
and departure, reuse, orbit transport and transfer, and timely debris collection and removal [4].
From this, it can be seen that in-space servicing can span many possible logistics and maintenance
services. The unifying factor for all these diverse services is that servicing requires the two
orbiting spacecraft to operate near each other and interact with each other in some meaningful
way. Figure 2.8 shows a visual describing all services and actions associated with the servicing
element of the In Space Servicing, Assembly, and Manufacturing National Strategy. In this
paper, satellite servicing will be de ned using the classi cation presented in the National ISAM

Strategy.

Figure 2.8: Servicing components according to the national ISAM strategy
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2.6.2 Components of a Satellite Servicing Architecture and Design Factors

A satellite servicing architecture comprises a distribution of customer satellites and a distribution
of servicer satellites, each of which has speci ¢ design factors that in uence how the customers
and servicers will interact. While, from an operational perspective, many more elements of
a servicing architecture exist - such as ground stations, individual spacecraft subsystems, and
launch systems — for this architecting study, only the interactions between the customer and
servicer constellations are considered. Figure 2.9 describes the different and complex activities
involved in a generic satellite servicing mission. This paper will only provide insight into the rst

step - the "maneuver to client” phase of the servicing operation.

Figure 2.9: Generic satellite servicing ow of activities [57]

Even though the notional servicing architecture analyzed in this paper contains only distributions
of servicer and customer satellites and focuses only on the servicer's approach phase to the
customer, there is still a wide range of design factors and decisions that designing such a system
involves. These factors will be described in future sections. Still, the primary takeaway is that
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satellite servicing architecture comprises a distribution of customer satellites and a distribution of
servicer satellites that maneuver to interact in some way. The speci cs of interaction, such as the
speci c activity during this interaction phase, will not be analyzed in this thesis. Modeling of the
maneuver phase suf ces for this analysis, as will be elaborated upon and justi ed in upcoming

sections.

2.7 Resilience and Resilience Modeling

This section aims to provide an introductory overview of engineering resilience and its
application to the design of space systems. Resilience is the analytical lens through which the
integration of satellite servicing to space mission architectures will be analyzed. Therefore,
it is crucial to have a general understanding of the literature on engineering resilience and its
applicability to space system design. Speci cs of resilience metric modeling methodologies will

be discussed in chapter 6.

2.7.1 Resilience Overview

Lord Kelvin once said that "when you can measure what you are speaking about, and
express it in numbers, you know something about it; but when you cannot measure it, when
you cannot express it in numbers, your knowledge is of a meager and unsatisfactory kind; it
may be the beginning of knowledge, but you have scarcely in your thoughts advanced to the
state of science, whatever the matter may be” [85]. As this discussion will show, in terms of
understanding the quanti cation of space system resiliency in the context of satellite servicing,

we have knowledge that is of a "meager and unsatisfactory kind.” This kind of knowledge is
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unsatisfactory for a business as serious and expensive as the design and deployment of space
systems.

The Department of Defense (DoD) and other government space entities have identi ed
resiliency as an important metric by which to judge the acquisition of future space system architectures
[17,18,22]. This is especially pertinent when discussed in the context of proliferated constellations
in LEO. Methods to increase LEO constellation resiliency are of utmost importance to ensure the
future success of these constellations for national defense, scienti ¢, and commercial purposes.

Resilience has come to hold a prominent place in the vocabulary of those who design
complex engineered systems since its assessment began in the 1960s with the nuclear power
industry using fault tree analysis techniques [86]. While this term is not limited to the design of
space systems, it has become an increasingly important design metric throughout the engineering
community, especially in the procurement of Department of Defense (DoD) space systems and

the design of next-generation space mission architectures.
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Figure 2.10: Citations per year of keywords relating to engineering complex resilient systems [12]

The engineering resilience concept can have many de nitions depending on its context or
even within the same context. The diversity of de nitions has been an issue recognized by the
Systems Engineering Body of Knowledge (SEBoOK), which states that there are approximately
100 de nitions of resilience that can be found in academic literature [13]. Researchers in elds
related to ecology were some of the rst to popularize the technical use of resilience. They
broadly de ned it as the speed with which an ecosystem returns to its equilibrium state following
a perturbation [11, 87]. Literature sources from the Department of Defense asserting system
resilience represents a system that exhibits speci c resilience properties such as the ability to
repel, resist, absorb, recover, or adapt to perturbations [11, 88, 89]. As the application cases of

engineering resilience have expanded, the breadth of de nitions has followed suit. Many modern
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implementations of engineering resilience can be found in large complex systems such as power
grids, supply chains, health care systems, and others [11]. Furthermore, despite its growing
popularity, no established consensus on how resilience should be quanti ed, designed for, and
improved in engineering systems has been documented [11].

Despite these many de nitions, commonalities can be found between most de nitions that
can form the basis of a robust description. A primary commonality that will provide the basis of
the de nition used in this report is that the resiliency of a system is de ned by its ability to retain
critical capabilities in the face of adversarial events or conditions [13, 85]. For the analysis of
resilience, it is helpful to select an existing de nition from the literature to provide a foundational
framework. This avoids adding another de nition to the slew of existing de nitions and draws
from existing literary expertise.

The de nition of resilience that will be used for this discussion has been developed by
Ronald Firesmith at Carnegie Mellon's Software Engineering Institute. This de nition has been
selected due to its use in other space-related discussions on resilience and the clarity by which it
is presented [13, 90]. Additionally, software engineering and cyber security potentially contain
some of the most robust academic discussions on resilience, making a de nition adopted from this
eld compelling. The adopted de nition of resilience states: “A system is resilient to the degree to
which it rapidly and effectively protects its critical capabilities from disruption caused by adverse
events and conditions” [90]. For this analysis, critical capabilities will refer to performance

metrics of a LEO satellite mission or constellations.
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2.7.2 Existing Space System Resilience Modeling Efforts

A multitude of resilience models exists in the literature. These vary depending on which
eld the modeling effort came from. A resiliency model from ecology will differ from one built
around software engineering foundations. However, there are often more similarities than would
be expected. This section aims to provide a brief overview of different resilience models, focusing
on ones used in space system engineering applications. This list is not comprehensive but aims
to provide a glimpse into the diversity of thought on how to model resilience for space systems.
It is important to note that most existing resilience frameworks used in discussions on promoting

space system resilience are qualitative, representing a knowledge gap in advancing this eld.

2.7.2.1 Air Force Space Command

In 2014 the United States Air Force Space Command published a white paper titled Resilience
and Disaggregated Space Architectures [22]. The working de nition of resilience presented in
this white paper stated, "Resiliency is the ability of a system architecture to continue providing
required capabilities in the face of system failures, environmental challenges, or adversary actions.”
The focus of this report was to describe how the concept of desegregated space mission architectures
could increase mission resilience. The de nition of a desegregated space architecture used in this
report is “The dispersion of space-based missions, functions or sensors across multiple systems
spanning one or more orbital plane, platform, host or domain.” Overall, this focused discussion on

resilience uses the concept of desegregated space architectures as a vehicle to increase resilience.
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2.7.2.2 Boeing Space and Intelligence Systems

A methodology to quantify the measures of resilience emphasized in various DoD resilience
reports is developed by Ron Burch of Boeing Space and Intelligence Systems [1]. Although the
original source for this de nition could not be found and cited, Burch uses a 2011 report by the
Of ce of the Secretary of Defense to establish the de nition of resilience around four primary
tenants: avoidance, robustness, reconstitution, recovery [1]. Burch's discussion on resilience
aims to develop a method of calculated resilience in the context of these four selected aspects.
Burch states that an advantage of using these four resilience components as a taxonomy to
base the quanti cation process is that they all represent well-established methods of improving
resilience in a known and accepted way rather than esoteric measures [1]. Burch thoroughly
de nes each aspect of resilience, and table 2.4 summarizes the de nitions provided by Burch.

Table 2.4: De nition of system resilience aspects according to Burch. [1]

| Resilience Aspect | De nition |

Avoidance the attribute of avoiding a threat, resulting in po
capability loss fully.

Robustness the percentage of original capability remaining
after the impact of the threat event upon the
system

Recovery the attribute of recovering all or some of the
post-threat event lost capability

Reconstitution the attribute associated with replacement of full
system capability after some level of recovery
has been achieved

In addition to de ning each of the resilience attributes, Burch identi es several activities
that can be associated with each identi ed resilience aspect. Figure 2.4 outlines these different

methods for obtaining resilience as de ned by Burch.
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2.7.2.3 Probabilistic Approaches to Quantifying Resilience

A report published by the Johns Hopkins Applied Physics Lab outlined a method for
guantifying system resilience using probabilistic risk assessment techniques. The Author asserts
that resilience "provides a framework to assess a system's likelihood to succeed in its mission
even as disruptions perturb the operations.” [86]. The report also asserts that the resilience of a
system can be improved by implementing mitigation solutions that enable the system to prevent,
withstand, adapt to, and/or rapidly recover from adverse events [86, 91]. The report speci cally
described the elements of a probabilistic risk assessment (PRA) related to quantifying a system's
resilience: scenario development and uncertainty propagation.

The report provides a detailed discussion on conducting a probabilistic risk assessment.
According to the authors, a PRA consists of several elements: the master logic diagram, initiating
events, end states, and event sequence diagram. The master logic diagram is de ned as the
list of events that can perturb the system. These events can come in the form of hardware
failures, environmental events, or even hostile actions [86]. The Initiating events are de ned
as the disruptions that the system must face [86]. The end states relate to the consequences
of performance degradation and recovery time [86]. Finally, an event sequence diagram (ESD)
provides a model of scenarios that connects the initiating events to the end states. The ESD aims

to describe an operation or intended mission [86].

2.8 Opportunities for Contribution

Elements explored in the literature review highlight several areas where additional analysis
could provide signi cant utility. The below list outlines, in general terms, the areas of study that
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can help contribute more robust literature to the eld of satellite servicing system design, space

system resilience, and space systems design in general.

(a) research to quantify the resilience of a satellite constellation through established resilience

guanti cation techniques from related engineering elds.

(b) research that quanti es and analyzes the potential of satellite servicing to enhance satellite
constellation resilience across different scenarios rather than simply assuming general failure
rates among a satellite population. Resilience can be seen as a novel analytical lens through

which to view the satellite servicing problem using novel, but timely, metrics.

(c) exible satellite servicing analysis framework that enables the simulation of various customer
constellation degradation behaviors, providing added utility to future servicing system
designers. To provide useful system design metrics, the context in which the analysis is
conducted ought to be of interest to stakeholders. Analysis framing the satellite servicing

problem in the context of relevant scenarios can provide signi cant utility.

(c) research to contribute to de ning the trade spaces present in the design of satellite servicing

in the context of LEO can bene t from continued analysis efforts.
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Chapter 3: Modeling Effort Overview

What is needed to adequately model each aspect of a complex satellite servicing system?
In broad terms, this chapter aims to describe the methodology, structure, and justi cations behind
each component of the model developed for this research. Following chapters will discuss the
technical details of each sub-model in greater depth. However, this discussion aims to provide
the reader with an understanding regarding the model's ow of inputs (factors), how different
aspects of satellite servicing of LEO constellations are represented mathematically, what system-
level outputs (metrics) are prioritized, and what broad modeling capabilities are possible within
the developed framework. The modeling and simulation effort designed for this research centers
around a simulation framework called the Space Logistics Integration Model (SLIM). This model
provides the framework to simulate the satellite servicing of a given LEO customer architecture
over various design and operation variables. SLIM comprises multiple sub-models that approach
different aspects of the satellite-servicing integration problem individually, which are integrated

into the SLIM framework.

3.1 Model Structure Overview

To understand where each component of the SLIM framework comes from, this section

will decompose the signi cant elements of a notional satellite servicing system consisting of a
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notional orbital distribution of customer satellites and servicer satellites in LEO.

The rst step in modeling a satellite servicing system is to model the customer constellation
that will be serviced. The need for servicing originates from the fact that satellites, in any
orbit, will experience failures over time due to design faults, natural environmental factors, or
signi cant events such as solar storms or orbital debris collisions, to name a few. Regardless of
system reliability and redundancy, spacecraft are incredibly complex systems that will experience
failures at different rates over time, just like any other complex engineered system [92, 93].
Therefore, an essential aspect of any satellite servicing model is the model that dictates how
a given customer constellation mission architecture will degrade in performance over time. The
methodology used in this research will be discussed in more depth in chapter 4. However, the
primary purpose of this model component should be to accept inputs of a customer satellite
distribution, characteristics of that population's failure or degradation rare distribution, and provide
a time at which individual customer satellites are likely to degrade. Figure 3.1 provides a visual
detailing these model concepts. At the beginning of a mission, the customer distribution consists
of nominally operating satellites. However, as time progresses, a subpopulation of these satellites
will lose mission capability due to degradation events. The primary required model components
of this element of a satellite servicing system are degradation/failure modeling and orbit modeling

(astrodynamics).
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Figure 3.1: Visualization of the evolution of a LEO customer constellation over time. The
customer satellites begin life in a nominal operating state, and as time progresses, a sub
population will become degraded

Now having modeled the degradation or failure characteristics of a given population of
customer satellites, the modeling of the servicer satellite population that will interact with customers
that have lost mission capability will be discussed. While customers are modeled to remain
in their orbital locations over a mission's duration, servicer satellites will need to be able to
maneuver throughout a distribution of customer satellites to meet the demand of a customer
satellite which may be spatially separate from where a servicer satellite currently is. In this
sense, the primary modeling capability required to model the interaction of a servicer satellite
with a customer satellite is orbital maneuvering. As part of this maneuver model, a method to
provide optimal maneuver parameters under given constraints is needed. LEO is generally an
expensive environment to maneuver in terms of expended fuel per maneuver. Therefore, this
orbital transfer optimization model must incorporate methods to ef ciently transit an individual

servicer satellite to different regions of a customer constellation. Details of this model will be
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discussed in more depth in chapter 5. The primary model components needed to describe the
movement of a servicer spacecraft around a network of customers and to describe their interaction
are an orbital maneuvering model, a route optimization model, and a general method to model the
servicer's orbits in the presence of Earth's orbital perturbations such as the J2 perturbation [45].
Figure 3.2 provides a visual that depicts the modeling elements of a servicing satellite system,

where the objective orbit locations can be thought of as the locations of customers that require

services.

Figure 3.2: Visualization of the required aspects of a model representing the transfer of servicer
satellites around a generalized customer satellite constellation over time

The nal and most important element of a model representing the interaction of a network
of satellite servicing spacecraft with a network of customer satellites conducting a missionin LEO
is to integrate the customer degradation/failure model with the servicer maneuver model. The end
state of this integration is a simulation environment that uses the customer degradation model to
act as a demand signal for routing servicer satellites to a given customer using the previously

described maneuver model. The primary complicating factor of this integration is that a network
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of multiple servicers and customers must be considered to make any analysis meaningful in the
context of LEO. This requires two main modeling components: a servicer satellite scheduler and

a method to track system stats over time. A servicer scheduler will determine which servicers
can best transit to an individual customer satellite and schedule additional servicing events as
a mission progresses. A system state tracker is necessary to ensure that the status of each
system element (servicers and customers) is tracked throughout a simulation, enabling important
system-level performance metrics to be established. Figure 3.3 provides a visualization of all the

discussed modeling elements in the context of a satellite servicing problem.

Figure 3.3: Visualization of the major components of a model that represents the servicing of
degraded satellites in a LEO constellation

Table 3.1 provides similar information in tabular form to show which model components
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require which modeling capabilities.

Table 3.1: Satellite servicing system and broad required modeling capabilities.

| Model Component | modeling capabilities |

Customer Satellites | Astrodynamics, Satellite failure/degradation
Servicer Satellites Astrodynamics, maneuver dynamics, maneuver optimization
Servicing System Customer satellites, Servicer Satellites, System state
tracking, Servicer scheduler

3.2 Model Capabilities Overview

Now that, in general terms, the primary modeling components of a satellite servicing
system have been discussed, the approach taken in this research to model a satellite servicing
system can be outlined. This section will discuss the modeling terminology and broad methodology
used in each element of the SLIM model and how each developed sub-model contributes to the
goals of modeling a satellite servicing system in LEO. Chapters 4 through 6 provide a more
detailed discussion of speci cs regarding each model.

Overall, the SLIM modeling and simulation framework consists of three primary components:
the Satellite Degradation Model, the Architecture Resilience Model, and the Space Logistics

Integration Model (SLIM).

3.2.1 Satellite Degradation Model

The satellite degradation model serves the purpose of modeling individual satellite degradations
over time. The term degradation is used in the remainder of this thesis as it best describes the type

of data used to model the reduction in a satellite’s mission performance. This will be discussed
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in more depth in chapter 4. The satellite degradation model utilizes a purpose-built satellite
degradation database that collects LEO satellite failure and anomaly events from 2000 - 2022 and
uses various statistical techniques to construct a representative satellite degradation probability
distribution for a modeled population of LEO customer satellites [94, 95]. Using the constructed
degradation probability statistics, Markov chain simulation techniques are employed to establish
stochastic degradation times for a given population of LEO customer satellites. The end state
of the satellite degradation model is to provide unique degradation times for a given population
of customer satellites. Individual satellite degradation times can be aggregated to determine the
LEO constellation's degradation over a mission lifespan.

It is important to note that models describing the failure or degradation behavior of satellite
populations do exist in the literature. However, for this analysis, a custom model was required.
Models in the literature are either dated in that they do not represent the increased numbers of
satellites launched to ful Il constellation designs (see gure 2.5), or only analyze speci ¢ mass

categories that are not representative of the general population statistics desired in this analysis.

3.2.2 Space Logistics Integration Model

The Space Logistics Integration Model (SLIM) is the model component that simulates
the interaction of customer and servicer satellites over time. This model component integrates
the degradation rate data from the Satellite Degradation Model with the servicer satellite transit
and route optimization functionality required to simulate a satellite servicing architecture. This
model component also tracks and stores all simulation state variables for customers and servicers

over a mission simulation's duration. Overall, this model component provides the integration
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capacity for combining the customer depredations and following servicer satellite actions that
aim to assist the customer satellites. The methodology behind this model component is centered
around a Discrete Event Simulation (DES) framework. Speci cs of this methodology and model

will be discussed in greater depth in chapter 5.

3.2.3 Architecture Resilience Model

The Architecture Resilience Model is the modeling component that transforms simulation
state data provided by the Space Logistics Integration Model into actionable simulated system
performance and design metrics. As resilience is the unique system design lens that this research
focuses on, this model's primary function is to provide a method to quantify a system’'s resilience
- or ability to respond to changes in capability due to events or conditions. The changes in
capability in this context arise due to customer satellite degradation events provided by the
Satellite Degradation Model. In addition to providing resilience metrics for the satellite servicing
system, other valuable space mission design metrics are provided. More details regarding this

model will be provided in chapter 6.

3.2.4 General Simulation Flow

The three described model components are integrated to construct a simulation environment
capable of providing a relevant simpli cation of a LEO satellite servicing system that enables
simulation of the system as a whole. While each model will be described in more detail in

chapters 4 through 6, the general relationship between models is presented in gure 3.3.
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Figure 3.4: Visualization of the major components of a model that represents the servicing of
degraded satellites in a LEO constellation

From a high-level perspective, simulation initialization parameters ow directly to the
Satellite Degradation Model and the Space Logistics Integration Model. These initialization
parameters de ne the simulation design variables in uencing the system's performance. Following
the system parameter initialization, the rst step in the simulation process is to determine at
which simulation time each simulated customer satellite will degrade. This information is then
integrated with the Space Logistics Integration Model to determine how the servicer satellite
population will respond and be routed to assist the degraded customer satellites. The Space
Logistics Integration Model tracks and stores simulation state histories, which detail when servicers

are conducting servicing activities, when servicers are dormant, and when customers are in
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various operational states. This data is then packaged, stored, and handed off to the Architecture
Resilience Model. This model component then analyzes the simulation state data and calculates

output metrics of interest and associated descriptive statistics.

3.3 Model Factors and Metrics

As with any modeling or simulation effort, it is crucial to clearly outline and de ne the
simulation's intended inputs and outputs. For this analysis and to standardize among other
systems engineering literature, design input parameters will be referred to as factors, and desired
output data as metrics [94, 96]. Simulation or model factors are generally the design variables
or parameters that de ne a system and affect metrics values of metrics [96]. Metrics are the
output parameters of interest that a system designer can use to compare design alternatives and to
conduct system design trade studies [96]. The factors and metrics contained in this analysis are

intended to provide

3.3.1 Simulation Analysis Factors

Analysis factors represent the design variables that de ne a satellite servicing system. Table
3.2 describes each analysis factor that can be studied in the presented simulation environment.
These analysis factors intend to provide adequate breadth and depth to enable the analysis of

system-level design variables necessary for de ning a satellite servicing system.
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Table 3.2: Simulation factors.

| Factor | Units | Description |

Customer - LEO constellation that de nes the

Constellation network of simulated customer
satellites

Customer - probabilistic distribution or user-

Degradation de ned instances in time that

Distribution de ne when individual customer
satellites will degrade in a given
simulation

Servicer Constellation - De nes the network of simulated

servicer satellites relative to the
modeled customer constellation
Servicing Time days amount of time servicer spends jat
a customer satellite, proxy factor
for the type of servicing activity
being performed
Mission Duration days duration of time that servicing
capabilities are applied to @a
customer constellation
Maximum Transfer | days (TOF - Time of Flight) maximum
Orbit TOF permissible time for a service
satellite to take to transfer to ja
given customer satellite

-

Maximum Transfer m/s maximum permissible transfer

Orbit V Cost orbit V cost to transfer from
one orbital location to another

Urgency Weighting | decimal time cost weighting for transfer
optimizer - higher values

prioritize lower time cost (lower
duration) transfer orbits
V Weighting decimal V cost weighting for transfer
optimizer - higher values
prioritize lower V transfer
orbits

For the analysis presented in this thesis, a single constant customer constellation model
will be used to facilitate the comparison of results across each demonstrated analysis case.
The modeled customer constellation has been chosen to maximize the representative nature of
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the model compared to the current LEO satellite population. The servicing time simulation

factor is intended to be a proxy factor for servicing activity, as it can be expected that satellite
servicing system designers will determine an intended servicing activity duration corresponding
to the intended servicing activity. Figure 2.8 clari es that satellite servicing consists of various

activities. Servicing activity is represented through a duration value to ensure the simulation
framework is as exible as possible. In space mission desigh,js commonly used as a measure

of "fuel” and will be used in this analysis.

3.3.2 Simulation Analysis Metrics

Analysis metrics are the simulation output that allows decision-makers and designers to
judge how changes in design factors affect system performance. Table 3.3 provides a comprehensive
list of the output metrics available to users of the presented simulation environment. These
analysis metrics offer insight into multiple aspects of a satellite servicing system's performance.
Most important is the ability to provide a customer constellation with resilience to degradation
events. Other performance metrics revolve around analyzing the queuing metrics of the system,
such as how long a customer waits for a servicer, and how many customers are awaiting servicing.
Others center around quantifying the performance of the servicer satellites analyzed, such as the
percentage of time a servicer is utilized or what its expect&¥dexpenditure will be (which can
inform the establishment of a missionv budget). The differences between binary and integer
resilience and method 1 and 2 resilience will be discussed further in chapter 6. The selected
system analysis metrics used in this research are intended to provide insight to support rst-order

satellite servicing system design.
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Table 3.3: Simulation metrics.

| Metric | Units | Description |
Resilience: capability| percent (%) System resilience corresponding
recovered to the “Capability Recovered
guanti cation methodology
Resilience: Integral | percent (%) System resilience corresponding
Resilience to the “Integral Resilience
guanti cation methodology
Mean Customer Wait| days mean duration a customer waits to
Time begin servicing action
Mean Queue Length | customer mean number of customer
satellites satellites that are waiting for
servicing
Mean Per-Servicer | m/s per active servicer transfer orhit
Vv V cost for a simulation
Mean Servicer percent (%) Mean percentage of time servicer
Utilization is being utilized in servicing
activities (including transit time)

Presented system resilience metrics relate to the customer constellation as a whole. In the
context of this analysis, the purpose of a satellite servicing system is to increase the resilience of a
customer constellation in LEO. The quanti cation methods used to support the calculation of the
presented metrics will be described in chapter 6. Metrics such as customer wait time pertain
to individual customer satellites. This metric is averaged across the population of customer
satellites to provide an expected value to system designers. The mean queue length is averaged
throughout a mission, giving insight into the predicted customer queue length over a mission
duration. Each servicer satellite-centric metric (Utilization and per-servidéy is averaged
across active servicers in the simulation. An active servicer is a servicer satellite that servicers at

least one degraded customer over the simulated mission duration.
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3.4 Capabilities and Contributions

There are several unique capabilities that the presented modeling framework can offer to
the design of a satellite servicing system. A signi cant capability integrated into this unique
modeling framework is that it lends itself well to system analysis over a wide range of potential
scenarios. The user can de ne a customer satellite degradation distribution based on satellite
mass category or customize which satellites degrade when and to which level of degradation.
This allows users to simulate different orbital events where servicing capabilities may provide
signi cant bene ts, such as a solar are incident or an orbital debris impact event. The below list
describes in general terms the primary modeling and simulation capabilities developed in support

of this research:

(a) Analyze the application of satellite servicing to user-de ned LEO constellations.

(b) Analyze the application of satellite servicing to a customer base of satellites that degrades

in a statistically representative manner over time.

(c) Analyzes the application of satellite servicing to a customer base of satellites that degrades
in a user-de ned manner that can simulate events of interest such as solar storm events,

nefarious action on orbit, and orbital debris impacts.

(d) Contributes parametric trade study analysis to inform the design of a satellite servicing

system for various scenarios and degradation behaviors.

(e) Calculates changes in system resilience under various scenarios due to the application of

satellite servicing capabilities to a de ned customer constellation
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The presented research contributes to space systems design, space mission design, satellite
servicing, and space mission resilience. The below list details the primary areas of contribution

that this research contains.

(a) Robust quanti cation of satellite constellation resilience using well-documented resilience

guanti cation methods adopted from analogous engineering disciplines.

(b) Quanti cation and analysis describing how satellite servicing can be employed to increase

satellite constellation resilience under various scenarios.

(c) Flexible satellite servicing analysis framework that enables the simulation of various customer
constellation degradation behaviors, providing added utility to future servicing system

designers.

(d) Contributes to existing literature developing models to support the I&vrouting of

satellites throughout the LEO orbit regime.

Overall, the contributions intended for this research center around developing a exible and
robust satellite servicing simulation environment that can assist in outlining signi cant system
design level trends for different use scenarios. Additionally, the lack of robust mission resilience
calculations is lacking in the eld of space system design in general. This research ideally
provides a novel method to quantify space mission resilience and how mission resilience can

be boosted using satellite servicing technologies.
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3.5 Modeling and Simulation Limiting Assumptions

A model or simulation cannot be a perfect descriptor of reality. A model is an abstraction
of a system or process of interest and provides a simpli ed representation of reality [97]. A
simulation is simply an implementation of a speci ¢ model into a particular environment of
interest, therefore carrying the abstractions and simpli cations present in a model into the simulation
of reality [97]. It is consequently essential to discuss the assumptions and limitations inherent
to the model and simulation presented in this research. The below list represents a collection of
the most critical assumptions made to make the presented analysis tractable. Assumptions not

detailed here are described in each model's respective chapter to the maximum extent possible.

(a) impulsive maneuvers are assumed for all servicer satellite orbital maneuvers. This implies

the use of chemical propulsion systems on board servicer satellites.
(b) servicer satellites do not degrade in the simulated space environment for any reason.

(c) 10 percent additional V margin is added to each servicer transfer maneuver to account

for phasing errors and required proximity operations.

(d) Customer and servicer orbits are assumed to be approximately circular (eccentricity of
nearly 0) and to have constant inclinations across all servicers and customers. This implies

that the modeling and simulation framework does not analyze inclination changes.

(e) The Earth's J2 perturbation is the only signi cant perturbation analyzed in the simulated
LEO environment. Other perturbations present in LEO are not modeled, such as atmospheric

drag or solar radiation pressure.
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() a servicing event completely restores a customer satellite’s degraded capability in the

allotted activity time.

(g) A simulated LEO constellation is assumed to be "new” at the start of a simulation. This
assumption applies that the developed customer degradation probability distributions imply
that the simulation environment and servicing are applied to the modeled customer constellation

at the start of its mission lifetime.

(h) The constructed simulation environment assumes a "peer-to-peer” servicing construct, where
the entire servicing satellite must travel to the degraded customer. This analysis does not
consider pod-based servicing constructs but could be in future research. Additionally, it
is assumed that there is no maximum number of customers that an individual service can

travel to.

While not a modeling or simulation assumption, it is important to note that for this analysis
satellite servicing is the only constellation capability recovery capability under analysis.
Other comparative alternatives exist such as on-orbit spare spacecraft, or launching a new
spacecraft altogether. For this analysis, servicing will be the only method investigated.

This limitation will be addressed in chapter 9's discussion on future work.

Suggestions to address a number of these limiting assumptions are discussed in chapter 9,
as they determine the delity of the simulated satellite servicing system in signi cant ways

that should be addressed in future modeling efforts.

63



Chapter 4: Satellite Degradation Model

4.1 Model Objective

The objective of the Satellite Degradation Model is to determine an individual customer
satellite's degradation time during a simulation. When aggregated, the degradation behavior of
individual satellites can be used to model the degradation of a population of customer satellites
over time. Motivations behind this model's development included determining a satellite's degradation
time as representative of reality as possible by building the model from relevant LEO satellite
population degradation data. It was determined that the best methodology to follow was to
employ statistical techniques to t historical satellite failure data to a probabilistic distribution

with the intent to characterize the failure behavior of the LEO population of satellites [92,98,99].

4.2 Satellite Degradation Database

The rst step in developing the Satellite Degradation Model was to build a database of
historical LEO satellite degradation events. For this research, Seradata's SpaceTrack database
was utilized [100]. This database is used by many of the world's satellite insurance providers,
satellite operators, and satellite manufacturers [101]. This database's primary utility for this

research is its comprehensive recording of on-orbit satellite failure and anomaly information. It

64



represents the space industry’'s most authoritative satellite failure database [79, 101].

The database was developed using the SpaceTrack database query function, and was used to
collect launch and failure/anomaly data for LEO satellites that were launched from 2000 to 2022.
Overall, data on 4764 unique satellites were collected, with 444 unique satellite failure/anomaly
events in LEO. For each of the 4764 satellites, information regarding launch data, mass category,
and orbit category was collected. For satellites that experienced a failure/anomaly event, in
addition to the information above, data regarding the event type, satellite age at the occurrence,
underlying cause, and mission capability lost due to the event were collected.

The critical elements of this data are the age at an event and the capability lost. The
capability lost data is vital, as it details, on a 0-1 scale, the percentage of a satellite's mission
capability that was reduced due to an on-orbit failure/anomaly event. This is the degree of
degradation a satellite experiences due to a failure/anomaly event. The satellite's age at a failure/anome
establishes its degradation time, crucial to determining population-wide degradation time statistics.

Several signi cant constraints were placed on the development of the database to ensure it
ts the purposes of the presented simulation environment. Most importantly, only post-launch
vehicle separation degradation events were considered in this analysis. This decouples any
launch vehicle-related satellite degradation events from depredations that occurred while the
satellite was operational. Additionally, only non-zero decreases in satellite capability caused by
an anomaly/failure event were considered. In the SpaceTrack database, these are called "Type I”
or "Type II” events. Furthermore, only events associated with a failure or anomaly not recovered
from onboard satellite capabilities were considered. Finally, only LEO satellites between 40 kg

and 5000 kg masses were considered.
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4.2.1 Exploratory Data Analysis

To understand the LEO satellite population encapsulated in the satellite degradation database,
exploratory data analysis and data visualization were conducted. This visualization and analysis
is intend to help gain an understanding of the broad trends contained in the LEO satellite population
database, such as trends in satellite mass categories, trends in satellite LEO orbit categories (polar,
sun-synchronous, etc.), and general trends in the degradation behavior of the satellite population.

Figure 4.2 shows LEO population-wide trends in the age at which satellites expedience a
failure or anomaly event that leads to a degradation in mission capability. From this gure, it
can be seen that the LEO satellite population exhibits strong characteristics of infant mortality

[92,102].

Figure 4.1: lllustrations of different failure event patterns commonly seen in populations of
systems [95], John Moubray

This term describes the elevated failure rate of systems recently put into service. Infant
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mortality is used to characterize systems with a high initial failure rate followed by a period

of lower failure rates. Figure 4.2 shows how this characterization applies to the LEO satellite
population. Figure 4.1 provides illustrations of common failure patterns seen in populations
of systems, the similarity of the satellite failure pattern in gure 4.2 can be compared to the
illustration of Infant mortality in gure 4.1. This failure pattern characteristic can likely be linked

to the shorter and less robust testing process and the use of less expensive commercial off-the-

shelf components found in many LEO small satellites [102].

Figure 4.2: Histogram of LEO satellite population ages at degradation event, shows
characteristics of infant mortality in a population of LEO satellites [93, 99]

Figure 4.3 shows the LEO orbit classes that the studied satellite population occupies. It is
demonstrated that there are three primary LEO orbit types that LEO satellites nd themselves in,
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with a fourth that exists but only a small percentage of the studied satellite population occupies.
The three primary LEO orbit regions are: Polar, Standard, and Sun-Synchronous. These three
primary orbit types will be used to develop realistic and meaningful simulation scenarios in the
discussion of results in Chapter 7. A Polar LEO orbit is characterized by an orbit that has an
inclination of 90 or approximately 90 degrees, therefore traveling over or near both the North
and South poles of Earth in each orbit. A Sun-synchronous LEO orbit is a type of orbit around
which a satellite maintains a constant angle with respect to the sun as the Earth rotates on its axis.
This type of orbit is commonly used for Earth observation and remote sensing missions. The
Inclination of the orbit is usually set to be about 96-99 degrees (depending on orbital altitude),
so that the satellite crosses the equator at the same local solar time on each pass [45] A standard
LEO orbit is broadly de ned. For this analysis, a standard LEO orbit will be characterized as any

LEO orbit that does not have polar or sun-synchronous Inclination.
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Figure 4.3: Histogram of LEO orbit categories that population of LEO satellites have historically
occupied

Figure 4.4 attempts to provide insight into the underlying causes of the degradation events
in the studied satellite population. While the potential for a plot such as gure 4.4 to provide
signi cant insight, in reality, the data showed that the most common classi er of the underlying
cause of a degradation event was "Unknown/undisclosed.” This is likely because SeraData SpaceTtracl
obtains the data inputted into the database from company press releases or news stories, which
may not always provide detailed diagnostics for a failure or anomaly. Looking into other common
underlying causes, it can be seen that quality control or design error makes up a signi cant portion
of the causes associated with a degradation event, and that "fuel depleted/battery expended/old

age” is the third most common type of underlying cause.
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Figure 4.4: Histogram of underlying causes for degradation events in LEO satellite population

Figure 4.5 provides valuable insight into the mission capability reduction associated with a
failure or anomaly event. As stated in previous discussion, only events that reduced a satellite's
individual mission capability by a non-zero amount are considered. In the SpaceTrack database, a
satellite’s capability is de ned as the estimated effect of an anomaly or failure on the spacecraft's
mission capability [100]. Figure 4.5 provides a discreet breakdown of capability degradation
values associated with failure/anomaly events. The data from this plot will be employed in other
elements of the Satellite Degradation Model to de ne a range of discreet degraded states that
a satellite can occupy, as discussed in previous sections. A primary takeaway from this plot is
that satellites in this studied population tend towards a higher level of capability degradation. In
the plot, a capability degradation value of 0.8-1.0 is the most populous category of capability

degradation, meaning that a satellite's mission capability was reduced by 80 to 100 percent as the
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result of a failure or anomaly event on orbit.

Figure 4.5: Histogram of magnitude of capability lost for LEO satellite population degradation
events

4.2.2 Database Limitations and Assumptions

Before engaging in more analysis using this constructed database, it is essential to take
note of a number of the assumptions and limitations associated with the SeraData SpaceTrack
database, and therefore associated with the constructed satellite degradation model. The SpaceTrack
database is built primarily from press releases, news reports, and insurance claims regarding
satellite activities. Therefore, it is assumed that these data sources represent what occurs over the

entire satellite population. This is an especially important assumption when using the database
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for satellite failure analysis, where not every satellite operator may provide public data regarding
failure or anomaly events. Accordingly, this data set is not perfect or exhaustive, as it represents

what is chosen to be reported by satellite operators.

4.3 Satellite Degradation Analysis

4.3.1 Obijective and Methodology

This satellite degradation data analysis aims to obtain a continuous probability distribution
that represents the degradation behavior seen among a notional population of LEO satellites.
This probability distribution, or group of probability distributions, will be able to be integrated
into other satellite servicing simulation components to stochastically determine degradation times
for a population of simulated LEO satellites. This desired output will take the form of a hazard
function. A hazard function models a system's probability of experiencing an event as a function
of the system's age [95]. The hazard function is a fundamental concept in reliability analysis and
is used to model the failure behavior of systems or components over time, and is closely related
to the concept of a reliability function, which represents the probability of a given event, such
as failure or death, not occurring by a certain time point. In this analysis, the term degradation
is similar to the term failure, in that it represents an event that in uences the system negatively.
Degradation will be used as it implies an event that degrades a system by a certain magnitude,

which is more representative of the analysis completed in this thesis.
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4.3.2 Data Censoring

Data right censoring can be de ned as a statistical technique used to handle incomplete data
by censoring observations that are only partially observed or known up to a certain point [101].
The censoring occurs when the data is known to be above a certain threshold, but the exact value
is unknown. This technique is commonly used in system reliability analysis to handle cases
where a system failure has not yet occurred at the end of the study period. Other examples of
where data censoring is essential are in medical research or studying natural disasters [95].

Data censoring is required when a dataset is not considered complete, meaning that the
failure times for each system under analysis are unknown. There are two major classi cations
of censored data: left and right censored data [95]. Right censoring is needed for data where
individual systems have not failed at the end of the study. Left censoring is necessary for data
where systems fail before the study period begins. For this analysis, right censoring of the data
will be employed, as the unknown for many satellites in the dataset is when they will fail, as they
did not fail by the time of the study period cutoff in 2022.

Right censoring can be either Type | censoring, where the study is stopped after a predetermined
period, or Type Il censoring, where the study is stopped after a certain number of events have
occurred [95,101] In either case, right censoring allows for the analysis of incomplete data while
accounting for the fact that some values are unknown or unobservable [92, 101]. Figure 4.6
shows a visualization produced by Reid, the author of a reliability engineering software library
in python that was used to support this analysis, that visually describes the concept of right-

censoring data [95]
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Figure 4.6: Right censored data concept visualization [95]

4.3.3 Kaplan-Meier Estimation

A Kaplan-Meier estimator is a form of non-parametric analysis [92,101,103]. The Kaplan-
Meier estimator has been used since its development in 1958 in medical research to estimate the
survival function of a population [104]. A survival function is similar to a reliability function
in that it represents the probability of a given event, such as failure or death, not occurring by
a certain time point, making it the opposite of the previously described hazard function. A
central feature of the Kaplan-Meier estimator is its ability to manage incomplete, speci cally
right-censored data, which makes its application to the satellite degradation modeling task highly
relevant [104].

Non-parametric methods do not require a distribution, making them minimally reliant on
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the assumptions associated with tting a given distribution to data [92]. However, they describe
the reliability function of a population of systems as a step-function, which is not continuous,
therefore limiting its utility, as calculating a failure rate from the Kaplan-Meier step function is
dif cult [104].

The Kaplan-Meier estimator operates by calculating the probability of survival at each point
in time based on the proportion of individuals who have survived up to that point. It considers
that some individuals may be censored (meaning their survival time is unknown after a certain
point). This process is shown in equation 4.1, wheres the number of operational satellites just

before timet, andd; is the number of failed satellites at tim¢93, 103].

R(t) =

i<t

n (4.1)

Examples of a plot of the Kaplan-Meier estimator being utilized to analyze the satellite
degradation data gathered for this research are shown in gure 4.7. The gure shows the Kaplan-
Meier step functions for data with and without the right censoring applied. This gure also
illustrates the importance of including right-censored data when applicable, as not incorporating
the censored data can signi cantly change any reliability function calculated from the data. The
reliability function, including the failure and right censored data, matches multiple literature
sources [92, 105]. In contrast, the function computed using only the failure data would lead to
the construction of a reliability function not representative of the population of LEO satellites
[92,101, 104]. The 95 percent con dence intervals are included and were calculated using the

Greenwood method with Normal approximation [95].
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Figure 4.7: Difference between LEO satellite population reliability functions constructed using
right censored data and non-right-censored degradation time data

4.3.4 Maximum Likelihood Estimation

Generally speaking, Maximum Likelihood Estimation (MLE) is a method used to t the
parameters of a given model to a set of data. In statistics, MLE is used extensively to t the
parameters of a given probability distribution to a set of data [95]. MLE for tting data (failure
time data in the case of this analysis) to a probability distribution operates by de ning a likelihood
function that expresses the likelihood of observing the failure data in a given distribution [92].
Next, the probability distribution parameters that maximize that likelihood value are determined,
presenting an optimal t of a chosen distribution to given data [92]. Equation 4.2 gives the

likelihood function for a distribution with censored data [95].
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' 4
P(tj: )= f(tidegradatlonsj ; )di R(ticensoredj : )1 di (4.2)

i=1
In essence, the function operates by (1) calculating the probabilities of occurrence of

degradations  and right censored data poiRi(tee"s°ed and

each data system failure data padirft
then (2) multiplying the probabilities together, and (3) using a selected optimizer to change the
distribution parametersand until the likelihood function in equation 4.2 is maximized.

Figure 4.8 shows the results of the MLE process for selecting relevant candidate probability
distributions. The MLE process and analysis process was completed in the Python library created
by Reid for reliability engineering [95]. These probability plots are meant to help visualize the
goodness of tresulting from the MLE analysis process of the satellite degradation data to several
expected probability distributions used in reliability engineering. The Weibull Defective Sub-
population distribution was determined to consistently be the best candidate distribution based

on the literature and the MLE analysis conducted. This distribution will be discussed in the

following section.
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Figure 4.8: Probability plots of different distributions considered as candidates for tting satellite
degradation data [95]

4.3.5 Weibull Distribution Fit

Based on a review of existing relevant literature and results from the MLE procedures
described above, the Weibull Defective Sub-population was chosen as the statistical distribution
to t the satellite degradation data. The t of the satellite degradation data represents parametric
analysis, which is needed to construct a continuous reliability and hazard function for the satellite
degradation data to make up for the lack of utility present in the Kaplan-Meier estimation analysis.

The general Weibull distribution is used extensively in reliability engineering and system
failure analysis, and is used in the overwhelming majority of literature addressing the analysis of
satellite failures, thus con rming the validity of this model for the intended purpose of satellite
degradation modeling [79,92, 95,99, 101, 104]. The Weibull distribution has two parameters: the

shape parameterand the sizing parameter
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The probability density function (PDF) for the Weibull distribution is given in equation 4.3.

it )= () te® (4.3)

The Weibull reliability function is given in equation 4.4, and the Weibull hazard function is
shown in 4.5 [93, 101]. The relationship between the Weibull PDF and the associated hazard and
reliability functions is quite simple. The reliability function is simply one minus the Weibull CDF
(integral of the PDF), and the hazard function is simply the Weibull PDF divided by the reliability
function [95]. The shape of the Weibull hazard function depends on the shape paramiéter
is lower than 1, the failure rate decreases over time, therefore simulating the infant mortality that

is present in the data ( gure 4.2).

R(t; ; )=e (4.4)

it )= —(9) (4.5)

There are variations of the general Weibull distribution that can be added to the analysis
better to represent the behavior of LEO satellite population degradation. The primary Weibull
sub-model used in this analysis is the Defective Sub-population (DS) model. In general, DS
models are applied where there is a high rate of right-censored data. In the case of the constructed
satellite degradation database, upwards of 80 percent of the data is right censored, making adding
a DS model to the general Weibull model attractive. Speci cally, a DS model is characterized by

a model where the distributions cumulative distribution function (CDF) does not reach one during
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the analysis period [95]. In practice, a DS model can be added to a Weibull distribution simply by
adding a scale factor to the Weibull distribution. This scale factor represents the fraction of the
total population that is "defective,” meaning the fraction of the population that exhibits a failure

in the observation window [95]. Equations 4.6 and 4.7 shows the Weibull DS model, where the

factorDS represents the defective fraction of the population.

Rt;; )=e® DS (4.6)

Ht: )= () ' DS (4.7)

Having described the speci cs of the Weibull distribution used to t the satellite degradation
data, a comparison between the tted distribution and the non-parametric Kaplan-Meier estimator
can be used. The Kaplan-Meier estimator is hon-parametric, meaning that it does not require any
assumptions associated with tting to a distribution, so it can be used to compare the accuracy
of the tted Weibull distribution. Figure 4.9 shows this comparison. It can be seen that the tted
Weibull Defective Sub-population model and the non-parametric Kaplan-Meier estimator agree

nicely.
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Figure 4.9: Kaplan-Meier distribution estimation with 95th percentile con dence interval
compared with Weibull distribution tted to right-censored LEO population degradation time
data.

Figure 4.10 shows another way to visualize the goodness of t of the Weibull distribution
to the satellite degradation time data. It is also important to note that the CDF does not reach 1.0,

exhibiting a characteristic of the Defective Sub-population model discussed above.
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Figure 4.10: Cumulative Distribution Function for general LEO satellite population with
individual satellite failure data instances plotted

4.3.6 Data Analysis Results

The desired nal results of the satellite degradation analysis was, as stated previously, a
hazard and reliability function that described the degradation characteristics of the LEO satellite
population. Using the process described in the previous sections, this desired end result was
achieved. Figure 4.11 shows the associated Weibull hazard functions for each of the studied LEO

satellite mass categories, with the total population hazard function being shown as a black dotted
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line. Ideally, if a speci ¢ mass category of LEO satellite is desired to be studied, a mass-category-
speci ¢ hazard function can be selected. If the LEO population as a whole is to be studied, the
LEO generic hazard function can be utilized to obtain statistics representative of the population
as awhole. The constructed hazard functions allow for calculating instantaneous expected failure

rates for a given LEO satellite, which will prove useful in the discussion in the following section.

Figure 4.11: LEO satellite population hazard functions separated by satellite mass category

Figure 4.12 shows the associated Weibull reliability functions of the LEO satellite population.
Despite the utility that could be provided by having the ability to select individual satellite-mass-
category-speci ¢ degradation probability distributions, given the amount of data collected in
this analysis, ensuring that the con dence bounds on each of these distributions are meaningful
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was determined to be impossible given the data used. Con dence bounds on all probability
distributions beyond the LEO generic distributions were prohibitively large. Therefore, going
forward with this analysis required the assumption that the developed LEO generic degradation

probability distribution would be representative of the modeled LEO satellite population.

Figure 4.12: LEO satellite population reliability functions separated by satellite mass category

The LEO generic degradation probability distribution contains uncertainties associated
with its Weibull distribution shape and scale parameters. Figure 4.13 illustrates the 95 percent

con dence interval on these Weibull distribution parameters.
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Figure 4.13: Generic LEO satellite degradation probability distribution with associated upper and
lower 95 percent con dence intervals

For this analysis, itis assumed that the presented satellite population degradation distribution
is representative of a given LEO satellite constellation that is to be analyzed. In an ideal analysis,
speci ¢ mass category distributions could be utilized, but as discussed previously, this is not

recommended due to the uncertainties associated with these distributions.

4.4 Satellite Population Degradation Modeling

The next step in developing the Satellite Degradation Model is to determine a method to

model a population of satellite's stochastic degradation behavior over time. Fundamentally, this
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model's goal is to model the transition of individual satellites - all comprising a population of
satellites - from a state of nominal (full capability operation) to a state of degraded operation. A
robust method used extensively in the literature to model a system’'s transition between states is
a Markov chain process. [106-108].

A Markov model is used to model a Markov process. A Markov process is de ned in terms
of a set of states and associated transition probabilities [107]. A Markov process is a process that
can be associated with a Markov property, which states that the state of a given system-at time
depends only on the state of the system at timEhis makes the system memoryless [107, 108].
This property also dictates that the transition probabilities between system states are independent
of system state history [107]. Equation 4.8 describes the memoryless property of a Markov
process mathematically, wheXe is a speci c system state. It can be seen that the probability
of transition between any state and the next state depends exclusively on the previous state the

system occupied.

P(Xn+1JXo0; X1 Xn) = P(Xp+1)Xn) (4.8)

A Markov chain is de ned as a Markov process with a nite number of associated states.
Based on these properties and characteristics, a Markov chain methodology has been applied to
the analysis of satellite constellation degradation by Gulyas [106]. The simulation of satellite
population degradation ts the Markov Chain, and Markov Process construct well, as the only
assumption required is that the Markov property is satis ed. No assumptions are necessary, such
as Poisson processes, which is a common assumption in many simulation environments [97].

Therefore for this analysis, it will be assumed that the degradation behavior of satellites satis es
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the Markov property.

4.4.1 Markov Chain Analysis

The purpose of the Markov chain model is to describe a satellite's transition between
a nominal operational state and a degraded operational state. Combining the state transition
behavior for a population of satellites can offer insight into how this population degrades over
time. This population's degradation behavior over time will inform how satellite servicing is
applied to the population. It is also important to note at this stage that for the presented analysis,
it will be assumed that once a satellite enters a degraded state, it cannot return to a nominal
operational state without assistance from a servicing satellite. This is a reasonable assumption
since degradation data from satellites that did not recover on orbit are considered in the sections
above. As stated previously, a Markov process is de ned in terms of a set of states and associated
transition probabilities, and a Markov chain is simply a nite collection of these states and
transition probabilities [107]. Figure 4.14 provides a simple diagram detailing a satellite's states
and state transition probabilities for a Markov chain that models the transition from a nominal to

a degraded state of operation.

Figure 4.14: lllustrative Markov chain describing the state transitions between nominal and
degraded operation states
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In gure 4.14, two states describe the discrete states a satellite can possibly occupy and
associated transition probabilitid®y y represents the probability that a satellite is in a nominal
state and remains in that state over the next model transRipny represents the probability that
a satellite is in a nominal state and transitions to a degraded state over the next model transition.
Pp p represents the probability that a satellite is degraded and remains degraded over the next
model transition. For this analysiBp p equals 1.

There are multiple kinds of Markov chains. For this analysis, a discrete time approach
called a Discrete Time Markov Chain (DTMC) will be employed. For DTMCs, the trigger for
state transitions are deliberate, countable events that occur over time [107,109]. In the case of
this analysis, a state transition is triggered by the passage of a discrete amount of time, namely a
day in a satellite’s life.

To describe the mathematical process of a DTMC, we will start with equation 4.9, which
states that the stad¢ that a system occupies at tinhedepends only on the state the system

occupied attimeé 1 and the transition probability matriR.

X(t)= X(t 1P (4.9)

P is de ned for a general two-state system (state one and state 2) as equation 4.10, where

the sum of each row of the probability matrix must equal 1.

PP ] = [[P11; P2]; [P21; P22]] (4.10)

Based on this, a one-step transition for a system can be de ned using the expression in

equation 4.11. This expression represents the single-step transition probability when moving
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from state to statg [109].

Pj = P(Xn=]jjXn 1=1) (4.11)

Equation 4.12 describes the expression for the n-step transition probability, also known as

the Kolmogorov equation [109].

R
Pi = Pk Py (4.12)
k=1

Using the mathematical framework described above, a simulation can be developed using
a Monte Carlo approach to analyze the progression of a system through different states in its
associated Markov chain [109]. A state transition probability mdris rst de ned based on
the nature of the system under analysis. A random variable is used to stochastically transition
an individual through the Markov chain of potential states. State transitions are triggered at
discrete time intervals (hence the discrete-time element of a DTMC), which in this case is the
passage of one day. In Monte Carlo fashion, this process can be repeated multiple times to
determine statistics regarding the system's behavior. This methodology will be used to analyze
the degradation behavior of a population of satellites over time.

The probability transition matrix will be derived from the previous section's analysis.
Namely the instantaneous probability of satellite degradation derived from a satellite population's
hazard function (gure 4.11, and the distribution of degradation magnitudes in gure 4.5. The
distribution of degradation magnitudes in gure 4.5 can be used to generate probabilities of
different degrees of degradatidP{gnitude ), Which can be multiplied by the instantaneous probability

of degradationRyegradation ) t0 get the instantaneous probability of a satellite having its performance
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degraded by a particular magnituBlg:gradation:magnitude -

I:)degradation;magnitude = I:)degradation I:)mag nitude (4- 13)

The Markov chain model used to analyze the degradation of a satellite is shown in gure
4.16. The distribution of degradation magnitudes in gure 4.5 was used to identify ve discrete
degradation states corresponding to different degradation levels that a satellite may encounter.
This system'’s state transition probability matrix would be a 6x6 matrix, each row corresponding
to one of the six states. Several assumptions analyzed this Markov chain tractable based on the

delity of the degradation data used to construct the model.

Figure 4.15: Markov chain diagram describing how the degradation of a satellite to different
states of degradation were modeled as a Markov chain

The rst assumption is that once a satellite enters a state of degradation, the individual
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cannot return stochastically (based on the Markov chain) back to a state of nominal operation.
This is because the model of satellite servicing - which will be modeled as the capability that
returns the degraded satellite back to a state of nominal operation - is not governed by a stochastic
process but a discrete event simulation, which will be described in Chapter 6. Therefore, the
probabilities governing the transitions from states of degradation to the same states of degradation
(Po:2 o2, for example) are equal to 1. Secondly, the data used in this analysis did not feasibly
support the modeling of a satellite transitioning from different levels of degradation. Therefore,
no transition probabilities are associated with transitions between levels of degradation. Finally,
the transitions from the nominal operation state to a state of degraded operations are governed by

the process given in equation 4.13.

4.5 Satellite Degradation Model Outcomes

The objective of the Satellite Degradation Model is to enable the determination of an
individual customer satellite's degradation time during a simulation and a population of customer
satellite degradation in capability over time. Using the Markov chain process outlined above, the
time (days past launch date) at which a satellite transitions from a state of nominal operation to a
state of degraded operations. For a population of simulated customer satellites, a Markov chain
simulation can be run for each satellite in the population, therefore detailing at which simulation
time each customer will (or will not) experience a capability degradation. This data can then be
used to build aggregated capability curves for a customer constellation over a simulated period

of time on-orbit. Figure 4.16 provides an example of this output.
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Figure 4.16: Markov chain diagram describing how the degradation of a satellite to different
states of degradation were modeled as a Markov chain

This simulated population of customer satellites had, at the beginning of the simulation
period, 48 operation satellites in LEO. Over time, and based on the Markov chain analysis results,
individual satellites degraded, reducing the aggregated capability of the customer constellation

of satellites.
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Chapter 5: Space Logistics Integration Model

5.1 Model Objective

The Space Logistics Integration Model (SLIM) simulates the interaction of customer and
servicer satellites over time. This model component integrates the degradation simulation data
from the Satellite Degradation Model with the servicer satellite transit and route optimization
functionality required to simulate a satellite servicing architecture. This model component also
tracks and stores all simulation state variables for customers and servicers over a mission simulation's
duration. Overall, this model component provides the integration capacity for combining the
customer depredations and following servicer satellite actions that aim to restore degraded customer

satellites.

5.2 Discrete Event Simulation

Discrete Event Simulation (DES) is a system modeling methodology that involves stepping
a system through time-based on the progression of speci c, discrete simulation events. DES has
seen extensive use in many domains of operations research, engineering, healthcare, computer
science, and logistics problems [79,110-113]. DES is especially effective in taking complex real-

world scenarios that can be effectively decomposed into separate processes or events that progress
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through time [112]. A particular application case where DES literature is particularly robust is
the modeling of repair and maintenance systems. These complex systems can be effectively
modeled using a DES methodology due to the distinct processes and components involved [114,
115]. Additionally, DES lends itself well to the simulation of complex systems consisting of
interconnected components that behave stochastically [112]. Accordingly, DES is commonly
used to model queuing systems, such as the queue seen forming at a bank teller, where customer
arrivals and assistance times behave stochastically [79]. An element of DES that makes it well
suited to complex and often computationally expensive simulations is that time is not stepped
continuously but is only advanced bases on the trigger of an event. Therefore, system state
updates and their associated calculations are not constantly needed but only when the overall

status of a system changes.

5.3 Satellite Servicing Modeling Using DES

DES was selected as the overarching methodology to model the satellite servicing of LEO
satellite constellations because the nature of the problem embodies many of the characteristics
that DES was designed for. The complex satellite servicing system can logically be decomposed
into a nite number of interacting components and processes, where these components behave
stochastically with each other. The degradation behavior of the customer satellites adds an
element of stochastically as to when servicers are needed to interact with a customer satellite
and the processes that, given the interactions between customer and servicer, can be clearly
broken down into discrete time-driven events, as will be discussed below. The satellite servicing

application case of DES is a direct parallel to DES literature governing complex maintenance
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and repair systems, providing yet another reason DES is a quality candidate for the modeling of
a satellite servicing system.

DES has been used to model in space logistics chains more generally in the past. In
the 1970s, the United States Air Force developed a DES simulation called the Comprehensive
Operational Support Evaluation Model for Space (COSEMS), which provided a simulation environment
to analyze a responsive launch and in-space logistics operations environment [79, 116]. The
use case of this DES environment was to model the in-space logistics support for the space-
based Strategic Defense System (SDS), a LEO constellation of satellites intended to serve a
military purpose [116]. While created decades ago, this application of a DES environment to the
space logistics design problem provides an early validation case for using DES to model satellite
servicing.

Across the DES academic literature, common attributes between DES frameworks across
disciplines can be identi ed. This analysis attempts to employ, the maximum extent possible,
elements of the DES framework commonly seen across disciplines [110, 112,113, 116, 117].
Every DES examined to inform the approach taken in this research contained four overarching
general elements of the simulation environment: entities, processes, resources, and state variables
[110,112,117]. Entities can be thought of as the individual components of a system that interact to
accomplish the mission of a given system. For the model of a hospital, this could be patients and
doctors. For a satellite servicing system, it would be customer and servicer satellites. Processes
are the event types or methods by which the entities interact in the modeled system. To continue
the hospital example, processes may be surgery or an x-ray scan. For a satellite servicing system,
the act of a customer degrading or the action of a servicer satellite traveling to a degraded

customer could all be processed. Resources are the system elements used during processes and
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are often modeled as entity attributes that constrain speci ¢ processes. Examples of resources
could be time, fuel, or spare parts. State variables are the attributes of each entity and the system
as a whole that change due to processes. These state variables are crucial to track throughout
the DES process to evaluate the performance of a modeled system based on changes in system
design.

Table 5.1 details how each generalized DES framework component is translated into a
satellite servicing system context. A DES environment to model a satellite servicing system was
developed in Python for this analysis, where each of the DES components detailed in table 5.1

was implemented into this simulation environment.

Table 5.1: Satellite servicing discrete event simulation components.

DES Satellite Servicing Component

Component

Entities customer satellites, servicer satellites

Customer degradation, queuing, servicing,

Processes return to nominal

Servicer optimal transfer orbit determination,

Processes transit, servicing, complete servicing

Resources time, available servicers,V

State Variables variety of servicer and customer
status trackers that contribute to the
calculation of system metrics

Figure 5.1 details a ow chart for the customer satellite entity. This owchart describes
how an individual customer satellite's processes were implemented in the developed Python
simulation environment. A customer satellite begins the simulation in a state of nominal operation.
From then on, the servicer will either degrade or not degrade at simulatiort tiffiee time a

customer degrades is governed by the process de ned in chapter 4. From then on, a servicer will
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enter the processes that de ne when it enters servicer and when servicing is completed, therefore

determining when it will return to a nominal operation state.

Figure 5.1: Flowchart detailing the processes through which an individual customer satellite
owed during a satellite servicing system discrete event simulation

Figure 5.2 details a ow chart for the customer satellite entity. This owchart describes
how an individual servicer satellite’s processes were implemented in the developed simulation
environment. A servicer satellite begins a simulation in "available” status, meaning that it could
be employed to service a customer if needed. From there, a set of Boolean statements determine
the processes that govern how an individual servicer will be utilized to return the customer
constellation to nominal status. Suppose a customer degrades at simulationltirttet case, a
check will be run to determine if a given individual servicer is in the best orbital location (relative

to other available servicers) to complete the transfer to the degraded customer based on resource
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constraints placed on an individual servicer - as de ned by the servicing system design variables.
Suppose a given servicer is, in fact, in the best position to engage the customer. In that case, it
will initiate transit to the customer and begin servicing, thus becoming occupied in a servicing

activity.

Figure 5.2: Flowchart detailing the processes through which an individual customer satellite
owed during a satellite servicing system discrete event simulation

Figure 5.3 combines the process owcharts of the two satellite servicing system entities
into one overarching DES process owchart that governs the simulation of customer and servicer

satellites on orbit.
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Figure 5.3: Flowchart detailing the processes through satellite servicing system entities interact
to simulate a satellite servicing system (green arrows - "yes”, red arrows - 'no”)

5.3.1 Servicer Satellite Transfer Leveraging The J2 Perturbation

As outlined previously, the purpose of this model is to model the interaction of servicer
and customer satellites on orbit. The primary component of customer-servicer interaction that
requires modeling is the transfer orbit that a servicer satellite takes to reach a given customer
satellite. At its most fundamental level, this problem involves nding optimal transfers for a
satellite servicer spacecraft between where it is currently located and a spatially distant customer
spacecraft. This can sometimes be a trivial activity, especially when the two satellites are in
the same plane. However, the application of this transfer problem to constellation satellites
adds a level of complexity to the optimal transfer problem, as constellation planes are separated
in terms of the Right Ascension of the Ascending Node (RAAN) (see Figure 2.3). Generally,

direct impulsive RAAN transfers are costly in terms o¥/ [118]. While direct transfers are a
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possibility, past studies regarding optimal LEO constellation transfers show that it is not feasible

if multiple spacecraft around the constellation are desired to be visited in a fuel-ef cient manner
[43,83]. Therefore, an alternate loww method will be employed in this analysis. The technique
involves using the Earth's J2 perturbation to induce a desirable RAAN change rate between a
servicer and customer satellite into the modeled servicer satellite's maneuver calculation algorithm.
Equation 5.1 shows how, when inclination (i) is xed, a satellite's RAAN change rate induced by
the Earth's J2 is a function @& (semi-major axis) and (eccentricity). Figure 5.4 helps visualize

what a J2-induced RAAN change looks like with respect to Earth.

Figure 5.4: Visualization of satellite's RAAN shift caused by Earth's J2 perturbation

It is the process of changing a servica'sinde to induce a desirable RAAN change rate
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that provides the basis of the servicer routing scheme used in this analysis.

BnRéeart ‘]2

201 )2 coqi) (5.1)

By changing a satellite'a ande intentionally, the RAAN change rate can be tuned to serve
a helpful transfer-oriented purpose [119-121]. This approach has been successfully employed in
the literature regarding the routing of orbital debris removal veThed satellite servicing vehicles
in the LEO domain, and will be utilized to similar effect in this research [119, 120]. When
maneuvering a servicer satellite between two customer satellites at different RAAN values, the
servicer can be moved into a "transfer orbit” wharande are altered concerning the nominal
constellation orbits. The servicer can then remain in this transfer orbit for a period of time. This
allows the difference in RAAN change rates to, over time, align the servicer with the desired
constellation plane. Figure 5.5 depicts this process. The green line represents the servicer's
initial orbit, and the orange line represents the intended orbit of the next customer satellite to be
serviced. The purple dotted line represents the intended transfer orbit, which changes the servicer
satellite's RAAN change rate, allowing it to intersect the RAAN value of the intended satellite in
a speci c amount of time. The vertical line represents the desired RAAN change time of ight

(maneuver time).
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Figure 5.5: J2 induced RAAN change visualization

5.3.1.1 Servicer Satellite Transfer Optimization Methodology Overview

The green line represents the servicer's initial orbit, and the orange line represents the
intended orbit of the next customer satellite to be serviced. The purple dotted line represents the
intended transfer orbit, which changes the servicer satellite's RAAN change rate, allowing it to
intersect the RAAN value of the intended satellite in a speci c amount of time. The vertical line

represents the desired RAAN change time of ight (maneuver time).

5.3.1.2 Transfer Optimization Process

To successfully leverage the J2 perturbation to assist in providing loweRAAN change
maneuvers compared to a direct RAAN transfer, a method to nd optimal transferacabit e

parameters (to evaluate equation 5.1) is needed. For the transfer between a given servicer and
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customer satellite, a swath of RAAN will need to be shifted by the servicer in a certain amount of
time T. For a given RAAN transfer orbit time of ight (TOF), an orbit-de ninga ande value

will fall out, representing a servicer orbit that will enable a given shift in RAAN in the duration
of time T. The process used to determine these transfer orbit de aigugde values is outlined
below.

The process of de ning this desired transfer orbit between constellation planes was accomplished
by employing a least-squares non-linear optimization implementation in Python with the transfer
orbit a ande parameters as decision variables. The rst step in this optimization process was to
determine the desired servicer RAAN change rate given the two satellites to be traveled between
and a selected maneuver time of ight. This value was calculated using equation 5.2. Where
the values are the initial RAAN values of the two satellites to be transferred between, and the

desired Value is the RAAN change rate needed to travel between the two satellites in a given

amount of time.

satziniial *  sat2] =  satliniial T desied | (5.2)

The primary objective function used in the optimizer was that the combination of decision
variables (the transfer orbgtande) that the optimizer selected had to result in a RAAN change
rate to equal the gesireq determined above according to equation 5.2. Equation 5.3 de nes the
objective function in the optimizer used to measure the degree of conformity of aaeainofe
(produced by the optimizer) to the desired RAAN shift rate. The optimization method utilized
in this analysis is a root nding method, so the method will converge td (i@ €) equalling 0,

representing the set afande closely equalling the desired RAAN shift rate.
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f (&;€)raaNchange =  desired generated (5.3)

Additional constraints were also placed on the optimizer to ensure that the optimal transfer
orbit parameters were feasible. The optimizer would be penalized if the setesteld parameters
resulted in a perigee radius that was inside Earth (would result in a collision with Earth) or
the semi-major axis value was greater than 10,000 kilometers, which is approximately equal to
MEO (LEO satellites are not designed for the MEO radiation environment). The optimizer was
constrained to not build transfer orbits that would result in a perigee altitude of no less than 300
km. Additionally, the original servicer orbit and the proposed transfer orbit had to intersect at
either perigee or apogee to facilitate a clear de nition of the transfer maneuver impulse location.
Equations 5.4 and 5.5 represent the constraint functions that force the optimizer to converge
onto roots where not only does the set of oriind e meet the desired RAAN change rate
requirements, but also intersects the initial servicer orbit radius of perigee or apogee respectively.
This is important as it establishes a clear location for an impulsive orbit maneuver between the

servicer's initial and transfer orbit.

rp;generated = [a(l e)] rp;initial (5-4)

lagenerated = [A(1 + €)]  Tainitial (5.5)

Maneuvers in this model are assumed to be impulsive and to take place at apogee or perigee.
The maneuver V is calculated by determining the impulsive change in velocity needed to

transfer from the initial circular constellation orbit to the elliptic RAAN transfer orbit. This value
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is then multiplied by two since the servicer will be required to transfer out of the elliptical RAAN
transfer orbit back into the constellation circular orbit. This analysis assumes that the RAAN
transfer dominated a servicer'sV. Therefore additional maneuvers needed for the servicer to
match the position of a customer satellite exactly are not considered in this analysis, and a 10
percent additional margin is added to the RAAN change requirédo account for any phasing

and proximity operations maneuvers that are not considered in this analysis. Figure 5.6 provides

a graphic depicting these described orbits and the intended maneuver location.

Figure 5.6: Expanding orbit transfer orbital elements relationship

Equation 5.6 details the function used to calculate the total RAAN maneuVer In
this equationa is the semi-major axis of the transfer orbit provided by the optimizer,rand

is the orbital radius of the impulsive maneuver that takes place (de ned by the radius of the
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constellation’s circular orbits, shown as r in the gure 5.6).

(5.6)

2
Vraantransfer = 2:1 a m a

It must be noted that the optimizer facilitates both the shrinking and expansion of the
transfer orbit concerning the original orbit. This depends on the two satellites that need to be
transferred between. If the servicer satellite needed to decrease its RAAN value to travel to
the next customer, its RAAN change rate would effectively need to "speed up,” resulting in a
"shrinking” of the orbit (semi-major-axis would decrease). The opposite would be true if the
servicer needed to increase its RAAN value, effectively "slowing down” its RAAN change rate
by expanding its orbit (the semi-major-axis would increase). Figure 5.6 depicts what is meant by
a shrinking or expanding orbit. Figure 5.7 shows the relationship betevaede for an optimal
transfer orbit as maneuver time of ightincreases for the "shrinking orbit” case. Figure 5.8 shows
an example of this orbit shrinking for a RAAN decrease of 30 degrees and a time of ight of 30
weeks. Note how the orbit's semi-major axis has decreased to increase the RAAN change rate

according to equation 5.1.
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