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STRATEGIES AND APPLICATIONS FOR SUSTAINED
MULTI-VEHICLE LOITERING IN THE GATEWAY NRHO

Brian McCarthy*, Stephen Scheuerle †, Emily Zimovan-Spreen ‡,
and Diane Davis§

The lunar Gateway plans to operate in an L2 Near Rectilinear Halo Orbit (NRHO)
near the Moon for nominal operations. During the mission’s lifetime, various
visiting vehicles may need to loiter on an alternate trajectory for a considerable
amount of time. This investigation examines various strategies and configurations
for visiting vehciles loitering near the Gateway. Characteristics of loitering in a
string of pearls or quasi-periodic orbit configuration in the ephemeris model are
investigated with consideration of operational errors. For sustained loitering in
the NRHO, modifications to orbit maintenance strategies are discussed. Addition-
ally, variations from predicted baseline trajectories are examined to understand the
impacts for an as-flown spacecraft.

INTRODUCTION

In November 2022, the Artemis I mission launched an uncrewed Orion capsule to test the first
component of the campaign to develop a sustained human presence in cislunar space.1 One aspect
of this campaign is the development of the lunar Gateway station, which will serve as a testbed for
humans to live and work in deep space. The Gateway plans to operate in a southern Earth-Moon L2

Near Rectilinear Halo Orbit (NRHO) in a 9:2 resonance with the lunar synodic period. Given that
the Gateway plans to serve as a hub between Earth, the lunar surface, and other locations in deep
space, visiting vehicles will be a consistent presence in the vicinity of the Gateway. Consequently,
a characterization of the regions where visiting vehicles can remain to keep a safe distance from the
Gateway is required. The Gateway NRHO exists in a unique multi-body dynamical environment,
where the gravitational effect of the Earth and Moon are necessary to describe the motion. One ob-
jective of this investigation is to assess safe loitering regions in the vicinity of the Gateway’s NRHO.
Understanding safe regions in the vicinity of the NRHO can help inform visiting vehicle mission
profiles as well as provide a guideline for vehicles operating near Gateway. Several comparisons
are considered in this investigation to understand how individual baseline NRHO trajectories vary
as well as how variations between vehicles maintained in their respective baselines behave.

Several previous investigations have examined relative motion, rephasing, and loitering trajecto-
ries in the vicinity of NRHOs. Khoury and Howell examined loitering applications in the vicinity of
a 9:2 NRHO in the Circular Restricted Three-Body Problem (CR3BP).2 Sandel and Sood examined
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proximity operations and rendezvous for a low-thrust spacecraft in an NRHO.3 Additionally, Davis
et al. examined a process to shift the phase within a 9:2 NRHO using the nominal Gateway station-
keeping algorithm in an ephemeris model.4 Rendezvous design was also examined by Blazquez et
al. in an ephemeris model.5 Bucchioni et al. examined different phasing orbit configurations and
leveraged manifold trajectories for cargo vehicles in the vicinity of the 9:2 NRHO in the CR3BP.6

More recently, McCarthy et al. examined leveraging two-burn and four-burn transfers to rephase
in the vicinity of the Gateway’s NRHO.7 Nugent et al. as well as Nugent and Howell examined
strategies for short-term loitering using stretching and stability information.8, 9

First, a summary of differences between NRHO baselines constructed using a process devel-
oped by Zimovan-Spreen et al. is presented examining various phases along the Gateway baseline
NRHO.10 Next, previous work by Davis et al. is extended to further investigate variations between a
stationkept Gateway and the long-term baseline NRHO trajectory.11 Different stationkeeping strate-
gies are investigated with the goal of maintaining the spacecraft closer to its baseline trajectory.
Crewed and uncrewed configurations of the Gateway are introduced to understand how different
strategies are affected by varying levels of perturbations. Additionally, the behavior of a predicted
Gateway spacecraft ephemeris is examined. Then, differences between stationkept vehicles in var-
ious phases of the 9:2 NRHO are examined to understand how loitering vehicles behave relative to
each other. The results of this investigation provide a clearer picture of the safe loitering regions
around the Gateway.

DYNAMICAL MODELS

Two dynamical models are leveraged in this investigation, the Circular Restricted Three-Body
Problem (CR3BP) and a higher-fidelity ephemeris model. The CR3BP offers higher fidelity and
additional behaviors in comparison to the two-body model. In this model, two gravitational bodies,
denoted P1 and P2, remain in circular Keplerian orbits about their mutual barycenter (i.e., center
of mass). A third body, P3, moves under the gravitational influence of the two larger bodies and
is assumed to be massless. The model is defined relative to a rotating coordinate system, where
the +x̂ direction is defined from the barycenter toward P2. The +ẑ direction is defined parallel to
the direction of the orbital angular momentum vector for P1 and P2; the ŷ direction completes the
orthonormal triad. The position and velocity of P3 relative to the barycenter in the rotating frame

are defined as x⃗ =
[
x y z ẋ ẏ ż

]T
, where the first three and the last three elements are

the position and relative velocity components, respectively. The equations of motion for a particle
moving in the CR3BP are a set of three, second-order scalar differential equations of motion,

ẍ− 2ẏ =
∂U∗

∂x
ÿ + 2ẋ =

∂U∗

∂y
z̈ =

∂U∗

∂z
(1)

The pseudo-potential is a scalar defined solely as a function of position and the CR3BP mass pa-
rameter, µ = M2/(M1 +M2), where M1 and M2 are the masses of P1 and P2, respectively.12 The
pseudo-potential function takes the following form,

U∗ =
x2 + y2

2
+

µ

r
+

1− µ

d
(2)

where d =
√
(x+ µ)2 + y2 + z2 and r =

√
(x− 1 + µ)2 + y2 + z2 represent the distances of P3

relative to P1 and P2, respectively. The CR3BP admits a single integral of the motion, commonly
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denoted the Jacobi Constant (JC). The Jacobi Constant is a function of the pseudo-potential and
the relative velocity magnitude expressed in the rotating reference frame,

JC = 2U∗ − v2 (3)

where v =
√

ẋ2 + ẏ2 + ż2. The Jacobi Constant is an energy-like quantity that characterizes
motion in a CR3BP system and remains constant for all time over any ballistic arc propagated in the
CR3BP. One advantage of the CR3BP model is that the system is time invariant, which is important
for examining trajectories independent of epoch. The CR3BP is also a good approximation for
a multi-body environment and the trajectory characteristics generally persist when transitioning
results to a higher-fidelity ephemeris model.

The ephemeris force model offers a higher-fidelity gravity force representation on the space-
craft by incorporating the ephemeris states of various celestial bodies. The interpolated position
and velocity state corresponding to these bodies are extracted from the ephemerides on the JPL
NAIF server.13 The analysis performed in the ephemeris model reinforces the result found in the
CR3BP and represents a more realistic cislunar environment to execute a scenario during an Artemis
mission. The specific ephemeris model leveraged in this investigation is summarized by Zimovan-
Spreen et al.10 In this analysis, the term “baseline” denotes a long-term trajectory used to define
orbit maintenance targets for each spacecraft. The baseline roughly represents the expected path of
the spacecraft. Because the orbit maintenance algorithm planned for use in the NRHO ensures a
spacecraft remains near the planned NRHO, but not precisely on the trajectory, the term “baseline”
is selected in place of the term “reference”.

NRHO TRAFFIC MANAGEMENT

NRHO traffic management is critical to ensure safety for visiting vehicles throughout the Artemis
campaign and beyond. The complex cislunar dynamics and specific vehicle requirements introduce
challenges for trajectory design in the cislunar region. Driven by the Artemis mission concept
of operations and requirements, relative motion for vehicles in the 9:2 NRHO is classified into
four regimes. These regimes are denoted long-term loitering, medium-term loitering, short-term
loitering and port relocation. The specifics of each of these loitering regimes are defined as follows:

• Long-term loitering considers two separate vehicles operating in and maintaining the un-
derlying 9:2 NRHO. Vehicles in a long-term loiter are not planned to rendezvous and dock
with Gateway. For example, consider Gateway and a robotic satellite carrying out a science
mission. The satellite may be stationed in a long-term loiter in a different phase of the 9:2
NRHO or another NRHO in the vicinity. Although the two vehicles reside in the same orbit,
there is no nominal intent to encroach on one another.

• Medium-term Loitering considers two or more vehicles operating in the 9:2 NRHO, lead-
ing up to an rendezvous and docking event within 90 days. Medium-term loitering comprises
multiple revolutions of the 9:2 NRHO where each vehicle individually maintains its respec-
tive trajectory prior to an approach to Gateway. For example, consider Gateway and a single
visiting vehicle. The visiting vehicle may transfer into the 9:2 NRHO, where it will operate
for several revolutions prior to rendezvous and docking. During this period, Gateway and the
visiting vehicle independently perform maneuvers to maintain their respective orbits/phases.
The significant difference between long-term and medium-loitering is that the loitering ve-
hicle(s) remain near Gateway and intend to dock to Gateway after the medium-term loiter.
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Thus, the drivers for design of a medium-term loiter concept of operations requires a balance
between vehicle safety and overall propellant usage for the transfer from the loiter location to
Gateway.

• Short-term Loitering considers two vehicles loitering near each other for less than one revo-
lution of the NRHO (< 6.5 days). Short-term loitering is planned prior to a docking sequence
or immediately after undocking. An example of short-term loitering is a visiting vehicle’s tra-
jectory prior docking with Gateway. The visiting vehicle may loiter near Gateway for several
hours or days while other vehicles dock, relocate, or undock. During this period, the visiting
vehicle must ensure a safe trajectory to avoid inadvertent conjunctions with Gateway or other
visiting vehicles. The investigation by Scheuerle et al. addresses strategies for short-term
loitering near Gateway.14

• Port relocation considers a visiting vehicle as it relocates from one docking port to another
over the course of several hours. An example of a port relocation is a visiting vehicle that
delivers a new module to Gateway. The visiting vehicle may first dock and deliver the module
to one docking port, proceed to undock, and relocate to another docking port. The nominal
amount of time undocked from Gateway is a few hours, where the vehicles operate in near
proximity as one maneuvers to the proper orientation.

The analysis in this investigation focuses on the dynamics and strategies for medium-term loitering
near Gateway.

LOITERING CONFIGURATIONS

Formation flying has been successfully executed for operations on the International Space Station
(ISS) for many vehicles. The formation flying strategies for the ISS rely on the assumption that the
orbit is nearly conic; however, given that the Gateway will operate in a more complex dynamical
environment, the two-body assumption is no longer valid.15, 16 Therefore, it is useful to leverage
dynamical structures of a multi-body model, given that the NRHO is a three-body orbit, to help
design trajectories that remain near the Gateway NRHO. Two loiter/relative motion configurations
are considered in this investigation: string of pearls and quasi-periodic orbits.

String of Pearls Loitering

While the Gateway plans to operate in a certain eclipse-favorable NRHO phase, visiting vehicles
may also be loitering “ahead” or “behind” the Gateway. This configuration of loitering is defined as
string of pearls, where the vehicles follow the same path but are phased at different locations around
the orbit. Altering the amount of time “ahead” or “behind” a deputy spacecraft loiters relative to
the chief changes the close approach distance. The phasing time is defined as the separation time
between the deputy and the chief. If the chief passes over perilune before the deputy, then the deputy
is considered to be “behind,” while a deputy that passes perilune prior to the chief is “ahead.” Since
the orbital speed is slower near apolune, the minimum distances between spacecraft occur when the
deputy and chief are close to apolune. In the Earth-Moon CR3BP, the 9:2 NRHO is periodic, i.e., the
time between successive periapsis points remains constant (∼6.56 days). Given the periodic nature
of the 9:2 NRHO in the CR3BP, initial phasing in a string of pearls configuration is examined first in
the simplified model. In Figure 1, the minimum distance between the deputy and chief is plotted as a
function of the phasing time along the NRHO. In Figure 1(a), the close approach distance is plotted
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for separation times up to half an NRHO revolution. At a 3-day separation time, the spacecraft
never pass closer than 24,900 km. A zoomed-in view for separation times up to 5 hours appears in
Figure 1(b). With a 1-hour separation, the close approach distance is 374 km.

(a) (b)

Figure 1. Using a string of pearls configuration in the NRHO, the minimum distance
between the deputy and chief is plotted as a function of the phasing time in the CR3BP
for a (a) half period of the orbit in phasing time and (b) zoomed into the area from
zero to 5 hours of phasing time.

Quasi-Periodic Orbit Loitering

In addition to a string of pearls configuration, quasi-periodic orbits provide an alternate type
of configuration for loitering near the 9:2 NRHO. Instead of loitering “ahead” or “behind”, quasi-
periodic orbits (QPOs) “twist” around the periodic 9:2 NRHO. These types of orbits have been stud-
ied by several previous researchers for relative motion trajectory design applications in multi-body
environments.17–21 QPOs exist in families that emanate from certain periodic orbits and possess
characteristics that allow the motion to stay bounded nearby a spacecraft in a periodic NRHO.18, 22

Additionally, this class of orbit is known to exist in a higher-fidelity ephemeris model and transition
methods exist to ensure they maintain their characteristics after the transition.18, 23 Surfaces repre-
senting fixed longitudinal period quasi-periodic 9:2 NRHOs appear in Figure 2(a), and a specific
trajectory that exists on one of the surfaces appears in Figure 2(b). The fixed longitudinal period
QPO family possesses the same longitudinal period as the 9:2 NRHO, such that, over time, a trajec-
tory on the quasi-periodic orbit does not drift out of phase with the periodic 9:2 NRHO. Consider
the phasing time difference of the two trajectories. The phasing time is the difference between
the perilune passage time of the underlying periodic NRHO and the perilune passage time of the
quasi-periodic NRHO. The phasing time for several revolutions of the QPO loitering case and the
underlying NRHO is presented in Figure 2(c). The phasing time difference per revolution of the
orbit is calculated for the quasi-periodic loitering case and plotted in Figure 2(c) using the trajec-
tory from Figure 2(b). Unlike the string of pearls configuration, the phasing time does not remain
constant but oscillates from revolution to revolution, with an amplitude of approximately 2.5 hours.
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(a) (b)

(c)

Figure 2. (a) The periodic 9:2 NRHO (black) and several members of the fixed longi-
tudinal period family (blue surfaces) of quasi-NRHOs in the CR3BP. (b) Quasi-NRHO
trajectory propagated for 34 revs (blue) and the periodic 9:2 NRHO (black). (c) Phas-
ing time of the quasi-NRHO trajectory from (b) relative to the periodic 9:2 NRHO.

NRHO BASELINES

Currently, the Gateway orbit maintenance strategy leverages a long-term, continuous baseline
trajectory that spans the lifetime of the mission. The construction of these baseline trajectories in
an ephemeris model is performed using a multiple shooting technique summarized by Zimovan-
Spreen, et al.10 The Gateway baseline NRHO is specifically phased such that long-duration eclipses
are avoided. There are some additional characteristics of this orbit that are affected by the perigee-
syzygy period of the Sun-Earth-Moon system. The perigee-syzygy occurs approximately every 413
days, or every 14 synodic months, when the Sun, Earth and Moon are aligned and the Moon is
located at its perigee. This 413-day period is observed in the NRHO baseline trajectory in Figure
3(a), where a periapsis Poincaré map is represented using the x̂ŷ-components of the position in the
Earth-Moon rotating frame. The points in Figure 3(a) are the periapses associated with a 20-year
eclipse-favorable NRHO baseline trajectory in the ephemeris model and colored by a index number
1 through 9. Each index corresponds to a specific Sun-Earth-Moon geometry in the 9:2 synodic
resonance of the NRHO. For each index number, there are 7 groupings of points, as highlighted in
Figure 3(b) using index 5, colored in purple. Thus for every 63, i.e., 9×7, revolutions of the NRHO,
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the trajectory returns to one of these groupings of points. This repetitive 63-revolution behavior is
related to the perigee-syzygy period, in that 63 revolutions of the NRHO is approximately equal
to 413 days or 14 synodic months. This phenomenon also exists for the alternate eclipse-favorable
phase of the 9:2 NRHO.10

(a) (b)

Figure 3. (a) Periapsis points along the 20-year NRHO baseline trajectory, projected
in the x̂ŷ-plane of the Earth-Moon rotating frame. (b) Highlighted periapsis points
for every 5th revolution of the 20-year NRHO baseline trajectory.

The time between perilune passes varies with each revolution of the NRHO baseline in the higher
fidelity ephemeris model. It is useful to understand variations in the orbital period for a single
NRHO baseline as well as how the phasing between two different baselines varies. To validate the
results computed in the CR3BP in Figure 1, several two-year long baseline NRHO trajectories are
generated at various phases. The same algorithm developed by Zimovan-Spreen et al. is leveraged
to develop each baseline to ensure the phase offset remains consistent over time. In Figure 4, five
phase-offset baselines are compared to a nominal 2-year baseline to ensure that the phasing dif-
ference remains consistent in the ephemeris model. In Figure 4(a), the minimum range between
the phase-shifted NRHO (deputy) and the nominal NRHO (chief) is plotted as a function of the
phase difference for each revolution. To ensure that the phasing does not drift over time, the phase
difference between the phase-shifted baseline and nominal baseline is plotted as a function of the
revolution number in Figure 4(b). Note that the minimum distance computed in Figure 4(a) is con-
sistent with the results computed in the CR3BP in Figure 1(b). However, care must be taken in
the construction of baselines to ensure consistent behavior. It is observed that baselines constructed
with differing durations tend to drift relative to one another when generated using the methods de-
scribed in Zimovan-Spreen et al. For example, consider the comparisons in Figure 5. In these plots,
the phase offset baselines with 2-year durations are compared to a 20-year baseline constructed by
Zimovan-Spreen et al. A drift in phase is observed in Figure 4. Note that over the 2-year period, the
phase-shifted trajectories possess higher amplitude variations in phase difference. Also, the slight
positive trend in Figure 5(a) demonstrates that the baselines are drifing in phase across the two-year
time period. To help combat that drift and minimize the oscillations in phase, phase-shifted baselines
are generated for the same 20-year duration and compared in Figure 5(b). The secular drift in the
baselines is removed, as desired. However, observe in Figure 5(b), there exists a long-period oscilla-
tion, whose period is approximately equal to the Saros period, or roughly 18 years. This period also
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distinguishes the two eclipse-favorable phases of the NRHO, as highlighted by Zimovan-Spreen et
al.24 For a string of pearls configuration, consistent phasing “ahead” or “behind” the chief baseline
is critical for loitering vehicles to ensure that the deputy baseline does not eventually drift toward the
chief baseline. In summary, to ensure that the oscillations and drift between phase shifted baselines
are nulled as much as possible, generating baselines that have an equal duration is recommended
when employing the generation method described by Zimovan-Spreen et al.

(a) (b)

Figure 4. (a) The minimum distance over various 2-year long baseline NRHOs is
plotted as a function of the phase offset for that revolution. (b) The phase offset is
plotted as a function of the revolution number.

(a) (b)

Figure 5. (a) The phase offset of 2-year duration baselines is plotted as a function
of the revolution number relative to the Phase A eclipse free baseline. (b) The phase
offset is plotted as a function of the revolution number for 20-year baselines relative
to the Phase A eclipse-free 20-year baseline.

As noted in the previous section, quasi-periodic orbits in the vicinity of Gateway offer another
configuration for loitering vehicles to remain nearby by loitering in the vicinity or “twisting” around
the Gateway’s orbit. Quasi-periodic NRHOs have been examined in various models by several pre-
vious researchers.18, 25, 26 Families of quasi-periodic orbits exist in a variety of multi-body models.
To maintain the characteristics associated with the Sun-Earth-Moon dynamics, a transition process
from a four-body model is used to generate long-term reference quasi-periodic baseline trajecto-
ries. The process is summarized by Brown et al., where trajectories along QPOs are transitioned
from the Hill Restricted Four-Body Problem (HR4BP) to the Sun-Earth-Moon ephemeris model
and are analyzed relative to their ephemeris-transitioned periodic orbit counterpart.18 The deriva-
tion and assumptions associated with the model are summarized by Scheeres.27 An example of
an ephemeris-transitioned quasi-periodic orbit and the ephemeris-transitioned periodic orbit coun-
terpart are rendered in the Earth-Moon rotating frame in Figure 6(b). The zoomed-in view near
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perilune shows that the periodic orbit counterpart (white) appears to remain “inside” of the quasi-
periodic orbit (red) in Figure 6(a). The red and white circles in Figure 6(a) represent the perilunes of
the respective trajectories over each revolution of the Moon. By examining several quasi-periodic
orbits that have various “widths” relative to the Gateway NRHO, the minimum distance and vari-
ations in phasing are assessed. In Figure 7(b), the phase offset at perilune is plotted as a function
of the orbit revolution number. Note that the quasi-periodic NRHOs oscillate around the periodic
NRHO with various amplitudes. Even though there are situations where the QPO phase is nearly
zero relative to the periodic orbit, the trajectories often are not in the same position at a particular
epoch. This phenomenon is highlighted in Figure 7(a), where the minimum distance between each
of the ephemeris-transitioned QPOs relative to the ephemeris-transitioned periodic orbit is com-
puted as a function of the phase difference. As is the case for the string of pearls configuration,
the minimum distance occurs near apolune. The minimum distance is always greater than zero,
i.e., the deputy trajectory remains nearby, but does not intersect the chief trajectory, assuming the
quasi-periodic trajectory is phased properly.

(a) (b)

Figure 6. (An ephemeris-transitioned QPO (red) and the underlying ephemeris-
transitioned periodic orbit (white) in the Earth-Moon rotating frame (a) zoomed-in
near near perilune and (b) a wider view of both orbits.

VARIATIONS BETWEEN BASELINE AND AS FLOWN SPACECRAFT

Characterizing motion in the baseline trajectories is useful for understanding the general behavior
in the ephemeris model, but the baselines may not represent the as-flown trajectories of a vehicle.
In the case of Gateway in particular, the orbit maintenance strategy is not designed to correct the
trajectory tightly back to the baseline NRHO. Instead, information from the baseline NRHO is used
to generate a catalog of orbit maintenance targets, and the strategy maintains the period, phase,
and other orbit characteristics without using a target-point stationkeeping approach. Additionally,
various errors and perturbations on the vehicle also dictate differences between the planned ver-
sus as-flown trajectory. These errors and perturbations must be considered for loitering vehicles as
well to ensure that the as-flown loitering paths remain safe. First, an understanding of the varia-
tions of Gateway relative to its baseline trajectory are examined. Then, modifications to the orbit
maintenance algorithm are performed to decrease deviations between the as-flown spacecraft and
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(a)

(b)

Figure 7. (a) The minimum distance of various ephemeris-transitioned quasi-periodic
NRHOs compared to an ephemeris transitioned-periodic orbit is plotted as a function
of the phase offset for each revolution. (b) The phase offset is plotted as a function of
the revolution number.

the baseline trajectory. Lastly, the modifications are validated using the higher-fidelity Gateway
Mission Design and Analysis Software (MiDAS) to ensure that the results remain consistent.

The Gateway leverages an orbit maintenance scheme that targets the rotating x̂ component of
velocity and the perilune passage time of an NRHO baseline trajectory at a perilune location 6+
revolutions downstream from where the orbit maintenance maneuver (OMM) is being executed.
The location of OMM execution is defined at an osculating Moon-centered true anomaly of 200 de-
grees. Additional details of the algorithm are summarized by Davis et al.28 The tuning of the orbit
maintenance scheme is adjusted through several variables, including the tolerances applied to burn
targeting. Nominally, the rotating vx is targeted within +/- 0.45 m/s and the perilune passage time,
tp, is targeted within +/- 15 minutes of the values along the baseline trajectory. Given that the mane-
vuers are targeted 6 revolutions downstream and a weighting term is employed, the vehicle stays
within +/- 50 minutes of perilune passage time relative to the baseline NRHO. The variations from
the baseline when the vehicle performs OMMs under various navigation and maneuver execution
errors as well as desaturation maneuvers are summarized by Davis et al.11 Note that the maximum
deviation is approximately 4500 km, which occurs near perilune where the vehicle is moving the
fastest. While a maximum deviation of 4500 km might be acceptible for uncrewed Gateway opera-
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tions, there may be scenarios where the vehicle needs to remain closer to the baseline NRHO, i.e. for
rendezvous and docking of visiting vehicles, crewed operations, etc. To satisfy tighter constraints,
the orbit maintenance algorithm can be modified to reduce variations from the baseline NRHO at an
increased maneuver cost. Specifically, the targeting horizon time can be reduced, and the perilune
passage time tolerance can be tightened to yield closer adherence to the NRHO baseline.

To understand the effects of varying each of the targeting parameters, combinations of tp tolerance
and targeting horizon time are used in a year-long stationkeeping simulation. The targeted horizon
is varied from 2 to 6 revolutions downstream, and tp tolerances of 15, 5, 1, 0.1, and 0.01 minutes are
considered. Monte Carlo simulations are run using 100 trials for all combinations of tp tolerances
and horizon times. Errors included in the simulation are noted in Table 1.The desaturations are
applied in random directions with magnitudes sampled from a zero-mean Gaussian distribution
with a 3σ value of 1.0 cm/s. Insertion errors are applied to a state along the baseline NRHO at the
beginning of each trial to set the initial condition of the spacecraft. Navigation errors are applied 24
hours before each OMM to simulate a tracking data cutoff. Maneuver execution errors are applied
according to a Gates model, and SRP area and SRP coefficient errors are applied at the start of each
NRHO revolution. The results are plotted in Figure 8 for all combinations of horizon times and
tp tolerances, showing the average maneuver cost per year, the standard deviation of the maneuver
costs, and the maximum variation in the perilune passage time relative to the baseline NRHO. Note
that the plot of perilune passage time variations in Figure 8(c) is rotated 180 degrees relative to
Figures 8(a) and 8(b) and that the scale for tp tolerance is a log scale. The red dot in the corner of
each of the plots represents the metrics using the nominal OMM horizon time (6 revolutions ahead)
and tp tolerance (15 minutes). This nominal case has the lowest maneuver cost of all the simulations,
as expected from previous analysis.28 For all cases where the tp tolerance is greater than or equal to
1 minute, the number of revolutions ahead does not have a significant effect on the perilune passage
time variations relative to the baseline NRHO. However, the mean ∆v and standard deviation of the
∆v required to maintain the trajectory increases for shorter horizon times. Considering the nominal
horizon time, i.e., 6 revolutions ahead, the minimum perilune passage time deltas occurs when the
tp tolerance is set at 1 minute, denoted by the orange dot in Figure 8. The perilune passage time
variations begin to increase again when the tp tolerance is reduced further.

The perilune passage time deltas are plotted in Figure 9 for a horizon of 6 revolutions for tp toler-
ance values of 5, 1, and 0.1 minutes. In the plots in Figure 9, note that as the tp tolerance is reduced,
oscillations appear in the perilune passage time. Those oscillations also increase as time progresses.
Also note that the scales on the y-axes are different between the plots in Figure 9. Given that the
oscillations are not apparent and no secular growth is observed with a tp tolerance of 5 minutes in
Figure 9(a), but both oscillations and secular growth are present with a tp tolerance of 1 minute in
Figure 9(b), there exists a tp tolerance between 1 and 5 minutes that minimizes the perilune passage
time over a one year simulation for a 6 revolution horizon time. This oscillatory phenomenon has
been identified by previous researchers and is damped by including an the rotating y-position com-
ponent as a targeting parameter for OMMs.4 However, inclusion of damping maneuvers requires
more ∆v for a given maneuver than a nominal OMM that only targets vx and tp tolerance. Thus,
avoiding the oscillations with careful selection of targeting parameters is preferred.Lastly, the white
dot in Figure 8 is associated with a 1 minute tp tolerance and a 4.2 revolution horizon time. This
scenario is highlighted as an intermediate point between the lowest ∆v case and the lowest perilune
passage time case. This scenario results in the minimum standard deviation in this analysis. Table
2 lists the information highlighted by the green, red, and orange dots in Figure 8. The analysis of
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different targeting parameters provides insight into the increase in maneuver cost to remain closer
to the baseline trajectory. Additionally, perilune passage time serves as a proxy for the deviation
between an as flown spacecraft and the baseline trajectory.

Table 1. Errors associated with stationkeeping simulation.

Error type Error value
Insertion Position 2 km
Insertion Velocity 2 cm/s

Nav Position 1.5 km
Nav Velocity 0.8 cm/s

Maneuver Exection Direction 1◦

Maneuver Exection Magnitude 1.5%
SRP Area 2%
SRP Cr 2%

(a) (b) (c)

Figure 8. Results from Monte Carlo simulations using various combinations of hori-
zon times and tp tolerances. The (a) total OMM ∆v per year, (b) total OMM ∆v
standard deviation, and (c) the maximum perilune passage time relative to the base-
line NRHO. Note that the axes in the plot of (c) are rotated relative to (a) and (b).

(a) (b) (c)

Figure 9. Perilune passage time for using a 6 rev horizon time with tp tolerances of
(a) 5 minutes, (b) 1 minute, and (c) 0.1 minutes.

The results displayed in Figure 8 are computed using a simplified simulation, where the Gateway
is assumed to be a point mass, no attitude torques are modeled, and maneuvers are modeled as
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Table 2. Highlighted lower-fidelity simulations from Figure 8 using the errors and perturbations in
Table 1.

Horizon Time
(revs ahead)

tp Tolerance
(min)

∆v
(m/s/yr)

∆v Std
(m/s/yr)

Max perilune
passage time (min)

Max distance
from baseline (km)

6 15 1.176 0.196 50.4 4895
6 1 1.44 0.186 14.2 1662
4 1 1.45 0.181 9.8 991.4
2 0.01 2.22 0.249 4.2 440.7

impulsive burns. To validate some of these results, a higher-fidelity simulation, called the Gateway
Mission Design and Analysis Software (MiDAS), is leveraged.29 A two-year mission for Gateway
is simulated including events such as the docking of Orion, a human lander vehicle, and a logistics
module. Additionally, the solar electric propulsion (SEP) system and chemical thrusters are modeled
using finite burns for orbit maintenance maneuvers and desaturation maneuvers. Attitude torques are
also numerically integrated using flat plate models for Gateway and visiting vehicles, and venting
perturbations are modeled when applicable. For more details, see Newman et al.29 First, a year-
long simulation of an uncrewed Gateway is examined to understand the differences in ∆v costs
between the lower fidelity analysis summarized in Figures 8 and 9 and the higher-fidelity MiDAS
simulation. Three scenarios are examined. The first uses the nominal OMM horizon time and tp
tolerance, i.e., 6 revolutions ahead and 15 minutes, the second scenario uses a horizon time of 4
revolutions ahead and 1 minute tp tolerance, and the last scenario targets 2 revolutions ahead with
a 0.01 minute tp tolerance. The simulations are run with 100 Monte Carlo trials each, and the
cumulative ∆v and the perilune passage time variations are plotted in Figures 10(a) and 10(b). The
statistics and results from the uncrewed MiDAS simulations are recorded in Table 3. Note that
the maneuver costs are lower in the MiDAS simulation compared to the lower-fidelity simulations
in Table 2. This difference indicates that the perturbations associated with the uncrewed, quiet
Gateway configuration in the higher fidelity timeline are lower than for the generic Gateway model
assumed in the lower fidelity simulation. Similarly, the vehicle adheres closer to the baseline NRHO
trajectory in the MiDAS simulations in Figure 10 compared to the lower fidelity results in Table 2
since the disturbances on the spacecraft are smaller. These differences are due to the Gateway model
selected for the MiDAS simulation, which represents the relatively small initial configuration of
Gateway. As the Gateway stack size increases, OMM costs and variations also increase. However,
the trends in Figure 10 follow the same pattern. With the longer horizon and the looser tolerance
on tp, the perilune passage time variations reach approximately 40 minutes after a year. In contrast,
when the shorter 2-revolution horizon is employed with the 0.01 minute tp tolerance, the perilune
passage time remains within 3 minutes of the reference values over the year. However, as before,
the tighter adherence to the baseline results in a higher orbit maintenance cost, with the annual ∆v
increasing from 0.49 m/s/yr to 1.57 m/s/yr with the tighter tolerances.

Table 3. MiDAS simulations for a year-long uncrewed Gateway mission.

Horizon Time
(revs ahead)

tp Tolerance
(min)

∆v
(m/s/yr)

∆v Std
(m/s/yr)

Max perilune
passage time (min)

Max distance
from baseline (km)

6 15 0.49 0.073 50.4 4500
4 1 0.57 0.062 5.68 875
2 0.01 1.57 0.106 2.55 390
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(a) (b)

Figure 10. MiDAS simulations of year-long, uncrewed Gateway missions. (a) Accu-
mulated ∆v costs over the simulation and (b) the perilune passage time relative to the
NRHO baseline.

VARIATIONS BETWEEN AS-FLOWN SPACECRAFT

In the previous section, variations between a baseline trajectory and as-flown spacecraft are inves-
tigated. However, for vehicles loitering in the vicinity of Gateway, a comparison between as-flown
Gateway and an as-flown loitering vehicle must be investigated as well. An understanding of the
relative variations between as-flown vehicles provides insight into safe loitering in the NRHO. To
characterize the variations, the OMM targeting horizon time and tp tolerance are varied to assess
how minimum separation distances between as-flown vehicles change when they adhere closer to
their respective baseline trajectories.

Consider a scenario with the Gateway and a loitering vehicle operating in a string of pearls config-
uration. The Gateway is modeled in MiDAS as the uncrewed Power and Propulsion Element (PPE)
and Habitation and Logistics Outpost (HALO) element. The loitering vehicle is modeled in the
lower-fidelity orbit maintenance simulator, using impulsive burns and the errors and perturbations
summarized in Table 1. While a wide variety of vehicles may loiter near Gateway with differing
characteristics, the choice of the modeling characteristics is intended to give a conservative estimate
of what is possible in the NRHO. Both vehicles are assumed to be performing OMMs using the
Gateway orbit maintenance algorithm.28 Vehicles loitering 1, 2, and 3 hours behind the Gateway
are analyzed. First, both Gateway and the loitering vehicle at each of the three phases are consid-
ered using a horizon time of 6 revolutions ahead and tp tolerance of 15 minutes. For each of the
vehicles, 100 Monte Carlo trials are run and an all-to-all combination of the results appear in Figure
11. The top row of Figure 11 represents a vehicle loitering 1 hour behind the Gateway. In this case,
the minimum separation distance in the dataset is 3 km, which represents insufficient margin for
safe relative flight. The close proximity is also evidenced by the perilune passage time difference
between Gateway and the loitering vehicle in Figure 11(b). Note how the difference crosses over
the 0 hour mark, signifying that the loitering vehicle is no longer behind the Gateway. In the center
row of Figure 11(b), the loitering vehicle located 2 hours behind Gateway has a minimum distance
of approximately 230 km, but does not violate the 0 hour mark in the middle plot in Figure 11(b).
Lastly, in the bottom row of Figure 11(b), the minimum separation between Gateway and a vehicle
loitering 3 hours behind Gateway is 585 km, which is nearly double the minimum separation for
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the -2 hour case. For all cases, the minimum separation occurs near apolune where relative speed is
the slowest. These metrics provide insight into how close vehicles can safely be phased in a string
of pearls when using the nominal Gateway OMM strategy. Comparing the minimum distance and
the difference in perilune passage time also validates using perilune passage time difference as a
proxy for close approach in string of pearls configuration. Since the NRHO in the CR3BP is sym-
metric and nearly symmetric in the ephemeris model, the results for phasing behind in Figure 11 are
applicable to loitering ahead of the Gateway as well.

(a) (b)

Figure 11. (a) Minimum distance and (b) perilune passage time difference compar-
isions between Gateway and three loitering vehicles phased 1, 2, and 3 hours behind
Gateway with a targeting horizon of 6 revolutions and a tp tolerance of 15 minutes.

As demonstrated in a previous section, the targeting horizon time and tp tolerance can be adjusted
to adhere closer to a baseline NRHO. This strategy is applied to the Gateway and loitering vehicles to
increase the separation distance between the vehicles. The horizon time and tp tolerance are reduced
to 2 revolutions ahead and 0.01 minutes, respectively, for each vehicle. Again, 100 Monte Carlo
trials are run for spacecraft loitering 1, 2, and 3 hours behind Gateway, and an all-to-all comparison
is completed. The minimum distance per revolution and the perilune passage time difference for all
combinations of trials are plotted in Figure 12. In the scenario where the loitering vehicle is phased
1 hour behind, as plotted in the upper row of Figure 12, the minimum separation distance is now
approximately 309 km, as compared to the 3 km using the nominal targeting parameters. Also note
that each loitering vehicle remains much closer to its desired phasing with respect to Gateway in
all three scenarios. Similarly, the minimum distance experienced by a spacecraft loitering 2 hours
behind gateway increases to 687 km, as in the center row of Figure 12, and two spacecraft loitering
3 hours apart never come within 1066 km of each other, as in the lower row of Figure 12. By
adhering closer to the baselines, the phasing 1 hour ahead or behind becomes a more viable option
for a loitering phase since the risk of collision is reduced significantly. Referring to the analysis
performed in the CR3BP shown in Figure 1, the minimum distance for 1 hour phasing is 374 km in
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the CR3BP, which is similar to the minimum distance using the tighter orbit maintenance tolerances
for as-flown vehicles in the ephemeris model. Additionally, it has been demonstrated by McCarthy
et al. that transfer costs increase as the phasing time increases between vehicles in a string of pearls
configuration.7 By adhering closer to a baseline, the propellant cost to transfer to and from Gateway
to a vehicles respective loitering phase is reduced as well.

(a) (b)

Figure 12. (a) Minimum distance and (b) perilune passage time difference compar-
isons between Gateway and three loitering vehicles at 1, 2, and 3 hour phasing behind
Gateway using a horizon time of 2 revs ahead and a tp tolerance of 0.01 minutes.

CONCLUDING REMARKS

During the Artemis campaign, a significant number of visiting vehicles plan to visit the Gateway
and loiter nearby. Therefore, analyzing various methods to loiter in the vicinity of the Gateway is
critical to the success of the program. This investigation examines various aspects associated with
loitering nearby. First, two configurations for loitering are examined, a string of pearls and a quasi-
periodic orbit configuration. Trajectories associated with both configurations are constructed in a
higher-fidelity ephemeris model. Unique characteristics associated with long-term NRHO baseline
trajectories are examined and it is noted that the phasing drift needs to be considered when con-
structing baseline NRHOs phased ahead or behind the nominal phase. Quasi-periodic orbits pos-
sess unique characteristics that allow the loitering vehicle to “twist” or “spiral” around the Gateway
NRHO. A parametric study on adjusting various stationkeeping parameters is conducted to under-
stand the trade-off between remaining closer to the baseline NRHO and increased OMM costs. The
results are validated in the higher-fidelity MiDAS simulation, which provides a more accurate rep-
resentation of the operational Gateway. Lastly, comparisons are made between Gateway and three
loitering vehicles in various string of pearls phasing locations. Using the technique of adjusting the
OMM targeting parameters to remain closer to the NRHO baseline, the loitering vehicles remain
closer to their respective baselines, reducing the possibility of a collision when loitering 1 hour be-
hind the Gateway. This investigation does not address all aspects of safe loitering in the NRHO, but
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it provides a first look at possible options and important considerations.
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