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LOW ALTITUDE MAPPING ORBIT DESIGN AND MAINTENANCE
FOR THE DAWN DISCOVERY MISSION AT VESTA

Gregory J. Whiff en*

NASA's Dawn discovery missionwill orbit the giant asteroidVestabeginningin
the summerof 2011. Four differentnearpolar scienceorbits are planned. The
lowestplannedorbit at Vestais calledthe Low Altitude MappingOrbit or LAMO
andis by far the mostchallengingto designandmaintaindueto the strong,non-
sphericalgravity expectedthere. This paperdescribeshe orbit selectionprocess.
Thetruegravity field of Vestaremainshighly uncertain.The proposearbit selec-
tion proceswill beappliedoncesuficientgravity knowledgeis obtainedathigher
orbits. Theorbit selectiorprocesss appliedhereto afictitious gravity field based
on a Hubble spacetelescopeshapemodel for Vestaassuminguniform density
The outcomeof the procesglescribecdhereis a variety of stableorbits. However,
Initially stableorbitsatthe LAMO altitudearenot expectedto remainstableop-
erationallydueto the unpredictablémpulsesresultingfrom the Dawn spacecraft
thrusterfirings to de-saturatéts momentunwheels. As a result, orbital mainte-
nancemaneuerswill be probablybe necessaryThis paperalsobriefly describes
thestatisticalmaneuerdesignprocesshatresultedn the orbit maintenancelan.

INTRODUCTION

The scienceobjectives of the NASA Dawn Discovery missionare to explore the largesttwo
memberof the mainasteroidbelt! Both VestaandCeresareprotoplanetsthatfailedto grow to a
muchlarger sizeasaresultof the gravitational disruptioncausedy the rapidformationof Jupiter
NASA's Dawn discorery missionwill enterorbit aroundthe giant asteroidVestain the summer
of 2011. Four differentnearpolar scienceorbits are planned. The lowest plannedscienceorbit
at Vestais calledthe Low Altitude Mapping Orbit or LAMO. This scienceorbit averagesabout
460[km] radiusandis by far the mostchallengingto designandmaintaindueto the strong,non-
sphericafravity expectedthere.The Dawn spacecraftisessolarelectricpropulsionfor all transfer
maneuersandorbit maintenancenaneuers. This paperdescribeghe orbit selectionprocesghat
will beusedat Vesta.Thetrue gravity field of Vestaremainshighly uncertain.The proposecrbit
selectionprocesswill be appliedoncesufiicient gravity knowvledgeis obtainedat earlier higher
orbits. In orderto illustrate the proposedorbit selectionprocessijt is appliedhereto a fictitious
field basedon a Hubble spacetelescopeshapemodef for Vestaassuminga uniform density The
uniform densitygravity modelusedin this analysiswas developedby Alex Konopliv of the Jet
Propulsioniaboratory Vestais a differentiatedbody so the assumptiorof uniformity is notlikely.
Vestasufferedanenormousmpactthatremosed andalteredmaterialon a globalscale.As aresult
little canbe known aboutVestas internalstructureandthereforethe uniform densitymodelis as
good an approximationasary othercurrentlyavailable. Given Vestas comple shapeand large
size,theuniformdensitymodelgenerates challenginggravity field for thisanalysis.

*SeniorEngineer Mission DesignandNavigation Section, JetPropulsionLaboratory 48000ak Grove Drive, Pasadena,
California91109



In this paper Stableorbits meanorbitsthathave stableorbital planegideally Sunsynchronous).
Orbitsthatimpactthe surfaceof Vestaasa resultof instability do not appearto be a threatat the
LAMO altitude given the shapeof Vesta. However, ary orbit that hasa rapidly changingplane
canplacethe spacecraftn dangerandmustbe avoided. The Dawn spacecrafhasan operational
constrainthatrequiresthatit is never thermallycycled by repeatedlyenteringandexiting shadev.
For this reason,orbits with stable,Sun synchronougplanesmustbe found and targeted. Orbits
that have an initially stableorbit planebut easily develop a rapidly changingorbit planedueto
smallperturbationsnustbe avoided. An additionalconstrainton ary orbit maintenancelanis the
spacecraftnustbe ableto avoid shadav even whenthereis a loss of control for four weeks(for
examplemissingall orbital maintenancenaneuersduringthis time). This constraintis necessary
soseverespacecrafsafingeventscanbetolerated.

Candidatd_ow Altitude MappingOrbits (LAMOs) mustbe screenedor groundtrack coverage
in additionto orbit stability characteristicsThe groundtrackrequirements easilymetby ary orbit
thatmaintainsa stableplaneandhasary of awide rangeof meangeometrigperiods.A methodand
classificatiorsystemhasbeendevelopedto identify satishictoryorbits. Theapproactiescribedere
relieson agrid searchin a4 dimensionaktatespace.The approachis computationallyexpensve,
but is suitedto parallelprocessing.

APPROACH

The goal of this analysisis to find initial conditionsfor orbits that are inherentlystable,and
exhibit azeroor slow, constantateof planechangemoving away from Vestashadev. Thegrouping
of candidateorbits is bestdoneby measuringheir meangeometricorbital periods. At LAMO
altitudes,oscillating periodsoscillatewildly andare not usefulfor measurementHencethe need
for consideringgeometrigperiods.However, evengeometrigperiodwill varyin arepeatingpattern
so the mostusefulmeasurds the meangeometricperiodaveragedof mary orbits. The radiusof
LAMO is expectedo benear4d60kilometersbut maybelOsof kilometerdoweror higherdepending
ontheorbitsthatexist in thegravity thatwill bediscorered.Sciencaequirementsanbemetatthis
altitudegivenenoughtime. Lower altitudesaredesirablebut costscienceime by requiringlonger
(andriskier) transferdo reachthem.

Themethodusedto performa comprehense explorationof the designspaces basedon a four
dimensionalgrid search. Thereare seven dimensionsavailableto a generalorbit arounda non-
sphericalbody thatis undegoing a simplerotation. Six degreesof freedomcorrespondo initial
positionand velocity of the spacecrafandthe seventhis the epochof the initial condition. The
epochof the initial conditiondetermineghe orientationof the centralbody The Low Altitude
MappingOrbit is requiredto be nearcircular andits orbit planemustbe orientedso thatits orbit
planeis 45 degreesaway from the Sundirectionto satisfyscienceobjectives. A furtherconstraint
is thatthe orbit descendingnodemustbe over thelit AM sideof Vesta. Theserequirementgully
determinethe orbit plane. In a point masstwo-bodysystem constraininghe orbit planeremaoves
two degreesof freedomand constrainingthe eccentricityremores a third degreeof freedomand
alsoafourthif the eccentricityhappenso be zero(agumentof periapsigthenbecomesrrelevant).
Sofor theLAMO designspaceconstrainingplaneandeccentricityto nearzeroleavessevenminus
four or only threedegreesof freedom. However, the (mean)eccentricityof LAMO is not (and
cannotbe) strictly constrainedo be zero. The meaneccentricitydoesnot needto fully minimized
to achiere scienceobjectives, sothereis a boundeddegree of freedomthatremains. This leaves
four degrees.Theorbit sizeis boundeddy themaximumrangethatis acceptabléo scienceandthe



minimumrangethatis both safeandpracticalto reach.

Therearemary possibleparameterizationsf the remainingfour degreesof freedom. The sim-
plestto implementis a setof oscillatingorbital elementsat a fixed epoch. The setchosenhere
aresemi-majoraxis, eccentricity amgumentof the periapsisandinclination. The meaningof each
of theseelementsds blurredwhenviewed in termsof the correspondingrbit propertiesor mean
elements.However the following interpretationsre postulated.The semi-majoraxis mainly con-
trols the orbital enegy (Vestarotationalphasealsocontrolstheinitial orbital enegy). Eccentricity
mainly controlorbit shapesearchinghe phasespaceof orbitsthatstartin a directionthatis above
andbelow the local horizontaldirection. The agumentof periapsig(given a fixed true anomaly)
effectively controlsthe Vestarotationalphasebecausét determinesvherearoundVestathe orbit
startsgiven a non-zeroeccentricity Inclination mainly controlsthe orbit planechangerate asa
resultof nodalprecessiomprimarily dueto J2. All four elementsmpactmeangeometrigperiodand
thenodalprecessiomasaresultof the J2andthestronghigherordergravity terms. Takenasawhole,
all four elementsaadequatelythoughnot precisely)cover the desiredd degreesof freedomremain-
ing in the orbit designphasespace The objectize of a grid searchover the four dimensionglefined
above is to searchfor usefulspecificorbit, usefulpatternsanddeterminewhat LAMO properties
arepossiblen general.

Thegrid samplespaces definedin Tablel correspondingo atotal of 276x 6 x 12x 5=99,360
points. Eachpoint resultsin an initial conditionthat can be propagatedo measureorbit plane
evolution andmeangeometricperiod. The rangesandstepsizeschosenin Table1 wereselected
basedudgmentmadefrom mary individual testpropagations.The resultsfrom this setof points
appeargo yield a nearexhaustve search.Note that propagatiorof theseinitial statesalonedoes
not determinethe stability of the corresponding@rbitsthey define. Anotherstepis necessaryThis
stepwill bepresentedater

Table1l. LAMO grid samplepoints

Semi-majorAxis 42510 480[km] in 200[m] steps
Eccentricity 0,0.005,0.010,0.015,0.0200.025
Argumentof the Periapsis| 0, 30,60, 90,120,150,180,210.240,270,300,330[degrees]
Inclination 90,90.10,90.15,90.20,90.25

RESULTS OF THE GRID SEARCH

Nonlinearpropagatiorof thegrid pointinitial statesassumen 8x8 harmonicapproximatiorof
the the uniform densityVestamodel. The 40 day propagationsesultin about240 orbital revolu-
tions. About2000propagationperdaypercpuarepossible Sinceeachpropagations independent
of thenext, it is easyto deplg thisprocesso alargecomputercluster Figurel presents histogram
of theresultingorbitalmeangeometrigperiodsfor all of thegrid pointinitial conditions.Therange
of meangeometricperiodsobtainedfrom the grid searchis from 3.5 to 4.8 [hours] which com-
pletely bracletsthe desiredLAMO periodof 4.1 hours. Despitean even grid spacinganda very
large samplespace the meangeometricperiodremainshighly clumped. Figure 1 indicatesvari-
ousVestarotationalto spacecraforbital resonancewith labeledred, verticallines. In somecases,
resonancesppearo “repel” trajectories. Sometimeghe repulsionis symmetricand sometimes
it is asymmetricaboutthe resonance Clumping appearsabose seseral of the strong(low order)
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Figurel. A histogram of the meangeometricperiodsof all orbits in the search. Vesta
rotational to spacecraftorbital resonancesare indicated by red vertical lines. The
meangeometricperiodsare highly clumped.

resonancebke the 3:4, 4:5,and5:6 resonancesT his mayindicateinherentstability above certain
resonanceshemostrepellantresonances 3:4. Therepulsionis symmetric.Thismayindicatethat
very few stableorbits exist with meangeometricperiodsvery closeto the 3:4 resonanceAnother
obserationthatcanbe madeis thatthereare smallerclumpsandrepulsve periodsnot associated
with ary low orderresonance Part of this may be dueto the fact thattheremay be orbits which
transitionfrom onepseudcstablegeometricperiodto anotherandpossiblybackagain). If thisis
the casethenthis may obscureherepelling/attractig periodsin the meanperiodplotin Figurel.
To investigatethis possibility Figuressimilarto 2 weregeneratedFigure2 is a plot of geometric
period (not mean geometricperiod) versuspropagatiortime for all 99,360grid searchorbits. In
this Figure,geometrigperiodis computedasarunningvaluebasedntheimmediatelypreviousfull
revolution. Colorin Figure2 is determinedy themeangeometrigeriod. Thereis bothalongterm
andshorttermoscillationin the geometrigoeriodfor all orbits. The shorttermoscillationperiodis
afunctionof the meangeometrigperiod. The shorttermoscillationhasa periodof about24 hours
neara meangeometrigoeriodof 4.9 hoursanddecreaset 10.5hoursat a meangeometricperiod
of 3.5hours. The long termoscillationin geometricperiodappeargo not be a strongfunction of
geometrigperiod. For therangeof meangeometricperiodsconsidered3.5to0 4.9 hours)thelong
termoscillationperiodis near9.0 days. Thesecharacteristicareof interestto the scienceplanning
for theLow Altitude MappingOrbit, but will likely changeguantitatvely oncethetrueVestagravity
field is determined.Clumpingis muchlessclearwhenorbit to orbit variationin geometrigperiod
is plottedasin Figure2. It is alsointerestingthatthereis a greatdealof appareninstability near
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Figure2. Geometricperiod (not meangeometricperiod) versuspropagationtime for
all grid point orbits. Color in Figure 2 is determined by the meangeometricperiod.

the 2:3 resonancat the bottomof Figure2. Theredandorangecolorsindicatingdifferentmean
geometricperiodsare often on top of eachotherin this plot which indicatesthat transitionsfrom
onepseudastablegeometrigperiodto anothermndbackagaindoesoccurfor someorbits.

An importantcharacteristi¢or the selectionof anacceptabl®rbitis themeanradius.Themean
radiuscontrolsthe resolutionof Dawn’s GammaRayandNeutronDetectof GRAND) instrument
andtheresolutionof imaginginstrumentsGRAND is oneof two primaryexperimentfor LAMO.
Theotheris gravity sciencevhichis alsostronglyinfluencedy mearradius.Figure3is aplotof all
grid orbit's meangeometricperiodversusmeanradius. Color is scaledto meangeometrigperiod.
Meanradiusis computedby averagingover the full 40 day propagation(or over approximately
240revolutions). A significantfeatureof Figure 3 is thatthereis not a oneto onecorrespondence
betweemmeanradiusandmeangeometrigperiod. Specifically for a given meangeometrigperiod,
orbitswith differentmeanradii generally(but notalways)exist. Similarly, for agivenmeanradius,
multiple orbitsmay exist with differentmeangeometrigperiods.Figure4 is asmallpartof thedata
presentedh Figure3 which emphasizethatmultiple orbits at given meanradii or meangeometric
periodexist. Figure4 alsoindicatesthattherearecomplex patterngpresenin the fine structureof
themeangeometrigperiodversusmeanradiusrelationship.
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Anotherimportantcharacteristidor the selectionof an acceptablerbit is the Sun“3” angle.
The Sung angleis the anglebetweerthe orbit plane(not the angularmomentumunit vector)and
the Sundirection. A 8 angleof 90 dggreescorrespondso an orbit thatis faceonto the Sun. A g
angleof 0 degreescorresponds$o anorbit thatis edgeon to the Sun. Angleslower thanabout39
degreeswill placeDawn in repeateghadev from Vestawhennearthe LAMO altitude. The Dawn
spacecrafhasanoperationatonstrainthatit mustnotentershada to avoid thermalcycling. The
minimumsafes anglethatcanbetamgetedhasbeenestablishedo be 45 degrees Figure5 presents
the time evolution of the 8 anglefor all orbits. Again, colorsindicatedifferentmeangeometric
periods.Noticethatall orbitsin Figure5 begin nearthe minimumsafetamgetof 45 degreess angle.

80

Sun Beta Angle [degrees]

15 20 25
Days Past Start of LAMO

Figure5. The time evolution of the 8 anglefor all orbits. Note that all orbits begin
near the desired value of 45 degrees.Orbits that move below 39 degreesenter Vesta
shadow.

However, agreatmary orbitshave adovnwardtrend.It shouldbenotedthatthemaximumg angle
possiblan LAMO orbitis alittle above 70 deggreesasaresultof the particularpole of Vestaandthe
requirementhatLAMO is nearpolar Thereforen Figure5 orbitswith rapidlyincreasing3 angles
appeato “bounce”off of a g angleof 70 degreesandthenheaddowvnward. The rateof changeof

theorbit planein all casechangesoughlylinearly overtime scalesof 10 daysor more.

SCREENING THE GRID SEARCH RESULTS

Onedesiredcharacteristiof LAMO is a nearflat time evolution of the 8 angle. The reasons
for this are(1) we staynearthe minimum safes anglefor optimallighting for imagingand(2) we
end LAMO with alow enoughg angleto be ableto reachthe next scienceorbit HAMO2 which
is desiredto have a 8 angleof 45 degreesalso. If we departLAMO with a g anglemuchlarger



than45 degreesthenthe large costof the planechangewill delaythe startof andreducethe size
of HAMO 2. Usingtheinstability of the 1:1 resonancen theway to HAMO 2 to achieve a “free”
planechangeis consideredoo risky becausery usefulorbit will have to have a rapid naturally
declining8 angle.Any temporarylossof spacecraftontrolwill resultin the spacecrafstayingin
thedeclinings angletrajectorytoo long whichwill resultin shadav entry
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Figure 6. The time evolution of the 8 anglefor all orbits that stay between44 and 46
degreesg angle. Differ ent colorsindicate differ ent meangeometricperiods.

A total of 992 distinct orbits remainif all orbits with 5 angleratesthat causethemto depart
the 8 anglerangeof 44 to 46 degreesduring the 40 day propagatiorareremoved. The 8 angle
evolution of theremainingd92orbitsareplottedin Figure6. Slowly evolving 5 angleorbitsexist at
awiderangeof meangeometrigeriods.Figure7 providesahistogranof theorbit meangeometric
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Figure 7. The time evolution of the 8 anglefor all orbits that stay between44 and 46
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periodsthat satisfythe 44 to 46 degree anglerange. Notice thatthereareno orbits nearthe 3:4
resonanceClearlythisis aregionto avoid. Thelargestconcentratiorof orbitsoccurjustabove the
7:9resonancatameangeometrigperiodof about4.2 hours.This periodcorrespondso orbitswith
ameanradiusof around460kilometers.

SCREENING FOR ORBIT STABILITY

Stability in this contet refersonly to the g anglerate. Orbitsthatimpactthe surfaceof Vestaas
aresultof instability do not appearto be a threatat the LAMO altitude given the shapeof Vesta.
Ourdeliveryto the startof aselected AMO will beimperfect.lt is necessaryo notonly selectan
orbit with averylow g angleevolutionratebut alsoonethatis asstableaspossible. Stability is not
only requiredto accountfor a poorinitial delivery to LAMO but alsoto absorbthe unpredictable
impulsesresultingfrom the Dawn spacecrafthrusterfirings to de-saturatéts momentunwheels.
Thesehrusterfirings arenotgenerallysymmetricsothereareusuallysmallnetimpulsesassociated
with them.

Orbit stability is testedthroughintroducingcarefully selectedohasespaceperturbationsat the
startof anorbit andtrackingthe divergenceof the 8 anglecomparedo the unperturbedrajectory
The first stepis to estimatea “typical” distribution of expectedLAMO initial delivery errorsin
positionandvelocity (phasespace To obtainthis distribution, a Monte Carlosimulationof nonlin-
earpropagationg&ndnon-linearoptimizationsubjectto sampledorbit determinatiorerror, gravity
knowledgeerror momentunde-saturatiomncertaintyandtransfermaneuer executionerrorwas
usedto modelthe transferleadingup to LAMO. 3 TheresultingMonte Carlo deliveriesto LAMO
arefit with a phasespace(6 x 6) covariancematrix. The methoddescribedhereis not very sen-
sitive to the assumedlistribution of expectedtrajectoryperturbations.The main purposeof the
distribution is to provide an approximateshapeof typical dispersionsn phasespace.For exam-
ple, dovn-track perturbationsare typically much larger than crosstrack perturbationgor orbital
missions A covariancematrix modeldevelopedin theway describedabore will exhibit this shape.

Figure 8. An exampleof 6 position displacementsdevelopedfr om eigenvectors. The
position displacementsare centered on a blue referencetrajectory. The size of the
displacementsare exaggeratedor illustrati ve purposes.

The secondstepis to computesix independenEigenvectorsof the covarianceandalsorecord



the reversedirectionsof thesesix Eigenvectors. Theresultis twelve displacementi the six di-
mensionaposition-elocity phasespacecorrespondingo a singlestandardieviation perturbation.
Using thesetwelve displacementsatherthan randomlysamplingthe covariancegreatly reduces
the requirednumberof displacementsieedto characterizehe phasespaceencompassingypical
LAMO startdelivery errors. Thisapproachs similarto the previously developedsigmapointmeth-
odsfor Kalmanfilters* and unscentediltering methodsfor nonlinearestimatior?. Figure8 is an
exampleof 6 positionspacedisplacementaboutthe referencepropagatior(blue trajectory). This
approachis alsousedto evaluatethestability of thepoweredflight periodsduringtransfersat Vesta®
The covarianceusedin this analysiswasdevelopedusinga Monte Carlo proces3 andis provided
in Table2. The covarianceis providedin the Radial, Transerse,andNormal (RTN) frame. The
mostusefulframein which to computethe covarianceandresultingeigenvectorsis in the RTN
frame. The RTN frameis definedasfollows. The radial directionis definedasthe (outward) di-
recteddirectionfrom the centralbody to the spacecraftthe transersedirectionis definedasthe
localhorizontaldirectionclosesto theorbital velocity, andthenormaldirectioncompletesheright
handedorthonormalcoordinatesystem. The advantageof usingthis frameis that the resulting
twelve displacements phasespacecanbe appliedat ary pointaroundanorbit. The upperleft 3
x 3 positionsub-matrixnorm of the covariancein Table2 is 1.9865[km]. Thelower right 3 x 3
velocity sub-matrixnormof the covariancein Tablelis 0.7785[m/s].

Table2. LAMO initial delivery characteristic covariancein the RTN frame [km,s]

0.027798 | -0.32469 | -0.001504 | 0.00012762| -4.5042e-6| 5.7168e-7

-0.32469 3.9191 0.016945 | -0.0015402| 5.3174e-5| -7.2113e-6
-0.001504 | 0.016945 | 0.00082985| -6.6637e-6| 2.1481e-7| -3.3367e-8
0.00012762| -0.0015402| -6.6637e-6| 6.0533e-7 | -2.0907e-8| 2.8349e-9
4.5042e-6 | 5.3174e-5| 2.1481e-7 | -2.0907e-8| 7.8476e-10, -9.19e-11

5.7168e-7 | -7.2113e-6| -3.3367e-8| 2.8349e-9 | -9.19e-11 | 2.5959%e-11

Thefirst six cloud statesarederived from the covariancein Table2 asfollows

AState; = COVepotesky - EVi v s fori=1,2,3,4,5,6 Q)
whereCOVeporesky 1S the lower triangularCholesly factorof the covariance EV; is thei*" eigen
vector of the covariance,and s is the “sampledepth” (or sigmadepth). In this analysis,s = 2
meaningthe statecloudis of sizetwo standarddeviationsaccordingto the covarianceused. The

remaining6 cloudstatesare

AState;

—AState;_g fori=17,8,9,10,11,12. (2)

The third andfinal stepis to usethe setof twelve displacementin phasespaceto createstate
cloudsaroundheinitial conditionof eachorbitto betested Eachstateis propagateforwardin time
usingfully nonlinearpropagatiorwhile recordingthe g angleevolution of eachstate. Relatvely
rapid divegenceof one or more cloud states@ angleindicatesinstability A criteriafor “stable
enough”depend®ntheorbit maintenancelan(coverediater)andtheability to survive atemporary
lossof spacecraftontrolwithout enteringshadaov.

The methodoutlinedabore wasappliedto the boxed portion of the screenedrajectoriesillus-
tratedin Figure9. Figure9 includesonly orbitsthatstaywithin a 5 anglerangeof 44to 46 degrees.
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Figure 9. Mean geometric period versus mean orbital radius for orbits that stay
within a 8 anglerange of 44to 46 degrees.Color in Figureis determined by the mean
geometricperiod.

Of theseorbitsit wasdeterminedor avariety of reasongo focuson orbitsbetweerthe 3:4 and4:5

resonancekigurelOillustrateshesubsetf orbitsinsidetheboxin Figure9. Thestabilityanalysis
describecabore wasappliedto the orbitslabeled12 through21in Figure10. Basedon theresults
of an analysisof a large numberof orbits, a stability classificationsystemwas developedbased
on the maximumexcursionof the 8 angleover all twelve perturbedorbitsrelative to the nominal
unperturbearbit given1 40 dayor 240orbital revolutions.A 20 perturbatiorcloudis assumedhn

the classificatiorsystem.Table 3 presentghe classificatiorsystem.Stability in this classification
systems purelyrelative basedntherangeof stabilityfoundin theentiregrid search. Theapprox-

Table3. LAMO orbit relative stability classificationsystem

maximumg angleexcursion| Relatve

Class duringa40daypropagation| abundance
Ultra Stable 0°t0 0.22 Degrees 5%
Very Stable 0.25 t0 0.7% Degrees 32%
Stable 0.7 to 1.25 Degrees 35%
LessStable 1.2% t0 1.7 Degrees 12%
Unstable 1.7% to 2.5(¢° Degrees 10%
Very Unstable > 2.50° Degrees 6%

imaterelative abundance®f the differentlevelsof stability foundin thegrid searchareincludedin

11
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near the 7:9 resonance.The resultsof a stability analysiswill be presentedfor the
orbits labeled12through21.
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Figure11l. An exampleof an “ultra stable” orbit’ stime evolution of the 8 angle. The
unperturbed orbit is plotted as a red line and each of the 12 two-sigmaperturbed
orbits are plotted with blue lines.

Table3. An exampleof an“ultra stable”orbit is providedin Figure1ll Figurell corresponds$o
the orbit labeled20 in Figure 10. The unperturbedrbit’s time evolution of the 5 angleis plotted
asaredline in Figurell Eachof the 12 perturbedrbitsareplottedwith bluelines. Thereis very
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little changdn the 8 angleevolution giventhe 2o perturbationsin factthis orbit canwithstanddo
perturbationsandstill staybelov 0.5 excursionsfrom the unperturbedrajectoryduringa 40 day
propagationOrbitswith this degreeof stability arehighly desirable Thefactthattheseorbitsexist
for theuniform densitymodelof Vestais no guarante¢hey will exist for therealVestagravity field
thatwe will encounter Anotherinterestingfeatureof Figure11 is the slight curvatureof thetime
evolution of the 8 angle. This may be a very long periodoscillation. This very gentlecurvature
is not of ary practicalconcernbecauset turnsout thatthe Dawn spacecrafthrusterfirings to de-
saturatdéts momentumwheelsarestrongenoughto move usoff of anultra-stableorbit well before
40days.Orbitalmaintenancenaneuersarenecessaryell before40 daysinto LAMO to compen-
sate. Figures12 and 13 areexamplesof a “Stable” anda “Very Unstable”orbit correspondingo
the orbitslabeled15 and16 respectiely in Figure10. Figurel4is the sameasFigure10 except
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Figure12. An exampleof a“stable” orbit’ stime evolution of the 8 angle. The unper-
turbed orbit is plotted asaredline and eachof the 12two-sigmaperturbed orbits are
plotted with blue lines.

the orbits labeledin Figure 10 have therestability indicated. It is interestingto seethatthe very
regular patternof orbitsthat exist in the upperright handcornerin Figures10 and 14 are*“ultra”
stable.In generalthereis a greatdealof interestingstructurethat canbe seenin plotslike Figure
14. The*“thinning” of orbitsthatexist nearorbit 13 in Figure10is alsointeresting.Nearorbit 13
thereappearso be only onemeanradiusorbit thatexistsfor a givenmeangeometrigoeriod.

The“very unstable”orbit in Figure 13 demonstratethat,in somecasespnly oneof thetwelve
perturbationgandiverge significantly This is interestingoecausehe oppositeperturbatiordirec-
tion correspondingo this eigenvectoris much more stable. Linear analysiswould not predict
this.
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LAMO ORBIT MAINTEN ANCE

Monte Carlo simulationsindicatethat even “ultra” stableorbits at LAMO altitudes,do not re-
main stablegiven the uncertaintyof small velocity changesmpartedfrom the asymmetricburns
requiredfor the Dawn spacecraftnomentumwheelde-saturationThereforejt is necessaryo de-
velopanorbit maintenancelan. ThefactthatDawn is anelectricpropelledspacecrafcomplicates
the maneuer design. Further given the dangerouperatingconditionsfor the Dawn spacecraft
atLAMO altitudes the maintenanc@lan hasto be robustagainstmissedmaintenancenaneuers.
Specifically temporarylossof control mustnot resultin the spacecrafenteringshada. A fully
nonlinearanalysids necessarto designandtestary statisticaimaneuer planandshaw thatit is ro-
bustagainsimissedmaneuers.Nonlinearanalysiscannotbeavoideddueto thecomple, nonlinear
dynamicsnearVesta. Candidatanaintenancenaneuer planswere evaluatedby combiningnon-
linear propagatiorandoptimizationin a Monte Carloloop with numerouserror sourceausing Veil
software developedby the author® Error sourcesnodeledincludeorbit determinatiorerror, ma-
neuer executionerror, missedmaneuers, gravity harmonicsuncertainty pole uncertainty Vesta
rotation uncertainty momentumde-saturatiorburn uncertainty andinitial LAMO orbit injection
errors. EachMonte Carlo run includesseveral orbit maintenanceyclesdaisychainedtogetherto
ensureinstabilitiesin the control stratgy do not emepe after repeatedapplications. The LAMO
orbit is expectedto lastat least70 daysandpossiblyaslong as120days. During this time Dawn
will completebetween400 and 700 revolutions aroundVesta. It was demonstratedhat orbital
maintenancenaneuerswill berequiredon aweeklybasis.Further it wasdemonstratethattwo
maneuers separatedn time needto be designedsimultaneousiyto correctorbit planeerrorsand
regain orbital stability while remainingrobust to missedmaneuers. The reasoningoehindthis
architecturds presentedn Figurel5.

<+— OMM leverarm —»

A OMM-a OMM-b

@

= rate = B Rate = Ro

<

© .

D Reference LAMO S~ o .

m S~ faJlUre
_______________________________________ - _.::..-.
Shadow

Recovery time>25days ——»

Figure 15. An exampleof correctinga LAMO that hasa positive 8 anglerate using
two simultaneouslydesignedmaneuwers OMM-a and OMM-b .

In general,a planechange(g anglechange)and planerate changecannotbe correctedusinga
singlelow-thrustmaneuer of acceptablyshortduration. Two maneuers are thereforerequired.
Thefirst maneuer, “OMM-a” reverseshe (8 anglerate sothat after a periodof time the 8 angle
will returnto thenominalvalueof 45°. Whenthe orbit hasreturnedto =45 a secondnaneuer,
“OMM-b”, mustthenhaltthe 8 anglerateandretageta stable(orbit plane)orbit. Figurel5is an
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exampleof correctinga LAMO thathasapositive 8 anglerate.Its importantto notethatwheneera
maneuer (OMM-a) is executedo createanegative § anglerate,anda secondnaneuer (OMM-b)
to zeroout the 8 anglerateis missedthenshada entrywill occuraftera certainperiodof time.
The missionhasa safetyconstrainthatrequiresthatshadev mustalwaysbe avoidedif controlis
lostfor up 25 days. Thereforethe negative 8 anglerate(R2 in Figure15) mustbe gradualenough
thatshadav will beavoidedfor atleast25 daysin theeventof the OMM-b failure. Thisalsomeans
thatthetime betweerOMM-a andOMM-b mustbe long enoughto accommodat¢he gradualrate
setupby OMM-a (seeFigurel5). Thetime betweerOMM-a andOMM-b is calledthe OMM lever
armtime. Thelongerthelever arm,themoregraduatherecosery rate R2 in Figurel5canbe. The
maximumrate R1 in Figurel5thatwe arelikely to encountefwhichis notin our control)andthe
reactiontime or the time when OMM-a canbe executedwill determinehow far the 5 anglewill
diverge from the referenceby the time OMM-a canexecute.NonlinearMonte Carlo analysiswas
usedto determinethe maximumexpectedratesR1. Basedon the maximumexpectedrate R1 and
thesafetyrequirementsi wasdeterminedhata 6.5day OMM lever armtime is necessary

The two maneuer stratgy outlined abosre can meetsafetyrequirementgor avoiding shad.
Theotherrequirements thatthe stratgy cantamgeta sufiiciently stableorbit atthe endof OMM-b
sothatsubsequem®MM cyclescancontinueto controltheorbit. This stability requirementanbe
easilymetif OMM-b retagetsa 6 stateon theoriginal LAMO referencehatis alreadydesignedo
be very stable. It turnsout thatthis is only possibleif theinitial delivery to LAMO is suficiently
accurateandthe OMM processds begunsoonafter LAMO begins. It wasdeterminedhatthefirst
OMM-a shouldoccurwithin 7 daysof thestartof LAMO basedn Veil (Monte Carlo/optimization)
analysis.Also thetime betweerthe datacut off for orbit determinatiorandwhenOMM-a begins
to executeis assumedo be threedays. The designof both OMM-a and OMM-b mustbe com-
pletedsimultaneouslylt is possibleto updateOMM-b after OMM-a executesusingtheimproved
knowledgethatwill beavailable.Howeverit wasfoundthatthisis notnecessary

Figure 16 is a timeline of the OMM architecturethat wastestedto verify the effectivenessof
the proposedOMM stratgy. The startof LAMO beagins attime O in Figure16. The first OMM
sequencdegins with OMM-a at 7 days(labeled“1”) andOMM-b at 14 days(labeled“2”). The
first OMM leverarmis indicatedas“Cycle 1” onthetimeline. The orbit determinatiordatacut off
for the knowledgeusedto design“Cycle 1" occurs3 daysbeforeOMM-a andis indicatedwith a
red verticalline labeled“DCO 1 Oncethe first OMM cycle is complete(red periodon the time
line), thetrajectoryis restoredapproximatelyto thereferencerajectory An adequatenaximum
durationof eachmaneuer wasfoundto be 12 hoursbasedon trial and error Monte Carlo runs.
The orbit is expectedto decayagainduring the “Coast1” (greenperiod) on the time line. The
durationof the coastperiodis 6.5 days. At the middle of the “Coast1” periodthe designof the
secondOMM-a/OMM-b sequencés startedoasedon knowvledgeat “DCO 3”. The secondOMM-
a/OMM-b sequencés coloreddarkblueonthetimeline. Oncethe“Cycle 2" OMM-b hasexecuted,
theorbit shouldagainberestoredapproximately}o thereferencdrajectory Two moredesignand
OMM cyclesweremodeled. No further controlis appliedafterthe OMM “Cycle 4” to seewhat
the behaior of uncontrolledorbitsis. The momentumwheeldesaturatioreventsare modeledas
randomimpulseandare appliedat the black vertical tick marksindicatedto the right of the label
“Desats”on thetimeline. Maneuer angleandmagnitudesrror samplingis indicatedby diamonds
to theright of thelabels“Angle sam”and“Mag sam”onthetimeline in Figurel16.

Theresultof applyingthe OMM architectureén Figure16 to the operatingconditionswe expect
at Vestais indicatedin Figurel7. Figurel17 illustratesthe evolution of the 8 angleduring LAMO.
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VEIL: Time Line LAMO OMM

Cycle Dco Maneuver Duration [d]
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Figure 16. A timeline of the OMM architecture that was testedusing Monte Carlo
analysisof the sequentialdesignprocess.

ThereferenceLAMO is indicatedasa redline. The slow decreasén LAMO g anglein the ref-
erenceLAMO would likely disqualify this orbit for real operations.But the ability to control to
thisreferencdl AMO still providesa goodtestof the proposedOMM architectureA total of 1204
simulationsof the OMM architecturaunderdifferentsamplingof knovledge,executionerror, and
de-saturationmpulsesareplottedasbluelinesin Figure17. The OMM architectureprovided ex-
cellentcontrol for all 1204 simulations. When controlis terminated(at aroundday 60 in Figure
17) the 8 angledeparturdrom thereferences evident. In operationsthe OMM processvould be
continuedhroughout. AMO.

Figurel8isthesameasl7 exceptin eachof the1204simulationghe 8 angleevolutionis plotted
assuminghe failure of OMM-b to execute(greenlines). In all 1204x 4 = 4816 OMM-b failures,
all but perhapg stayclearof shadav (aroundg angle= 39 degrees). This resultverifiesthatthe
sizeof OMM leverarmis adequatdor spacecrafsafety

CONCLUSION

NASA's Dawn discovery missionwill orbit the giantasteroidvVestabeginningin the summerof
2011.0f thefour plannechearpolarscienceorbits,thelowestplannedrbit, Low Altitude Mapping
Orbit, is by farthemostchallengingo designandmaintaindueto the strong,non-sphericafjravity
expectedthere. This paperdescribedhe orbit selectionprocess. The true gravity field of Vesta
remainshighly uncertain.The proposedrbit selectiorprocessvasshavn to work whenappliedto
afictitious gravity field basednaHubblespacdelescopashapenodelfor Vestaassuminguniform
density Theoutcomeof the processiescribechereis avariety of sufficiently stableorbits. Orbital
maintenancenaneuersare necessaryo counteracthe unpredictablempulsesresultingfrom the
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VEIL: LAMO OMM Truth Beta 1204 samples
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Figure 17. The time evolution of the 8 angleduring LAMO. The referenceLAMO
is indicated asa redline. 1204differ ent simulations of the OMM architecture under
differ ent samplings of knowledge, execution error, and de-saturation impulses are

plotted asblue lines

Dawn spacecrafthrusterfirings to de-saturatéts momentumwheels,uncertaintyin Vestaphysical
propertiesmmaneuer executionerror andthe delivery errorto the startof LAMO. An architecture
for orbital maintenancenaneuerswasbriefly describecandshavn to be effective in the operating

environmentat Vesta.
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