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Safety-Driven, Time-Sensitive Approach Strategies for Rendezvous

with the Lunar Gateway

Tyler F. Rhodes

(ABSTRACT)

Spacecraft Rendezvous, Proximity Operations, and Docking (RPOD) is a critical phase in
expedition and resupply missions to space stations. These operations have been extensively
studied and executed in the two-body dynamic context with the International Space Station
(ISS). These operations are subject to numerous operational requirements to reduce the risk
of approaches and ensure the safety of the crew and the space station itself. Missions to the
planned Lunar Gateway space station will be no different. However, Gateway resides in Near
Rectilinear Halo Orbit (NRHO) around the Earth-Moon L2 point in cislunar space. The
classical RPOD understandings through models such as the Clohessy—Wiltshire equations
break down in a three-body dynamics-based orbit like the NRHO, requiring proven approach
strategies currently used for approaching the ISS to be redesigned. This thesis studies
trajectory design within a three-body relative motion context under circular restricted three-body
problem (CR3BP) dynamic assumptions, resulting in a novel approach strategy for Gateway.
The work addresses a hole in the currently proposed strategies by providing nominal and
contingent strategies for visiting vehicles (VVs) to execute to safely and efficiently approach
the station, regardless of Gateway’s position in its NRHO, enabling a time-sensitive rendezvous.
Three key aspects of an approach strategy are addressed: (1) identification of Delta-V-efficient
and passively safe approach axes for a VV to approach along; (2) transfers/trajectories
design to enable VVs to efficiently “hop” between hold points (HPs) along the identified

axis/axes while remaining safe in the event of various failure modes; (3) station-keeping



strategy selection to enable a VV to maintain an HP when required safely yet efficiently. The
conducted analysis breaks the NRHO into six unique regions defined by the orbit’s dynamics
and geometry, creating consistent regions to tailor operational strategies to the orbit’s highly
variable time-dependent dynamics. An axis is identified for each region that ensures passive
safety for VVs while reducing station-keeping fuel costs. Two unique time-driven approach
schemes are presented, resulting in one adopted scheme that allows for safe transfers between
four selected HP distances. For times when a VV must halt its approach for extended
durations, traditional station-keeping alternatives are identified that allow VV operators
to reduce fuel consumption without compromising safety. These optimized components of
an approach strategy found through CR3BP modeling are implemented in a full ephemeris
dynamics model in STK that affirms the simplified modeling results. The work is concluded
with a transit diagram that provides a cohesive visual representation of all avenues shown

to enable a safe, timely, and V efficient approach with Gateway.



Safety-Driven, Time-Sensitive Approach Strategies for Rendezvous

with the Lunar Gateway

Tyler F. Rhodes

(GENERAL AUDIENCE ABSTRACT)

NASA’s Artemis Program plans to establish a new crewed space station in an orbit in space
near the Moon. This station, known as the Lunar Gateway, enables crew and supply transfers
to Earth and the Lunar surface. An essential aspect of missions to space stations, like the
International Space Station (ISS) and Gateway, is the rendezvous, proximity operations,
and docking phase, colloquially referred to as RPOD. RPOD involves a secondary spacecraft
operating near a primary spacecraft to attach itself to the primary spacecraft. This mission
phase has been extensively studied and executed for missions to stations near Earth. These
stations operate in Low Earth Orbit (LEO), and their motion is generally governed by a
simple dynamics model that only includes the gravitational effects of Earth. Gateway’s orbit,
known as a Near Rectilinear Halo Orbit (NRHO), differs from these LEO-based stations and
is governed by the more chaotic dynamics model, which simultaneously considers the Earth’s
and Moon’s gravitational effects. This difference in governing dynamics breaks down the
methods currently used to approach LEO stations, requiring new techniques to account for
the increased dynamic complexity of Gateway’s NRHO. This thesis focuses on the trajectory
design of an RPOD approach strategy with Gateway utilizing models incorporating the
three-body dynamics. These strategies must adhere to strict requirements pertaining to the
safety of the trajectories that are in place to reduce the risk of an approaching vehicle on
both the station’s crew and the station itself. To create the strategy, Gateway’s NRHO is

partitioned into six regions defined by the orbit’s changing dynamics. For each region, an



approach path is identified that allows the approaching vehicle to transfer between points
along the route safely and efficiently from a fuel perspective. The transfers themselves are
constructed in this thesis, and their safety is studied in the event one of four potential
failures occurs. In anticipation that an approaching vehicle will be required to pause its
approach for a given period, strategies for efficiently holding its position relative to the
station are identified. These three aspects are stitched together to form the comprehensive
approach strategy for a vehicle attempting to rendezvous with Gateway. The presented
strategy addresses a current hole in previously proposed strategies by enabling approaches
to occur regardless of where Gateway is located within its roughly 6.5-day orbit. Enabling
the approach in all portions of the orbit allows vehicles to execute their RPOD phase in case
a time-critical scenario arises. The work concludes with a transit diagram that provides a
cohesive visual representation of all proposed strategies that have been shown to enable a

safe, timely, and fuel-efficient approach with Gateway.
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Rendezvous, Proximity Operations, and Docking (RPOD) is a fundamental and critical
process for an increasing number of space missions. Docking different vehicles in space has
enabled the assembly of large space structures and optimized mission architectures dating
back to the Apollo program [22]. Most missions with an RPOD process have occurred within
well-behaved two-body dynamics. Here, the dynamics are approximately time-independent,
and docking complexity is consistent regardless of position in the orbit. These characteristics
are no longer true in a three-body dynamics context, e.g., the Earth-Moon system. Certain
orbits in these regimes have dynamics with extreme fluctuations throughout a single period,

increasing RPOD risks and complexity.

As missions extend more commonly into cislunar space where three-body dynamics dominate,
specifically with the Artemis program and the planned Lunar Gateway station, three-body-based
RPOD operations will become commonplace for mission operators. This thesis focuses on
developing strategies for handling RPOD in cislunar space with the lens of approaching
Gateway. The goal is to design V -efficient approach strategies that adhere to the International

Space Station’s (ISS) RPOD safety requirements currently in place that can be executed

1
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regardless of timing/position in the three-body orbit. These strategies enable mission operators
to execute approaches for rendezvous within time-critical scenarios when the ideal positioning
of the station is not present. The work aims to comprehensively understand the costs and

requirements for mission operators to execute an approach anywhere in the orbit.

Oi0 OO0 0ooot goodoog

Humanity first set foot on the Moon with the Apollo 11 mission. The United States continued
an intermittent crew presence on the Moon through 1972, concluding with the Apollo 17
mission. Humans have not returned to the surface since. In 2017, the National Aeronautics
and Space Administration (NASA) established the Artemis program with Space Policy
Directive 1, aiming to establish a sustained crewed presence on the surface of the Moon
while serving as a staging point for sending Humans onward to Mars in the future [46]. The
program completed the Artemis I mission in 2023 and aims to return humans to the surface
of the Moon during the Artemis III mission, tentatively scheduled for 2027 at the time of

writing.

A critical component of the Artemis program is the Lunar Orbital Platform-Gateway (LOP-G),
commonly called the Lunar Gateway. Lunar Gateway will be assembled across multiple
missions beginning in 2028 during the Artemis IV mission. The station serves as a transfer
interface between Earth and the Lunar surface. Gateway, like the ISS, is an international and
commercial effort with various partners supplying unique modules that comprise the entire
station. Figure 1.1 shows the proposed module breakdown [38]. The modules will support

many functions similar to the ISS, including human habitation and scientific research.

The ISS currently operates in a near circular, regularly maintained Low Earth Orbit (LEO).

This orbit is well-behaved and consistent, making rendezvous consistent and minimally
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Figure 1.1: Lunar Gateway Configuration. The components of the Lunar Gateway are
shown. Gateway is a joint international and commercial effort. Each segment’s provider is
denoted in the Figure. Figure reproduced from [38].

impacted by perturbations. The Lunar Gateway’s proposed Southern Near Rectilinear
Halo Orbit (NRHO) around the Earth-Moon Lagrange Point 2 (L2) in cislunar space is
different. The NRHO is dominated by classical three-body dynamics where the Moon’s pull
on the station is also prevalent in addition to the Earth’s gravitational pull. NASA selected
the NRHO against alternative cislunar orbits. These orbits are visualized in Figure 1.2[4].
The trade between the different three-body orbits considered criteria such as various V
metrics, orbit maintenance costs, and RPOD complexity, among others. Table 1.1 [4] shows
a qualitative summary of this trade. The NRHO provided an optimal balance between these

metrics while being extensible for future crewed Mar’s campaigns.
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Figure 1.2: Proposed Artemis Orbit Alternatives. The Figure depicts six orbits considered
for the Artemis program’s mission architecture. The orbits are visualized in the Earth-Moon
synodic frame. The orbits were compared in a trade study shown in Table 1.1. The selected
NRHO is traced in red. Figure reproduced from [4].

The NRHO does not come without its caveats. As will be shown later in the thesis,
classifying RPOD dynamics within the NRHO as “near linear dynamics” is only valid in
specific orbit segments. This characterization becomes invalid in the orbit’s Periselene region.
Periselene is the point along the orbit closest to the Moon. This characteristic makes docking
with Gateway a more complex process than with ISS. Great care needs to be taken while
approaching the station in this region due to the risks associated with its chaotic nature.

Minor errors in a vehicle’s state can propagate into significant errors down the line.

Furthermore, the ISS orbits the Earth approximately every 90 minutes. In contrast, the
Gateway will complete one orbit about every 6.5 days. This long period makes rendezvous
planning challenging to adapt to compared to the ISS for failed attempts or time-sensitive

situations.
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Table 1.1: Artemis Architectural Trade Study. The table shows NASA’s comparison between
multiple cislunar orbit alternatives considered for the Artemis architecture. The orbits were
compared using the multiple criteria shown. The cell color is normalized to white to compare
against the selected NRHO option. Blue cells indicate better than the NRHO, while orange
cells perform worse than the NRHO orbit. Table adapted from NASA NRHO white paper
[4].

00000000 | 0O00C Oooooio | 0oooo 0oooooo Ooom oooo ooog 0oooo 0| Oooo
0ooono 0poooo v opoooo v 0poooo v 0000000000 0oooooo | Oooocoo 0o0oooo
Equatorial High Infeasible /| High Low / | Circular Moderate | Most Minimal
LLO Short Moderate Orbit Challenging
Polar LLO Highest, Moderate /| Low / | Circular Moderate | Challenging | Minimal
Shorter Earth High Moderate Orbit
Return
EPO with | Moderate/High| Moderate Moderate /| Moderate Challenging | Moderate | Challenging | Minimal
CoLA Short, High
Duration
NRHO Moderate Moderate Moderate Minimal Near Linear | None Deep  Space | Extensible
Medium Dynamics Equivalent
Duration
Earth-Moon L2 | Low / | Moderate Low / | Minimal Near Linear | None Deep  Space | Partial
Halo Moderate Long Duration | Moderate Dynamics Equivalent Extensibility
Longer Earth
Return
DRO Low / | High Long | Low /| N/A Near Linear | Infrequent | Deep  Space | Minimal
Moderate Duration Moderate Dynamics Equivalent
Longer Earth
Return

Gateway is an exciting endeavor as humanity sets to establish an extended presence on
the Lunar surface. However, many challenges exist that have not been encountered in the
two-plus decades of ISS rendezvous. Tackling these challenges is an active field of study that

this thesis will explore.
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RPOD is an essential part of large-scale space operations. Large orbital habitats such as

the ISS, Gateway, and proposed commercial LEO stations cannot be launched in a single
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vehicle. They are too massive for any currently available and proposed vehicle to carry. The
Apollo program was the first to implement a rendezvous to assemble a space structure when
the command and service module docked with the lunar module to form a combined vehicle
that traveled from Earth’s orbit to the Moon [22]. The process was first executed during the
Gemini VII mission, seen in Figure 1.3a. The Gemini VII vehicle docked with the Gemini

VI vehicle in this demonstration.

Following the Apollo program, spacecraft docking quickly became a common occurrence.
The Apollo-Soyuz project was the first instance of two international partners executing
a rendezvous, with the USA-flown Apollo Service module joining the USSR-flown Soyuz
spacecraft [22]. This collaboration was continued through the Shuttle-Mir program, where
the USA sent multiple Shuttle missions to the Russian Mir station and again, today, with
the ISS [22].

RPOD has not been limited to orbital stations. The shuttle program performed multiple
crewed satellite servicing missions, most notably with the Hubble Space Telescope, to repair
and exchange scientific instruments on the observatory [22]. The emergence of uncrewed
satellite service vehicles is a rapidly progressing area for instances of RPOD. The Defense
Advanced Research Projects Agency (DARPA) first executed an autonomous satellite servicing
mission with Orbital Express in 2007 [21]. Northrop Grumman’s Mission Extension Vehicle
(MEV) has recently executed two autonomous servicing operations on Intelsat satellites [42].

MEV-1’s approach is shown in Figure 1.3b [42].

Crewed RPOD with stations has distinct differences from the satellite servicing-focused
missions. Safety and minimizing the risk posed to astronauts are always the number one
concerns for crewed missions. The protection of the station assets is closely followed, and
station docking comes with strict regulations and procedures that must be followed by any

visiting vehicle. Vehicle operators traditionally enter joint operations with station controllers,
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where station controllers have operational authority over the vehicle, dictating whether it
can proceed as it approaches. In autonomous servicing missions, the servicing vehicle can
operate with a greater degree of freedom. The operator of the vehicle being serviced may
state requirements dictating that its vehicle is uninterrupted from its primary functions.
However, its approach is entirely up to the servicer. Missions to Gateway will operate
similarly to current ISS missions. Safety is as much of a design factor as fuel costs for

mission designers for these missions.

Rendezvous operations enable unique mission and vehicle architectures not otherwise possible
from those launched on a single launch vehicle. They enable missions to be extended through
servicing operations and large stations to be assembled. The involvement of human life and
valuable assets increases the design requirements for rendezvous mission profiles. These
safety criteria further complicate the RPOD process in a cislunar context. The work of
this thesis applies these safety requirements to the design of three-body-based rendezvous
trajectories to form a viable rendezvous approach strategy for the future Lunar Gateway

station.

0 A N Y

This thesis’s technical space consists of the overlap of the unique dynamics of Gateway’s
orbit and the ridged expectations for visiting vehicles approaching a station. An approach
strategy for Gateway must address four critical areas: (1) partitioning Gateway’s orbit into
regions with predictable behavior, (2) identifying an optimal approach axis for each region
on which a chaser can remain for an extended period when necessary, (3) implementing
non-prohibitive V transfers between points along the approach axis, and (4) validating the

safety of (2) and (3) to ensure safety throughout the entire approach.
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Figure 1.3: Historic RPOD Mission Examples. RPOD missions have significantly progressed
since the first demonstration in 1965. Gemini VII performed the first docking demonstration
in 1965, with Gemini VI in low Earth orbit. Gemini’s approach is shown in Figure 1.3a.
In 2020, Northrop Grumman’s MEV-1 docked with Intelsat 901 in the first commercial
autonomous satellite servicing mission. MEV’s approach to Intelsat is shown in Figure 1.3b.

The thesis addresses these four areas by answering the following specific questions:

1. How can Gateway’s NRHO be segmented into a finite number of regions within which
the approach vehicle’s behavior is qualitatively consistent throughout the region’s
duration? Does each region have its own qualities that require a change in operational

strategy during the approach?

2. What axes extending outward from the station are both the safest and most efficient
to approach along? Do the two-body “V-Bar”/“R-Bar” approach strategies hold in the
three-body context, or is the approach skewed from the principal axes of the LVLH

frame?

3. Do transfers exist that allow the visiting vehicle to “hop” along the identified approach

axes in a time-effective manner without excessive V expenditure?
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4. Does the identified approach meet the safety criteria currently in place for the ISS and
proposed for Gateway, which are required for visiting vehicles? Is the vehicle safe in

the presence of loss of control at any point during the approach?

0

The first objective of the thesis is to identify unique regions within Gateway’s orbit. This
partitioning creates a set of time-dependent segments where mission operators can alter
their decision-making processes to account for the changing dynamic environment of the
orbit. Some regions may be more stable, allowing for a more aggressive and streamlined
approach strategy. In contrast, other more chaotic regions may necessitate a more cautious
approach with contingency plans in the presence of operational malfunctions. The behavior

of the chaser should be consistent and predictable within each region.

The first main contribution of this thesis is identifying these regions and formulating a
concrete definition for their bounds. Partitioning allows orbit position-dependent strategies

to be constrained to unique orbit regions.

Qoo Ohood 0oito 0ooo boodoidoodoiod

With unique regions of the orbit identified, region-specific hold point axes can be determined
that allow for the most V -efficient station-keeping for when a visiting vehicle is required
to delay its approach. Finding these axes for each region based on V cost and safety
metrics is the second contribution of this thesis. It is an open question of whether the
standard two-body approach axes will be either fuel-efficient or safe within the NRHO, and
identifying the optimal axes serves as the backbone for an efficient approach strategy. This

thesis aims to close this question.
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An approach strategy must specify an avenue for how the visiting vehicle approaches the
station. Approach transfers during integrated operations between the station and visiting
vehicle operators are extensively studied and validated before an RPOD scenario occurs
[28]. They are not generated on the fly during an approach; a “go-around” or an abort is
performed if the rendezvous cannot be completed via the predefined avenues. The third
contribution of this work is to provide a set of transfers along the hold point axes that walk
the visiting vehicle toward the station. These transfers cannot be cost-prohibitive to the
visiting vehicle but also must conform to the requirements set by the station. The transfers

will be generated and analyzed to ensure compliance with Gateway’s requirements.

OoooD  0ooood Joooodoooood

The entire RPOD process risks the safety of the station and the visiting vehicle. Space
stations are multimillion to multibillion-dollar assets and have a minimal tolerance for risk.
Safety is an unfudgeable requirement across the entire process of formulating a rendezvous
approach strategy. The fourth contribution of this thesis is the safety verification of the
solutions posed to the second and third driving questions for this thesis. The approach
strategy must account for non-ideal situations where failure may occur at various instances

during the approach.

Ooi0  OOoood Dooioo

The thesis is broken into five chapters, which are summarized below:
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1. Chapter 1 sets the context for this thesis. It discussed the planned assembly and
long-term operations of the Lunar Gateway around Earth-Moon Lagrange Point 2. A
discussion of RPOD followed, describing the main features of such missions and their

driving considerations.

2. Chapter 2 dives into the background and relevant literature pertinent to this thesis.
Background research regarding three-body relative motion, RPOD standards, and
applied RPOD strategies is presented. The chapter concludes by identifying the

technical gap this work aims to fulfill and the approach taken to address this gap.

3. Chapter 3 outlines the work’s methodology. The CR3BP and accompanying relative
motion dynamics models are derived. The methods used to construct trajectories
within an RPO context are described. Rendezvous safety is defined. The safety
guidelines outline how trajectories will be validated to be safe or unsafe. A high-level
outline of the strategy’s “transit diagram” is provided. Lastly, a full-ephemeris model

realization scenario within ANSYS’ Systems Tool Kit® (STK) is detailed.

4. Chapter 4 presents the results of the work of the thesis analysis. Gateway’s orbit is
analyzed and segmented. V-optimal approach hold points are identified and used
to find a safe approach scheme for each portion of the station’s orbit. Transfers are
generated for two procedures, trimmed based on safety, and selected for V efficiency.
The adopted strategies are combined into a comprehensive approach transit diagram to
provide a streamlined visual of the prescribed methods for a time-sensitive rendezvous.
The adopted nominal approaches are then implemented into a complete ephemeris

model to compare transfer costs and check safety:.

5. Chapter 5 concludes the thesis with a summary of the work’s key contributions and
the research’s limitations. The chapter presents potential continuations for the work

and discusses the feasibility of implementing the strategy on real-world spacecraft.
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This chapter aims to provide an overview of the relevant background information, prior
research, and literature pertinent to the work conducted within this thesis. The chapter
begins with a discussion of the literature that motivated the work. The work done on
RPOD dates back to the mid-20th century with the Gemini program, but most work has
accrued over the past decade for three-body applications. The literature review is broken
into three topic areas: “Three-Body Relative Motion Theory,” “RPOD Standard Practices
and Regulations,” and “Applied Three-Body RPOD Strategies.” The discussion is followed
by an outline of where current literature falls short and the approach taken to address the

identified shortfalls.

e Section 2.1 breaks down the relevant research areas from which the thesis draws. Three
topics are discussed, beginning with work about three-body Relative Motion Theory,
followed by RPOD Standard Practices and Regulations, and concluded with the blend
of these topics with Applied three-body RPOD Strategies. Figure 2.1 frames the work

that makes up these topics.

o Section 2.2 highlights the current holes in the outlined research domain and emphasizes

12
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the technical gap this thesis aims to fill.

e Section 2.3 outlines the approach taken to address the identified technical gap. It

summarizes the planned methodology and resulting contributions of the thesis.

Oi0 D00iooiibd oood

Section 2.1 details prior work that has motivated the work of this thesis. The section explores
works in building theory within three-body relative motion, rendezvous standard practices
and governing operational regulations, and currently proposed strategies for three-body
rendezvous that implement the discussion theory within the constraints of the operational

standards.

This thesis assumes a solid understanding of restricted three-body problem theory like that
discussed in Koon, Lo, Marsden, and Ross’ textbook on the matter [29]. Section 3.1 details
the concepts used in this work’s analysis. Other topics leveraged in the referenced literature

may be mentioned in the forthcoming review even if not used explicitly in this work.

Qoo 00bdod Dbiooidh ¢oooog

Relative motion between two or more spacecraft has been an extensively studied field.
Missions dating back to the Gemini program necessitated the need to be able to model
motion in space between two spacecraft [22]. The majority of this work, however, has been
conducted within the two-body context, and until the past decade, there was minimal work

done to explore RPOD in the three-body context.

Operating within dynamics dominated by the restricted three-three body problems breaks
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Figure 2.1: Literature Review Diagram. The Venn diagram above categorizes the relevant
literature to this thesis [6, 7, 12, 16, 19, 19, 20, 22, 26, 27, 28, 29, 30, 34, 35, 36, 36, 37, 41, 45].
The left half contains works that detail the crewed RPOD standards of the past 60 years. The
works are split between standards based on the two-body dynamics at the top and those based
on the three-body dynamics at the bottom. The right half of the diagram focuses on works
that formulated the theory and equations governing the dynamics of three-body relative
motion. The works descend from those more focused on the underlying theory to those
focused on exploring potential use cases for the theory. The middle of the diagram forms
contains research that blends the two topics. These works focus on “Applied Strategies,”
using the derived theory to design RPOD strategies that follow the standards and regulations.
The works in bold are heavily leveraged within this work’s approach.
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down the underlying assumptions and simplifications that Clohessy-Wiltshire equations and
other two-body-based representations adopt [13]. As missions turn to operate further into
cislunar space, using these equations becomes less reliable. Franzini and Innocenti, whose
works in this field will be discussed later in Section 2.1.1, showed that the positional error in
modeling relative motion with two-body based equations in a three-body context was in the
order of kilometers [18]. Such errors are not acceptable if trying to model rendezvous between
spacecraft. Relative motion models for missions in cislunar space need to be governed by a

set of equations of relative motion (EORM) that account for three-body effects to be reliable.

A representative model for relative motion within a three-body environment necessitates that
the force imparted by the second primary body be accounted for in the governing EORM.
Early research involving rendezvous scenarios for spacecraft circumvented needing a set of
EORM in the Local-Vertical, Local-Horizon (LVLH) frame to describe their rendezvous by
simply taking the difference in state vectors obtained from using the restricted three-body
problem equations of motion (EOM). In Luquette and Sanner’s paper, the authors define the
relative state between a chaser spacecraft as subtracting the chaser’s state from the target’s
state. [34]. The same technique is utilized by Ueda and Murakami’s paper and by Mand in
his thesis [35, 45].

RPOD is traditionally studied in the LVLH frame. The motion of the chaser with respect
to the target is best understood in this frame [22]. An operator can more intuitively relate
the guidance readings in this frame, as Aldrin discussed in his dissertation [7]. Readings
indicating above and below are truly above and below; those showing in front and behind
are truly in front and behind, and those showing to the side are meaning truly to the side.
Frames, like those based around barycentric coordinates, lose this intuition. Readings in
the LVLH frame are critical for understanding the risk and safety of maneuvers [16]. Some

research has taken results from the abovementioned technique and transformed them into an



16 Qouuoid Ot fudootooao

Chaser

-~
Ss

Ve,

-
- -~

1st Primary

~
S

2nd Primary

* Not to Scale *

Figure 2.2: Three-Body Relative Motion System Visualization. This visualization of the
dynamic system, adapted from [18], shows the bodies of interest within a three-body relative
motion scenario. Here, the target is Gateway in its NRHO with a chaser nearby. Its position
with respect to the Moon is represented by r. The chaser’s relative position to the target is
represented by  and position with respect to the Moon by rc. The Moon’s relative position
with respect to Earth is represented by rem.

LVLH representation for visuals post hoc. This approach provides valuable intuition given

by the LVLH frame while leaving the underlying dynamics in a more simplified model.

Franzini and Innocenti were the first to derive a set of three-body EORM in an LVLH frame
[18]. The equations derived imposed the restricted three-body problem where the system is
dominated by two primary bodies, the first more massive than the second, while the third
body’s mass is negligible within the system. The third body, in this case, is the target’s
spacecraft. The system setup is shown in Figure 2.2 [18]. Their work derives relating the

chaser’s position to the target in LVLH coordinates.

The equations are flexible to the user’s desired level of fidelity. Flexibility here means that
if a user wants to employ the circular or elliptical restricted dynamics cases, they can do so.

Also, the equation’s gravitational term has a linearized variant to speed up computation time
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if desired. These assumptions come at the cost of model accuracy, especially in the Periselene
region of the NRHO when modeled against an ephemeris model. Their work showed that
model simplifications do not lead to insurmountable errors within a region around Aposelene.
Franzini and Innocenti’s EORM allows three-body relative motion to be accurately modeled

and analyzed without needing constant coordinate transformations.

Franzini and Innocenti’s work defined their 0000 O00DJOOC as the negative radial vector from
the chaser to the center of the Moon. Works since has utilized a solar referenced 10000 D00000!
to align with the International Deep Space Interoperability Standards (IDSIS) International
Rendezvous System Interoperability Standards (IRSIS) [28, 37]. The IDSIS’ IRSIS will be
discussed more in Section 2.1.2. Utilizing the Sun to define local vertical risks losing the
intuition provided to operators as the Sun can be eclipsed in cislunar space and cannot be
seen. As such, the work in this thesis follows Franzini and Innocenti’s definition of J00OL

0000oaa.

Franzini and Innocenti extensively utilized these equations in later works [19, 20, 26, 27].
From a more theoretical perspective, Franzini used these equations to study rendezvous
maneuver design for impulsive and continuous thrust-based trajectories [19, 20]. The EORM
written in a state-based form was implemented in an adjoint model to explore performance
using an Earth-Moon L1 NRHO as a reference for exploring both types of maneuvers. Both
cases showed that computing maneuvers were possible with these equations and that the
maneuvers were viable. Innocenti’s work with these equations is discussed later in Section

2.1.3 regarding applied rendezvous strategies.

Franzini and Innocenti’s equations require the computation of higher-order terms, such as
the target’s third positional derivative and its specific angular momentum and acceleration
at all points in the orbit. These additional terms increase computational complexity and

have shown to be burdensome in application [17]. Luquette’s EORM require terms already
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obtained through the propagation of the target’s position and velocity terms but are limited
to the Circular Restricted Three-Body Problem (CR3BP) assumptions. Franzini’s and
Innocenti’s equations best suit an intermediary level of fidelity between the CR3BP and
a full ephemeris model, while Luquette’s serves as an efficient model within the CR3BP

assumptions.

Two main EORM models have been implemented to date, providing valuable insights into
RPOD dynamics in a three-body context. Franzini and Innocenti defined an intuitive frame
to keep results consistent with two-body missions with more complex equations. Luquette
equations are simplified to a nearly identical structure to the classic CR3BP EOM. They are
a viable three-body analog to the two-body models, such as the Clohessy-Wiltshire equations.
The work conducted within this thesis will use the more streamlined Luquette equations for
the works underlying dynamics modeling while using the LVLH frame posed by Franzini and

Innocenti to visualize results.

0oooiD  0oobood LbdO boddobooo

The work of this thesis focuses on RPOD with an inhabited station. RPOD takes a different
flavor with additional constraints and considerations in this context. Protecting the people’s
lives on the station and protecting some of the most expensive assets in all human history
is paramount [14, 15]. The literature reviewed regarding RPOD standards focuses on those

done with humans involved either on the chaser spacecraft, target spacecraft, or both.

Uiodooid dodd goobboot toodioo

With the space race well into gear in the mid-20" century, engineers and scientists viewed

rendezvousing and assembling structures in orbit as a solution to minimizing the required
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booster size on the ground [22]. The first successful docking of two objects in space occurred
in 1966 during the Gemini VIII mission [22]. The preceding missions and those to follow
helped explore approach profiles and set precedents on the best ways to conduct a crewed

docking operation.

In the LVLH frame, in a two-body dynamics context, axes are commonly referred to as
the R-Bar, V-Bar, and H-Bar: the R-Bar aligned with the radial vector pointing towards
the Earth’s center of mass (COM), the H-Bar aligned with the target vehicle’s angular
momentum vector, and the V-Bar completes the orthogonal triad to form the LVLH frame
[13]. In circular orbits, the V-Bar aligns with the velocity vector of the target vehicle. A

diagram of this frame can be seen in Figure 2.3, adapted from [11].

RPOD missions traditionally utilize one of two approach profiles, along the V-Bar or the
R-Bar [49]. In a V-Bar approach, the chaser spacecraft proceeds closer to the target by
making incremental “hops” along the target’s V-Bar, approaching the target by catching
up from behind or falling back into it from ahead. Similarly, in an R-Bar approach, the
chaser makes incremental “hops” along the R-Bar, climbing up to the station from below or

descending on it from above.

Most profiles combine the two strategies, and either is adopted for a profile segment. Commonly,
the chaser-to-target range is closed mainly along the V-Bar. However, in the final approach,
the chaser climbs along the R-Bar, taking advantage of a concept known as “orthogonal

breaking” to minimize fuel expenditure [22].

Goodman’s documentation of NASA crewed RPOD missions provides a comprehensive
overview of crewed missions’ approach profiles and gives examples of the aforementioned
approach strategies [22]. Figure 2.4 shows an example of a stable orbit approach and

a coelliptic approach [22]. In the stable orbit approach, the chaser “station-keeps,” i.e.,
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Figure 2.3: Standard Two-Body LVLH Coordinate Frame. The standard two-body LVLH
Coordinate Frame is shown. The radial vector from the primary body for which the target
body orbits defines the “R-Bar”. The “V-Bar” is the instantaneous velocity vector of the
target at a given time in its orbit. The “H-Bar” is given as the cross-product of the R-Bar
and V-Bar. This frame is where relative motion is most commonly shown.

maintains relative position and velocity with respect to the target on a stable point within
the orbit before injecting itself into a terminal trajectory to rendezvous with the target. The
coelliptic approach is made on a coelliptic orbit, primarily characterized by the two orbits
being coplanar [22, 50]. The chaser catches up to the object below the V-Bar, tuning its

orbit before executing the terminal phase injection to begin docking.

These approach strategies have been the standard of crewed rendezvous for well over half
a century. The Shuttle program utilized them, and today, they continue to be utilized
by the missions flown under the commercial resupply services (CRS) program [22, 36].
These approach strategies were employed with reducing human/mission risk, operational
complexity, and fuel consumption in mind [22]. These two-body-based profiles and their
motivations serve as an operational foundation from which to draw design approach strategies

for crewed station RPOD profiles within a three-body context.

RPOD approaches depend heavily on sensor and tracking data acquisition for the onboard
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Figure 2.4: Common Approach Strategies for Crewed RPOD Missions. Figure 2.4a shows a
stable orbit approach. The chaser vehicle inserts itself at a point ahead or behind the target
on the V-Bar and holds till time for terminal phase insertion (TPI). TPI places the chaser on
an intercept trajectory for rendezvous. Figure 2.4b shows a coelliptic approach. The chaser
incrementally climbs closer to the station in a coelliptic orbit. The chaser occasionally course
corrects and makes its TPI close to the target. Figures reproduced from|[22].

guidance to be successful. This fact constrained the shuttle rendezvous execution of the
profiles. Closed-loop guidance and sensor-driven navigation fall outside the scope of this

thesis. As such, the trajectory design itself is of primary interest.

OOd0 0oioio boooooooo

The imposed safety requirements that vehicles must adhere to were not discussed above.
For visiting vehicles (VV) to the ISS, a strict protocol must be followed [30, 36]. VVs to

Gateway will be no different [28].

Like the ISS, Gateway will be visited by nations and numerous commercial entities during
its construction and operations [38]. Rendezvous safety and risk mitigation regulations are
already standard practice. Koons and Shreiber discuss the risk mitigation adopted by the

SpaceX and Orbital Sciences Corporation, presently Northrop Grumman, vehicles for their



22 Qouuoid Ot fudootooao

- 4 km >

200 m radius KOS v Out of plane minor axis
+R Bar OfAE 2 km

Figure 2.5: ISS Safety Regions for CRS Missions. A V-bar and R-bar cross-section of the
ISS safety regions is shown. These regions are in place to mitigate the risk posed by VVs
rendezvousing with the station. The AE surrounding the KOS is shown in grey. Figure
adapted from [30].

respective CRS missions to the ISS [30]. From a trajectory standpoint, the primary method
for risk mitigation is enforced by “safety regions.” The regions Koons and Schreiber show
in their paper are depicted in Figure 2.5 adapted from [30]. The outermost region is the
“Approach Ellipsoid” (AE), a 4 x 2 x 2 km ellipsoid centered on the ISS with the major axis
in line with the station’s V-Bar. The inner region is the “Keep Out Sphere” (KOS), a 200m

sphere centered on the ISS.

Koons and Schreiber continue to discuss how these regions are utilized to mitigate risk to
the station [30]. An hour and a half before the VV enters the AE, NASA and the vehicle
operator enter integrated operations where NASA has control, but not command, authority
over the vehicle. In other words, NASA is not sending commands directly to the vehicle,
but they control how the operator can operate it. NASA must give the operator authority
to proceed (ATP) before a vehicle enters a region. ATP is granted at various predefined
decision points along the vehicle approach profile. ATP is granted based on multiple factors,

including but not limited to vehicle status, ISS status, and the presence of potential risks
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in the area. If ATP is not granted, the VV must wait outside the region until all issues
are resolved. This process is repeated before the vehicle enters the KOS with at least one

decision point between the AE and the KOS.

Miotto’s paper discusses the work to validate the approach trajectories to the ISS for
Northrop Grumman’s CRS Cygnus vehicle [36]. Cygnus’ nominal approach strategy is shown
in Figure 2.6 [36]. The Figure on the right shows the coelliptic approach in the LVLH
V-Bar/R-Bar cross-section, while the left shows the timeline of events annotated on the
approach profile. The timeline shows the two decision points where ATP is decided. ATP-1
grants Cygnus permission to raise its orbit to and execute burns to approach the R-Bar
within the AE. ATP-2 grants Cygnus permission to execute the AD3 burn to “acquire” the
R-Bar and begin a series of burns to climb the R-Bar before finally being captured by the

station’s robotic arm.

Miotto’s paper details the extensive analysis to validate this approach profile’s safety. Mission
faults that had to be accounted for included missed burns, partial burns, drag uncertainty,
navigation errors, and the ability to abort at any point during the approach safely. Drag
uncertainty is not an issue in Gateway’s NRHO, and navigation is outside the scope of this

work. However, the burn anomalies are of note for this thesis.

During Cygnus’s approach, missed burns must be 24-hour free drift safe. This requirement
means that if any burn failed to occur, Cygnus’ resulting trajectory had to be shown so that
it would not violate any safety regions for 24 hours. This validation for a missed ADV2 burn
is shown in Figure 2.7 [36]. In this instance, Cygnus is grated ATP before approach initiation
and completes ADV1. However, due to some vehicle anomaly, the ADV2 burn never occurs.
The trajectory of Cygnus, with three sigma error bounds, is propagated 24 hours and shows
the vehicle never enters either region without control. This kind of verification is completed

for all burns in the mission profile.
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Figure 2.6: Cygnus’ Nominal Rendezvous Approach with ISS. Cygnus’ nominal approach
with the ISS is shown. The autonomous resupply vehicle phases along a coelliptic orbit until
it executes ADV1, a rendezvous insertion burn. Cygnus coasts until ADV2, establishing a
new coelliptic orbit to phase closer to the R-Bar. ADV3 targets the R-Bar, and the vehicle
climbs through the AE until ADV4 when the R-Bar is acquired just before the KOS. A
glideslope navigation method controls the final approach inside the KOS. Figure reproduced
from [36].
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Figure 2.7: Cygnus’ Rendezvous Approach Passive Safety. Cygnus’ passive safety following
the ADV1 burn is shown. If ADV2 were not executed, Cygnus would continue on its orbit
caused by ADV1. The orbit’s apogee is where ADV2 would occur. This orbit characteristic
ensures the vehicle will never get any closer to the ISS along the R-Bar than at this point,
ensuring passive safety for the station and vehicle. Figure from reproduced [36].
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Figure 2.8: Cygnus’ Rendezvous Approach Abort Trajectory Safety. Cygnus’ trajectory
following the ADV3 burn aimed to acquire the R-Bar is shown. At a time following the
ADV3 burn, an abort burn is executed. The dispersion of potential resulting trajectories
dependent on burn efficiency is plotted in gray. These trajectories meet the KOS safety
requirement. Figure reproduced from [36].

The abort requirement for Cygnus mandated that anywhere below the KOS’s 200 m floor,
the vehicle must be able to abort onto a trajectory that never enters the KOS and leaves
the AE in 90 minutes and remain out for 24 hours [36]. Figure 2.8 shows an example of this
verification. In this example, Cygnus must abort after its ADV3 burn to acquire the R-Bar
[36]. The grey lines show the dispersion of potential resulting trajectories after executing
the abort burn. These risks must be accounted for in any Gateway rendezvous approach

strategy design.

In 2019, NASA and ISS partner agencies developed the IDSIS [28]. Nine standards have
been published to date, including the IRSIS. The IRSIS aims to outline requirements for
rendezvous operations, specifically within cislunar and deep space environments. The requirements
outlined within the IRSIS were adapted from ISS protocol and lessons learned from past

missions.

The section of interest pertinent to this thesis is the trajectory safety requirements for VVs
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Figure 2.9: IRSIS Safety Zone Structure. The safety zones defined by the IRSIS are
visualized. Each sphere is centered around the target. The RS is 10 km, AS is 1 km, and KOS
is 200 m. VVs require ATP before entering the next zone. Only the AC is direction-dependent
and traditionally is aligned with the station docking port. Figure reproduced from IRSIS
[28].

to a station positioned in a cislunar orbit, i.e., a vehicle docking with Gateway. A similar
structure to the CRS mission risk mitigation strategy can be seen here. The IRSIS safety
zone structure is shown in Figure 2.9 [28]. Here, there are four main zones: a “Rendezvous
Sphere,” an “Approach Sphere,” a “Keep Out Sphere,” and an “Approach Corridor” (AC).
Not discussed before is the approach corridor. When inside the KOS, the VV must remain
inside this cone and adhere to predefined paths inside the AC. The technical details of these
zones will be discussed later in Section 3.4. Similar to the ISS rendezvous operations, at
least one decision point exists between each zone. ATP must be given at each decision point
before entering the next zone. If not given, the spacecraft must be held outside the zone

until the reason for the hold is resolved.

The standard details numerous trajectory safety requirements for VVs. These include, among

others, abort safety, drift safety, burn anomaly safety, and plume impingement. Burn
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anomalies include missed burns, partial burns, and random unexpected burns. In each

case, the resulting trajectories must be shown not to enter any safety zones without ATP.

Thruster plume impingement is important, specifically when close to the target, but falls
outside the scope of this work. This work will focus on the approach strategy for the
“far-field” rendezvous operations phase. This phase encompasses rendezvous orbit insertion
to preparation for entry into the KOS [28]. In this phase, thruster plume impingement is a

limited concern for VV ranges.

All these standards are in place to minimize mission risk and keep lives and assets safe. The
operational protocols and regulations have been standard practice in the industry for decades.
They have been executed in numerous missions and are cemented within the foundation
crewed-involved docking operations. The protocol will continue to apply to cislunar RPOD

missions, and the strategies must adhere to them.

0oooiD  00biiod bpooiooibd fot dotbbibodo giodod boo Obottooboo
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Work has been done to apply the discussed three-body relative motion theory and use it
to design RPOD strategies in cislunar space [6, 12, 26, 27, 35, 37, 41, 45]. Papers have
developed strategies for the three main phases of a cislunar rendezvous mission: launch and
insertion, transfer, and rendezvous [28]. Specific papers propose mission plans from end
to end [26, 37, 41]. However, as discussed in Section 2.1.2, this paper focuses on far-field
rendezvous, which occurs in the rendezvous phase of the mission, so that is the portion of

these works that will be highlighted.

In his 2023 work, Nakamura details the trajectory design for an uncrewed supply mission

to the lunar Gateway in its southern L2 NRHO [37]. The rendezvous scenario occurs in the
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Aposelene region of the NRHO, where the orbital dynamics are nearly linear. Aposelene is
the point on the orbit furthest from the Moon. The trajectories were evaluated for safety,
fuel consumption, and operational feasibility. The paper’s safety requirements were that the

vehicle’s free-drift trajectories should not enter the 1 km AS.

The analysis utilizes Monte Carlo simulations to validate trajectory safety. Initial state error
estimates accrued from the previous mission phases were utilized as a bound to perturb
the planned initial state of the VV randomly. These initial rendezvous insertion states
were propagated for 24 hours to confirm safety. The paper presented validation for the
passive safety requirement with this method. The remainder of the paper focuses heavily on

sensor-based navigation.

Mand designed a preliminary trajectory for an Orion rendezvous mission on an L2 halo
orbit [35]. The L2 Halo orbit has much more consistent dynamics throughout its orbit. It
is far less elliptic than a NRHO. The approach developed is a modified double co-elliptic
approach analogous to the Orion LEO rendezvous profile. A true co-elliptic approach is
not possible here due to the non-planar geometry of the Halo orbit. The double co-elliptic
approach strategy was less effective in a Halo orbit than in LEO. However, Mand argued that
preserving operational consistency justified the increased fuel costs. Monte Carlo and Linear
Covariance simulations validated the vehicle trajectory’s passive safety after each burn. The

safety requirements were the same as the ISS safety requirements discussed before.

The most applicable and comprehensive paper on Gateway rendezvous trajectory risk mitigation
was by Innocenti in 2021 [27]. The paper investigates hold point (HP) safety for three failure
modes and proposes a strategy for re-rendezvous after failure. HPs are a stricter form of
decision points, requiring the VV to hold before getting ATP. The analysis is built on the
EORM derived by Franzini and Innocenti in their work discussed previously. This paper

constrains the rendezvous event to the Aposelene region of the NRHO, referencing a paper
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Figure 2.10: A nominal approach strategy for Gateway operating in an elliptical restricted
three-body problem (ER3BP) generated NRHO proposed by Innocenti is shown. The
approach places HPs (HP#) on unstable manifolds to ensure passive safety in case of an
unexpected failure. The trajectory was compared to the result of executing the plan in a full
ephemeris dynamics model. Figure reproduced from [27].

by Bucci [12] for the rationale. This work will be discussed later. The nominal trajectories

of the proposed approach are shown in Figure 2.10 [27].

The failure modes considered were a missed departure firing from an HP, a missed arrival
firing at an HP, and a random thruster firing during transfers between HPs. The aim was
to validate the sequence of HPs in their rendezvous profile. Each HP proposed was used as
the initial state for departure failure. Then, the resulting trajectory was propagated over

one orbit to ensure a 10 km zone was not violated.

The arrival burn failure occurs at the end of a transfer between HPs. The procedure for
validating safety is similar to the arrival burn failure; only the initial state is the state of the

transfer trajectory at the time of the arrival burn. A random V of 0:05m/s is applied to
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model a misfire at a random point along the transfer. Monte Carlo simulations were run for

misfires in between each HP to analyze for potential safety violations.

The paper concludes with a proposed method for selecting a new optimized set of HPs for
a re-rendezvous attempt following a failure. The method utilizes the naturally occurring
unstable manifolds of the NRHO to ensure the HP’s passive safety. This method showed

acceptable fuel costs for re-attempt cases that met the paper’s safety requirements.

In a later paper, Innocenti ties the far-field approach strategy into a complete three-phase
approach starting from the lunar surface and ending at station rendezvous in the Aposelene.
region [26]. The orbital phasing during the transit face takes advantage of manifold theory
drawn from the work of Koon, Lo, and Ross and its application in Ueda’s paper of manifold
phasing in cislunar space [29, 45]. The rendezvous strategy implements the techniques
discussed in his earlier work, now incorporating sensor-based navigation analysis for the

proximity of the phase of rendezvous operations.

Noted in the discussion of the strategies above has been the bounding of rendezvous in the
Aposelene region of the NRHO [12, 18, 26, 27, 37]. This region is visualized by Franzini and
Innocenti in their papers and shown in Figure 2.11 [18]. The bounding to actively performing
RPOD strictly within this region is discussed by Bucci [12]. The Aposelene region provides
the most linear dynamics within Gateway’s NRHO. The orbital velocities are at a minimum
here as well. Bucci shows the stability of the Aposlelene region through analysis of the
NRHO’s monodromy matrix’s eigenvalues. Figure 2.12 shows the eigenvalue magnitudes of
the monodromy matrix evaluated at a range of initial mean anomalies along the NRHO
represented in a full ephemeris model. Periselene is located at 360 degrees mean anomaly
in this Figure reproduced from Bucci’s paper [12]. The spike in eigenvalue magnitude at

Periselene emphasizes the instability of this region and its sensitivity to perturbations.
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Figure 2.11: Franzizni and Innocenti visualized Bucci’s proposed region for safe rendezvous
in the NRHO’s Aposelene region, highlighted in red [12, 18]. The NRHO is most stable in
this region, and the maneuver accuracy required for RPOD increases outside this region.
The orbit is shown in an ER3BP dynamics model. Figure reproduced from [18].

This characteristic makes rendezvous safe and predictable in Aposelene. Outside this region,
the dynamics grow much more chaotic, and minor inaccuracies can result in drastically
different results than desired, necessitating high burn accuracy. The takeaway is that the
best practice for having a safe rendezvous with Gateway in the NRHO is to execute it in the
Aposelene region. Rendezvous in cislunar space is likely to encounter instances with poor
orbit determination that require resulting burns to have an allowable margin of error. This

margin is severely limited in Periselene compared to Aposelene.

Bucci’s paper uses the dynamic intuition that the monodromy matrix of the orbit state
transition matrix provides to seed the design of stable trajectories for rendezvous. His work
did not consider safety in the context of operational standards like other works. However, it
did consider trajectories to enable the delay of rendezvous to wait for the best opportunity

within the Aposelene region. The scalable trajectory, shown in Figure 2.13, is multiple NRHO



[ T 33

80
60 |
401

20r

/
0 T
\

lel ()

20T

-40 L L i . L |
180 210 240 270 300 330 360

Mean anomaly (deg)

Figure 2.12: Earth Moon 9:2 NRHO Full Ephemeris Monodromy Matrix Eigenvalue
Magnitudes. Bucci’s analysis of Gateway’s proposed NRHO monodromy matrix eigenvalues
in a full ephemeris dynamics model is shown. The plot graphs the magnitudes approaching
the Periselene region of the orbit at 360 degrees mean anomaly. The values spike in this
region, indicating the chaotic nature of this region of the orbit. Figure reproduced from [12].

periods in duration and keeps the chaser spacecraft in a stable loop around the target [12].
This orbit was obtained using the unitary eigenvector of the monodromy matrix. Such a
trajectory can allow the chaser to inspect, loiter, and wait for the opportune time to begin

its final rendezvous approach.

The research has tied together the EORM discussed in Section 2.1.1 and applied it to
rendezvous approach strategies that align with the standards shown in Section 2.1.2. The
work has given missions a verified approach to rendezvous with Gateway that future missions
can implement. However, limiting these strategies to one specific region of Gateway’s orbit
creates a limited view of strategies to rendezvous in this orbit. The following section dives

into the technical gap in the field.
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Figure 2.13: Multi Orbit Hold Trajectory. Bucci’s strategy for a long-duration safe hold is
shown, reproduced from [12]. The strategy has the chaser park on the NRHO, a set phase lag
behind the target. This technique ensures passive safety for multiple orbits in the NRHO.
The trajectory was made in a CR3BP dynamics model and compared to a full ephemeris
model.
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The works discussed show that three-body relative motion is a well-studied field with rendezvous

strategies proposed for the various orbits Gateway has, at some point, been proposed to
reside. The necessary EORM to model RPOD missions in the three-body context has
been developed and proven usable in trajectory design for impulsive, finite, and continuous
maneuvers. Combined with concepts from the general three-body theory, these equations
have been used to optimize approach strategies in all three phases of a rendezvous mission

with a crewed station. Lastly, the applicable standards implemented for the ISS and now
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adapted for a cislunar station have been implemented into these works to ensure safety

compliance.

The currently proposed strategies for Gateway’s planned—at the time of writing—NRHO
have leveraged the relative stability of the Aposelene region to mitigate mission risk. However,
the Aposelene region only accounts for three days, 45%, of the orbits’ approximately 6.5-day
duration. Under the currently presented strategies, over half of the orbit is unaddressed

regarding how a mission operator would want to execute RPOD in this region.

The risks associated with conducting RPOD outside of Aposelene. are documented and
accurate. Nevertheless, space is a hazardous environment, and time-critical problems have
often arisen in the history of human spaceflight [43]. Three documented cases of medical
evacuations from the ISS have caused missions to be terminated early and have their crew
quickly removed from the station and returned to Earth [43]. As humans plan to return to
the Moon, it would be naive to assume there will not be a scenario where a crew member
must swiftly return to Gateway and/or Earth. The current RPOD strategies with Gateway
would bottleneck such a time-sensitive scenario if the station positioning did not align with

the Aposelene region. Strategies for rendezvous in a time-sensitive scenario are lacking.

This thesis aims to address this hole within the growing catalog of Gateway rendezvous
strategies and produce a comprehensive trajectory playbook for docking with Gateway at any
point in the Earth-Moon Southern L2 NRHO. Rendezvous approaches still need to comply
with the station’s safety standards and are constrained by vehicle performance. Section 2.3

discusses the approach this thesis will take to take steps to achieve this.
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The work in this thesis will focus on addressing the strategic gap for vehicles attempting
to rendezvous with Gateway in a time-sensitive manner, requiring them to attempt RPOD
outside the Aposelene region. The work provides applicable mission operators with a situational
“transit diagram”. The “transit diagram” will serve as a high-level guide for how vehicles
should proceed in a given situation based on their stage in the rendezvous process and
Gateway’s current state within its orbit. Initial states throughout the entire orbit, including
Aposelene, will be analyzed. The guide will aim to provide a V -efficient path for its

prescribed routes while adhering to the governing safety standards for VVs.

The analysis will use the EORM within the synodic frame derived by Luquette [34]. The
CR3BP simplifications will be used as the starting point for the research with the aim of
producing similar guides in higher fidelity models in the future. The strategies will aim
to preserve the current operational procedure VVs follow for the ISS and the requirements
outlined in the IRSIS. The trajectory design space will be constrained to the “far field”
rendezvous stage. The study will assume that the VV has arrived at a given point in
Gateway’s NRHO where relative guidance is feasible and has established a hold awaiting
approach initiation. The trajectories will be studied to ensure safety requirements are
followed for the failure modes discussed in Innocenti’s paper: HP departure burn failure,
HP arrival burn failure, and random misfire [27]. The “transit diagram” will guide operators
on how to best approach rendezvous with Gateway, given a specified starting point within the
NRHO. The results will be compared against a rough recreation of the proposed strategies

within a full ephemeris model.

The results of this research aim to provide a foundational understanding of the techniques

and trajectories VVs should expect to encounter if they are required to execute RPOD with
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Gateway in a time-critical manner. A mission operator can look at the produced map and
gauge a ballpark estimate of necessary burns, trajectories, and contingency plans should they

be placed in this situation.
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Chapter 3 discusses the methods, adopted standards, and assumptions used to conduct the

analysis for this thesis. The chapter is broken into six main sections outlined below:

1. Section 3.1 introduces the circular restricted three-body problem by deriving its equations
of motion (EOM). The governing EOM are followed by introducing the equations of
relative motion within the CR3BP dynamics.

2. Section 3.2 describes the numerical methods and accompanying parameters used to

propagate trajectories and those used to solve for transfers.

3. Section 3.3 defines the reference orbit for the Lunar Gateway represented in the CR3BP

dynamics model generated using the methods shown in section 3.2.

4. Section 3.4 details the adopted safety standards for rendezvousing with Gateway. The

methods for checking passive, misfire, and partial burn safety are outlined.

5. Section 3.5 details the setup of the Systems Tool Kit® scenario (STK) used to implement

the identified strategy in a full ephemeris model.

38
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6. Section 3.6 outlines the approach to visualizing the strategy through the use of transit

diagrams.

0oi0 000 Uiibbitt obrolbbbb bibboo tobbio

Consider an inertial frame k; 2 : and 2 with two primary bodies present. The bodies are
assumed to be point masses of m; and My, where m; is greater than m,. The origin of
the frame is the barycenter of the two masses. A third body, P, is in the frame with a
negligible mass compared to the two primaries. The two bodies rotate around the origin
at a rate 1. 1 is constant in the circular case. For the A second, synodic, frame with the
same origin is represented by X; ¥, and 2. The %R axis passes through the two primary bodies’
COM, going from the first through the barycenter to the second primary. The ¥ axis passes
through the system origin perpendicular to X in the X-¥ plane. The 2 axis completes the
orthogonal triad of the frame passing through the system origin. Assume the rotation of the
two primaries is circular and lies in the ®-§ plane. These two frames are visualized in Figure

3.1.

The system will be discussed with nondimensionalized units. The conversions of distance,

velocity, and time between the dimensionalized and nondimensionalized forms are

d' = Ld

st=1ILs
1

1 —

t—?t

where ! denotes the nondimensional state. d;s and t represent distance, velocity, and time

respectively. L is the distance between the COM of the two primary masses. L and
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1st Primary

Figure 3.1: CR3BP Coordinate Frames. A top-down view of the inertial and synodic
coordinate frame for the circular restricted three-body problem is shown. The two primary
bodies with masses denoted m; and m, rotate around the system’s barycenter located at
the frame’s origin. The inertial frame is formed by the X:;¥, and 2 axes, and the synodic
frame is formed by the X;$ and 2 axes. The third body is denoted as P in the system at a
distance r from the origin. The third axes for both frames, 2, and 2, point out of the page
orthogonally.

1 are referred to as the systems distance unit (DU) and time unit (TU). The system is
parameterized by the mass parameter |

_ M2
m1+m2.

Following the earlier assumption that m; §j mj, the placements of m; and m; along the X axis
are and 1 respectively. The values of L, ! and for the Earth-Moon system studied

in this thesis are listed in Table 3.1 and were sourced from the Jet Propulsion Laboratory
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Table 3.1: Earth-Moon CR3BP System Parameters and Constants. The three
parameters/constants used to parameterize and nondimensionalize the system are listed.

The constants are sourced from the Jet Propulsion Laboratory three-body orbit database
[32].

Parameter  Standard [km, s]  Normalized [DU, TU]

L 380703 km 1 DU
1

! 3821981 S ' 1 TU
12150 102 — =

three-body orbit database [32].

In this work, m; and m; represent the Earth and Moon, respectively. P, a body with
negligible mass in the system, represents either the Lunar Gateway or the visiting vehicle
approaching the station. From a Newtonian-based derivation, the equation of motion of P

is shown in Eq. 3.1. Equation 3.1 is used to propagate orbits within the synodic frame for

this work.
2 3 2 3 2 3 2 3
2ry My ry + ry + 1
1
T o7
0 0 r, r,
where
b
rir= (rx+ )2+rz+r:
ror = (rx+ 1?2 +r7+r2

1 and , are the distances from the first and second primaries to P respectively.
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2nd Primary

1st Primary

Figure 3.2: CR3BP Relative Motion System. In the restricted three-body system, mg
represents a target spacecraft while m¢ represents a chaser spacecraft. The relative position
of the chaser is r.
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As discussed in section 2.1.1, Luquette and Sanner’s equations of relative motion will be

used to model RPOD in this thesis. The following presents these equations.

Reconfiguring the CR3BP system to represent a relative motion scenario adds a second body
of negligible mass. This modified system is shown in Figure 3.2. The equations of relative
motion relating the motion of a chaser spacecraft to a target spacecraft are obtained by

subtracting the equations of motion of the target from the chaser. This is shown in Eq. 3.2.

r=rc rr (3.2)

rr and rc are the target and chaser state relative to the system origin. Expanding this

equation using Eq. 3.1 results in
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rrx + Mrx+ I+
rk=2r,+ re+(1
TEOE ) Gt e
Ftx 1 Frrx+ I+ 1
[lror |2 llror + 1|3
_ Fry rry + Iy
ry= 2rc+r,+1 )
g 7 lIrarlf® Iror + r[]P (3.3)
Fry rry + 1y
[lror [P [lror + 1
r :(1 ) Irz rTz+ ry Iz rTz+ ry
’ lIrocll® lrar + 1P lIrar|l® lror + 1P

where

_ . 0
rir =[rrx+ 5oy ez

_ e o
ror = [rrx + 1 rry; eyl

C e .
r=[re ry r]:

Equation 3.3 is referred to as the nonlinear equations of relative motion (NLEORM). As
this is the only set of relative motion equations used in this work, it is referred to as the
equations of relative motion (EORM) for short. Luquette shows that the EORM can be
written in a linearized state-space form as shown in Eq. 3.4. This system’s Jacobian is
the 6

6 matrix in Eq. 3.4. Integrating this matrix over a duration of the trajectory

results in the state-transition matrix (STM). The STM denoted as , will be utilized in
assisting the numerical methods discussed in Section 3.2 and in checking the validity of the

rendezvous approach axes discussed in Section 2.3 and Section 4.2. The STM structure can
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be decomposed into Eq. 3.5.

3

2
[29 % 2 2 Z, r (3.4)
® [h]n ] 2n]

where

31 ) 0 3 0
= +— .+ + =
®) ri 3 : ris furfan It farfor
2 3
0 10
[n ]= gl 0 oé
0O 0 O
2 3
1 0 O
[n ]In ]= g 0 1 0%
0 0 O

The Jacobian from Eq. 3.4 can be decomposed into

2 3
( t) =9 rr rvg (3.5>

vr Vv

Uoon fooog

Franzini and Innocenti’s LVLH formulation of a set of relative motion equations were implemented

and tested for this thesis. However, they were not used for the complete analysis due to
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the complexity of calculating the angular acceleration, necessitating the target’s positional
jerk derivative. If it interests the reader, the derivation of these equations can be found in
Appendix G. Nevertheless, as discussed in Section 2.1.1, relative motion results are commonly

viewed in the LVLH frame.

Approach plans within this thesis will be visualized in the LVLH frame. This LVLH frame
will use Franzini and Innocenti’s definition visualized in Figure 2.2. The frame’s basis vectors
are stated in Eq. 3.6. DODDIOOO0OO! is defined as the unit negative radial vector. The radial
vector, rrz, points from the Moon’s COM to the Target. O00DNODDICOCOIO] is the negative
unit specific angular momentum vector. The specific angular momentum, h, is with respect
to the Moon and defined as h = r1,  rt,. The third vector, called the “V-Bar”, is the

cross-product of the two other vectors.

_ Fro
k= [lrral|
p= ﬁ (3.6)
£=p R
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The equations of motion discussed in Section 3.1 serve as the mathematical backbone
for propagating trajectories and constructing transfers to design the rendezvous approach
strategy. Section 3.2.1 discusses the setup of the numerical integrators implemented to
propagate the trajectories, and Section 3.2.2 discusses the single shooting method used to

solve for transfers.
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Table 3.2: Numeric Integrator Configuration.

Integrator Setup

Integrator 00000 [25]
Absolute Tolerance 10 12
Relative Tolerance 10 10

000D OOo0oboobot O0oobooomg

The orbits/trajectories in the CR3BP synodic and CR3BP relative synodic frames were
propagated via numeric integration. MATLAB’s 00000 integrator was implemented using the
constraints listed in Table 3.2 [25]. This setup was utilized in the propagation of trajectories
in both systems. MATLAB’s U0000 implements a Runge-Kutta 7th and 8th order method

to complete the numeric method.

Qoooio - 00o0it Uobooitd oobod

All transfers in this work are modeled with impulsive burns. Assuming one Hold Point
(HP) per safety region, the rendezvous safety regulations, discussed in more detail in Section
2.1.2, require the ATP before a VV can transfer to the following HP. To account for likely
holds at each HP, each transfer will assume zero relative velocity in the synodic frame at the
beginning and end of each transfer. These transfers will require at least two burns: one to
initiate the transfer and one to establish a hold at the end of the transfer. A single shooting
method, illustrated in Figure 3.3, was implemented to solve for transfer trajectories between

two points given a desired time of flight (TOF).

The single shooting method implemented uses MATLAB’s 000000 function to solve Eq.
3.7 [24]. The solver is provided the initial position, ro =1 rxo; Fyo; Fzo], the desired final

position, rg =[ rxs; Fys; Izf], the transfer TOF, and an initial guess for the design vector.
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1 ] 1 1 1 1 (t l+ TOF)I
X(Zo
Initial Guess ___---

-

o o

Target
Point

Figure 3.3: Single Shooting Method Schematic. The method searches for a converged
trajectory that begins at X(t,) and ends at the target point after a prescribed TOF. The
method iterates the design vector until the trajectory converges to the target point within a
specified tolerance.

The design vector, shown in Eq. 3.8, is the impulsive burn’s V vector at transfer initiation.

Objective Function (J) = r¢ rsi( ro; Vi; TOF) (3.7)

The solver was configured with the options in Table 3.3. Each iteration propagates the
relative state of the chaser vehicle using the method discussed in Section 3.2.1 with the
initial state of the chaser being [ ro; V], where V; is the current iterations design
vector. After propagating the trajectory for the duration of TOF, Eq. 3.7 is evaluated to see
if the specified solver tolerances are met. If the tolerances are not met, the solver iterates
using the STM upper right quadrant, ,(TOF +1g;tp), to calculate the functions Jacobian.
Once a solution satisfies the solver tolerances, a transfer’s V cost can be computed using

Eq. 3.9.
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Table 3.3: Single Shooting Solver Configuration. @ MATLAB’s 00000 function was
implemented within a single shooting method. The following parameters were used.

Solver Setup

Solver 000000 [24]
Algorithm Levenberg-Marquardt
Function Tolerance 10 8
Step Tolerance 10 ©
Voo = ] Vill + ] el (3.9)
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The reference orbit utilized to model the Lunar Gateway was seeded from NASA’s Jet
Propulsion Laboratory’s (JPL) Three-Body Periodic Orbit Database [32]. Gateway will
operate within an Earth-Moon Southern L2 Halo Orbit with an orbital period of roughly
6.56 days [32]. The seed orbit from JPL was selected from the libraries Earth-Moon Souther
L2 Halo orbit family database with a period of 6:52days. The orbit’s initial conditions
and relevant characteristics within the nondimensionalized three-body frame discussed in
Section 3.1 are listed in Table 3.4. T is the orbit period, J is the Jacobi constant, and is

the stability index.

Table A contains the full list of states for one complete revolution of the NRHO and can be
found in Appendix A. The list was generated by propagating the initial conditions for one
period. This list of states was utilized as a lookup table to provide the numeric integrator
the values for rt in Eq. 3.3 to represent Gateway’s trajectory. One period of the trajectory
is visualized in Figure 3.4. The orbit’s initial condition is the Aposelene of the orbit. This

point is defined as the furthest point from the Moon’s COM. The mean anomaly of the orbit



0oor Luoodot Ooddoboooo ooouododd 49

Table 3.4: CR3BP 9:2 NRHO Orbit Initial Conditions and Characteristics. Orbit initial
conditions were taken from the JPL three-body periodic orbit database [32].

Parameter: [DU,TU]| Value:

Xo DU 1:0190

Yo DU 2:8484 10 %

20 DU 1:7992 10 2

Xo DU/TU 3:2158 10 3

Yo DU/TU 9:6564 10 2

Zo DU/TU 4:8653 10 12

T TU 1.4711

J DU?/TU? 3.0496
n/d 1.2354

is referenced from the Aposelene point in this work. The mean anomaly of the NRHO is
defined by Eq. 3.10, where t is the time passed since Aposelene passage. This definition

differs from many referenced works, which define M (0) = 0 at Periselene.

t

M) =2 - (3.10)
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Crewed and station rendezvous has a heightened level of operational scrutiny. With the
ISS, VVs enter integrated operations with the station and must abide by the rendezvous
safety standards adopted by the station. VVs rendezvousing with Gateway will experience a
similar situation. The IDSIS published the IRSIS, which outlined rendezvous standards with
cis-lunar space stations, which Gateway is classified as. The IRSIS are nearly identical to
current ISS standards with slight modifications due to the difference in station location. The
following outlines the safety standards for VV safety during station approach. Section 3.4.1

defines the safety regions, while Section 3.4.2 defines VV safety in the presence of various
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Figure 3.4: 9:2 Southern L2 NRHO Visualization. One orbit period is shown in 3D space.
The plots are shown in the nondimensional synodic frame. This orbit serves as a CR3BP
representation of Gateway’s orbit.

failure modes of the VV.
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The ISS has three safety regions for VV: an approach ellipsoid (AE), a keep-out sphere
(KOS), and an approach corridor (AC). The zones are centered around the station. Operations
within the AE are more relaxed than in the KOS; the vehicle can operate anywhere in this
region, given that its trajectories do not violate any safety rules. The AC is nested within
the KOS, and operations within the AC are much more constrained. AC operation rules

are VV-specific. Each VV has a predefined path to the final station rendezvous, and any
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Table 3.5: Safety Region Definition

Region: Definition:
Rendezvous Sphere (RS) 10:0 km sphere centered on the station.
Approach Sphere (AS) 1:0km sphere centered on the station.
Keep Out Sphere (KOS) 0:200 km sphere centered on the station.
. Cone centered around station docking axis extending
Approach Corridor (AC) from station to KOS. Semi-vertical angle of 5 degrees.

deviations from this path usually result in an abort. This work provides a generalized

strategy for V'Vs, so operations within the AC/KOS are not considered.

From the IRSIS, a similar zonal structure is defined. The IRSIS defines four safety regions,
with the additional being an outer rendezvous sphere (RS). The approach ellipsoid is substituted
for an approach sphere. Gateway does not experience atmospheric drag like the ISS, so
the in-track positional uncertainty of the station is reduced, reducing the region’s size and
changing from an ellipsoid to a sphere. The dimensions of the safety regions are listed in

Table 3.5 and visualized in Figure 3.5.

These safety regions serve as gates for VVs. The station operator must grant authority to
proceed (ATP) before a VV can enter the next region. A VV approach plan consists of
various hold points (HPs); the proposed strategy of this work places one hold point within
each region. So, the VV will begin its approach at an HP outside the RS. The vehicle will
wait for ATP to enter the RS and then “hop” to the following HP somewhere inside the RS
and establish a new hold while it waits for ATP to enter the AS. This process repeats for the
forthcoming regions. A transfer between HPs is deemed unsafe if it enters a region without
ATP or if it enters a region without ATP in the event of a failure. The following section

defines the failures that concern this thesis.
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Figure 3.5: Approach Safety Regions. The four safety regions are shown in the series of
zoomed-in snapshots. The three outer regions are spheres centered around the target, while
the approach corridor is a cone with a semi-vertical angle of 5 degrees centered on the docking

axis.
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Spacecraft encounter numerous off-nominal scenarios during operations. These issues are
usually not mission critical, but when approaching a multi-billion dollar asset like the ISS or
Lunar Gateway, failures that pose any risk to them must be mitigated. Failure risk during
the rendezvous approach can be mitigated through trajectory design. The safety regions
defined above are in place to reduce risk to the station. Trajectories must be tested under

various failure scenarios to ensure the resulting trajectory does not violate the safety regions.
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Figure 3.6: Safe v. Unsafe Free Drift Trajectory Illustration. Examples of safe (green) and
unsafe (red) trajectories are shown. A VV can drift around in and go into the preceding
safety region. However, a VV cannot enter the next region without ATP and cannot reenter
a zone after exiting if drifting. An additional case of an unsafe drift is if the VV drifts far
away from the station. “Far away” is defined as 2000 km in this work.

Trajectories considered for the proposed approach strategy were analyzed under four different
failure modes: an arrival or departure burn failure, a random misfire, and a partial burn.

Arrival and departure burn failures fall under the umbrella of passive safety.

Uooooon Dottoo

Arrival and departure burn failures occur when a vehicle fails to execute the burn to depart
an HP and when a vehicle fails to execute the burn to “break” at the next HP. To model
these failures, the vehicle is simulated as having lost all control and entering a free drift. A
drift is deemed safe if it meets the following criteria, illustrated in Figure 3.6, throughout a
24-hour loss of control. A VV is safe in either failure if it remains in its current region and
does not cross into the next region. A departure burn occurs after a VV has received ATP,
so the “current region” is defined as the region the targeted HP is located in, not the region
the VV departed. A VV is also deemed safe if it drifts to a preceding region. That is, a VV
can drift from the AS to the RS and be deemed safe. However, a VV can not drift from the
AS to the RS and then reenter the AS. Once the VV leaves the inner region, it must regain

ATP to renter the inner region.
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While not inherently unsafe, far drifts away from the station can lead to VV not having the
resources to reach the station and ending up on a runaway trajectory. Drifts that result in
the VV drifting greater than 2000 km were classified as unsafe. The 2000 km threshold is not
codified in literature but was chosen based on the author’s intuition. This failure mode was
rarely encountered in the forthcoming analysis and only occurred near the Periselene region

of the NRHO.

1000000 00000d

Thruster misfire is when the VV thrusters unexpectedly fire during a transfer between HPs.
This failure is simulated by inducing a fixed || V|| of 0:05m/s in a random direction at
a random time during the transfer. The VV then enters a free drift for 24 hours, and the
resulting trajectory must meet the same criteria as the departure and arrival burn failures
to be classified as safe. The fixed magnitude of the misfire is taken by a similar analysis run

by Innocenti during the safety analysis of his proposed approach strategy [26].

Monte Carlo simulations were run to quantify a trajectory’s safety under a random misfire.
Each proposed trajectory for the approach strategy was simulated 1000 times, with each
instance being placed at a random point along the transfer and the burn being directed
in a random direction. The misfire safety of a transfer is quantified as the percentage of
safe instances to total simulations. There is no defined threshold in prior literature for a
required misfire safety percentage. A low misfire safety percentage will not reject a trajectory.

However, it will need to be noted that executing said transfer comes with added risk.
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A partial burn occurs when, during either the departure or arrival burn at an HP, only a
certain percentage of the burn is completed. Transfers were analyzed to consider if only 10,
up through 90, percent of the burn’s || V|| was imparted on the vehicle. The resulting
trajectory was analyzed for 72 hours and met the above criteria to be deemed safe. The
increase in duration compared to passive safety failures is to account for the longer transfer
TOFs that will be considered. Arrival failures are propagated 24 hours from the missed burn,
while partial burns are propagated from the initial burn. The longest transfer duration
considered in this work is just under 48 hours. A 72-hour propagation ensures that the
initially considered TOF plus an added day is incorporated into the safety analysis for the

partial burn.
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The approach strategy is designed under the CR3BP assumptions, simplifying the rendezvous
dynamics compared to what an approaching vehicle would experience under a full ephemeris
model. To compare the approach strategy’s results to a full ephemeris model, ANSYS®

Systems Tool Kit® (STK), version 12.5.0, was utilized to reconstruct the proposed approaches
[3].

The scenario utilized a 15-year reference orbit provided by NASA’s Navigation and Ancillary
Information Facility (NAIF) [31, 33]. The scenario used a seven-day segment of this orbit
spanning from January 2" 2020 13:18:26.000 UTC through January 9°° 13:18:26.000 UTC.
This time was determined from the orbit segmentation presented later in Chapter 4. Figure

3.7 visualizes a portion of the reference orbit.
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Figure 3.7: Gateway NRHO NAIF 15 Year Reference Orbit Segment. A seven-day segment
of a 15-year propagation in a full ephemeris model implemented in STK is shown. Orbit
provided by NASA’s NAIF [31].

STK’s Astrogator was used to implement the selected approach plan from the CR3BP-based
analysis. Franzini’s LVLH coordinate system was established on the Gateway satellite object.
The transfers were generated using Astrogator’s targeting sequence differential corrector.
For each sequence, the TOF from the CR3BP approach plan was fixed, and the targeted
HP position was set as the targeting sequence goal with an objective tolerance of 0:10 m.
The Lunar High Position Orbit Propagator (HPOP) was set as the trajectory propagator.
This targeting sequence setup was the same for all transfers. A burn summary report was

generated for each approach strategy to compare the || V || of the maneuvers to the CR3BP
values.

STK was also used to test passive safety in a full ephemeris model. The free drifts were
simulated with a 24-hour propagate segment placed in the mission control sequence where
the failure would occur. A range report of each failure instance was exported to check the

appropriate safety criteria. The random misfires and partial burns were not implemented
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in the full ephemeris model due to the required time to thoroughly recreate these failures
in STK. However, future work should tackle this and can be streamlined through STK

automation.

The strategy is designed to be generalized and not vehicle-specific. As such, V and the
passive safety metrics are the only results of interest. These are vehicle-independent, so
the trajectory modeling does not require any specific vehicle settings implemented in the

scenario.

B A W R B Y I

One of the main deliverables of this thesis is an approach “transit diagram” to visualize
the approach strategy. This will be designed referencing common metro system transit
diagrams. Boston, Massachusetts’ transit diagram is shown in Figure 3.8 as an example [9].
These diagrams provide transit riders with a condensed view of the “lines” that connect all
the stations in the network. The Boston diagram has five main lines: blue, green, orange,
red, and silver. Each line serves a different geographic region of the city. Riders can easily see
what lines and transfers they need to make to reach their desired destination based on where
they currently are within the system. It is independent of the user’s particular perspective
in space and time, meaning that a rider can find the best path to its destination no matter
when and where a rider starts. Rendezvous scenarios with Gateway should be able to begin
at any point in the NRHO in a time-sensitive scheme, so a good visual should preserve this

characteristic.

A high-level diagram breakdown is described here, but a more detailed breakdown of the
diagram’s specific cartography will be provided in Section 4.6.1. The results of this work

will segment the NRHO into different regions. These regions will be visualized as different
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Figure 3.8: Massachusetts Bay Transit Authority (MBTA) Rapid Transit Diagram. The
Transit diagram from Boston’s “T” is shown. The transit diagram shows the various available
subway lines of the network. Transit diagrams like this effectively show pathing between
different points to riders. Diagram provided by MBTA [9].
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“lines” on the approach strategy visual. There will be four concentric loops representing the
four HPs of the approach. Each loop will be segmented into different regions, each with a
tailored approach to transit through the region. Each region can be transited by traditional
station-keeping or through forced loitering. Forced loitering here will entail the VV entering
a trajectory that departs a hold point and, after a desired TOF, returns to that hold point

to establish a hold.

The trajectories of the selected approach scheme will connect the loops. The trajectories
allow all VVs to hop to the inner loops along a safe trajectory. In conjunction with the region
transit approaches, the HP to HP transfer trajectories encompass the approach strategy.
Combining the two describes how to approach Gateway for any given point along the NRHO

and how to hold through a specific duration when the ATP is not granted to the VV.

The diagram will provide a qualitative representation of each adopted strategy for approaching
and holding near Gateway. Only actions shown to be safe and relatively optimized will be
included in the diagram. Critical quantitative information, such as a prescribed action’s V

cost and duration, will be displayed with each segment of the diagram. Like an Earth-based
transit diagram, key geographic features will be present on the diagram to help orient the
reader to their location in the orbit. These elements enable operators to parse the key
details for the approach efficiently to quickly determine the best course of action based on

their present situation.

Oi0 0oOoooo 0o Obobdod

This chapter presented the governing equation for modeling the dynamics in the CR3BP
synodic frame with Eq. 3.1 and the equation for modeling the relative motion of two vehicles

in the frame with Eq. 3.3. The numeric integration method for propagating orbits was
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outlined and implemented into a single shooting method to solve for transfers between two
points in the relative motion frame. With this propagation method and initial conditions
provided by JPL, a 9:2 reference trajectory was generated to serve as the reference state for

Gateway at any point around the NRHO.

Furthermore, the adopted safety standards were detailed. The work will consider the four
regions defined by the IRSIS to serve as gates along a VV’s approach. The definitions of
a safe and unsafe trajectory were defined and illustrated. These definitions are used to
analyze trajectories for four possible failure modes. The transfers’ safety and V cost are
used to identify an optimal approach strategy to rendezvous with Gateway in a time-sensitive
scenario. The method for realizing these CR3BP-based approaches in a full ephemeris model
utilizing STK was described. Finally, the way in which the selected approach plan will be
visualized was framed. The methods described in this chapter are utilized for all the results

presented in Chapter 4.
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Chapter 4 presents the analysis and results used to develop a time-sensitive rendezvous
strategy with the Lunar Gateway. The strategy is developed step-by-step and presented
as a transit diagram. The analysis follows the flow chart illustrated in Figure 4.1. The
first step in developing the rendezvous strategy begins with partitioning Gateway’s NRHO
into distinct regions characterized by orbit dynamics. With consistent regions defined, each
region’s approach axes are identified. Due to Gateway’s highly variable dynamics throughout
a single orbital period, the V-optimal approach axes constantly drift. As a result, a

well-tuned strategy should account for this.

With axes defined for each region, the passive safety of various points along each axis is
studied. This analysis results in the specific placement of the four approach hold points (HPs)
along each axis. Basing the placement of the HPs their on passive safety analysis ensures
that any departure failure from a HP during the approach will be safe. The visiting-vehicle
(VV) may need to transfer between axes if the VV is required to hold for longer than one
region. These region-to-region transfers are constructed and analyzed to conclude the HP

axes identification analysis.

61
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Figure 4.1: Approach Strategy Development Flow Diagram. Key phases in developing the
rendezvous approach are shown. The chapter is presented following this flow. Each phase
builds off the results of the prior phases. Orbit segmentation begins with analyzing the
reference orbit presented in Section 3.3.

Following the axes selection, the station-keeping strategy at each HP is then studied, comparing
two alternatives to the traditional station-keeping approach. This study identifies how,
when needed, a VV operator should maintain its current position for a given duration. This

analysis dictates the optimal approach a VV should take to perform extended holds.

The transfers between hold points are then studied. Two approach schemes, constrained by
the time-sensitive nature of the problem, are considered. One considers rendezvousing with
Gateway within the duration of one orbit region, while the other considers one transfer per
region duration. These schemes are called the “All in One” approach and the “One Hold
Point per” approach. All trajectories designed for these schemes and those for the steps
above are selected based on a balance of their V cost and their safety in the presence
of arrival burn, random misfires, and partial burn failures. These criteria trim the viable

approaches forming the adopted approach strategy.

Following the CR3BP-based analysis, the strategy is studied in the full ephemeris dynamics
model within STK. The nominal approach schemes are implemented utilizing the HP placement

and transfer durations found from the prior analysis. These plans are studied to see anticipated
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burn V changes and transfer safety changes. The full ephemeris realization concludes the
simulation-based analysis to formulate the time-sensitive rendezvous approach strategy with

the Lunar Gateway.

With an identified approach strategy, each nominal strategy can be visualized. The complete
strategy transit diagram enables VV operators to identify the best operational route for
getting their vehicle to the Station based on the current location in the NRHO, the time
needed to get there, and acceptable V margins to complete the approach phase of their
docking operation. This visualization ties together all the prior analyses into one cohesive

diagram.

The Chapter concludes with the presentation of a nominal and off-nominal approach scenario.
The scenarios mimic the flow of real-world rendezvous operations. At each step in the
approach, the identified approach strategy is leveraged to determine the best course of action
for the hypothetical VV operator to safely perform the approach phase of the rendezvous

operation with Gateway.

Oi0  ODhobOoo Dobtb bobioo

The reference orbit for Gateway modeled in the CR3BP was presented in Section 3.3, and
its states are tabulated in Appendix A. The analysis of Gateway’s orbit is broken into a
study of its dynamics, followed by the partitioning of the orbit based on its dynamics. Two
approaches are studied. Section 4.1.2 presents a velocity-based segmentation of the orbit,
while Section 4.1.3 presents a velocity-geometric-based segmentation that aligns the regions

with being consistent with those already present in current literature.
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The nonlinear dynamics of the NRHO are the primary reason traditional RPOD models break
down. However, there are regions of the orbit that have nearly linear dynamics. Approaching
rendezvous in these regions is safer due to the stability of the dynamics. The chaotic dynamics
outside these regions require increased caution when executing. This section analyzes the
orbit dynamics to determine the best way to define distinct orbit regions. The goal is to

have each region be characterized by its distinct dynamics.

Figure 4.2 shows the components of the position and velocity vectors over one period of the
9:2 CR3BP NRHO in the synodic frame. The orbit is periodic in the CR3BP dynamics and
repeats every 6.52 days. Aposelene is at 71159 km, and Periselene is at 2853 km measured
from the Moon’s COM. Analyzing the Figure shows that the dominating terms defining the
Station’s motion are the ry and r, components of the velocity vector. The ry component
remains relatively consistent over the orbit. These two terms of the velocity vector serve as

the basis for the first segmentation method explored.

00000 D0O00 Dooooito booOoooooiod

The orbit’s velocity terms motivate the first approach to segment the NRHO. The first
region begins at Aposelene when the r, component is zero with a positive acceleration. This
definition distinguishes this point from r, = 0 at Periselene. The first region lasts until the
ry component flips sign, changing from negative to positive. Region Two runs from this
point until the dynamics fully transition into a more chaotic regime. This transition point is
defined at ry = 0:5km/s, selected due to the rapid acceleration in both ry and r, components
at this point. The third region runs until the transition point at max ry Periselene where ry

transitions from positive to negative and r, rapidly transitions from positive to negative sign.
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Figure 4.2: 9:2 NRHO Position and Velocity. The 9:2 CR3BP NRHO Position and Velocity
are shown in terms of their vector components in the synodic frame. The terms are shown
over one orbit period, which repeats every 6.52 days.
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