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planned toserve as a provingroundand a stagingpcationfor human missions

beyond EarthStationkeeping Orbit Detemination (OD) and attitude control

are examinedor uncrewed and crewed Gateway configuratiddshit mainte-

nancecostsare investigatedusing finite maneuversconsidering skipped ma-

neuvers and perturbatian®D analysis assesses DSN tracking and identifies

OD challenges associated with the NRid@ crewed operation¥he Gateway

attitude profile is simulated to determine effective equilibrium attitude. Atti-

tude controlpropellantuse and sing of the requiredpassive attitude control

systemareassessed

INTRODUCTION
15637V SURSRVHG *DWH Z® plagnddasUpaw &f Hin @RoRiti@nary staging into deep

spacecrewed missions The Gateway is designexs a proving ground for deep space technologies and a
staging ground tdacilitate missions to low lunar orbit and the lunar surface as well as to asteroids and
Mars. The Gateway is envisioned as a ci@nded spacecrathat will operate in both crewed and un-
crewed environmentduilt up in stages over tim&ateway components may arrive asncanifested pay-
loads with the Orion spacecraft or they may be launched individually.

To supportGatewaygoals, a cislunar Near Biinear Halo Orbit (NRHOY} is currently baselined as
the Gateway trajectoryihe four NRHO families are subsets of the larger halo families and are character-
ized by bounded stability propertié&ghebaseline NRHO is an L2 southern halo in a 9:2 resanaiith the
lunar synodic period. The orbit passbsoughperilune over the north lunar pole approximately every 6.5
dayswith a close approach radius of abol2@ kmand an apolune radius of approximately 70,000 km
While the target NRHO exhibits neadyable characteristics, an uncontrolled spacecraft in the NRHO will
eventually depart the vicinity of the MooB8mall orbit maintenance maneuvers (OMM) are required to
ensure longerm operations in the NRHO, and the cost of the OMM depends on the quidhig naviga-
tion solution availableSolar pressure and the gravity gradient near perilune effect the spacecraft attitude,
and moments can be significant, especially on long Gateway statlkgppropriately sized attitude control
systemis needed to mafain spacecraft attitude
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During crewed operations the PPE wheel desaturation frequency increases markedly from once every
orbit to once every 140 minutes. In addition, venting from the Ocienw element, as documented in
"I6RX]D D Q G iptrBduddsRAD errors as shown in Fig. With nearcontinuous tracking during
crewed operations, velocity uncertainties from these error sources remain below the desired 18jcm/s (3
level.

Crew ventingperturbations have the largest effect when the stack is least massive. The venting accelera-
tion errors are directly proportional to the stack mass. For example, thpuff@cceleration error in each
axis for configuration 2 (49 is 4.4 x 10 m/g (1V). The acceleration uncertainties for the mo@ssive
stack of configuration 80 1) is 2.3x 107 m/< (1 \J.

Figure 13. DSN Tracking: 3 Passes/Week (Tailored)

Figure 14. DSN Tracking: Continuous During Crewed Operations
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Given the impact of wheel daturation errors on the OD, additional sensitivity analysis results are
shown in Figl5. For uncrewed operations, three,-bisur DSN passes per week are adequate to maintain
the OD knowledgeto better than 10 cm/s §3 more than 90% of the tim&/hen crev elements are includ-
ed, the tracking requirements increase to nearly continuous.

Figure 15. Sensitivity to Attitude Control Wheel Desaturation Uncertainties

ATTITUDE CONTROL IN NRHO

Spacecraft attitude operations are integrated into the Gatewaysian@ltarget attitude profiles that
minimize SRP torque, tassess CMG or reaction wheel sizingdto estimate RCS propellant cast$e
Gateway must maintain a nominal attitude that does not put unnecessary stress on its attitude control sys-
tem. The Gteway must also be able to handle slews to different attitudes at a reasonable rate and without
overloading the control system or wastipgpellant Previous studies have simulated the spacecraft in
NRHO as a point mass in a three degree of freedom sishfyThe current investigation expands the
spacecraft model to include a moment of inertia matrix and 3D surfaces in the spacecraft body frame to
simulate SRP forces and torques on the spacecraft body.

Solar Pressure Equilibrium Attitude (SPEA)

The Gatevay is nominally held ina SPEA to prevent angular momentum buildup inwheelsetfrom
the uneven distribution of SRP forces flat plate model is employed to assess SRP forces, in whe&h
panel size, locatiorgand mass propertiese defined for eacbomponentA notionalexample composed of
the PPE a habitatan airlock, and a logisticdement appears in Figut®é. The Gateway is assembled from
the component plates using the parallel axis thadiir combined Gateway mass properties. Boéar
arrays of thePPE and_E arepointed parallel to the bodyaxis, andtheyrotate about that axis to present
their full face normal to sunlight directioBolar panels and body panels have differing values of specular
and diffuse coefficients of reflectivityA differential corrector algorithm is employed target amattitude
with zerototal torque from SRPVhen Orion is docked axially, as in Figut6a, the differential corrector
converges to a SPEA at approximateliydw from direct Orion taito-Sun. This is well within the re-
guirement that Orion remain in a t&d-Sun attitude —2Q Conversely, if Orion is docked radialgs in
Figure 16h, the SPEAIs 89hIUR P 2 U L R&SUN diwdiidnOrhus SPEA cannot be niatained while
Orion is radially dockeda radialdocking configuratiorresults insignificant deviations from SPEANnd
significantloadng of the momentum management system.

Pixel-based SRP Force Modeling

The flat plate model iBmited by not consideng spacecraft selfhadowing. The complex shape of the
Gateway, particularly while Orion is attached in a-taibun orientationresults inplates of the flat plate
model being partially or totally obscured from the Sun by other pankishe flat plate radel, the SRP
force component isevertheleséncludedin the SRP force and moment summatiddditionally, as the
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Figure 18. Yaw angle vs Torque forthe flat plate model and pixel model with 0.5m resolution.

Attitude Control System Siang and Performance

The Gateway attitude control system is housed in the PPE and contains a system of reaction wheels or
CMGs (heretoforelenotedt ZKHHO W QG D SURS X Gydiaxine fual&tVREIPthRusters cen-
tral focus of the attitude studiés an investigation into s$imy and performance @ nattitude control system
to satisfy Gateway requirements. The sizing and performance study has two goals, 1) to define the smallest
wheelset that can feasibly handle the requirements of the missid?) astimatehydrazinepropellantuse
rate for nominal operations bbth uncrewed and crewé&shtewayconfigurations

A properly sizdwheelsemmust functiorthroughout the Gateway lifetim&heGateway grows with ad-
ditional components that add mass andudar inertia to the combined system and in turn reduce the com-
mand authority ofthe wheelset. Aandidatewheelsetmustpossesgnough momentum storage and torque
output toslewthe Gateway from SPEA thie OMM direction and backvithin a specifiedtime and without
saturating the wheelset. As a matter of process, the wheelset is desdiyratetmandefore an executed
OMM sequence. Any desaturation triggered automatically from system momentum exceeding the maxi-
mum wheelset capacit V' FR Q V L Gibthatic GO ViID WIK tHeDwWiieeR € is inadequately sized,
automatic desaturations may occur frequently during slew execution (due to a slew rate too fast for the
wheelset), during perilune passages (due to a gravity gradient too severe for the wioedlget)ghout a
crewed revolution (due to venting too powerful for the wheelset). Freaquéortnaticdesaturatiogin the
simulation suggest the wheelset cannot handle either the perturbations or the slevit speedsidered
too small to feasibly autrol the Gateway.

The total wheelset momentum capaditgpproximatedisa spherical envelope over the body axéh
aradius 1.633 times the momentum capacity of a single wheel. This approximation assumes four identical
wheels mounted in an equilatemyramid®® Torque capability is parallel to momentum capacity, so the
available torque in the body frame is also a sphere of radius 1.633 times the torque of a singleowheel.
examplethe baseline reaction wheel is assumed to have a capacity ™r@2§0so the total momentum
capacity of a pyramid of four baseline wheels will have a system capacity dfi#88The theoretical
maximum slew rate of the stack is defined as the slew rate achieved when the wheels are commanded from
zero momentum to saturaticalong the axis of rotation of the largest principal moment of inertia. This
maximum slew rateepresents a bourtzelowwhich the stackcanslewto any direction without saturating
the wheelsMaximum slew rates for three sample wheelsets appear in Bdblesix gateway configura-
tions. Of course, stacks characterized by larger principal moments of ihaxteasignificantlyslower max-
imum slew ratesAssuming each wheelset operates at its theoretical maximum slewhatéme in
minutes to slew 186along the largest MOI fogachconfiguration and wheelset pailsoappear in Table.
If the goal is to slew in under an hour, the smallest wheelset is only appropriately sized for the smallest
uncrewed stacks, configurations 1 and 3. The largest vétamla slew all but the largest crewed configu-
ration 180 dwithin aboutan hour.

To calculate thg@ropellantusefor desaturationsluring uncrewed operationsonfiguratiors 1, 3, 5 and
7 are eaclsimulated with each wheelset aasisociatednaximum slew ree. In the uncrewedanalysis the
Gatewayorbits inthe 9:2LSR NRHO and performOMMSs at apoluneas necessary to maintain orltior
to each OMM, the Gateway slews to the maneuver attitude using CMGs/wheels. After the OMM is per-
formed using SEP thrustera new SPEA is targeted and the Gateway slews to its new attitude. Through-
out, errors in attitude, SRP, navigation, and maneuver execution are applied as specified in Yiedole 2.
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togkngcrewhkift sonatatfans atrere cthie dimaladdofigei@ado B ovesst aagadksta el uimhd aheilibe of

Db Adiehayion setiies e dosthfele ntatbrdigyinatio tise rsinsel atnohp ertonsatienaglied, e dpstified icohtdolepro-
2eSsessandlateentseWad camariaticns tfac iedivp Ellsahioss-6 el sgendatdorebtuMatts aDaddidrialas a
faatiithehbmbgrud tdesatiusgstme \gats\@sr cenfiguatmputaddasweN alselse hydrazine cost for the duration

of tiraeeg/dawiftiuriR eralis AR dnimBperform a 180 degree slew fovarious configurations

Analysis baseline Honeywell M600 Honeywell M1400
) 408 Nms 1328 Nms 3099 Nns
Config Max rate | Slewtime| Maxrate | Slewtime| Maxrate | Slew time

(deg/s) (min) (deg/s) (min) (deg/s) (min)

1 0.097 30.8 0.316 9.5 0.732 4.1

2 0.015 205.3 0.048 63.1 0.111 27

3 0.057 52.6 0.185 16.2 0.435 6.9

4 0.010 295.2 0.033 90.7 0.077 38.9
5 0.003 118.5 0.008 366.7 0.019 157.1

6 0.006 487.7 0.020 149.8 0.047 64.2

In Table9, thenumber of desaturations per revolution and the assoaiaéeth annual hydrazirngo-
pellantusedin kg per year for each uncrewed configuration and wheelset is ffiv@0 Monte Carlo trials
per caseF&iguoefifurdtianpldteantbdeloeyraseitigle cesauration Pés)randlthiocrissestackgbiied prior to the
O'\’%rfbﬂ)éﬁlﬁfégﬁ@(@/é%‘ﬂgéﬁ é*%ﬂ@bﬁ@ﬁ&ﬂ@ﬂ'&%ﬂ?@@%ﬁ@rﬁ“ g F&\%@F%@@ﬁ%}ﬁébﬂss&}@krﬁé@évéﬁected
He greomes Riaseisrgliey 8RS A R IR GIQW T SIRMIGH Yhednis étﬁiﬁélé‘-‘édﬂﬁf@lam
BRH@”@% Resyeal stbisnis %&Iﬁg‘@%ﬂﬁﬁiﬂ%%i‘ﬁ!éféé‘&%@%%@i BrecBRfi '@Gﬁ%ﬁdﬁéhﬁ Mpantepeeatedly
falikRtvu bR suRdesized raviieeeshiyifatiBife N aﬁ@@@ﬁbﬁ“@%l@éﬁ@@@rﬁd@@ﬂﬁ%ﬁrﬁevﬁhﬁ
Eﬁﬁi@Vé@Yh‘é%éMﬁﬁQﬁéWé@E@h dBRIfHaINE fe SPfedekhak insheppe sieiBeRMqD M tyigNagifsy torques
BEAIREIISAS: 10 revolutions in the uncrewed configurafioAgain, 50 Monte Carlo trials are run to assess
the TABIGR SENREANYaNa R MBigde dbSaRXCRRM y%érﬁy@f’éﬁw&%‘tlﬁ@t‘%ﬁé@&@& %’1&5}%@
%@?@@mu@m@gﬁgeﬂag{(% to adjust the stack attitude, turning away from SPEA during perilune

pass_a?r%%lg’ BLeaRHARO AL MBI S NG AV (AR (R AagRIR iR Gate-

way IS mo ar sogcontguratioo recice tne “IU”IUHLF merta erotner erec IVQ)p i n(\{n conﬁg

ration 7, the major gomponents pre AMeRFMAHNSHRe, WitHRESEANS9AER positionas pictured in
Figure19a If a secdnd Gwdiglis 4lso moﬁﬁé@%aﬂyns ead of RRYQINHE in Fgure 190, the total stack
length is reduced by 8 m and the laggast principahgnonientyaédnertipl is\ygly ut 35%The result-

ing configuration7b [isgenptethWKH—E 9 RV-YV VW B N-—Résutisfrom\a ddiges HsibhulddiehF H
appear in the finalowof TableQ hm]lggu dn‘rr‘nlll% rﬂnc: i7a) rzr;]h}’ignr nfin%%ﬁn cross stack requires less

than half the hydraZine prBpellemt for2Pvearlof deSaturdtion Bants| 299

Mﬁ%@.abmwﬁaabﬂﬁmetrmymmdmefaﬁbuﬁaabﬁwmh@meaf@rma@weaianﬂméaﬁmeosignificantly

different sizes and s$hap 9 at%wa séacls que reasq f&; this]is tr':_a'deo gﬁjm@ nd jncreased
grauty gradient torqyes Ig 1dBeshot see W}f o] from the O BB SRR ecraft hs a habitat

element is Gadigmed to han le alr regulation W|tP11 ut venting that would torque the system. However,
configufations is lonfefesaE e YadRslat RS yplgranishvSraleseseisle BRMYUIAISN |2 vents and

desatur.mgmewhﬂdﬁﬁ%wwww moFSHEh ddsaturations
clusterdd arodnd petiludefas |t atterfts to rejeéOmomentuhttbuilt Wp fidh gravity &fhdient.
3 1.0 1.0 1.0 1.5 1.0 3.3

SUMMARY AND CON@IBUQING REMARKS 1.7 26.5 1.0 8.1

As the Gateway |s cpnstriicted gyer timp ip@omjponentsgoperptiong will inclugesstretdhes of quiet, un-
crewed [operggons @s well ds dogking evéntg folldwed by screwed rreyollitions within the NRHO. Orbit
maintenance, orpit determinatioand attitude control mudbe reliable and within propellant budget
tNisugRddaitensres prewes Configurations

PrangtarereH eRIgEe RS NS CHINY Malsdei s el degauise, didhm neagsingytirapktaes @F-
BRceRsier afthaacking PRIt BAHP S NBRE MABHAG LHRMDIO HekRGR I daintaine tyel dioekdRthe
BOdyenisgripsassepiatg; anemial RBERYo? eBatiReRIEh tRKe;HBhseneed A dhe WReRItas well as
Hdie 6N analvsiguengasidnesreparmibeytaentikisl eraapesimiviiiafion, BvelytineRioht on
the spiiebupme s sifiaeatinlrdtun drblew rédideries Slogidng AuaahEABRIHABS HedoatRgmd from
BEBIOIEHRS SuEh dEhRCRIRMRY IRMRiRRiNTh 6'eviaH-BRRfidigaiiementaiang SighiryatitireOeierenan-
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hydrazine budget, both by constrainingt@vay attitude and by necessitating slews and OMMs to be per-
formed by the RCS thrusters.
In spite of frequent desaturations and venting during crewed operations, radiometric DSN tracking can
maintain OD knowledge of the Gateway position and velocity tetmequirements that allow lewost
OM. With careful placement of DSN passes, requirements can be met without needing continuous tracking.
Future work includes the investigation of alternate attitudes near perilune to mitigate gravity gradient
torquesandthe further exploration of other primary orbit&at may offer advantages for OM, OD, or atti-
tude contraol for example a 4:1 LSR NRH@wtonomous OD is of interest and is under investigation.
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