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Abstract: OnFebruary29,2012thetwinNASAGravityRecoveryAndInteriorLaboratory(GRAIL)spacecraft,
EbbandFlow,achievedprecisesynchronizedformationforcollectinghighlysensitivelunargravitydata.Thiswas
accomplishedafterperformingatotalof27propulsivemaneuversbetweenthetwospacecraft(13onEbb,14onFlow)
oversixmonths.Each300kgGRAILspacecraftindependentlyflewa3.8-month,low-energytrajectorytoreachthe
MoonafterseparationfromthelaunchvehicleonSeptember10,2011.Thespacecraftwerecapturedinto11.5hr
co-planarpolarorbitsafterperformingLunarOrbitInsertion(LOI)maneuversonNewYearsEve(Dec31,2011)and
NewYearsDay(Jan1,2012),respectivelyforEbb,andFlow.Oncecaptured,eachspacecraftperformedclustersof
periodreductionmaneuverstobringtheirorbitperiodsdowntojustlessthan2hrs.Finally,theorbiterswereplaced
intoscienceformationbyperformingfivestrategicmaneuvers(2onEbb,3onFlow).Thesemaneuversensured3
monthsoforbitlifetimewithmeanaltitudesof55kmandseparationsof82–217kmbytargetingtheorbits’eccentricity
vectorstospecificlocations.ThispaperwilldiscussthenavigationstrategyandperformanceofthetwinGRAIL
spacecraftfromtheSeptember10,2011launchthroughtheendofthePrimeMissionSciencePhaseinJune2012.
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1. Introduction

TheNASAGravityRecoveryAndInteriorLaboratory(GRAIL)missionisaDiscovery-classmissionproposedtomap
thelunargravityfieldtohighaccuracyandspatialresolution.GRAIL(GR)isthelunaranalogoftheGravityRecovery
AndClimateExperiment(GRACE)mission,whichiscurrentlymappingtheEarth’sgravityfieldtounprecedented
resolution.ThesciencepayloadconsistsoftheLunarGravityRangingSystem(LGRS),whichwasderivedfrom
GRACE.TheLGRSmeasuresthegravityfieldviatheKa-bandrangingsignalstelecommunicatedbetweenthetwo
nearlyidenticalspacecraftGR-A(Ebb)andGR-B(Flow)separatedbydistancesof82–217kminthesamelow
near-circular,near-polarorbits.1Theprimaryactivityofthenine-monthprimemissionwasthe89-daySciencePhase
consistingslightlymorethan3gravitymappingcycles(or3lunarsiderealperiodsof27.3dayseach).Theorbit
meanaltitudeduringthisphasewasapproximately55km.ThehighlysensitiveLGRSdatawillenablescientistto
characterizetheinternalstructureandthermalevolutionofthemoonfromcrusttocore.Eachspacecraftalsocarriesan
educationandpublicoutreachimagingsystemcalledMoonKam,whichconsistsoffivecameraheads.Thissystem
allowedUSmiddleschoolstudentsandteacherstoparticipateinthemissionbyschedulingcamerasequencestoimage
specificareasonthelunarsurface.

TheGRAILProjectismanagedbytheJetPropulsionLaboratoryinPasadena,CA,whilethespacecraftwerebuiltand
operatedbytheLockheedMartinSpaceSystemsCompany(LM)inDenver,CO.Dr.MariaZuberoftheMassachusetts
InstituteofTechnologyisthePrincipalInvestigatorforthismission.Thispaperwilldiscussthenavigationstrategyand
performanceofthetwinGRAILspacecraftfromtheSeptember10,2011launchthroughtheendoftheSciencePhase
onMay29,2012.

2. MissionOverview

2.1. ScienceObjectives

ThetwoprimaryscienceobjectivesoftheGRAILmissionare:
1.Todeterminethestructureofthelunarinterior,fromcrusttocore.
2.ToadvancetheunderstandingofthethermalevolutionoftheMoon.

Thesescienceobjectivesleadtothefollowingsixdifferentscienceinvestigations:

1Thetwinorbiterswerelaternamed“Ebb”and“Flow”bystudentsfromEmilyDickinsonElementarySchoolinBozeman,Montana,aftera
NASAsponsoredmiddleschoolcontest.
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1. Mapthestructureofthecrustandlithosphere
2.UnderstandtheMoonsasymmetricthermalevolution
3.Determinethesubsurfacestructureofimpactbasinsandtheoriginofmascons
4.Ascertainthetemporalevolutionofthecrustalbrecciationandmagmatism
5.Constraindeepinteriorstructurefromtides
6.Placelimitsonthesizeofapossiblesolidinnercore

2.2. NavigationRequirements

Thesescienceobjectivesplacerequirementsonthemissiondesignandnavigationofthetwinorbiterstothemoonand
intotheirsynchronizedlow-altitudeformation.Oneofthekeyanddrivingmissiondesign/navigationrequirementswas
toensuretheorbitsofthetwosatellitesduringtheSciencePhasewereco-planar,suchthattheyhaveaninclination
differenceoflessthan0.022◦andalongitudeoftheascendingnodedifferenceoflessthan0.02◦.Otherkeyand
drivingrequirementsfortheSciencePhaseincluded:themaximumorbitalinclinationequaled89.72◦±0.152◦,thatthe
periapsisaltitudeoftheorbitswasgreaterthan10km,butdidnotexceed55km,themeanspacecraftseparationdistance
duringanorbitexceeded50km,butdidnotexceed250kmandavoidedseparationswhereconditionsgiveriseto
orbiter-to-orbitermultipathoffthelunarsurface,thetwinorbitersshallflywithGR-Bintheleadposition,theonboard
ephemerideswasupdated,inordertomaintainGR-AandGR-Battitudesandrelativepositions,withephemerispointing
errorssmallerthan0.073◦(1σ).Toensureadequatepowerfromthesolararrayswhichwerealignedintheorbitplane,
thesolarbetaangle(anglebetweenorbitplaneandthesundirection)duringtheSciencePhasewasalwaysgreaterthan
49◦.ThislastrequirementwaslaterignoredforthestartoftheSciencePhaseduringoperationswhenitwasfoundthat
thesolarpanelswereabletohaveadequatepowerstartingwithbetaangleof43◦.Additionalrequirementsensuredthat
theSciencePhasewouldconsistofatleast3mappingcyclesanditwouldbecompletedbeforethepartiallunareclipse
onJune4th,2012.Otherrequirementssuchastheorbiter-to-orbiter10-kmcollisionavoidance(COLA)requirement
inthefirstsixweeksofthelunarorbitphaseswereself-imposedbytheMissionDesignandNavigationTeams.

Figure1.GRAILlaunch
onSeptember10,2011

2.3. MissionDescription&OperationsActivityTimeline

Thetwinspacecraftwerelaunchedtogether,side-by-sideaboardaDeltaII7920H10C
launchvehicleonSep10,2011(Figure1).ThelaunchperiodrangedfromSeptember
8,2011throughOctober3,2011.Shortlyafterlaunch,thespacecraftseparatedfrom
thesecondstageofthelaunchvehicleandindependentlyflew3.8-monthlow-energy
trajectoriestotheMoon.EachspacecraftexecutedthreepropulsiveTrajectoryCorrection
Maneuvers(TCMs)duringtheTrans-LunarCruise(TLC)Phasetoachievethecorrect
orbitconditionsfororbitinsertionatthemoon.Thesetrajectoriestookthetwinspacecraft
towardstheSunandpasstheEarth-SunLagrangepoint1(L1)beforeheadingbacktothe
Moon.Thespacecraftwerecapturedinto11.5hrpolarorbitsafterperformingLunarOrbit
Insertion(LOI)maneuversonNewYearsEve(Dec31,2011)andNewYearsDay(Jan
1,2012),respectivelyforGR-A,andGR-B.ThedatesoftheLOImaneuverswerefixed
regardlessofwhenlaunchoccurredwithinthelaunchperiod.AtimelineoftheGRAIL
PrimeMissionisillustratedinFigures2and3.Figure2displaystheoperationactivities
duringtheLaunch,TLCandLOIPhaseswhileFigure3showstheoperationactivitiesin
thelunarorbitphasesfromLOI,throughtheendoftheSciencePhases.Theseactivities
includemaneuverdevelopmentschedules,changesinattitudeandspacecraftactivities.Themissionwasdesignedto
avoidatotallunareclipseonDecember10,2011andapartiallunareclipseonJune4,2012inordertoensureadequate
powerfortheorbitersduringthemission.Oncecaptured,themissionenteredtheOrbitPeriodReduction(OPR)Phase
whereeachspacecraftperformedtwoclustersofPeriodReductionManeuvers(PRMs)tobringtheirorbitperiodsdown
tojustlessthan2hrswithinarelativelyshortamountoftime.Finally,theorbiterswereplacedintoformationinthe
TransitiontoScienceFormation(TSF)PhasebyperformingfivestrategicTransfertoScienceFormationManeuvers
(TSMs)(2onGR-A,3onGR-B).Thesemaneuversensured3monthsoforbitlifetimewithmeanaltitudesof55
kmduringtheSciencePhasebytargetingtheorbits’eccentricityvectorstospecificlocations.TheGR-AandGR-B
orbitersachievedprecisesynchronizedformationonFebruary29,2012afterthelastTSFmaneuver,TSM-B3.This
wasaccomplishedafterperformingatotalof27propulsivemaneuversbetweenthetwospacecraft(13onGR-A,14on
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GR-B)oversixmonths.ThislastTSMmaneuverplacedtheseparationofthetwoorbitersatthestartofScienceto82
kmwithaslowdriftratetoincreasetheseparationuntilmid-waythroughthefirstmappingcycle.Whentheseparation
achieved217kmonMarch30th,2012,thedriftratewasreversedusinganOrbitTrimManeuver(OTM)onGR-B’s
AttitudeControlSystemwarmgasthrusterstobringtheorbiters’separationtoapproximately82kmattheendofthe
SciencePhaseonMay29,2012.

Thetimelineofthenine-monthGRAILPrimeMission(PM)isdividedintothefollowinguniquemissionphases:

1. LaunchPhase(1day),LaunchPeriod: Sep.8,2011 – Oct.3,2011
2. Trans-LunarCruise(TLC)Phase: Sep.11,2011 – Dec.28,2011
3. LunarOrbitInsertion(LOI)Phase: Dec.28,2011 – Jan.2,2012
4. OrbitPeriodReduction(OPR)Phase: Jan.2,2012 – Feb.6,2012
5. TransitiontoScienceFormation(TSF)Phase: Feb.6,2012 – Mar.1,2012
6. SciencePhase: Mar.1,2012 – May29,2012
7. LunarEclipse(LEC)Phase: May29,2012 – Jun.5,2012

2.4. ExtendedMission

Afterperformanceoftheflightsystemswereevaluatedfrom7monthsofflightexperience,theSpacecraftTeam(SCT)
atLMdeterminedthatthevehiclescouldsurvivethepartialeclipseonJune4th,soaproposaltoextendthemissionuntil
December2012wasmade.TheGRAILextendedmission(XM)waschosentomapthegravityattheevenclosermean
altitudeof25kmforthreemonthsbeginninginSeptember2012.Ingeneral,threemaneuverswererequiredeachweek
frommid-August2012toDecember2012tokeeptheorbitersfromimpactingthemoonatthiscloserangeandmaintain
orbiter-to-orbiterseparationcloseto60km.ThelastphaseinthePMsummaryabove,theLunarEclipse(LEC)Phase,
replacedaDecommissioningPhasewherethePMmissionwassettoendwhentheorbiterswouldeventuallyimpactthe
moononJune4th,2012.IntheLECPhase,preparationstotheorbiters’thermalandpowermanagementsystemswere
madetogivetheorbitersthebestconditionstosurvivethepartiallunareclipse.Essentially,theLECPhaseestablished
thestartoftheXMmissionwheneachorbitersimultaneouslyperformedOrbitCorrectionManeuvers(OCMs)onMay
30,2012toraisetheorbitperiapsisandmeanaltitudesinordertoavoidimpactonJune4th.TheXMmissionextended
fromthisdatetothemiddleofDecember2012.ThenavigationoftheXMmissionwillbepresentedinafuturepaper.

AnoverviewoftheGRAILmissiondesignisgiveninRef.[1].Ref.[2]describesthedesignofthelow-energyTLC
trajectories.ThetrajectorydesignworktobringtheorbitersintotheScienceformationfromLOIthroughOPRand
TSFisdiscussedinRef.[3].ThecomplexGRAILmissionowesitssuccesstothesystemsengineeringoftheMission
OperationsSystemexplainedinRef.[4].Ref.[5]describesthemissionoperations.Ref[6]describestheODresults;it
givesmoredetailsofthenavigationintheTLC,OPRandTSFPhases,suchastheformulationofthepseudoB-plane
usedtotracktheconsistencyofODsolutionsduringlunarapproach.ThisreferenceexplainstheODfilterstrategyused
duringeachphase.

3. NavigationSystems

3.1. MissionDesign&NavigationChallenges

TheuniquenessoftheGRAILmissionandtheScienceformationrequirementsposedseveralchallengesfortheMission
DesignandNavigationTeams.Someofthesechallengesinclude:

1.DeterminingtheacceptablerangeoftheincomingLOItargetingdispersionsinordertodeterminetheneedofthe
TCM-5statisticalmaneuvers.TheNavTeamneededtounderstandhowtheachievedtargeterrorsonbothorbiters
affectedtheabilityofthePRMandTSMmaneuverstoachievetheScienceformation.Non-linearnavigationerror
analyseswereneededtoevaluatethecomplexerrorspaceoftheindependentnavigationofthetwinspacecraft.The
outcomeoftheseanalysesformulatedtheTCM-5Go/No-Gocriteria,whichwillbediscussedlater.

2.Likethefirstchallengeabove,thetaskofdeterminingtherangeofacceptablePRMandTSMdispersionswasalso
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challenging.

3.TheTLCorbitstothemoonafterTCM-3werenothyperbolic;theorbiterswereactuallycapturedwithinthemoon’s
influencebyverylongperiodellipticalorbits.ThisimposedchallengesfortheNavTeamtoevaluatetheconsistency
oftheODsolutionsandtheprogressoftheorbitersatmeetingtheLOItargetconditions.Typicalhyperbolicflybys
ofcelestialbodiesororbit-insertionsaboutthemusetheimpactB-planetargetingplane(describedininterplanetary
navigationliterature)totracknavigationperformance.TheellipticalnatureoftheorbitattheLOItargetinterface
requiredaspecialpseudo-B-planecoordinatesystemdefinition,whichisdescribedinRef[6].

4.Thesuccessofthelunarorbitphasemissiondesignwasdependentonkeepingonthetimelinewithoutmissing
maneuversduetospacecraftsafingeventsorcommanderrors.TheNavTeamhadtobepreparedforcontingencies
intheeventofamissedmaneuver.Tobeprepared,theMissionDesignTeamdevelopeda”ContingencyPlaybook”
priortolaunchthatevaluatedtheconditionsintheeventofamissedPRMorTSMmaneuveroneitherGR-AorBand
determinedacontingencyoperationsscenarioinvolvingoneormoremaneuverstobringtheorbitersintothecorrect
Scienceformation.Inall,over330contingencyscenarioswereinvestigatedandmadeavailableintheonlinePlaybook
totheNavTeamasguidelinestoachievetheScienceformation.Thesescenarioshadtobeupdatedperiodicallywith
thelatestorbitconditionsasthemissionprogressed.

5.ThegravityonthelunarfarsidewaslargelyuncertainandposedchallengestotheOrbitDetermination(OD)
Team[6].ThebestlunargravityavailableatthestartoftheGRAILmissionwasthesphericalharmonicrepresentation
todegreeandorder150,LP150Qfield,developedusingprimarily2-wayS-bandDopplerradio-metrictrackingdata
fromtheLunarProspector(LP)mission[7].Note,theJapanAerospaceExplorationAgencys(JAXA)Selenemission
obtainedbacksidelunargravityinformationthrough“4-wayDoppler”dataobtainedviaarelaysatellite.Thisgravity
fieldwasnotavailabletotheNavTeam.BecausepreviouslunargravityfielddeterminationeffortsbeforeGRAILwere
performedusingthe2-waymeasurementsofLPorearlierlunarmissionswithEarth-basedgroundstations,nodirect
measurementsofthegravityonthelunarfarsidecouldbemade,andthereforethisregionofthelunargravityfieldcould
onlybeinferredfromlong-termeffectsonthespacecraftorbits.ThesegravityerrorsaffectedtheODTeam’spredicted
orbitaccuracies.TheseerrorsalsoimpactedtheabilityoftheODTeamtoaccuratelyreconstructthemaneuversin
lunarorbit.Furthermore,thetrackingdatahadtobedeweightedsignificantlytomitigatetheinfluenceofgravityerrors
onthedowntrackandcrosstrackpredictions.

6.ThemissiondesignoftheLOI,OPRandTSFPhasesrequiredaccuratemodelingofthethrustandmassflowratesin
blowdownpropulsionsystem(describedbelow).Thismainenginefiniteburnmodelalsoincludedthecontributions
tothemaneuver∆VmagnitudefromthethrustvectorcontrolduringtheburnbytheAttitudeandControlSystem
(ACS)reactioncontrolwarm-gasthrusters.Theperformanceofthemainenginedegradedasthemainenginefueltank
pressuredecreasedfromlaunchandre-pressurizationevents.Thegravitylossesduringthelongerburndurationsasthe
tankpressureswerereducedneededtobeaccountedfor.ThismodelhelpedtheMissionDesignTeamtoestimatethe
fuelusage.

7.TheburntimesoftheTSM-Bmaneuversweresubjecttoshiftasmuchas±2.3daysfromthenominalreference
duetoLOI,OPRandTSMerrors(thetiminguncertaintiesofTSM-B1,TSM-B2andB3,were,respectively,±1.5
days,±1.2days,and±2.3days).Theserangesintimeweredifficulttoplanforinoperations,especiallyintheearlier
referencedesigns;thedispersionanalysesshowedthatTSM-B2andB3couldberequiredatanytimeoftheday.The
NavandSCTTeamswouldhavetobereadytostaffthe3rdshiftforthemaneuverdevelopmentwithlittleadvance
warning.Later,priortolaunch,a4-dayintervalbetweenmaneuverswasimposedbytheMissionOperationsTeam.
Withthisrule,theTSFPhasecouldberedesignedanditwasfoundthatallmaneuverdevelopmentcouldbeperformed
withinthefirstandsecondworkshifts.

8.TheprocessingtimetopropagatetheorbitsusingthefulllunargravityfieldposedissuestothetimelinessofOD
solutiondeliveriesandmaneuverdesignprocesses.Theoriginalplanwastotruncatethe150x150fieldtodegreeand
order70,butprelaunchorbitsimulationtestsshowedthefullfieldwasneededintheODprocessingduringthelunar
orbitphases.Themaneuverdevelopmenttimelineswereadjustedtoaccommodatethelongerprocessingtimes.Midway
throughtheSciencePhase,theScienceTeamdeliveredanimprovedgravityfield(grail270a9a)ofdegreeandorder
270onApril9th,2012usingapproximately30daysofLGRSdata.TheNavTeamdeterminedthattruncationofthis
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fieldto200x200producedsignificantimprovementsovertheLP150Qfieldwhilekeepingtheprocessingtimewithin
reasonablelimits.AsmoreLGRSdatawereacquired,theScienceTeamfounditnecessarytoproducelargergravity
fields.TowardstheendoftheSciencePhase(May24,2012),anotherlunargravityfieldwasdeliveredbytheScience
TeamtoNav.Thisfieldnowcontainedtermstodegreeandorder360(grail360b6a)andwasproducedusingLGRSdata
uptoMay11th,2012.Likewise,thisfieldshowedimprovementsoverthepreviousfield,buthadtobetruncatedto
200x200inordertoproducereasonableODdeliverytimes.

3.2. Tracking

NavigationoftheGRAILspacecrafttotheMoonwasaccomplishedusingthetraditionalnavigationdatatypesof
2-wayS-bandDopplerandrangeradio-metricdatatransmittedthroughtheDeepSpaceNetwork(DSN)inGoldstone,
CA,Canberra,Australia,andMadridSpainandtranspondedby1of2hemisphericalLowGainAntennas(LGAs)
(mountedonthe±X-axispanels).Lunarorbitnavigationwasperformedprimarilyusingthe2-wayDopplerdata
augmentedoccasionallywiththe1-wayX-bandDopplerdatawhichwastransmittedby1of2RadioScienceBeacon
(RSB)antennasalsomountedonthe±Xpanels.TheS-bandfrequencyspectrumofthetrackingsignalrestrictedthe
availabletrackingresourcestothefollowingS-bandcapable34mtrackingstations:DeepSpaceStation(DSS)24,27,
34,45,54,65.DSS-24(Goldstone),34(Canberra),and54(Madrid)areBeamWaveGuide(BWG)antennas.DSS-27
(Goldstone)isaHighSpeedBeamWaveGuideandDSS-45(Canberra)and65(Madrid)areHighEfficiencyantennas.
DuringtheSciencePhase,imbalanceofthedesaturationmaneuversweremeasuredusingthespacecrafttospacecraft
Ka-bandrangedatacollectedbythescienceLGRSpayload.TheTLCtrackingscheduleincludedcontinuousDSN
coverageforbothspacecraftforseveraldaysfromlaunch,LOIandaroundmaneuvers.Otherwisethedataschedule
wasalternating1trackperspacecrafteveryotherday.FromtheOPRthroughthelateTSFPhases,theDSNcoverage
consistedoftwotracksperdayperorbiter.TheschedulechangedtonearcontinuouscoveragefromthelateTSFPhase
throughthebeginningoftheSciencePhase.FromthestarttotheendoftheSciencePhase,thecoverageconsistedofat
leastonetrackingpassperorbiterperdaywithnomorethana16hourgap.

3.3. NavigationTeam

TheNavigation(Nav)Teamwasresponsibleforplanningandexecutingthemissionplan,tonavigatethetwinspacecraft
fromlaunchtothemoon,throughLOIandintoformationthroughtheendoftheSciencePhase.Whileinlunarorbit,
theNavTeamwasresponsibleforupdatingthepredictedreferencetrajectoriesofbothorbitersfrequentlyforthe
background(BG)sequencedevelopmenttimelinesthatusuallyrequiredtheNavTeamtoupdatethereferencetrajectory
whichincludeddownstreammaneuvers2-3weeksahead.ItwasimportantfortheBGsequencetoaccuratelyaccountfor
thetimingofthelunaroccultationsduringtheSciencePhasetomaximizethedatareturn.Toaccountfortheoccultation
timingerrors,theoccultationentryandexittimeswerepaddedbyupto8minutestoaccountfortheerrorsinthe2-3
weekoldtrajectoryprediction.TheNavTeam,whichisledbytheTeamChiefandDeputyTeamChief,consistedofthe
followingfunctionalsubteams:theTrajectoryDesign(Traj),theOrbitDetermination(OD)andtheManeuverDesign
(MD)Teams.TheODandMDTeamsweresubdividedintoseparateGR-AandGR-Bteams.EachGR-AandGR-B
Teamsincluded3ODanalystsand2Maneuverdesigners.TheTrajTeamconsistedof2missiondesigners,onewho
doubledasaGR-AManeuverdesigner.TheTrajteamwasresponsibleforupdatingthereferencetrajectoriesofboth
spacecraftduringallphasesofthemissionuptothestartofSciencetoensurethesciencerequirementsweremet.The
TrajTeamalsopreparedtheProjectforcontingenciesinthecaseofmissedmaneuversortheunderperformanceofLOI.
TheODTeamswasresponsibleforpredictingthetrajectoriesofbothorbitersbasedonthelatesttrackingdataona
near-dailybasis.Theywerealsoresponsibleforreconstructingallmaneuverperformancesanddeliveringthelatest
predictedtrajectoriestotheDSNinordertogenerateantennapointingandfrequencypredictsortotheSCTTeamto
uploadtotheorbitersformaintainingaccuratepointingduringtheSciencePhase.TheMDTeamswereresponsible
fordesigningallmaneuvers.Theywerealsoresponsibleforperformingstatisticalmaneuveranalyses.ODsolution
deliveriesandfinalManeuverdesignswerealwaysverifiedbybackupNavTeamanalystsand‘certified’bythe6-9
memberNavigationAdvisoryGroup(NAG)atJPL.

4. FlightSystem

ThemainscienceinstrumentcarriedonboardthetwinGRAILorbiterswastheKa-bandLunarGravityRangingSystem
(LGRS),whichmeasuresinter-satelliterangerate.Therawmeasurementofthissystemconsistedofdual1-wayKa
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Figure4.GRAILOrbiterConfiguration(GRAIL-B)

bandrange(KBR)orphasecounts,whicharepost-processedonthegroundtoproducetherange-rateobservableswith
respecttothespacecraftcenterofmasswithanaccuracyof4.5µm/saveragedover5secondsampletimes.Timingof
themeasurementsbetweentheorbiterswasmaintainedthroughtheuseoftheS-bandTimeTransferSystem(TTS),
whichwasbasedontheUltraStableOscillators(USO)onboardbothorbiters.TheseUSOswerecalibratedtotheDSN
clocksviathe1-wayX-bandDopplersignaltransmittedthroughtheRSBantennas.

Theorbitersarepoweredbysolararrays(totalcellareaof2.8m2),whichweredeployedshortlyafterseparationfrom
thelaunchvehicle.Rechargeablebatteriesmaintainedpowerinlunarorbitduringtheperiodswhentheorbiterswerein
solareclipse.ThetwinGRAILorbitersarenearlyidentical.Figure4showstheconfigurationfortheGRBorbiter.
ThemajordifferencesbetweentheorbitersincludethecantingofthestartrackerandLGRSKa-bandantennahorn
relativetothespacecraftZ-axiswithintheY-Z-plane.Thestartrackerboresightismainlypointedinthe+Z-axisbody
directionforbothorbiters,howevertokeepthelunarsurfaceoutofview,theboresightforGR-Awasmountedwitha
negative30◦rotationaboutthe+X-axistopointslightlyinthe+Y-axisdirectionandforGR-Bitisrotatedwitha
positive30◦angletopointinthe−Y-axisdirection.Similarly,theKa-bandantennaboresightsforGR-AandGR-Bare
canted2.1◦respectivelyinthe−Y-axisand+Y-axisdirectionssothattheycanremainpointingtowardeachotherfor
separationdistancesbetweenapproximately65–225kmwhiletheY-bodyaxeswerealignedwiththenadirdirectionin
lunarorbit(seeFigure4).

Eachorbiterattitudewasmaintainedbyathree-axisstabilizedAttitudeControlSystem(ACS),whichconsistedofan
InertialMeasurementUnit(IMU),ReactionWheelAssembly(RWA),startrackerandsunsensor.TheIMUmeasures
thespacecraft’slinearaccelerationsandangularrates.TheaccelerometerintheIMUmeasurestheMainEngineburn
performancetocutofftheburnwhenthedesired∆Visreached.TheRWA,whichconsistsofafour-reaction-wheel
pyramiddesign,hasa1.55Nmsmomentumcapacityandiscapableofproducingmaxtorquesof0.006Nm.The
ACSmaintainstheattitudeknowledgeaccuracywithin2.0mrad(3σ)peraxisoverthemissionusingtheIMUand
startracker.DuringtheSciencePhase,theaccuracytopointtheorbitertothedesiredattitudeneededtobecontrolled
usingtheRWAwitherrorslessthan1.0mradperaxis(3σ)exceptduringangularmomentumdesaturation(AMD)
events.DuringtheTLCPhase,theACSTeamdiscoveredastartrackermisalignmentproblem.TheGR-Bstartracker
alignmentdatareceivedfromthevendorwasfoundtobewrong.Thiswouldhaveimpactedtheattitudedetermination
duringtheLOI-Bmaneuver.Inaddition,thediscrepanciesbetweenACS&NavigationreconstructionoftheTCM-B2
&B3maneuverledtotheACSTeamfindingthemisalignmentoftheIMUaccelerometer.TheGR-Baccelerometer
misalignmentwasestimatedbytheACSTeamtobeoffbya4.4mradrotationaboutthemechanicalZ-axis.Theroot
causewasfoundtobeanerrorinthemountingoftheIMUtothespacecraftmechanicalframe;thewrongreference
mirrorwasusedforalignmenttothemechanicalframe.Thesameprocedureerrorwasfoundwiththemountingofthe
IMUontheGR-Aspacecraft,butwasestimatedtobesmaller,0.8mrad.TheProjectlaterapprovedcorrectionstothe
IMUalignmentmatricestobeuploadedtobothspacecraft.BecauseitwasmorecriticaltotheLOIperformance,the
alignmentmatrixoftheIMUtothemechanicalframewasupdatedbeforeTCM-B4.TCM-B4servedastheverification
ofthiscorrection.TheGR-AIMUalignmentcorrectionwaslesscriticalandwasthusuploadedafterLOI-A.

Thepropulsionsystemforeachorbiterconsistsofahydrazinepropellanttank,aMainEngine(ME),awarmgasACS
thrustersystem,andahighpressureHeliumrechargetank.The22NMEwasusedforallmaneuversfromtheTCMsin
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increasetomaintainattitudesbycompensatingforsolartorquesandgravitygradienttorquesinlunarorbit.Onlyafew
AMDsonbothspacecraftoccurredduringTLCbecauseofthemainlySun-pointedattitudeflownthroughthisPhase.
DuringtheTLC,andOPRmissionphases,theAMDsexecutedautonomously.TherewerethreecommandedAMDs
betweenthePRMsandfirstmaneuversintheTSFPhase.IntheSciencePhase,theAMDswerecommandedinthe
backgroundsequencetooccuroverthelunarpoles(abovelatitudesof45◦orbelowaltitudesof-45◦)whentheRWA
reachedapproximately70%wheelcapacity.Thiswastoreducesciencedataoutagesduetothefactthatredundant
dataarecollectedinthepolarregions.ThefrequencyoftheAMDsintheSciencePhasewasoneevery2to4days.
Generally,anAMDwascommandedbeforeeverymaneuverandattitudechange.AllAMDeventsareshowninFigures
2and3.

4.1. AttitudeProfile

Shortlyafterlaunch,bothspacecraftslewedtoaninertial-holdsun-pointattitudeforapproximately80hours,wherethe
solarpanelswerefaceddirectlyattheSun.Afterwardsbothspacecrafts’attitudeswereactivelypositionedtokeep
thesolarpanelsdirectedtowardsthesunthroughNov2nd,2011onGR-AandNov3rdonGR-B.Theattitudesof
bothS/Cwereadjustedforcalibratingthesolarpressuremodelparametersoneachvehiclebyrotatingthethesolar
panels45◦offthesunwithanegativerotationabouttheS/CY-axesforapproximatelyonedaythenwithapositive
rotationabouttheS/CY-axesfromNov3rdtoNov15thforGR-AandfromNov4thtoNov18forGR-B.Each
spacecraftautonomouslyslewedby180◦whentheypassedtheSun-EarthlinetwiceduringTLCtokeepthestartracker
boresightpointedawayfromEarth.Theattitudeswerenominallypositionedbacktothesun-pointattitudepriortothe
TCM-3maneuversthroughJanuary2nd,2012.FromthisdatethroughtheendoftheTSFPhaseonMarch1,2012,the
spacecraftwerepositionedwitha40◦biasedoffsun-pointattitudeasshowninFigure8aforGR-A(40◦rollabout
the+Z-axisforGR-Aand40◦rollaboutthe-Z-axisforGR-B).Thisattitudereducedthethermalirradiationfromthe
lunarsurfaceontheorbiterandpositionstheY-panelradiatorsawayfromthemoon.Duringthistime,bothorbiters
autonomouslyslew180◦abouttheX-axiswhentheycrosstheEarth-Sunlinetokeepthestartrackerpositionedaway
fromtheEarth;thisoccursapproximatelyevery13.7daysasthemoonorbitstheEarth. Withtheexceptionofthe
post-launchinertial-holdattitude,allattitudesdescribedabovewereimplementedonboardusingSun-Earth,Sun-S/C
andSun-MoonephemeridesbasedontheSeptember9thlaunchTLCtrajectorieswhichwereuploadedpriortolaunch.
DifferencesintheattitudepointingprofilesfromtheSeptember10thlaunchtrajectorieswerenegligible.

Figure7.Orbiter-to-orbiterpointingerrorsofonboardephemeris
duringSciencePhase

TheattitudestrategyduringtheSciencePhase
isshowninFigure8b.Theorbitertoorbiter
vectoralignedwiththeKabandantennahorn
boresightswasmaintainedbythelatestpre-
dicteddualspacecraftephemerisofGR-A
andGR-Bonboardbothorbiters.Theorbiter
-Xaxispointsintheorbitnormaldirection
suchthatthesolararraysremainedparallel
totheorbitplane.TheNavTeamprovided
thepredictedspacecraftephemeridesofboth
orbiterstotheACSTeam.TheACSTeam
thenprocessedthesepredictedtrajectoriesto
formadualspacecraftephemerisforeach
spacecraft,whichcontainedtheChebyshev
polynomialrepresentationsofeachorbiter
ephemeris.Finally,thesedualephemerides
wereuploadedtoeachorbiter.Thefrequency
ofephemerisuploadsdependedonhowlong
theaccuracyoftheorbitpredictionremains
lessthanthenavigationerrorallocationofthe
0.073(1σ)orbiter-to-orbiterpointingrequire-
ment.Nominally,duringtheSciencePhasethesedeliveriesweremadeeveryMondayandThursday.Thisfrequency
wasdependentonAMDordesatfrequencyandperformance,andaccuracyoflunargravitymodels.Itwasanticipated
thatoncethedesatfrequencywasreducedduringthehighersolarbetaangles,wherethesolartorquewasreducedonthe
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bytheMissionPlanning&SequencingandSpacecraftTeams(MPSTandSCT),testingonLM’sSpacecraftTestLab
(STL)andreviewoftestresultsbytheSCT,commandapprovalbyMissionManageranduplinkbytheSCT.Formost
maneuvers,thisscheduleallowedthefiveshiftstobeperformedoverfiveworkdays,usuallywithapproximatelyone
dayofmarginbeforeexecution.Themaneuverdevelopmentscheduleswereprecededwithakick-offmeetingusing
preliminarymaneuverdesignstoinformtheProjectofthemaneuverandpost-maneuvertrajectorycharacterizations.
AfterthismeetingtheNavTeamproducedapreliminaryManeuverProfileFile(MPF)togivetotheACSandProp
TeamssothattheycouldprepareaManeuverPerformanceDataFile(MPDF).TheMPFfilecontainstheburntime,∆V
magnitudeandburndirection.ThisMPDFfilewouldallowtheNavTeamtocorrectlymodelthethrusterperformance
oftheupcomingmaneuver.AftertheorbitsweredeterminedbytheODTeam,theManeuverTeamwoulddesignthe
upcomingmaneuveranddeliverafinalMPFtotheACSandPropTeams,whowouldthenimplementtheburninto
configurationfiles.Theseconfigurationfileswereusedtosetparametersintheonboardmaneuverblocksequence;
theseparametersincludedthetheburntime,slewstoandfromburnattitude,the∆Vandminimumandmaximumburn
timers.MEmaneuversusedtheaccelerometersintheonboardIMUtodeterminetheburnduration.Maneuversonthe
ACSthrustersystemusedtimedcutoffs,sincetheaccelerometerswerenotsensitiveenoughtoadequatelymeasure
thethrustperformanceofthesesmallthrusters.ThefinalmaneuverdesignwaspresentedtotheProjectandapproved
duringtheMPFteleconference,usuallythemorningfollowingthemaneuverdesign.OnceimplementedbytheACS,
PropandSCTTeams,aManeuverPerformanceImplementationFile(MPIF)wasdeliveredtotheNavTeamalong
withthemaneuverconfigurationfiles.ThesewerethenverifiedbytheNavTeamandtheircomparisonstotheMPF
designswerepresentedtotheProjectduringtheMPIFteleconference,usuallyfollowingthenextmorningfromthe
implementation.Somemaneuversdesignsrequiredcompressedtimelines.Thesewereachievedusingmultipleshifts
perday.TCM-A1/B1wereplannedtobedevelopedovera4-dayschedule,butwerecancelledontheseconddayafter
launch.DuetotheshortdurationbetweenLOI-A,LOI-BandthefirstclusterofmaneuversonGR-A(OPR-A1),the
PRM-A1-3maneuversweredevelopedovera4-dayschedule.TheTSM-B2,B3andOTM-B1maneuversrequireda
3-daydevelopmenttimeline.

Atwo-passLOImaneuverdevelopmentschedulewasplanned.Thesecondpass(Pass-2)allowedforanupdateincaseof
largerthanexpectedTCM-3maneuvererrorsoccurred.Thefirstpass(Pass-1),whichassumednominalperformanceof
TCM-3,beganafterapproximately1.5weeksaftertheTCM-2maneuvershadexecuted.Trackingdatawascollectedup
toOct10thforGR-AandOct18thforGR-B.Thefirstpassextendedoverapproximately2weekstoensureextramargin
becauseofthelargesetofLOIriskreductionteststoberunontheSTL.PlanstodeveloptheLOI-AandBcontingency
maneuverswerealsoscheduledconcurrentlyoveratwo-weekperiodbeginningOct24.Theseweretoberedesignsof
theLOIgiventhecontingencythatthere-pressurizationofthefueltankpriortoLOIdidnothappen.Itwasdetermined
thatwiththelowertankpressure,theLOIcontingencyburnsdidn’tneedtoberedesigned.However,theminimumand
maximumburntimersthatlimittheburndurationinthecasetheIMU’saccelerometerfailedhadtobeincreaseddueto
thelowerengineperformance.ThesecondpasswasnotneededduetonominalperformanceoftheTCM-3maneuvers.

Figure10.Earthdeparturetrajectory

4.3. LaunchPhase

TheGRAILtwinspacecraftwerelaunchedaboardaDeltaII
7920H-10CvehiclefromSpaceLaunchComplex17B(SLC-17B)
attheCapeCanaveralAirForceStationonSeptember10,2011
at13:08:52UTC.Thelaunchoccurredonthesecondopportunity
ofthethirddayofa42-daylaunchperiod.2Thelaunchvehicle
departedonthelongcoasttrajectorywithaflightpathazimuthof
99◦fromtruenorth(Figure10).Thereweretwoinstantaneous
launchopportunitiesperdaywithlaunchazimuthsof93◦and99◦

(separatedby39–44minutes).Thefirstdaylaunchopportunities
wereabortedduetohighaltitudecrosswindsatthelastminutes
ofthecountdown.Theseconddayopportunitieswerescrubbed
duetoadditionaltimeneededtoanalyzeatestcodeviolationof
thelaunchvehicleenginesectionheater.The1stopportunityon

2Thelaunchperiodwaseffectivelyreducedto32daysaftertheloadingoftheStage2propellantonSeptember2.
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Sep10wasskippedagainduetohighwindsaloft.

Table1.TotalFlightSystemMass

Item GRAIL-A GRAIL-B Capability

Spacecraft 182.3kg 183.6kg –
Payload 17.7kg 17.7kg –
OrbiterDryMass 200.0kg 201.3kg 226.0kg
Propellant(fuel) 106.0kg 106.0kg 106.0kg
He 0.2kg 0.2kg 0.25kg
OrbiterWetMass 306.2kg 307.5kg 332.2kg
LVAAMass 144.7kg 153.5kg
FlightSystemMass 758.3kg 818.0kg

TheDeltaIIlaunchvehicleinjectedthetwinspacecraft
ontoalowenergytrajectorytothemoonwithalaunch
energy,C3,of-0.69km2/s2,thedeclinationoftheinjection
orbitapoapsisvector(DAV)equalto-6.16◦,andtheright
ascensionoftheinjectionorbitapoapsisvector(RAV),
equalto190.55◦definedattheTargetInterfacePoint(TIP)
(8minutesafterSecondEngineCutoff-2(SECO2)).The
totalinjectedmass,whichincludedthetwospacecraftand
thelaunchvehicleadapterassembly(LVAA),was758.3kg.
ThefullyloadedGR-AandGR-Bspacecraft,respectively,
weighed306.2kg,307.5kgandeachincluded106.0kgpropellant.Table1comparestheactualweighed-inmass
oftheflightsystemagainstthecapabilityofthelaunchvehicle.Theseweightsandpropellantloadeffectivelygave
thetotalmission∆Vcapabilityof938m/sand934m/s,respectivelyforGR-AandGR-B.Shortlyafterlaunchthe
DeltaIIsecondstagewasinsertedintoalowaltitude(90nmi),circularparkingorbit.Afterthelongcoastperiodof
approximately1hour,thesecondstagewasusedagaintoinjectthecombinedStageII/GRA/GRBstackontothe
departuretrajectory.Following9.5minutesafterSECO2,theGR-AspacecraftseparatedfromtheLVAA,thenGR-B
separated8.25minlater.Shortlyafterseparationeachspacecraftquicklydeployedtheirsolararray,turnedtoaninertial
SunPointattitudeandturnedtheirtransmitterson.

TheUSSSTRATCOMtrackedthetwospacecraftandthelaunchvehicle2ndstageforthefirst2hoursviatheSpace
SurveillanceNetworktoprovidealternativetrackingshouldacontingencyarise.Afterapproximately78minutesfrom
launch,DSN’sGoldstoneantennasfirstreceivedsignalsfromGR-AandGR-B.IttooktheDSNapproximately28and
33seconds,respectively,tolockupontheGR-AandGR-Bsignals.

TheachievedperformanceoftheDeltaIIvehiclewaswellwithinitsexpecteddispersions.Thedifferencebetweenthe
launchvehicletargetandtheachievedparametersaretabulatedinTable2[8].Thedifferencesarealsocomparedagainst
theexpecteddispersionstatisticsinTable2.Theerrorsinthetargetparameterswerelessthan0.35-σ.Continuous
2-wayDopplerandrangetrackingdatafromapproximately1hourafterTIPthroughSeptember15wereusedforthis
determination.

4.4. Trans-LunarCruisePhase

EachGRAILspacecraftfollowedalow-energytrajectorytothemoonover3.8months.Thesetrajectoriesreducedthe
LunarOrbitInsertion(LOI)requirementsbyover100m/sin∆Vcostcomparedtotypical3-6daydirectlunartransfers.
Thelongertransfertimeofthethesetrajectoriesallowedmoretimeforvariousspacecraftsystemcheckouts,UltraStable
Oscillator(USO)stabilization,outgassing,solarpressurecharacterizationandACSthrustersystemcharacterization.
Thepre-launchlow-energyTLCtrajectorydesignsrequiredtwodeterministicTCMstoachievetheorbitinsertiontarget
atthemoon[2].Thefirstofthesedeterministicmaneuverswouldseparatethelunararrivalconditionsby25hoursso
thattheoperationsteamscouldmonitoreachspacecraft’sLOIondifferentdays.ThesecondTCMwouldtheninsert
thespacecraftintothelunarapproachtrajectory.Foroperations,threeadditionalstatisticalmaneuverswereplannedto
cleanuperrorsafterlaunchandreducetrajectoryerrorsduringfinallunarapproach.TheLOItargetsofGR-Aand
GR-BweredesignedtogetherthroughacombinedoptimizationprocessdescribedinRef[2]

Table2.LaunchVehiclePerformance,Achievedvs.TargetParametersatTIP‡

Parameter L.V.Target Achieved Error(A-T) Uncertainty(1σ) Error(No.ofσ)

C3(km2/s2) -0.6956 -0.6928 0.0028 0.0119 0.24
DAV(deg) -6.1595 -6.1638 -0.0043 0.0136 0.32
RAV(deg) 190.5432 190.5484 0.0052 0.0187 0.28

‡September10,201114:27:12.669UTC
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OncetheTCM-1burnswerecanceled,apost-launchstatisticalmaneuveranalysiswasperformed.Theresultsofthis
analysisiscomparedtotheprelaunchanalysisinTable3.TheseresultsnarrowedtherangeoftheTLC∆Vcostsfor
GR-Atobewithin20.5to23.2m/sandforGR-Btobewithin33.9to35.1m/s.Thesewouldrepresentthe11to39
percentileofthepre-launch∆VcostforGR-Aandthe21to35percentileforGR-B.

Table3.Comparisonofpost-launchTLCmaneuver∆Vcostanalysistoprelaunchresults

Maneuver Pre-launchresults Post-launchpredictions
1% 50% 99% 1% 50% 99%

GRAIL-A
TCM-A1 0.00m/s 3.81m/s 20.33m/s 0.00m/s 0.00m/s 0.00m/s
TCM-A2 11.37m/s 14.23m/s 15.05m/s 13.93m/s 13.97m/s 14.00m/s
TCM-A3 4.97m/s 6.07m/s 9.32m/s 6.26m/s 6.53m/s 7.74m/s
TCM-A4 0.02m/s 0.12m/s 0.40m/s 0.06m/s 0.44m/s 1.51m/s
TCM-A5 0.00m/s 0.00m/s 0.01m/s 0.00m/s 0.02m/s 0.06m/s

Cumulative 19.95m/s 24.51m/s 40.39m/s 20.45m/s 20.94m/s 23.23m/s
Percentile 10.9% 17.2% 39.1%

GRAIL-B
TCM-B1 0.00m/s 4.70m/s 22.48m/s 0.00m/s 0.00m/s 0.00m/s
TCM-B2 21.26m/s 23.42m/s 24.09m/s 25.04m/s 25.10m/s 25.15m/s
TCM-B3 5.21m/s 9.22m/s 11.67m/s 8.51m/s 8.78m/s 9.37m/s
TCM-B4 0.04m/s 0.21m/s 0.66m/s 0.05m/s 0.24m/s 0.70m/s
TCM-B5 0.00m/s 0.00m/s 0.00m/s 0.00m/s 0.01m/s 0.04m/s

Cumulative 32.45m/s 37.12m/s 53.55m/s 33.89m/s 34.11m/s 35.08m/s
Percentile 20.5% 22.5% 32.1%

4.6. TCM-A2/B2

Maneuvers,TCMs-2–4,oneachspacecraftweredesignedaspartofamulti-TCMoptimizationstrategy,whichtargeted
thespacecraft6-coordinateCartesianstateatLOIusingpre-launchLOItargets.Inordertoachievethe6-statetargetsat
LOI,theTCM-2and3maneuverstargetedthe6-coordinatestateattheTCM-4burnlocation,whilethefinalmaneuver,
TCM-4,targetedtimetoperiapsis,inclination,andradiusofperiapsisatthetimeofLOI.TheDatacutoff(DCO)for
thefinalTCM-A2andB2designswereonSep23rdand29th,respectively(6-7daysaheadofexecution).TCM-A2
was14m/s,whileTCM-B2was25m/s.Table6liststheerrorsintheburnmagnitudeandpointing.Thedesigned
TCM-A2burnfellwithinthe38%ofthepre-launch∆Vcostanalysis(Table4).TheTCM-B2designfelloutsidethe
∆V99percentileduetothecanceledTCM-B1burn,whichwasoptimizedtobe∆Vof1m/s(seeTable4).

Table4.GRAIL-AManeuverSummary

TrajDesign ∆V99 Median Design Percentile
Phase Maneuver Epoch(UTC) ∆V Percentile ∆V ∆V (%)

(m/s) (m/s) (m/s) (m/s)

GRAIL-A
TLC TCM-A1 16-Sep-1118:00:00 – 20.33 3.81 Canceled 0.0%

TCM-A2 30-Sep-1118:00:00 12.54 15.05 14.23 13.97 37.5%
TCM-A3 16-Nov-1118:00:00 8.15 9.32 6.07 6.45 57.8%
TCM-A4 9-Dec-1118:00:00 – 0.40 0.12 0.23 86.8%
TCM-A5 23-Dec-1118:00 – 0.01 0.00 Canceled –

TLCTotal 20.69 45.10 24.24 20.66 13.5%
LOI LOI-A 31-Dec-1121:21:20 189.80 189.80 – 190.78 –

OPR-1 PRM-A1 7-Jan-1213:36:58 79.60 79.60 – 79.29 –
PRM-A2 8-Jan-1217:21:14 79.60 79.60 – 79.29 –
PRM-A3 9-Jan-1217:30:42 79.60 79.60 – 79.29 –

OPR-2 PRM-A4 24-Jan-1215:29:07 69.50 69.50 – 69.54 –
PRM-A5 25-Jan-1218:20:36 69.50 69.50 – 69.54 –
PRM-A6 26-Jan-1216:58:03 69.50 69.50 – 69.54 –
PRM-A7 27-Jan-1216:48:47 69.50 69.50 – 69.54 –

Statistical∆VassociatedwithLOI/OPR∆V99 – 1.30 – – –
TSF TSM-A1 7-Feb-1216:32:41 15.30 15.30 – 8.23 –

TSM-A2 20-Feb-1215:05:14 14.00 14.00 – 19.28 –
LunarOrbitTotal 735.90 737.20 – 734.32 –

CumulativeTotalPrimeMission∆V 756.59 782.30 – 754.98 –
∆VCapability – 938.00 – 938.00 –

Margin – 155.70 – 183.02 –
16.75kg 19.68kg
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Table5.GRAIL-BManeuverSummary

TrajDesign ∆V99 Median Design Percentile
Phase Maneuver Epoch(UTC) ∆V Percentile ∆V ∆V (%)

(m/s) (m/s) (m/s) (m/s)

GRAIL-B
TLC TCM-B1 17-Sep-1118:00:00 – 22.48 4.70 Canceled 0.0%

TCM-B2 5-Oct-1118:00:00 25.86 24.09 23.42 25.10 100.0%
TCM-B3 21-Nov-1118:00:00 7.48 11.67 9.22 8.85 44.4%
TCM-B4 14-Dec-1118:00:00 – 0.66 0.21 0.26 63.6%
TCM-B5 24-Dec-1118:00:00 – 0.01 0.00 Canceled –

TLCTotal 33.34 58.90 37.56 34.20 23.6%
LOI LOI-B 1-Jan-1222:05:16 191.40 191.40 – 192.32 –

OPR-1 PRM-B1 13-Jan-1221:00:49 74.50 74.50 – 74.11 –
PRM-B2 15-Jan-121:35:34 74.50 74.50 – 74.11 –
PRM-B3 16-Jan-122:51:04 74.50 74.50 – 74.11 –

OPR-2 PRM-B4 31-Jan-1216:29:06 70.70 70.70 – 70.63 –
PRM-B5 1-Feb-1217:23:39 70.70 70.70 – 70.63 –
PRM-B6 2-Feb-1216:48:20 70.70 70.70 – 70.63 –
PRM-B7 3-Feb-1217:20:09 70.70 70.70 – 70.63 –

Statistical∆V99associatedwithLOI/OPR∆V99 – 1.30 – – –
TSF TSM-B1 14-Feb-123:15:25 17.50 17.50 – 17.50 –

TSM-B2 24-Feb-1217:24:33 1.90 1.90 – 2.07 –
TSM-B3 29-Feb-1213:46:37 2.80 2.80 – 0.51 –

Science OTM-B1 7-Mar-1220:43:31 0.01 0.01 – Canceled –
OTM-B2 30-Mar-1218:41:40 0.03 0.03 – 0.03 –

LunarOrbitTotal 719.94 721.24 – 717.28
CumulativeTotalPrimeMission∆V 753.28 780.14 – 751.48

∆VCapability – 934.20 – 934.20

Margin – 154.06 – 182.72
FuelleftafterPM 16.50kg 19.93kg

4.7. ACSThrusterCalibrations

ThethrustercalibrationoftheACSthrusterswereperformedonNov1stand2nd,respectivelyforGR-AandGR-
B.Thesecalibrationsinvolvedmeasuringthetranslational∆Vsfromthewarm-gasACSthrustersbythrustingat3
orthogonalorientationswithrespecttotheEarth-linedirectiontocalibratethethrustlevelsandalignments.

Thein-flightresultswouldbeusedtoupdatethethrusterpropertieson-boardandinground-basedtools.Better
knowledgeofthethrustersallowsformoreprecisemaneuveringandreconstruction.Thethrustercalibrationwas
primarilytheresponsibilityoftheACSTeam,tobuildandexecute.However,theNavigationTeamhadinsightinto
theexecutionperformancethroughthereceiptofreal-time1-wayX-bandand2-wayS-bandDopplerdata.Therefore,
theNavigationOrbitDetermination(OD)Teamhadtwomainresponsibilities.First,theODTeamwasresponsible
formonitoringthereal-timeDopplerresidualsduringthemaneuvers,processingtheDopplerdataintoestimated
velocitychanges,andthendeliveringittotheACSTeamtouseintheiranalysis.Thesecondtaskwastoperforma
complimentaryanalysistoestimatethethrustercharacteristicsbasedsolelyonDopplerdata.TheNavigationanalysis
ofthethrustercalibrationprovidesACSwithasecondaryestimateofthethrustermagnitudeanddirectionsusing
aDoppler-onlydatastructure.ComparisonoftheresultsfromthismethodandACSmethodofDopplerplusRWA
momentumdataservedtoverifytheresults.

EachGR-AandGR-Bthrustercalibrationactivitywasathreehoursequencethatperformedaspecifiedsetoffiringsat
threeorthogonalattitudes.Therewerethreedifferentcalibrationtestsateachattitude,aneightthrustercalibration,
asinglethrustercalibration,andafourthrustercalibration.Theeightthrustercalibrationfiredalleightthrusters
simultaneouslyfor80seconds.Ideally,ifallthrustersarebalanced,theresidual∆Vobservedfromthismaneuver
shouldbezero.Otherwise,observationofthe∆Vfromthismaneuvercantelluswhichdirectionthethrustershavemore
magnitudein.Thesinglethrustercalibrationfiredeachthrusterindividuallyinaspecifiedordertominimizeoverall
∆V.Eachthrusterfiresfor160pulses,each60millisecondsand1.5secondsbetweenthrusters.Eachsinglethruster
calibrationimparts7.2mm/sof∆Vperattitude.Thiscalibrationwastheprimarymeasurementusedtocharacterizethe
thrusters.Thefourthrustercalibrationfiresfourthrustersatatime.Thefirstsetoffourinducesa+Zrotation,while
secondsetoffourinducesa-Zrotation.Thethrustersfire250pulsesof50msfor50secata50%dutycycle.Thisset
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performedwithin1σoftheexpectedperformance.

4.10. TCM-5Go/NoGoCriteria

DuetothecomplexityofachievingtheSciencePhaseorbit,itwasadifficulttasktodeterminehowLOIinsertion
errorsmappedinto∆Vcostforthelunarphase.Forinstance,theTrajTeamdesignedtheorbitstobeco-planarby
targetingeachorbiter’sinclinationandnodeatLOItobeoffsetfromeachother.Theevolutionoftheosculatingorbits,
asseenintheinclinationandnodeplotsinFigure13,fromLOIthroughOPRandtheTSFPhasesbroughttheorbits
intothesameosculatingvalues.ItwashopedthattheTCM-A4/B4maneuverscouldbeperformedaccuratelyenough
sotheTCM-5maneuverswerenotneeded.TheNavTeamhadtodeterminewhatorbiterrorscouldbetoleratedfrom
bothorbitersyetstillachieveScienceformationwithhighconfidencewiththeavailablepropellant.Severalanalyses
(MonteCarloandworst-case)wereperformedusingtheexpectedpost-TCM-A4andB4(3-σ)dispersionsbasedon
post-Launchstatisticalmaneuveranalysis(fromODsolutionod017v1)inradiusofperiapsis,inclination,node,time
ofperiapsis,argumentofperiapsis.ToevaluatehowtheseerrorsaffectedtheabilitytoobtainthedesiredScience
orbitformationwithintheSciencerequirements,eachofthesedispersedcasesforGR-A,GR-Bwerepropagatedfrom
LOItoScienceformation.Itwasdeterminedthatthepost-TCM-4dispersionsinthenode,inclinationandargument
ofperiapsiscouldbecorrectedfairlyeasilywithintheTSFPhasewithmanageable∆Vcost.Thedispersionsinthe
radiusandtimeofperiapsiswerefoundtobemoreimportanttocontrolastheyaffectedthepost-LOIorbitsandcould
violatetheself-imposed10kmcollisionavoidancerequirementintheOPRthroughthebeginningoftheTSFPhase.
TheseanalysesindicatedregionsintheballisticLOItargetradiusofperiapsisandtimetoperiapsisspacewhereCOLA
betweenthetwoorbiterswasmoresevere.TheseregionsindicatingpossibleCOLAviolations,however,weresubject
totheProject’sdiscretion,meaningthatifthesolutionswereclearlyintheseregions,theProjectcouldoverrulethe
’Go’criteriaandcancelTCM-5.Otherregionsoutsideofthe3-σerrorsofbothoftheseparameterswereconsidered
errorsneedingcorrections.IfnotcorrectedwithTCM-A5orB5,oneortwomaneuversmayneedtobeaddedto
achieveScienceformation.Withthis,criteriaforneedingtoperformTCM-5werecreated.Figures15-aandbshowthe
TCM-A5andB5Go/No-gocriteriarelativetotheincomingLOItargetorbitradiusandtimetoperiapsiserrors.The
expecteddispersion(3σ)oftheTCM-4burnperformanceisindicatedbythescatterofreddots.Theexpected3-σ
dispersionsoftheTCM-5burnarerepresentedbythescatterofbluedots.Thediagonal-verticallinesindicatingCOLA
violationsintheTCM-A5andB5corridorsmovedependingonthelocationinthecorridortheotherorbiterachieved.
TheupperleftsideoftheTCM-B5corridorisboundedbycaseswherethealtitudeafterTSM-B1wouldbetoolow.
ThelowerrightsideofthiscorridorwasboundedbycaseswheretheTSM-A2maneuverwouldgrowtoolarge.The
timelinefromTCM-A4/B4totheTCM-5Go/No-gomeetingisshowninFigure14.Thescheduledtrackingpasses
usedintheGo/No-Goevaluationsforeachorbiterareshowninthistimeline.Thecovariancestudiesoftheexecution
errorsTCM-A4andB4ontheorbitdispersionsshowedthatknowledgeoftheorbitparameterswouldconvergeonDec
17forGR-AandDec18forGR-B.Giventhesecriteria,itcanbeseenfromthefinalODsolutionsinFigures15-aand
bthatbothTCM-A5andB5werenotneededandthuscancelled.

4.11. Pre-LOITankRe-pressurization

Becauseofthelow∆VcostexpendedduringTLC,thetankpressuresinbothspacecraftweresufficientlyhighenough
toperformnominalLOImaneuverswithoutthere-pressurizations.Thepre-LOIpressureonGR-Awasapproximately
358psiaand325psiaonGR-B.Thecontingencyno-repressLOIdesignhadkeptthedesignofthenominalLOIburns,
butchangedthemaximumburntimerstoallowforthelongerburns.Withtheno-repressLOIburns,thepressuresatthe
endofLOIwouldreachdowntoapproximately153psiaonGR-Aand146psiaonGR-B.Theselowerlimitswere
foundacceptablebythePropTeam.Withthisinformation,theProjectbrieflyentertainedthenotionofskippingthe
pre-LOIre-pressurizations,however,thisschemeviolatedtheJPL“test-as-you-fly;fly-as-you-test”principle.Therefore,
inpreparationforLOI,theMEtankswereplannedtobere-pressurizedonDecember23,butGR-Ashowedafaulty
pressuretransducerreadingduetoashockinducedwhenthepyrovalvewasfired.”Theheliumsupplyisseparated
fromthepropellanttankbyahigh-pressurelatchvalveandapyrovalve.Thelatchvalveisupstreamofthepyro
valve.”[5]Insteadofincreasingthepressurereadingasmallamount,thepropellanttankunexpectedlydecreasedby
60psi.[5]ThiscausedadelayfortheGR-Btankre-pressurizationandthecompletionoftheGR-Are-pressurization
openingoftheGR-Alatchvalveuntilthisbehaviorwasbetterunderstood.Itwasdeterminedthatthisbehaviorhad
beenobservedonpreviousLMmissions,suchasMarsOdyssey,andunderstoodasazero-biasshiftinthepressure
transducercausedbythepyroshock.[5]ThepyrovalvewasfiredonGR-BonDec.24,2012thenthelatchvalveswere
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Figure13.GR-A(red)andGR-B(blue)orbitalelementsduringtheOPRandTSFPhases

cycledforbothGR-AandGR-B,respectivelyonDec26and27.AfterthepyroeventonGR-B,thepressuretransducer
showedasimilardecreaseinthetankpressure(-37psi).Overall,thetankre-pressurizationsachievedapproximately
404psiaonGR-Aand406psiaonGR-BbeforetheLOIburnstookplace.Figure5showsthetelemetryoftheMEtank
pressurelevelsduringtheseevents.

4.12. LunarOrbitInsertion

TheLOIburnsweredesignedearlyintheTLCphaseduringtheLOIPass-1developmenttimeline.ThePass-1timelines
tookplaceacoupleweeksaftertheTCM-A2andB2maneuvers.TheLOIburndesignsweretargetedtomatchthe
post-LOIorbitstateattheapoapsisfollowingtheLOIburnfromthepost-Launchreference,refod017v1.TheLOI-A
andBburnmagnitudeswere190.9m/sand192.3m/sandrequiredapproximately24kgoffueleach.Thenominal
durationswere39.9minand38.7min,respectively,forLOI-AandLOI-B.TheburntimersfortheLOIweresetat
±10%fromthenominalduration.DuetothesignificanttimeassociatedwithrunningandevaluatingtheLOIrisk
reductiontests,theSCTrecommendedonlyallowingchangesfromthenominalLOIdesignsintheLOI∆Vburn
magnitude,burnstarttimeorminimumandmaximumburntimersforthecontingencyno-repressLOIandPass-2
redesigns.TheNavTeamfoundthatitwasnotnecessarytoperformaredesignoftheLOIburnsfortheno-repress
cases.Ifthere-pressurizationfailedtotakeplace,theLOIburnswereexpectedtoexecuteapproximate5and8minutes
longerthanthenominaldurations,respectively,forGR-AandGR-B(45minand47min).Themaximumburntimers
hadtobeupdatedtoallowforthelongerburndurationduetothedegradedMEperformanceatthelowerpressures.Just
priortoLOI,thePropTeamfoundthatthethrustlevelsforLOIwerepredictedtobeslightlyhigherthanthelevelsused
inthePass-1design.Theupdateddurationswouldbeapproximately1–1.5minutesshorterthanthenominaldesign.

TheLOImaneuversexecutedonNewYearsEve(Dec31,2011,21:21UTC)andNewYearsDay(Jan1,2012,22:05
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Figure14.TimelineforTCM-5Go/No-Go

UTC),respectivelyforGR-A,andGR-B.TheLOIburnswerecontrolledbyoptimizedin-plane,constantpitchrate
thrustvectorsteering.EachLOIburnlastedapproximately38minlongandinsertedthespacecraftintoanapproximate
11.5-hourperiodcaptureorbit.Atapproximately11minutesbeforeLOI,eachorbiterslewedtotheinitialburnattitude.
A30◦rollaboutthe-X-axiswasalsoperformedtokeeptheMoonoutofthestartrackerfieldofview.Duringtheburn,
theorbiterspitchedoverabouttheorbitnormalatapre-definedratetokeeptheMEthrustvectornearlyalignedwiththe
lunar-relativevelocityvector.Thisstrategyreducedthegravitylossesduringtheburnandoptimizedthe∆Vandfueluse.
Differentlevelsoffaultprotectionweredisabledbeginningapproximately2daysbeforeto15minutesbeforeLOIfor
bothorbiterstoensuretheLOIcommandswouldexecute.ThetelecomsystemwasconfiguredtwohoursbeforeLOIto
turnrangingoff,lowerthedatarateto1000bpsandturnthe2-waycoherencyoffinordertoincreasethesignal-to-noise
marginduringtheLOIslewsandburnexecution.Aftertheburn,thefaultprotectionresponseswerere-enabled,the
orbitersslewedbacktoSun-pointedattitudeandthethetelecomsystemwasreconfiguredtoincreasethedatarate,and
turncoherencyon.Therangingsignal,however,wasnotturnedbackonasplanned.TheLOIburnsweredesigned
tooccuronconsecutivedaysduringtheMadrid-Goldstonetrackingpassoverlapstoprovideredundantcoverageof
thesecriticaleventsintheeventofatrackingstationfailure.Telecommunicationsweremaintainedthroughouttheburn
viatheLowGainAntenna(LGA)mountedontheorbiters+X-panel.DuetopowerrestrictionsduringLOI,theLOI
burnperformancecouldonlybemonitoredbythe1-wayX-bandDopplersignalfromtheRSBantennas.Althoughthe
lowantennagainpatterndropsoffsignificantlyatapproximately90-120◦,thesignalwasadequatetomonitortheburn
performanceduringeachburn.

ThrustlevelsofLOI-AandLOI-B,respectively,rangedfrom34Nand34.5Natthestarttoapproximately18Nand19
NattheendasshowninFigure6.ThecorrespondingtankpressuresonGR-Awerereducedfrom404to177psia,
whileGR-B’stankpressureswerereducedfrom406to187psiaaftercompletionoftheLOIburns(Figure5.Figures
16-a,andbshowthe1-wayX-bandDopplerresidualsoftheLOI-AandBmaneuversrelativetopredictedtrajectories
withouttheburnsmodeledtoobservetheLOImaneuvers.Figures16-canddcomparetheseDopplersignalsagainst
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Table8.ComparisonofPost-OPR-1orbitstotarget

Target Target Reconstruction Uncertainty Error PredictedError
Parameter (1σ) (1σ)

GRAIL-A:Post-OPR-A1

Inclination(deg) 89.490 89.498 0.0006 0.0086 0.013
LongitudeofAscendingNode(deg) 115.548 115.548 0.0002 -0.0004 0.002

Arg.ofPeriapsis(deg) 356.326 356.113 0.0001 -0.2120 0.828
Period(sec) 13143.192 13151.280 0.0065 8.0900 11.200

TimetoPeriapsis(sec) -6538.128 -6464.490 0.0009 73.6000 NA
PeriapsisRange(km) 1836.191 1836.389 0.0018 0.1980 0.125

GRAIL-B:Post-OPR-B1

Inclination(deg) 88.785 88.781 4.46E-06 -0.0043 0.006
LongitudeofAscendingNode(deg) 115.496 115.496 2.10E-06 -0.0006 0.002

Arg.ofPeriapsis(deg) 357.465 357.373 0.0001 -0.0918 0.699
Period(sec) 13861.293 13866.823 0.0058 5.5303 10.100

TimetoPeriapsis(sec) -6810.611 -6775.830 0.0017 34.7803 NA
PeriapsisRange(km) 1846.794 1846.797 0.0009 0.0022 0.019

Table9.ComparisonofPost-OPR-2orbitstotarget

Target Target Reconstruction Uncertainty Error PredictedError
Parameter (1σ) (1σ)

GRAIL-A:Post-OPR-A2

Inclination(deg) 88.938 88.924 5.4E-04 -0.0136 0.004
LongitudeofAscendingNode(deg) 115.402 115.404 9.9E-05 0.0021 3.9E-04

Arg.ofPeriapsis(deg) 176.310 177.264 8.9E-04 0.9532 0.760
Period(sec) 6856.910 6857.398 6.6E-04 0.4886 0.832

TimetoPeriapsis(sec) -3360.998 -3342.615 0.0022 18.3826 NA
PeriapsisRange(km) 1768.750 1768.885 1.4E-04 0.1354 0.287

GRAIL-B:Post-OPR-B2

Inclination(deg) 89.484 89.469 4.33E-03 -0.0158 0.007
LongitudeofAscendingNode(deg) 115.659 115.661 1.81E-04 0.0015 4.7E-04

Arg.ofPeriapsis(deg) 177.653 179.811 0.0030 2.1572 1.980
Period(sec) 7024.455 7024.568 0.0020 0.1128 2.070

TimetoPeriapsis(sec) -3381.698 -3359.576 0.0105 22.1215 NA
PeriapsisRange(km) 1815.544 1815.580 0.0004 0.0363 0.728

longburnsexecutedwhileinertiallypointedprimarilyintheanti-velocitydirectionatperiapsisonconsecutivedays.
The∆Vofthe1stclusterburnswere,respectively,79.6m/sand74.5m/sforGR-AandGR-B.The2ndclusterincluded
fourburnsofmagnitudesequalto69.5m/sforGR-Aand70.7m/sforGR-B.Total∆Vstoreducetheorbiters’period
from11.5hrdowntojustbelow2hrtotaled516m/sforGR-Aand506m/sforGR-B.Toimprovetheefficiencyof
theseburns,timingupdateswereplannedtorecenterthecentroidoftheconsecutivemaneuversinaclusterafterthe
orbitperiodswereredeterminedfrom6hoursofpost-maneuvertracking.Theminimumcriteriaforrequiringatiming
updatewassetto10sec.TimingupdatesforPRM-A2andPRM-A3were33secand75sec,whiletimingupdates
forPRM-B2andPRM-B3were11secand34sec.Inthe2ndcluster,onlyPRM-A7,PRM-B6andPRM-B7required
timingupdates;thesewere,respectively,21sec,-19secand-25sec.

Theachievedpost-OPRcluster-1osculatingorbitelementparametersarecomparedtothetargetedvaluesinTable8.
Theperioderrorafterthe3PRMburnswas8secforGR-Aand5.5secforGR-B.Table9liststhepost-OPRcluster-2
orbitelementcomparisonstothetargetedvalues.AfterthefourPRMburns,GR-Aachievedaperioderrorof0.5sec
whileGR-Bachievedaperioderrorof0.1sec.
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ofGR-AandplacingGR-Bapproximately33minahead
ofGR-A.Italsotargetedtheeccentricityvectorsuchthat
thedownstreamTSM-B3wouldbelessthan5m/s.ItwasdesiredtokeeptheTSM-B3maneuversmallsothatthere
wasagoodchanceofnotneedingastatisticalmaneuverafterwardstocleanuptheorbiterrors.TheTSM-B1targets
includedmatchingthepost-TSM-A1referencesemi-majoraxis,eccentricity,inclination,andargumentofperiapsis.
Inadditiontothelargedowntrackcomponent,theburnalsohadasignificantradialcomponent.Theburnexecuted
nominallyonFeb14,201203:15UTCwithamagnitudeof17.5m/s.

4.14.3. TSM-A2

TheTSM-A2maneuverwasdesignedtofinalizetheScienceorbitbytargetingtheaverageperiod,periapsisaltitude,
andargumentofperiapsistoachieve82-daySciencePhasewithoutamaneuver.TheburntookplaceonFeb20,2012
15:05UTCwith∆Vmagnitudeof19.3m/s.Themaneuverperformednominally.TSM-A2wasamostlyradialburn.
ItusedtheTSM-A2referencetrajectorytargetsoftheorbitinclination,averageperiod,eccentricity,andargument
ofperiapsis.ThisburnplacedtheeccentricityvectorclosertothatofGR-B’sanditshortenedtheGR-A’speriodby
approximately30sec,sonowGR-AwasapproachingGR-B.Aftertheburn,theapoapsisandperiapsisaltitudesofthe
orbitwas90kmx20km.

4.14.4. TSM-B2

TheTSM-B2maneuverwasperformedfourdaysafterTSM-A2onFeb24at17:24UTCwhenGR-Bwasaheadof
GR-Abyapproximately7minutes.Themaneuverwasdesignedtoreducethedriftratebetweentwoorbitersandmatch
theGR-B’sorbitplanetoGR-A’s.Inordertoachievethis,themaneuvertargetedtotheinclination,averageperiod,
argumentofperiapsis,andlongitudeofascendingnodefromtheTSM-B2referencetrajectory.Theburnmagnitude
was2.1m/sandconsistedmostlyofdowntrackandcrosstrackcomponents.LiketheTSM-A1maneuver,thisburn
hadalargerthanexpectedpointingerror.BothGR-AandGR-B’sODsolutionswereneededinthereferenceupdate
process.InordertoaccountfortheexecutionerrorsofTSM-A2,theGR-AODsolutionusedaDCOapproximately6
hrsaftertheTSM-A2burnexecuted.

IntheeventofamissedTSM-B2maneuver,theGR-ATeamdesignedacontingencyorbitpop-upmaneuver,TSM-
A3CB2,concurrentlywiththeTSM-B2design.This2.2m/smaneuverwasdesignedtoarresttheGR-A’sdrifttowards
GR-B.Theburntimewasscheduledapproximately5hrslaterthantheTSM-B2time,sothatGR-Awouldnotlap
GR-B.Ifthis,scenarioplayedout,theContingencyPlaybookhadaplantobringthetwoorbitersbackintoformation.
ThisplanwouldrequiretwomoremaneuversoneonGR-AandoneonGR-BtocompletetheScienceformation.
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4.14.5. TSM-B3

Figure19.Comparisonoforbiter-to-orbitersepara-
tionduringtheTSM-B1throughTSM-B3maneuvers

FinallyonFeb29,201213:46UTC,theTSM-B3maneuver
executedwitha∆Vof0.5m/stobringtheorbitersintothe
finalScienceformation.Theburnwasdesignedtoreverse
thedriftratebetweentheorbitersbyasmallamount.The
TSM-B3maneuverwasperformedwhenGR-Bwasahead
ofGR-Abyapproximately75km(47sec)toadjustthedrift
ratebetweenorbiterssuchthatseparationatthetimeofthe
OTM-B2maneuveronMarch30,18:00UTCwas225km.
ThisstrategyeliminatedtheneedoftheOTM-B1planned
onMarch7toadjustthedriftratefortheSciencePhase.
TheTSM-B3maneuverwasalsodesignedtomatchtheec-
centricityvectorsbetweenGR-AandGR-Bsoitalsowould
survivethe82-daySciencePhasewithoutamaneuver.The
maneuvertargetedthesemi-majoraxis,eccentricity,argu-
mentofperiapsis,andlongitudeofascendingnodefrom
theTSM-B3referencetrajectory.Themaneuverperformed
withafairlylargeunderburnmagnitudeerrorof2.6σ.
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Table10.ComparisonofPost-TSForbitstotarget

Target Target Reconstruction Uncertainty Error PredictedErrorr
Parameter (1σ) (1σ)

GRAIL-A:Post-TSM-A2

Inclination(deg) 89.625 89.618 2.1E-03 -0.0073 2.6E-04
LongitudeofAscendingNode(deg) 115.349 115.351 2.1E-04 0.0015 6.0E-04

Arg.ofPeriapsis(deg) 184.436 184.446 6.1E-04 0.0107 0.097
Period(sec) 6813.695 6813.796 1.2E-03 0.1003 0.414

TimetoPeriapsis(sec) -3277.005 -3277.053 3.5E-03 -0.0480 NA
PeriapsisRange(km) 1758.349 1758.372 2.5E-04 0.0228 0.092

GRAIL-B:Post-TSM-B3

Inclination(deg) 88.948 88.944 4.5E-04 -0.0037 1.8E-06
LongitudeofAscendingNode(deg) 115.142 115.142 8.1E-06 0.0003 2.8E-05

Arg.ofPeriapsis(deg) 176.750 176.685 6.8E-04 -0.0650 0.010
Period(sec) 6814.806 6814.871 4.7E-04 0.0648 0.029

TimetoPeriapsis(sec) -3283.069 -3285.018 6.8E-03 -1.9496 NA
PeriapsisRange(km) 1763.304 1763.347 2.1E-04 0.0433 0.005

Despitethiserror,theScienceformationwassuccessfullyachieved.Table10comparesthepost-TSM-A2andTSM-B2
orbitelementsagainstthetargetvalues.Theseerrorswereevaluatedattheapoapsisfollowingtheburn.TheTSM-B1,
TSM-A2throughTSM-B3maneuversequencewasconsideredtobethemostchallengingtothenavigationprocesses,
buttheactualresultscomparedverywelltothepre-launchandpost-launchreferencesinFigure19.

IncaseofaTSM-B3failure,theGR-BorbitwouldnowbetheScienceorbitandGR-A’sorbitwouldneedtomatchit.
Thecontingencymaneuver,TSM-A3CB3,wasdesignedtosetGR-A’sdriftrelativetoGR-B’sorbitperiodsuchthatit
wouldreach225kmatthetimeofOTM-B2.ThismaneuverwasdesignedconcurrentlytotheTSM-B3design.Itwas
designedtomatchGR-A’seccentricityvectortothatofGR-B’s.Itwasscheduledapproximately5.7hourslaterthan
TSM-B3.Inthisscenario,noadditionaldeterministicmaneuverswouldberequiredtoformtheScienceformation.

4.15. SciencePhase

OnMarch1st,theorbiterswereorientedintotheorbiter-to-orbiteractivepointingattitudetoaligntheKa-bandantenna
hornstowardseachothertocollectdatawiththesolararraysalignedwithintheorbitplane.Theoriginalplanwasto
periodicallyplacetheorbitersintothisorientationforafewhoursatatimethroughMarch8tocheckouttheLGRS
system,performKa-boresightcalibrations,thenreturntothenominal40◦off-Sunpointattitude.However,earlyin
operations,theSCTdeterminedthattheenergycollectedfromthesolararraysatthesolarbetaangleof43◦wouldbe
adequatewithenoughmargintoremaininthisconfigurationthroughtheoriginalstartofScienceonMarch8th.

AstatisticalACSmaneuver,OTM-B1,wasplannedbeforethebeginningoftheSciencePhaseonMarch7th,2012to
adjusttheseparationdriftrateerrorsfromthepost-TSM-B3orbits.TheseparationprofilefollowingOTM-B1would
reach225kmonMarch30,2012whereanotherACSmaneuver,OTM-B2reversedtheseparationrate.Thedesignof
OTM-B1maneuverbeganonMarch1st,1dayfollowingtheTSM-B3burn.Theorbiter-to-orbiterseparationdetermined
fromthepost-TSM-B3orbitsshowedittobeclosetothereferencetrajectory,andthustheOTM-B1maneuverwas
canceled.

TheOTM-B2maneuverwasdesignedusingtheDCOoftheGR-AandGR-BorbitsonMarch26,2012.Theprocessof
designingtheOTMwasdifferentthantheothermaneuvers,sincetheorbiterremainedintheorbiter-to-orbiterpointing
attitudeatthestartoftheburn.Thismaneuverhadtousethisstartingattitudewitheitherthe+or−Z-axisACS
thrustersinthedesign.OTM-B2wasdesignedasapitch-overmaneuverwiththepitchrateabouttheX-axisequalto
themeanmotionoftheorbit.ThiswouldkeeptheKa-hornsofthetwoorbiterspointedateachotherduringtheburn,so
thattheLGRSlinkcouldbemaintained.ThemaneuverwasscheduledoverNorthlunarpolewhereredundantLGRS
datahadbeencollected,sothatitwouldnotdisrupttheSciencegathering.ThemaneuveradjustedtheperiodofGR-B
byasmallamounttotargettheseparationattheendoftheSciencePhaseto65kmonMay29th.Thedesignedburn
hada∆Vmagnitudeof28.2mm/sandwouldbeperformedonthe+Z-axisACSthrusters.Theburnerrorwasabout1
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Figure20.Comparingactualtopost-launchreference,inclination,nodedifferences,maximuminclinationand
periapsisaltitudesagainstsciencerequirements

mm/sunderthedesign.Thepointingerrorforthisburnwasratherlargeat63mrad,butthiserrordidnotcontributeto
significantorbiterrors.

Figures20a–bcomparetheachievedGR-A,GR-BScienceorbitinclinationandnodedifferencestothereference
andtheScienceco-planarorbitrequirements.whichincludetheorbitco-planarrequirementsof0.02◦ininclination
andnode.Figure20ccomparetheachievedGR-A,GR-BScienceorbitinclinationtothereferenceandtheScience
maximuminclinationrequirements.TheachievedGR-AandBScienceorbitperiapsisaltitudesarecomparedtothe
referenceandtheSciencerequirementsinFigure20d.TheSciencerequirementsfortheseparametersweremet.
Figure21showshowtheseparationprofileachievedduringtheSciencePhasecomparestothereferencedesign.Italso
showsthattheseparationprofilemettheSciencerequirements.Noticetheoffsetfromthereferencewasacceptableto
theScienceTeam.TheNavTeamwaspreparedtocorrecttheseparationprofilewithDeltaVCorrectionManeuvers
(DCMs),whichwouldbedesignedlikeanOTMovertheNorthorSouthlunarpoletoadjusttheperiodofGR-Brelative
toGR-A,butthesewereneverneeded.Figure22comparestheevolutionoftheeccentricityvectorovertheScience
PhasetotheLOIPass-1referenceorbits(refod017v1).Finally,theosculatingSciencePhaseorbitsofbothorbitersare
displayedinFigure23.
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Figure21.
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Figure23.GR-A(red)andGR-B(blue)orbitalelementsduringtheSciencePhase

4.16. NavigationPerformance

Tables4and5comparetheactualmaneuver∆Vdesignsagainstthepre-launchexpectedTLC∆V99%andreference
lunarorbit∆Vcosts,respectively,forGR-AandGR-B.TheactualTLC∆Vcostswerewithinthe14thpercentileof
theexpectedperformanceforGR-Aand23thpercentileforGR-B.ThemaneuvererrorsoftheTCMmaneuversare
summarizedinTable6.TheTCMmaneuversconsumed2.9kgofpropellantfromGR-Aand4.6kgfromGR-B.The
LOImaneuversburnedapproximately24kgeach.ThefirstOPRclustersexpended28kgoffuelforGR-Aand26kg
forGR-B.ThesecondOPRclustersexpendedapproximately29kgforbothorbiters.TheTSFmaneuversconsumed
2.7kgonGR-Aand1.9kgonGR-B.
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ThetotalGR-A∆Vcostforthelunarphasewas734.2m/s,whichwas1.6m/slessthantheprelaunchreference.The
GR-Blunarphase∆Vcostof717.3m/swasalsolessthantheprelaunchdesign(-2.6m/s).Thetotalmissioncostfor
GR-AandGR-Blefta∆Vreserveof183m/sonboardbothorbitersfortheXM(approximately19.9kgforGR-Aand
19.7kgforGR-B).

5. Conclusions

TheGRAILspacecraftweresuccessfullyflownfromlaunchtothemoonusing3outofthe5plannedTCMs.Then
aftersuccessfulLOImaneuvers,theorbiterswerenavigatedthroughtheOPRandTSFphasestobringtheorbitersinto
preciseScienceformation.ThisconfigurationmetallSciencerequirements.Theorbiter-to-orbiterpointingerrorswere
keptsmallwithfrequentephemerisuploads.Thisfrequencywasreducedfromtwiceperweektoonceperweekaftera
newgravityfieldusingtheLGRSdatawasdeliveredbytheScienceTeam.SincethatearlygravityfieldtheScience
Teamhasproducedafewmorefieldswithincreasingterms.
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