AAS 22-068

DEBRIS AVOIDANCE AND PHASE CHANGE MANEUVERS IN
NEARRECTILINEARHALO ORBITS

Diane C. Davis,” Emily M. Zimovan-Spreen,t
Stephen T. Scheuerle,* and Kathleen C. Howell®

Over the course of its lifetime, Gateway may execute excursions from its
baseline NRHO that include short-lead maneuvers to avoid other spacecraftor debris
objects or long-lead rephasing within the NRHO to support rendezvous or other
mission objectives. The dynamical characteristics of the NRHO are distinct from
those of low Earth and low lunar orbits due to the simultaneous gravitational
influences of the Earth and Moon. Thus, new approaches for executing debris
avoidance maneuvers (DAMs) and rephasing maneuvers are necessary. The cument
investigation proposes strategies for designing low-cost DAMs with short-lead
planningtime aswellas rephasing maneuvers with many months of advance notice.

INTRODUCTION

The Gateway® is planned as a long-term outpost in deep space: a proving ground for deep space
technologies and a staging location for missions to the lunar surface and beyond Earth orbit. The current
baseline orbit for the Gateway is a Near Rectilinear Halo Orbit (NRHO) near the Moon .2 The Gateway’s
NRHO satisfies many mission objectives and constraints, including low orbit maintenance costs and limited
shadowing from eclipses. Planned excursions from the baseline NRHO may include transfers to other
destinations in cislunar space and anultimate transfer to an end-of-life orbit. Over the course of its lifetime,
Gateway may also execute excursions from the baseline NRHO that are not currently planned in a mission
manifest. Such unplannedtransfers could include maneuvers to avoid other spacecraft or debris objects with
limited advance notice. Alternatively, long-lead rephasing within the NRHO to supportrendezvous or other
mission objectives may be necessary. The dynamical characteristics of the NRHO aredistinct from those of
low Earth and low lunar orbits due to the simultaneous gravitational influences of the Earthand Moon. Thus,
new approaches for executing debris avoidance maneuvers (DAMSs) and rephasing maneuvers are necessary.
The current investigation explores strategies for designing low-cost DAMs with short-lead planning timeas
well as rephasing maneuvers with many months of advance notice.

DYNAMICAL MODELS

The current investigation employs two dynamical models to describe the motion of the Gateway. The
Circular Restricted 3-Body Problem (CR3BP) effectively describes the behavior of objects in and near the
Gateway NRHO in a simplified framework that enables pattern definition and an understanding of the
underlying dynamical flow. Then, an N-body model based on ephemeris data provides higher-fidelity
analysis that incorporates the eccentricity of the Earth and Moon as well as the effectsof solar gravity,
allowingassessment of trajectory consistency across epochs.
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The Circular Restricted 3-Body Problem

The CR3BP?describes the motion of a massless spacecraftaffected by two primary gravitational bodies
such asthe Earth and the Moon. The modelassumes that the two primary bodies are point masses orbiting
theircenterof massin circularorbits. The spacecraft moves freely underthe influence ofthe two primaries,
and itsmotionis described relative toa rotating reference frame. No closed -form solution exists to theCR3BP
equations of motion, but five equilibrium solutions, the libration points, are denoted L1 through Ls. Stable
and unstable periodic orbit families, including the L, halo orbits, emerge in the vicinity of the libration points.
For spacecraft orbiting in or near the Gateway NRHO, the Earth-Moon CR3BP delivers a good
approximationfor the trajectory and relative behaviors.

The N-Body Ephemeris Model and Error Modeling

To confirm the CR3BP results in a higher-fidelity model, N-body differential equations and planetary
ephemerides are employed. The N-body dynamics describe the motion of a spacecraft in an inertial frame
relative to a central body under the gravitational influence of the central body as wellas additional perturbing
bodies. Within this analysis, the relative position of each perturbing body with respect to the central body is
instantaneously computed by employing NAIF SPICE ephemeris data.* The Moon is selected as the central
body fornumerical integration in the J2000 inertial frame. The Earthand Sun are included as pointmasses,
and the Moon’s gravity is modeled using the GRAIL (GRGM660PRIM) model® truncated to degree and
order 8. Solarradiationpressure (SRP) actingon asphere isalso includedin the force model.

For multi-revolution propagations along the NRHO, orbit maintenance (OM) maneuvers are
implemented.® Operational errors on the spacecraft are incorporated in the higher-fidelity modeling as
Gaussianerrors with zero meanand 3¢ values as follows. Each OM maneuver is associated with a navigation
erroron the spacecraftstate of 1 km in positionand 1 cm/s in velocity. Maneuver execution errors comprising
1.5% in magnitude and 1° in direction, aswell asa fixed magnitude of 1.42 mm/s, are applied to each OM
maneuver. Mismodelingin the SRP assumptions provide 15% error in area and 30% error in coefficient of
reflectivity. Momentum wheel desaturations are assumed to occur once per revolution near apolune with a
translational Av componentof 3 cm/s applied in a random direction.

BASELINE NRHO AND ORBIT MAINTENANCE

The Gateway NRHO is selected asthe southern L2 halo orbit in the Earth-Moon system that exhibits a
9:2 resonance with the lunar synodic period. The resonant NRHO is favorable asa long-term orbit for the
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days, a spacecraft inthe NRHO moves from TA=0°at perilune to
TA=120°injust 3.2 hours. Thus, points spaced equally in time are
clustered near apolune, while points spaced equally in TA are
clustered near perilune.



The Gateway NRHO is a slightly unstable orbit and, thus, requires regular OM maneuvers. One effective
method of maintaining the orbit is an x-axis crossing control algorithm.®® In the current investigation, the
OM algorithm is designed to maintain the perilune passage time, or phase, as well as the geometry of the
NRHO; maintaining the phase to be consistent with the baseline NRHO ensures that long-duration eclipses
from the Earth’s shadow are avoided. Maneuvers are placed alongeachrevolution at TA=200°, aboutone
day priortoperilune passage. A differential corrector isemployed toinitially design a maneuver that delivers
a downstream velocity thatis targeted to meetthe constraint ata subsequent perilune passage, i.e.,

Uy = eref i Vtol (1)

where vy is the x-component of the rotating velocity at the controlled spacecraft’s perilune passage in the
Earth-Moon rotating frame at some target horizon downstream, vxret is the x-component of rotating velocity
along the baseline NRHO at its respective perilune passage, and the tolerance vyl is set to 0.45 m/s. The
targeting horizon is initially set to 6.2 revolutions, so that the rotating x-velocity constraintin Eq (1) is
satisfied at the seventh perilune passage downstream from the maneuver. If thetargeter fails to converge, the
targeting horizon is reduced successively until convergenceis achieved. Theresulting Avisused asaninitial
guessto subsequently targetboth vx anda weighted perilune passagetime. Theweightingis implemented by
defininga targetepoch

ttarg = VVt(tpref - tp) + tp (2)

where W:=0.3 isan empirically selected weighting factor, tores is the perilune passage timealong the baseline
NRHO, and t; is the perilune passage time achieved by the maintained spacecraft after each iteration. The
algorithm isthen summarizedas follows:

Algorithm1:

e Stepspacecraftto TA=200°

e Target vy =Vxrer £ 0.45 m/satperilune6.2 revolutions downstream (Eq. 1)

e |If convergence fails, reduce targeting horizon to an earlier perilune passage until convergence is
achieved

e Do notexecute maneuver. Use computed Av asaninitial guess to target:
O  Vx=Vxet £0.45m/s(Eq.1)and
o tp =ty * 15 minutesat perilune 6.2 revolutions downstream (Eq. 2)

If convergence fails, reduce targeting horizon until convergence isachieved

e If]|Av|>3 cm/s,execute maneuver. Otherwise skip maneuver.

This algorithm effectively maintains a spacecraft within the NRHO for the full 15 years along the baseline
trajectory in the presence of reasonable operational errors. The results of a 2-year, 100-Monte Carlo trial
simulationin the ephemeris force model appears in Figure 2. The Av foreach ofthe 112 revolutions appears
in Figure 2a. The magnitudes range from the specified minimum of 3 cm/s to approximately 18 cm/s. The
cumulative Av foreach of thetrials appears in Figure 2b. The mean Av to maintain the spacecraftover the 2-
year propagation isapproximately 2 m/s; the maximum value is2.6 m/s. Figure 2c and Figure 2d represent
the deltas in perilune passage time and position relative to the baseline measured at each perilune passage.
The difference in perilune passage time between each propagated trial and the baseline NRHO appears in
Figure 2c; the phase is maintained, and t, remains within an hour of the values along the baseline NRHO.
While the patterns are obscured by the 100trials included in Figure 2c, it is apparent when considering single
trials that the t, differences are oscillatory, though the phase is inconsistent from one trial to the next.
Similarly, the differences in the inertial position vectors in the MJ2000 frame at perilune between the
propagated spacecraftin eachtrialand thebaseline NRHO (as measured ateach respective perilune passage)
appear in Figure 2d. The inertial Z components of the position differences at perilune dominate, but each
position deviation remains within approximately 50 km of the baseline trajectory. Note that the simulation
illustrated in Figure 2 does not include a DAM or other phase change maneuver.
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Figufe 2. Two years of orbit maintenance inthe NRHO without a phase shift or DAM. OM Av for
eachrevolution (a), cumulative OM Av (b), delta t, relative to the baseline NRHO (c), delta position
at perilune relativeto the baseline NRHO (d).
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DEBRIS AVOIDANCE MANEUVERS

During the Gateway’s multi-year lifetime, debris objects or other spacecraft may present conjunction
risks that necessitate execution of DAMs. Debris avoidance maneuvers in low Earth orbit are well
understood, but the dynamics and challenges in the NRHO differ significantly. Any maneuver executed to
avoid a conjunctionmust be corrected so that the Gateway returns to its original favorable phase within the
9:2 NRHO. In addition, the diverted trajectory should remain nearby the NRHO to ensure the Gateway does
not quickly departthelunar vicinity in theeventofa contingency after theinitial DAM. Thus, the total DAM
cost consistsof two components: the Av cost to avoid the conjunction and the Av costto returnto the baseline
orbit. By selecting dynamically informed maneuver directions, a low-cost strategy is identified for debris
avoidance.

Initial DAM Perturbation

The goal of a DAM in the current investigation is avoidance of a conjunction and then a retum to the
baseline NRHO. Aschematic of the DAM appears in Figure 3. At the initial time, to,a DAM Av is performed
to avoid a conjunction at time tmiss, diverting the original trajectory by a miss radius, rmiss. After a total duration
thorizon, the diverted trajectory returnsnearby tothe original path. Thus, the initial Av is designed to achievea
sufficientseparationto ensure collision avoidance. However, the DAM mustalso keep the diverted trajectory
close to the baseline to reduce recovery costsandto preventdeparture from the NRHO if subsequent recover
burnsare missed. Toachievethese goals, the magnitude and direction oftheinitial DAM Av are determined
that yield a sufficient miss distance while keeping the diverted trajectory close to theoriginal trajectory.

Diverted trajectory

Conjunction

original trajectory
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-

thorizon

Figure 3. Schematic of the DAM



The initial DAM magnitude is determined usinga simple estimate. Given a desired miss distance, rmis,
ata specifiedtime, tmiss, downstream from the maneuver, the initial DAM Av is estimatedas

Ar Tmi
A =~ — =~ _miss 3
At tmiss ( )

For DAMs outside of the vicinity of perilune, and for relatively small values of rmiss and tmiss, this linear
approximation yields a miss distance near the desired value atthe miss time. A table of initial DAM Av
estimates used in thisanalysis appearin Table 1.

Table 1. Initial DAM Av estimates

Imiss (KM)  tmiss (hOUTS) Av (m/s) Imiss (KM)  tmiss (hOUrs) Av (m/s)
25 24 0.3 100 12 2.3
50 24 0.6 100 18 15
75 24 0.9 100 24 1.2

100 24 1.2 100 30 0.9
150 24 1.7 100 36 0.8
200 24 2.3 100 48 0.6

Next, the Cauchy-Green strain tensor (CGT)"® is employed to compute maneuver directions that yield
the smallest separation between the baseline NRHO andthe perturbed Gateway after a selected time horizon.
The CGT, C, is computed from the state transition matrix (STM), ®. The STM maps aninitial perturbation
alonga reference path to the final perturbation aftera given timehorizon such that

8%(tr) = @ (tr, o)X (to) 4)

where 8Xis the perturbation to the 6-element state vectorand theinitialandfinalepochs are represented by
to and t;, respectively. Alternatively, the relationship between the initial perturbation and the magnitude of
the final perturbation is written as

18%(e )| = 8%(to)C (8, ) 8%(2o) 5)

where the CGT matrix C(t, ¢, ) iscomputed fromthe STM as

C(tr to) = @7 (5.t ) @(t1.to) 6)

The positive-definite CGT thendescribes the stretching of the flow in the vicinity of the reference path. An
eigen-decomposition of the time-dependent CGT yields the direction of a perturbation that results in the
smallest divergence from the reference beyond a given time horizon, denoted the most-restoring direction,
aswell asthe direction of perturbationthan yieldsthe largest departure from thereference after the specified
time horizon, i.e, the most-stretching direction. In the current analysis, the goal is the velocity perturbation
thatyields the smallest separation in position andvelocity aftera given time horizon. Thus, considering the
submatrices ofthe STM,
¢T7" ¢T1]

¢1J7" ¢‘U1] (7)

D(ty,t,) =

the right-column submatrix, LPW] maps an initial velocity perturbation to a final position and velocity
(4%
separation. The most-restoring directionassociated with this mapping is defined as theright-singular vector

associated with the minimum singular value of the ”’] submatrix defined for a specified time horizon.
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Further details appear in Muralidharan and Howell.® In this investigation, the most-restoring direction is
computedin the CR3BP and used in simulations in the higher-fidelity ephemeris force model.

With the initial DAM magnitudeand direction selected, the initial Av isexecutedatt = to. To ensure the
desired miss distance isachieved, a differential corrector targets rmiss after the timespan tmiss. The maneuver
is iteratively adjusted if the computed miss distance lies outside of a tolerance, set hereto 5 km. An example
appearsin Figure 4. Inthisexample, a DAM is executed at TA=150°. The miss distance is set to 100 km,
and themisstime is set to 24 hours. The range betweenthe original trajectory and the perturbed trajectory i
then recorded over 22 days, assuming no further maneuvers are executed. The maneuver magnitude of 1.2
m/sis notadjusted by thetargeterin this case since the miss distance is achieved within the tolerance. Over
the subsequent 22 days, approximately 3.25 revolutions, the perturbed trajectory remains within
approximately 800 km of the original trajectory, with maxima at perilune passages, even when no further
corrections are made. The selection of the most-restoring direction for the maneuver results in the close
proximity of the two trajectories. This initial Av represents the first portion of the DAM cost — the cost to
avoid the conjunction; additional costs arise from the recovery tothe baseline NRHO.

2.0 4.0 6.0 8.0 100 120 140 160 180 200 220
elapsed days

Figure 4. Range between the original trajectoryand the perturbed trajectory after a Avpam with
no post-DAM maneuvers. The DAM achieves a 100 km miss distance after 24 hours and remains
nearby the originaltrajectory for multiple revolutions.

DAM Recovery

Afterthe missdistance isachieved at the specified miss time, the spacecraftmust return to the baseline
NRHO at the appropriate phase. Because the most-restoring direction is selected for the initial DAM Av, the
perturbed trajectory remains nearby the original NRHO, as illustrated in Figure 4. The proximity in both
position and velocity spaceenables recovery without a dedicated second DAM Av. Instead, the nominal OM
is capable of recovering the perturbed spacecraft to the original trajectory. That is, after the conjunction is
avoided, OM resumesat the next opportunity. Thus, the second portion of the DAM cost is simply the
additional OM Av required to returnthe perturbedtrajectory close tothe baselineNRHO. Recall that the OM
algorithm employs values of vy and t, from the baseline NRHO as targets. Post-DAM recovery options
include applyingthe standard OM algorithm as previously described; a second option involves augmenting
the OM algorithm with additional targets to more effectively return the perturbed spacecraft to the baseline
NRHO.

As an example of returning the spacecraftto the baseline, consider a conjunction identified at TA = 163°
in the 15" revolutionalongthe NRHO. A DAM is designed to execute 24 hours prior to the conjunctionand
achieve a missdistance of 100km. The initial DAM is performedat TA=142°witha Av of 1.2 m/s. After
the conjunctionis avoided, OM resumesat TA =200° without updates to the OM algorithm. Theresults ofa
2-yearsimulation including 100 Monte Carlo trialsappear in Figure 5. The OM burn immediately after the
DAM is apparent at revolution 15 by the increased burn magnitude in Figure 5a. Note that the post-DAM
OM burn is never skipped. The cost for the single OM burn exceeds 25 cm/s. However, the OM costs for
each maneuver return to the nominal range (under 18 cm/s) after the post-DAM OM burn. The post-DAM
recovery cost is also apparentin the cumulative Av plot in Figure 5b as a steepincrease at revolution 15. The
meanOM Av forthe two-year timespan increases by 0.2 m/sas a result of the DAM, from 2.0 m/s withouta
DAM to 2.2 m/s including DAM recovery. Themeantotal DAM Av of 1.4 m/sisa combination ofthe initial
DAM Av, 1.2 m/s,andthe additional OM Av forrecovery,0.2 m/s.

While the OM Av costs return totheir original levels after the DAM recovery, it is interesting to consider
the trajectory differences after the DAM. Recall from Figure 2c that the differencesin t, between each



propagated Monte Carlo trial and the baseline NRHO remain under 0.75 hours, with no consistent phase
signature from one trialto the next. By contrast, after the DAM execution, a consistent periodic oscillation
appears in the t, differences, asapparent in Figure 5c. The magnitude of thet, differences remain within 0.75
hours, however, without secular growth. The position differences at perilune appear in Figure 5d; the post-
DAM values are noticeably larger, reaching maximum values over 80 km in Z, however, they do not
demonstrate secular growth overthe 110 revolutions in the simulation. The differences from the baseline in
perilune passage time and locationdo not appear to impact the long-term OM cost, though differences may
become apparentover longer spans of time.
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Figure 5.DAM executed at TA=142°to avoid a conjunction by 100 km after 24 hours. OM Av each
revolution (a), cumulative OM Av (b), delta t, relativeto the baseline NRHO (c), delta position at

perilune relative to the baselineNRHO (d).

It maybedesirable to dampthe oscillations apparent in the perilune position and timing differences after
the DAM, as well as to reduce the magnitude of the post-DAM perilune location differences. Adding
additional targets to the OM algorithm for several revolutionsafter the DAM is one approach to achieve this
goal. In the current analysis, a third target is added to the OM algorithm: the y-component of the position
vector at perilunein the Earth-Moon rotating frame. Theaugmented post-DAM OM algorithm then becomes:

Algorithm 2:
e Stepspacecraftto TA=200°
e Target vy =Vxret £ 0.45 m/satperilune6.2 revolutions downstream (Eq. 1)
o |f convergence fails, reduce targeting horizon until convergence is achieved
e Do notexecute maneuver. Use computed Av asaninitial guess to target:
O  Vx= Vxret £0.45m/s(Eq.1)and
oty =twrg £ 15 minutesat perilune 6.2 revolutions downstream (Eq. 2)
e If convergence fails, reduce targeting horizon until convergence is achieved
¢ Do notexecute maneuver. Use computed Avasaninitial guess to target:
O  Vx= Vxret £0.45m/s(Eq.1)and
o tp =twrg £ 15 minutesat perilune 6.2 revolutions downstream (Eq. 2) and
o Y =VYrrx10Kkm atperilune 6.2 revolutions downstream
o If convergence fails, reduce targeting horizon until convergence isachieved
e If|Av|>3 cm/s,execute maneuver. Otherwise skip maneuver.



This augmented OM algorithm (Algorithm 2) is applied for the three OM burns following the initial
DAM Av. Afterthree revolutions, the OM algorithm returns to the original formulation (Algorithm 1) with
two targets, perilune passage time and rotating x-velocity. The scenario illustrated in Figure 5 is repeated
with the augmented OM algorithm applied; the OM burn history and the trajectory differences at perilune
resulting from the 100-trial simulation appear in Figure 6. Of immediate note is the increase in OM Av for
the three revolutions after the DAM thatinclude the y-positiontarget. This increaseappears in Figure 6a; the
OM Av canreach nearly 0.9 m/sforthe second of these three recovery burns. The increase isalso apparent
in the cumulative Av curves in Figure 6b. The mean Av for the 2-year propagation is approximately 3 m/s,
anincreasein 0.8 m/s for DAMrecovery. However, the extra costserves to remove the signatures previously
observed in the post-DAM trajectory differences. The oscillation noted in the perilune passage time
differencesin Figure 5cis no longerapparent in Figure 6¢. Similarly, the position differences relative to the
baseline NRHO, plotted in Figure 6d, remain less thanapproximately 50 km, consistent with the case without
a DAM in Figure 2d. The post-DAM behavior resembles DAM-free behavior atthe cost of approximately 1
m/sin additional Av.

@® 35
o 080 3
8 50
) & =
2 060 £ 15
£ )
& g 20
0.40
5 2 15
© 2
§ 0.20 g 10
o ; ' ‘ I o g 05
000 Y R YTy R A ATEA aA  A A A CARA C A o A N AR AR A A L YA A A AP A
10 20 30 40 S0 60 70 8 90 100 110 10 20 30 40 S0 60 70 8 90 100 110

Revolution Revolution

P
A

Delta position (km)

Delta t_p (hours)

10 20 30 40 50 60 70 8 9 100 110
Revolution

10 20 30 40 50 60 70 8 90 100 110
& Revolution d

— Deltaz — Deltay Delta x

Figure 6. DAM executed at TA=142°to avoid a conjunction by 100 km after 24 hours with
augmented post-DAM OM. OM Av each revolution (a), cumulative OM Av (b), delta t, relative to the

baseline NRHO (c), delta positionat perilune relativeto the baseline NRHO (d).

As discussed, the total costof a DAM is comprised of two components. Thefirst component is the initial
Av designed to avoid a conjunction by a radius rmiss at a time tmiss after the maneuver. These costs are
summarized in Table 1. The second contribution to the total DAM cost is the additional post-DAM OM Av
that returns the spacecraft to a state near its original baseline NRHO, either with or without the damping of
post-DAM oscillatory signatures reflecting the perilune position and timing differences. Characterizing the
costs for all potential DAM situations is challenging due to the size of the design space. Costs and
effectiveness vary with miss distance, miss time, initial DAM location along the NRHO, epoch corresponding
to the revolution alongthe NRHO, and the selected strategy. However, a preliminary characterization of the
design space is performed here to serve as a baseline for cost estimates and strategy evaluation. First, the
variations in OM Av are assessedasa functionof DAM locationalong the NRHO for various values of miss
time. Two-year OM costs including DAM recovery as a functionof DAM location appear in Figure 7. Recall
that the two-year OM behavior for an uncrewed spacecraft in the Gateway NRHO without a DAM is



summarized in Figure 2. If no DAM is executed, the mean OM Av based on 100 Monte Carlo trials is
approximately 2 m/s; this value appears in purple in Figure 7. The mean total OM Av for the same 2-year
period increases if a DAM is executed. Figure 7a illustrates the OM costs assuming y-targets are added to the
OM algorithm for three revolutions after the DAM to suppress the oscillations in the post-DAM variations
in range and t,. In Figure 7b, the same costs appear when the oscillations are not damped, and the nominal
OM algorithm remains unadjusted. In all cases, the miss distance is set to 100 km. The costs for miss times
of 12, 24, and 36 hours are marked in orange, blue, and yellow respectively. Each datapoint represents the
mean value after 100 Monte Carlo trials. Several patterns are immediately apparent. Unsurprisingly, the
additional OM costs decreasewith increasing miss time. For tmiss = 12 hours, the algorithms are effective for
a DAM locationrange such that 100°<TA < 2109 closer to perilune, the current OM algorithm is not able
to successfully target the post-DAM OM maneuver with a 12-hour miss time. For longer miss times, DAM
execution is available for a wider band of TA values; both algorithms succeed through TA =293° with 24
and 36-hourmiss times. In every case, a local minimum in cost is observed fora DAM executed atapolune,
at TA=180° Formiss distances of24 and 36 hours, a second minimum is observed for DAMs executed near
the location of the OM maneuveritself, TA=200°. Asthe DAM locationtraverses the NRHO and the miss
time is adjusted, the relative placement of the DAM and the conjunction with respect to nearby OM bums
must be considered. For example, if an OM maneuver at TA=200° is located between the DAM and the
miss time, the OM burnis skipped untilthenext revolution. Inthis analysis, if a DAM is located immediately
after an OM maneuver, the OM burn is not skipped, though in practice, the operations team would surely
consider combiningthe OM andthe DAM.
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Itis apparent from the two plotsin Figure 7 that includingthe additional y-target in the OM algorithm
afterthe DAM to damptheoscillations in the post-DAM trajectory differences relative to the baseline NRHO
increases the cost of the post-DAM cleanup. The cost differences between the two algorithms appear in
Figure 8. Fora misstime of 24 hours, the maximum differencein the cost reaches 2 m/s fora DAM executed
at TA=199°, immediately priorto the nextscheduled OM maneuver, in which case the OM burn is skipped
untilthe next revolution. Fora misstime of 36 hours, on the other hand, the difference in cost betweenthe
two algorithms generally remains under 1 m/s.
For a smallermisstime of 12 hours, damping the
oscillationsaddsover1 m/sin nearly every case,
and the additional costs can exceed 6 m/s. Given
that the total two-year OM costis just 2 m/s when
no DAM is executed, a 6 m/s difference between
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As the miss times and miss distances change for a given DAM location, the DAM recovery costs ako
vary. The initial DAM Av magnitude increases with decreasing miss times or increasing miss distances, as
estimated in Table 1. Thus, it is not surprising that recovering the nominal trajectory after a larger initial
DAM Av demands larger post-DAM OM Av, aswell. To demonstrate the OM cost dependency on the initial
DAM Av, the values for tmiss and rmiss are separately varied and 100 Monte Carlo trials run with each OM
algorithm. Given a 100km miss distanceanda DAM location at TA=142°, the misstimeis varied from 12
hoursto 54 hours in Figure 9a. Costs decrease for both algorithms as miss time increases, reaching a steady
minimum for miss times over 36 hours. Similarly, the miss distance is varied given a 24 hour miss time and
DAM locationof TA 142°in Figure 9b. As expected, therecovery costs grow as themiss distance increases,
since the magnitude of the initial DAM is larger. The results in Figure 9 demonstrate advantages when the
ephemeris of thedebris object is well known anda smaller miss distance and/or longer miss time is selected

to ensure spacecraft safety. Inthese cases, both the initial DAM Av and the post-DAM recovery costs are
lower.
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Figure 9. Mean total OM Av for two years in the NRHO as a function of miss time for a 100 km miss
distance (a) and miss distance for a 24-hourmisstime (b) for a DAM executed at TA=142°.

4r Finally, the post-DAM recovery costs vary
is Mean according to the epoch of the DAM, or,
Minimum equivalently, the revolution along the baseline

w
T

NRHO during which the DAM is executed. The
minimum, mean, and maximum total OM Av

I W appears in Figure 10 for a DAM executed at
2f TA =142°for 18 consecutive revolutions along

—/W the baseline NRHO. In each case, the miss
1.5+

distance isset to 100 km andthe miss time to 24
i . : ‘ ‘ ‘ . hours. Each datapoint represents 100 Monte
e reeition %" Carlotrialswithout y-targets included in the post-
DAM OM algorithm. The mean values vary by
Figure 10. Minimum, mean, and maximum OM Av  approximately 0.4 m/s as the DAM revolution is
for two yearsinthe NRHO asa functionof DAM  shifted. Fora givenrevolution, the spread between
revolutionfora 100 km missdistance,a 24-hour  the minimum and maximum costs over the 100
miss time,and DAM TA = 142° withoutaugmented trialsrangesfrom1 m/sto 1.8m/s.

OM targets. Recall that the total cost of the DAM is
comprised of two pieces: the initial Av targeted to achieve the desired miss distance and avoid conjunction,
and the additional OM cost, beyond the no-DAM baseline OM cost, to recover to the nominal trajectory.
These two costs are added together for DAM locations around the NRHO for two values of tmiss, assuming
miss = 100 km, to yield the total cost for a DAM based on 2 years of orbit maintenance. In Figure 11a, the
total DAM costs appear with additional y-targets added to the OM algorithm for three revolutions after the
DAM. In Figure 11b, the total DAM costs are computed withoutaugmenting the OMalgorithm. For tmis = 24
hours, the total cost to performa DAM ranges from 1.3m/sto 4.1 m/s depending on the location of the initial
DAM perturbation in cases wherethe OM algorithm is augmented; the DAM costs fallbetween 0.5 m/sand
3 m/s when the OM algorithm is not augmented. Similarly, when tmiss = 36 hours, total DAM costs range
from 0.6 m/s to 2.2 m/s including augmentation of the OM algorithm after the DAM, and from 0.5 m/sto
1.5 m/s without OM augmentation. Note that for longer simulations, it is likely that the cost differences

Total OM cost (m/s)
!-)
"
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between the two algorithms will diminish since OM costs overthe longterm are lowerwhen the spacecraft
is closerto the baseline NRHO.
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Figure 11. Total DAM costs as a function of initial DAM TAalong the NRHO with augmented
targets after the DAM (a) and without augmented targets (b) based on 2 years of orbit maintenance
Wlth rmiss = 100 km

In summary, two algorithms are successfully demonstrated to achieve low-cost DAM execution and
recovery by applyingan initial Av in a most-restoringdirection and thenresumingorbit maintenance atthe
next opportunity, onewith and onewithout additional targets to reducetrajectory variations from the baseline
NRHO. Employing the most-restoring direction is crucial to the success of these algorithms, as the
dynamically informed direction ensures the perturbed spacecraft returns sufficiently near to its baseline
trajectory to enable the OM algorithms to successfully recover the original orbit. It isimportant to note that
this analysis does not consider the trajectory of the debris object or whether the DAM may lead to future
conjunctions, and it does not consider how knowledge of the debris object is acquired. Likewise, the
uncertainties associated with the state knowledge of the maneuvering spacecraft and the debris object remain
unaccounted for. This analysis is a first look atthe strategies and costs associated with performingamaneuver
with short notice to avoid a conjunction by a certain miss distance. The total cost of a given DAM is a
combination ofthe initial DAM Av and theadditional OM cost to recover from the perturbation.

PHASE CHANGES FOR MISSION OPPORTUNITIES

The Gateway baseline NRHO is carefully aligned in phase to avoid long eclipses from the Earth’s
shadow.” However, it may be desirable to temporarily change the phase within the 9:2 NRHO to enablke
mission opportunities or facilitate rendezvous with a visiting vehicle. In sucha scenario, a plan for the phase
change must be in place well in advance of the rendezvous. Thus, in contrast to the debris avoidance
maneuver occurringwith only hours ordays of notice, a long-lead phase change is executed over the course
of weeks ormonths. Similartothe DAM strategy, a long-lead phase change strategy is proposed thatemploys
the orbit maintenance algorithm to adjust the phase of Gateway over the course of many revolutions. In
comparison to a two-burn transfer that modifies the phasing within one revolution along the NRHO, this
long-lead approach reduces the overall cost of the phase change.'°

RecallthatOM Algorithm 1 employs both the x-component of rotating velocity and the perilune passage
time as targets in a differential corrector. The long-lead phase change strategy simply adjusts the perilune
passage time target incrementally to achieve a desired phase shift after a specified number of revolutions.
Then, after a certain number of revolutions held at the new phase, the process is reversed to retum to the
original phase within the NRHO. The time targetdefined in Equation 2 isadjusted so that

trarg = Wi (tprep + AL—t,) + 1, 8)

where the value of At is a function of the number of revolutions over which to executethe phase shift, N, and
the magnitude of the total phase shift desired, tsni. For each revolution, i, during the phase shiftprocess, At
is defined as

_ . tshife
At = = 9)
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Equation2 inthe OM algorithm is replaced with Equation 8 for the duration of the phase shift. A schematic
forthe phase shift appears in Figure 12, with the magnitude ofthe phase shift, tsit, and the number of revs
overwhich the shift is executed, N, noted.

Shift to new phase Return to baseline phase
over Nrevolutions over Nrevolutions

- —— Phase
shift

Lpige

revolutions

Y | \f
Baseline Hold at Baseline
phase new phase phase

Figure 12. Schematicof the long-lead shiftto a desired phase and back to the baseline.

An example appears in Figure 13 for 100 Monte Carlo trials simulating an initial phase shift of tsnix= 10
hoursover N =10 revolutions. In this scenario, the baseline phase is held for the first 15 revolutions. After
the phase shift, the new phase ismaintained for 20 more revolutions, orabout 4 months. Then, the process
is reversed to returnthespacecraftto the baseline phase over N =10 revolutions. Finally, OM is implemented
asin Algorithm 1 tocomplete a 2-year (112-revolution) propagation. Several notable differences are apparent
in a comparison with the baseline example with no phase shift from Figure 2. The magnitude of each OM
maneuver in the simulation appears in Figure 13a. The OM Av magnitudes during the phase shift and the
hold at the new phaseare larger than observed in the nominal OM strategy, reachinga maximum value over
0.45 m/s. After the return to the baseline phase, the magnitudes of the OM burns return to a steady state,

albeit with a slightly larger magnitude thanthe nominal cases illustrated in Figure 2.
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Figure 13. Phase shiftof 10 hoursover 10 revolutions. OM Av each revolution (a), cumulative OM Av
(b), delta t, relative to the baseline NRHO (c), delta position at perilunerelative to the baseline
NRHO (d).
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The higher OM costs during the phase shiftarealso apparent in the steeper slope of the cumulative Av in
Figure 13b. The mean total Av for the 2-year propagation including the 10-hour phase shift (and return) is
6.4 m/s, an increase of 4.4 m/s over the baseline 2-year OM cost. The phase shift itself is visible in the
perilune passage time deltas relative to thebaseline NRHO plottedin Figure 13c. The desired phase shift of
10 hoursisachievedwithin +1 hour of thetarget, tsnir, and is held for 20 revolutions; the phase is then shifted
back to the baseline, returning to within 1 hour of the baseline phase at approximately revolution 60,
approximately a year afterthe start of the simulation. Note the oscillations in the t, deltasafterthe phaseis
returned tothe baseline; this oscillation, with a magnitude less than 1 hourand no secular trend, is reminiscent
of the oscillations seen aftera DAM in Figure 5. Similarly, the variations in position at perilune relative to
the baseline NRHO are apparent in Figure 13d. While the oscillations are not growing, they may be
undesirable and may lead to increased OM costs over the longer term.

As in the case of the DAM algorithm, if the oscillations observed in the timing and state variations at
perilune relativetothe baseline NRHO are deemed undesirable, they can be damped by adding another target
to the OM algorithm. As before, the OM algorithm is augmented by additionally targeting the y-position
coordinate in Earth-Moonrotating coordinates algorithm for threerevolutions after returning to the baseline
phase; this strategy is denoted Algorithm 2. The effectiveness of applying Algorithm 2 for three revolutions
is demonstrated in Figure 14. Several sequential large OM maneuvers are executed when the y-target is
added, reachinga magnitude of 3 m/s,asobserved in Figure 14a. While not apparent at this scale, after the
large recovery burns, the OM burn magnitudes return to nearby the original values as in Figure 2. A steep
increase in the cumulative Av isnoted in Figure 14b associated with the large recovery maneuvers. However,
asdesired, the periodic oscillation in the perilune passage time deltas depicted in Figure 13c isdiminished in
Figure 14c,and, afterthe returnto the baseline phase, the magnitudes of the positiondeltas in Figure 14d are
reduced tobe nearerthenominal values. The meantotal Av for the 2-year propagationincluding the 10-hour
phase shift (and the return using Algorithm 2) is approximately 8.3 m/s, an increase of 6.3 m/s over the
baseline 2-year OM cost and an increase of 1.9m/s overthe scenario depicted in Figure 13. Note, however,
thatthe larger correction burns executed upon returning to the baseline phase serve to return the spacecraft
closerto the baseline NRHO, and over longer propagations, the resulting reduced OM costs compensate for

the largerinitial recovery cost.
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Figure 14. Phase shiftof 10 hours over 10 revolutions with OM augmentation after return to
baseline. OM Av each revolution (a), cumulative OM Av (b), delta t, relative to the baseline NRHO
(c), delta position at perilunerelative to the baseline NRHO (d).
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Plots of perilune passage time deltasfor longer, five-year simulations aid in illustrating the effectiveness
of the two OM-based strategies to shift to a new phase and subsequently return to the baseline. Two such
casesappearin Figure 15.nthese scenarios, the baseline phase is initially held for the first 40 revolutions,
or approximately 260 days. Then, a phase shift of tsix=10 hoursis executed over N =10 revolutions. After
the phase change is complete, the shifted phase is held for 50 revolutions, or about 11 months, prior to
returningto the nominal phase overthecourse of N =10 revolutions. The nominal phase is then targeted for
the final 170revolutions in eachtrial (approximately 3 years). Results illustrating the differences in perilune
passage time and inertial position measured at perilune relative to the baseline NRHO appear in Figure 15.
The simulation results plotted in Figure 15a and Figure 15c¢ result from applying the augmented OM
algorithm (Algorithm 2) for three revolutions after the phase shift is complete to damp out the oscillatory
signature. The results in Figure 15b and Figure 15d, on the other hand, employ Algorithm 1 throughout: the
same scenario is run without including the additional y-targets after the return to the nominal please. The
oscillations in the t, deltas relative to the baseline NRHO remain apparent in this case, and notably, the
position differences are larger in magnitude after the returnto thenominal phase. Inboth cases in Figure 15,
the phase is maintained relative to the targeted t, within approximately 1 hour in the three steady-state
portions of thesimulation: prior tothe phase shift, duringthe hold atthe shifted phase, and after the retum to
the baselinephase. Note thatsecular growth is not observed, evenwhenthe oscillations are notdamped out.
However, addingthe extra targets via Algorithm 2 for three revolutions after returning to the original phase
successfully maintains the spacecraftnearer to the baseline trajectory.

Recallthat in the 2-year simulationsillustrated in Figure 13 and Figure 14, the mean OM costs for the 2
years, including the phase shift, are larger by approximately 1.9 m/s when Algorithm 2 is applied to damp
out the oscillations after the return to the nominal phase. Recall also that the magnitudes of the OM bums
afterthereturnto the nominal phaseare smallerwhen the oscillations are damped. In the longer simulations
illustrated in Figure 15, the larger cost of the recovery burns after the return to the nominal phase whenthe
oscillationsare dampedout are more than compensated by the lower long-term OM costs. The total 5-year
cost forOM, includingthe phaseshift, is 10.7 m/sin Figure 15a when the oscillations are damped; the total
costis 10.9 m/sin Figure 15b, when the oscillations remain undamped. In short, the added costof damping
the oscillations and returning closer to the baseline is worthwhile if the original baseline NRHO will be used
forlong-term targeting after the returnto the baseline phase.
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Figure 15. Phase shiftof 10 hoursover 10 revolutions with (a) and without (b) OM augmentation

after returnto baseline. 50-revolution hold at the new phase with a 5-year total propagation time.

Inertial position differences relative to the baseline measured at perilune with (c) and without (d)
OM augmentation.

14



Apparent in both cases in Figure 15, theshiftto the new phase appears to begin slightly before the phase-
shift commencement at revolution 40. Since the targeted values of vy and t, within the OM algorithm are
associated with states 6.2 revolutions downstream, OM maneuvers as early as revolution 34 use shifted
perilune passage time targets. However, the nominal phase is maintained within a 1-hourtolerance up until
revolution 40, as desired. Similarly, note that a steady state at the new, shifted phase is reached at
approximately revolution 57. Since a weighted perilune passage time is employed within the targeter, the
new phase is achieved with a delay. Again, however, by revolution 50, the targeted phase is achieved to
within approximately 1 hour of the baseline, astargeted. The combination of targeting statesassocia ted with
perilune passage 6.2 revolutions downstream and a weighted perilune passage time drives thedelta t, trends
seen in Figure 15. However, this strategy does indeed encourage convergence fora low Av.

The simulations depicted in Figure

30 . 13 and Figure 14 illustrate scenarios
T a5l | where N = 10 revolutions and tsiz=10
g Mean hours, thus At = 1 hour/revolution. By
<20 Minimum 1 modifyingthe number of revolutions over
% B | which a phase shift occurs, N, and
o maintaining the desired shift size, tsnir, the
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0 . | | ‘ ‘ i
0 5 0 s -~ e 20 16 for various values of_ Nanda 10-ho_ur
N phase shift. Note that in each scenario,

Algorithm 2 is used to return the

Figure 16. Total 2-year OM costfor phaseshiftof 10 ~ SPacecraft to the nominal phase to reduce
hoursover N revolutions with OM augmentation the oscillatory signature seen in the

(Algorithm 2) after return to the baseline. perilune passage time deltas and position
deltas. Each data point represents 100

Monte Carlo trials with each trial spanning 2 years in the NRHO. In each case, 15 revolutions atthe nominal
phase using the standard OM strategy (Algorithm 1) are included prior to the start of the phase shift. The
mean OM Av cost decreases with increasing N; the smaller the shift rate, At, fora given tsin, the lower the
cumulative cost. However, in the current analysis, the total cost is not observed to reduce to the level of the
nominal scenario depicted in Figure 2 in which thereareno DAMSs or phase-changes. The difference between
the maximum and minimumtotal OM Awv cost also diminishes with increasingN. Itis deduced that slower
phaseshifts maybe morerobust to operational errors, andthus the total OM costis more consistent between
Monte Carlo trials.

Alternatively, the relationship between shift rate and total OM cost is investigated by holding N fixed
and varyingthedesiredshiftsize. In Figure 17, the minimum, mean, and maximum OM costs over two years
are plotted for simulations in which N = 28 revolutions and tsir is varied. As tsir increases while N is held
constant, the shift rate, At, increases. Consistent with the trend highlighted in Figure 16, as the shift rate
increases, the OM costsalso increase. Fora 1-hour round-trip phase shiftexecuted over 28 revolutions, the
mean 2-year OM cost is approximately the same as the baseline OM cost of 2 m/s. The mean costs increase
linearly asthe phaseshiftgrows to 28 hours; shiftingahead 28 hours and then returning to the original phase
requires, on average, justunder 10 m/s fora 2 years of orbit maintenance.

In this investigation, phase shifts of up to 3.275 days, or a half period of the 9:2 NRHO, are simulated.
This half-period phase shiftmoves the spacecraft toanalternate phasing that avoids long-duration eclipsing
consistent with the baseline orbit. Shifting to this new phase using the OM algorithm and a shift rate of
approximately 1 hour perrevolutionsuccessfully achieves the phase shift, however, challenges on retuming
to the nominal phase are observed, suggesting alternative augmentations of the OM algorithm may be
necessary. Forsmaller phase shifts between 1 and 28 hours, a shift rate of 1 hour perrevolution within the
phase shift algorithm demonstrates successful phase changes and the ability to return to nominal using the
same algorithm. A faster phase shift may be desired to avoid many weeks or months where the spacecraftis
not nearthe baseline NRHO, however, asillustrated in Figure 16 and Figure 17, an increased OM costmay
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result. In the current analysis, the same

"\g 14r | baseline NRHO s leveraged as a catalog
g 12 Mean 1 of targets throughout the process;
S 10  Minimum 1 however,employinga second baseline at
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E | improve the results. Alternative
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Figure 17. Total 2-year OM costfor phaseshift of tsirt apfter tﬁe return to the nominal prl?ase e

hoursover 28 revolutions with OM augmentation possible. These further error reductions

(Algorithm 2) after returnto the baseline. may require increased OM Av during the
revolutions with additional targets.
CONCLUDING REMARKS

This investigation considers costs and strategies for adjusting the phase of a spacecraftoperating in a 9:2
lunarsynodic resonant NRHO. First, a strategy is developedtoavoid a conjunction and return to the baseline
NRHO with only hours or days of notice. By executing the initial DAM Av in a most-restoring direction
basedon the CGT, the diverted trajectory naturally returns tothevicinity of the original baseline NRHO, and
either the standard or an augmented OM algorithm successfully recovers the pre-DAM behavior. Then, a
long-lead phase change strategy is developedto gradually shiftthe phase of the spacecraftwithin the NRHO
overthe courseof several or many revolutions. With sufficientleadtime, a phase shift is achievable without
dedicated maneuvers by adjusting the OM targets. Many additional strategies likely also exist to achieve
phase changes for DAMs or to enable mission opportunities. The current analysis investigates schemes that
employ the currentorbit maintenancestrategy alongwith a dynamical understanding of the NRHO to adjust
the Gateway orbit. Other methods may satisfy additional constraints.
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