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

Gregor y J. Whiff en
�

NASA’s Dawn discovery missionwill orbit thegiantasteroidVestabeginning in
the summerof 2011. Four differentnearpolar scienceorbits areplanned. The
lowestplannedorbit atVestais calledtheLow Altitude MappingOrbit or LAMO
andis by far themostchallengingto designandmaintaindueto thestrong,non-
sphericalgravity expectedthere.This paperdescribestheorbit selectionprocess.
Thetruegravity field of Vestaremainshighly uncertain.Theproposedorbit selec-
tion processwill beappliedoncesufficientgravity knowledgeis obtainedathigher
orbits.Theorbit selectionprocessis appliedhereto afictitiousgravity field based
on a Hubble spacetelescopeshapemodel for Vestaassuminguniform density.
Theoutcomeof theprocessdescribedhereis a varietyof stableorbits. However,
Initially stableorbitsat theLAMO altitudearenot expectedto remainstableop-
erationallydueto theunpredictableimpulsesresultingfrom theDawn spacecraft
thrusterfirings to de-saturateits momentumwheels.As a result,orbital mainte-
nancemaneuverswill beprobablybenecessary. This paperalsobriefly describes
thestatisticalmaneuverdesignprocessthatresultedin theorbit maintenanceplan.

INTRODUCTION

The scienceobjectives of the NASA Dawn Discovery missionare to explore the largest two
membersof themainasteroidbelt.1 Both VestaandCeresareprotoplanetsthatfailedto grow to a
muchlargersizeasa resultof thegravitationaldisruptioncausedby therapidformationof Jupiter.
NASA’s Dawn discovery missionwill enterorbit aroundthe giant asteroidVestain the summer
of 2011. Four differentnearpolar scienceorbits areplanned. The lowestplannedscienceorbit
at Vestais called the Low Altitude MappingOrbit or LAMO. This scienceorbit averagesabout
460[km] radiusandis by far themostchallengingto designandmaintaindueto thestrong,non-
sphericalgravity expectedthere.TheDawn spacecraftusessolarelectricpropulsionfor all transfer
maneuversandorbit maintenancemaneuvers. This paperdescribestheorbit selectionprocessthat
will beusedat Vesta.Thetruegravity field of Vestaremainshighly uncertain.Theproposedorbit
selectionprocesswill be appliedoncesufficient gravity knowledgeis obtainedat earlier, higher
orbits. In order to illustratethe proposedorbit selectionprocess,it is appliedhereto a fictitious
field basedon a Hubblespacetelescopeshapemodel2 for Vestaassuminga uniform density. The
uniform densitygravity modelusedin this analysiswasdevelopedby Alex Konopliv of the Jet
Propulsionlaboratory. Vestais a differentiatedbodysotheassumptionof uniformity is not likely.
Vestasufferedanenormousimpactthatremovedandalteredmaterialon a globalscale.As a result
little canbe known aboutVesta’s internalstructureandthereforethe uniform densitymodelis as
goodan approximationasany othercurrentlyavailable. Given Vesta’s complex shapeand large
size,theuniformdensitymodelgeneratesachallenginggravity field for thisanalysis.

�
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In thispaper, Stableorbitsmeanorbitsthathave stableorbital planes(ideallySunsynchronous).
Orbits that impactthesurfaceof Vestaasa resultof instability do not appearto bea threatat the
LAMO altitudegiven the shapeof Vesta. However, any orbit that hasa rapidly changingplane
canplacethespacecraftin dangerandmustbeavoided. TheDawn spacecrafthasanoperational
constraintthatrequiresthatit is never thermallycycledby repeatedlyenteringandexiting shadow.
For this reason,orbits with stable,Sunsynchronousplanesmustbe found and targeted. Orbits
that have an initially stableorbit planebut easily develop a rapidly changingorbit planedue to
smallperturbationsmustbeavoided.An additionalconstrainton any orbit maintenanceplanis the
spacecraftmustbe ableto avoid shadow even whenthereis a lossof control for four weeks(for
examplemissingall orbital maintenancemaneuversduringthis time). This constraintis necessary
soseverespacecraftsafingeventscanbetolerated.

CandidateLow Altitude MappingOrbits(LAMOs) mustbescreenedfor groundtrackcoverage
in additionto orbit stabilitycharacteristics.Thegroundtrackrequirementis easilymetby any orbit
thatmaintainsastableplaneandhasany of awiderangeof meangeometricperiods.A methodand
classificationsystemhasbeendevelopedto identifysatisfactoryorbits.Theapproachdescribedhere
relieson a grid searchin a 4 dimensionalstatespace.Theapproachis computationallyexpensive,
but is suitedto parallelprocessing.

APPROACH

The goal of this analysisis to find initial conditionsfor orbits that are inherentlystable,and
exhibit azeroor slow, constantrateof planechangemoving awayfrom Vestashadow. Thegrouping
of candidateorbits is bestdoneby measuringtheir meangeometricorbital periods. At LAMO
altitudes,oscillatingperiodsoscillatewildly andarenot usefulfor measurement.Hencetheneed
for consideringgeometricperiods.However, evengeometricperiodwill vary in a repeatingpattern
so the mostusefulmeasureis themeangeometricperiodaveragedof many orbits. The radiusof
LAMO is expectedtobenear460kilometersbut maybe10sof kilometerslowerorhigherdepending
ontheorbitsthatexist in thegravity thatwill bediscovered.Sciencerequirementscanbemetat this
altitudegivenenoughtime. Lower altitudesaredesirablebut costsciencetime by requiringlonger
(andriskier) transfersto reachthem.

Themethodusedto performa comprehensive explorationof thedesignspaceis basedon a four
dimensionalgrid search. Thereareseven dimensionsavailable to a generalorbit arounda non-
sphericalbody that is undergoing a simplerotation. Six degreesof freedomcorrespondto initial
positionandvelocity of the spacecraftandthe seventh is the epochof the initial condition. The
epochof the initial conditiondeterminesthe orientationof the centralbody. The Low Altitude
MappingOrbit is requiredto benearcircularandits orbit planemustbeorientedso that its orbit
planeis 45 degreesaway from theSundirectionto satisfyscienceobjectives. A furtherconstraint
is that theorbit descendingnodemustbeover the lit AM sideof Vesta.Theserequirementsfully
determinetheorbit plane. In a point masstwo-bodysystem,constrainingtheorbit planeremoves
two degreesof freedomandconstrainingthe eccentricityremovesa third degreeof freedomand
alsoa fourth if theeccentricityhappensto bezero(argumentof periapsisthenbecomesirrelevant).
Sofor theLAMO designspace,constrainingplaneandeccentricityto nearzeroleavessevenminus
four or only threedegreesof freedom. However, the (mean)eccentricityof LAMO is not (and
cannotbe)strictly constrainedto bezero.Themeaneccentricitydoesnot needto fully minimized
to achieve scienceobjectives,so thereis a boundeddegreeof freedomthat remains.This leaves
four degrees.Theorbit sizeis boundedby themaximumrangethatis acceptableto scienceandthe
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minimumrangethatis bothsafeandpracticalto reach.

Therearemany possibleparameterizationsof theremainingfour degreesof freedom.Thesim-
plest to implementis a setof oscillatingorbital elementsat a fixed epoch. The setchosenhere
aresemi-majoraxis,eccentricity, argumentof theperiapsis,andinclination. Themeaningof each
of theseelementsis blurredwhenviewed in termsof the correspondingorbit propertiesor mean
elements.However thefollowing interpretationsarepostulated.Thesemi-majoraxismainly con-
trols theorbital energy (Vestarotationalphasealsocontrolstheinitial orbital energy). Eccentricity
mainlycontrolorbit shape,searchingthephasespaceof orbitsthatstartin a directionthatis above
andbelow the local horizontaldirection. The argumentof periapsis(given a fixed true anomaly)
effectively controlstheVestarotationalphasebecauseit determineswherearoundVestatheorbit
startsgiven a non-zeroeccentricity. Inclination mainly controlsthe orbit planechangerateasa
resultof nodalprecessionprimarily dueto J2.All four elementsimpactmeangeometricperiodand
thenodalprecessionasaresultof theJ2andthestronghigherordergravity terms.Takenasawhole,
all four elementsadequately(thoughnot precisely)cover thedesired4 degreesof freedomremain-
ing in theorbit designphasespace.Theobjective of agrid searchover thefour dimensionsdefined
above is to searchfor usefulspecificorbit, usefulpatterns,anddeterminewhatLAMO properties
arepossiblein general.

Thegrid samplespaceis definedin Table1 correspondingto a totalof 276x 6 x 12x 5 = 99,360
points. Eachpoint resultsin an initial condition that can be propagatedto measureorbit plane
evolution andmeangeometricperiod. The rangesandstepsizeschosenin Table1 wereselected
basedjudgmentmadefrom many individual testpropagations.The resultsfrom this setof points
appearsto yield a nearexhaustive search.Note that propagationof theseinitial statesalonedoes
not determinethestability of thecorrespondingorbitsthey define.Anotherstepis necessary. This
stepwill bepresentedlater.

Table1. LAMO grid samplepoints

Semi-majorAxis 425to 480[km] in 200[m] steps

Eccentricity 0, 0.005,0.010,0.015,0.0200.025

Argumentof thePeriapsis 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

Nonlinearpropagationof thegrid point initial statesassumedan8x8harmonicapproximationof
the theuniform densityVestamodel. The40 daypropagationsresultin about240orbital revolu-
tions.About2000propagationsperdaypercpuarepossible.Sinceeachpropagationis independent
of thenext, it is easyto deploy thisprocessto alargecomputercluster. Figure1 presentsahistogram
of theresultingorbitalmeangeometricperiodsfor all of thegrid point initial conditions.Therange
of meangeometricperiodsobtainedfrom the grid searchis from 3.5 to 4.8 [hours] which com-
pletelybrackets thedesiredLAMO periodof 4.1 hours. Despitean evengrid spacinganda very
large samplespace,the meangeometricperiodremainshighly clumped. Figure1 indicatesvari-
ousVestarotationalto spacecraftorbital resonanceswith labeledred,verticallines. In somecases,
resonancesappearto “repel” trajectories.Sometimesthe repulsionis symmetricandsometimes
it is asymmetricaboutthe resonance.Clumpingappearsabove several of the strong(low order)
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Figure1. A histogram of the meangeometricperiodsof all orbits in the search. Vesta
rotational to spacecraftorbital resonancesare indicated by red vertical lines. The
meangeometricperiodsarehighly clumped.

resonanceslike the3:4,4:5,and5:6 resonances.This mayindicateinherentstability above certain
resonances.Themostrepellantresonanceis 3:4. Therepulsionis symmetric.Thismayindicatethat
very few stableorbitsexist with meangeometricperiodsvery closeto the3:4 resonance.Another
observation thatcanbemadeis that therearesmallerclumpsandrepulsive periodsnot associated
with any low orderresonance.Part of this may bedueto the fact that theremaybe orbits which
transitionfrom onepseudostablegeometricperiodto another(andpossiblybackagain). If this is
thecase,thenthis mayobscuretherepelling/attracting periodsin themeanperiodplot in Figure1.
To investigatethis possibility, Figuressimilar to 2 weregenerated.Figure2 is a plot of geometric
period(not mean geometricperiod)versuspropagationtime for all 99,360grid searchorbits. In
thisFigure,geometricperiodis computedasarunningvaluebasedontheimmediatelypreviousfull
revolution. Color in Figure2 is determinedby themeangeometricperiod.Thereis bothalongterm
andshorttermoscillationin thegeometricperiodfor all orbits.Theshorttermoscillationperiodis
a functionof themeangeometricperiod.Theshorttermoscillationhasa periodof about24 hours
neara meangeometricperiodof 4.9hoursanddecreasesto 10.5hoursat a meangeometricperiod
of 3.5 hours.The long termoscillationin geometricperiodappearsto not bea strongfunctionof
geometricperiod. For therangeof meangeometricperiodsconsidered(3.5 to 4.9 hours)the long
termoscillationperiodis near9.0days.Thesecharacteristicsareof interestto thescienceplanning
for theLow AltitudeMappingOrbit,but will likely changequantitatively oncethetrueVestagravity
field is determined.Clumpingis muchlessclearwhenorbit to orbit variationin geometricperiod
is plottedasin Figure2. It is alsointerestingthat thereis a greatdealof apparentinstability near
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Figure2. Geometricperiod (not meangeometricperiod) versuspropagationtime for
all grid point orbits. Color in Figure2 is determinedby the meangeometricperiod.

the2:3 resonanceat thebottomof Figure2. The redandorangecolorsindicatingdifferentmean
geometricperiodsareoftenon top of eachotherin this plot which indicatesthat transitionsfrom
onepseudostablegeometricperiodto anotherandbackagaindoesoccurfor someorbits.

An importantcharacteristicfor theselectionof anacceptableorbit is themeanradius.Themean
radiuscontrolstheresolutionof Dawn’sGammaRayandNeutronDetector(GRAND) instrument1

andtheresolutionof imaginginstruments.GRAND is oneof two primaryexperimentsfor LAMO.
Theotheris gravity sciencewhichis alsostronglyinfluencedbymeanradius.Figure3 is aplot of all
grid orbit’s meangeometricperiodversusmeanradius.Color is scaledto meangeometricperiod.
Meanradiusis computedby averagingover the full 40 day propagation(or over approximately
240revolutions). A significantfeatureof Figure3 is that thereis not a oneto onecorrespondence
betweenmeanradiusandmeangeometricperiod.Specifically, for a givenmeangeometricperiod,
orbitswith differentmeanradii generally(but notalways)exist. Similarly, for agivenmeanradius,
multipleorbitsmayexist with differentmeangeometricperiods.Figure4 is asmallpartof thedata
presentedin Figure3 which emphasizesthatmultipleorbitsatgivenmeanradii or meangeometric
periodexist. Figure4 alsoindicatesthat therearecomplex patternspresentin thefine structureof
themeangeometricperiodversusmeanradiusrelationship.
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Figure3. Mean geometricperiod versusmeanorbital radius for all grid point orbits.
Color in determinedby the meangeometricperiod.
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Figure4. Mean geometricperiod versusmeanorbital radius for a subsetof orbits.
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Another importantcharacteristicfor the selectionof an acceptableorbit is the Sun“
�

” angle.
TheSun

�
angleis theanglebetweentheorbit plane(not theangularmomentumunit vector)and

theSundirection. A
�

angleof 90 degreescorrespondsto anorbit that is faceon to theSun. A
�

angleof 0 degreescorrespondsto anorbit that is edgeon to theSun. Angleslower thanabout39
degreeswill placeDawn in repeatedshadow from VestawhenneartheLAMO altitude.TheDawn
spacecrafthasanoperationalconstraintthatit mustnotentershadow to avoid thermalcycling. The
minimumsafe

�
anglethatcanbetargetedhasbeenestablishedto be45degrees.Figure5 presents

the time evolution of the
�

anglefor all orbits. Again, colors indicatedifferentmeangeometric
periods.Noticethatall orbitsin Figure5 begin neartheminimumsafetargetof 45degrees

�
angle.
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Figure 5. The time evolution of the � angle for all orbits. Note that all orbits begin
near the desired value of 45 degrees.Orbits that move below 39 degreesenter Vesta
shadow.

However, agreatmany orbitshaveadownwardtrend.It shouldbenotedthatthemaximum
�

angle
possiblein LAMO orbit is a little above70degreesasaresultof theparticularpoleof Vestaandthe
requirementthatLAMO is nearpolar. Thereforein Figure5 orbitswith rapidly increasing

�
angles

appearto “bounce”off of a
�

angleof 70 degreesandthenheaddownward. Therateof changeof
theorbit planein all caseschangesroughlylinearlyover timescalesof 10daysor more.

SCREENING THE GRID SEARCH RESULTS

Onedesiredcharacteristicof LAMO is a nearflat time evolution of the
�

angle. The reasons
for this are(1) we stayneartheminimumsafe

�
anglefor optimallighting for imagingand(2) we

endLAMO with a low enough
�

angleto be ableto reachthe next scienceorbit HAMO2 which
is desiredto have a

�
angleof 45 degreesalso. If we departLAMO with a

�
anglemuchlarger
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than45 degreesthenthe large costof theplanechangewill delaythestartof andreducethe size
of HAMO 2. Usingtheinstability of the1:1 resonanceon theway to HAMO 2 to achieve a “free”
planechangeis consideredtoo risky becauseany usefulorbit will have to have a rapid naturally
declining

�
angle.Any temporarylossof spacecraftcontrolwill resultin thespacecraftstayingin

thedeclining
�

angletrajectorytoo longwhichwill resultin shadow entry.
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Figure6. The time evolution of the � anglefor all orbits that staybetween44and 46
degrees� angle.Differ ent colors indicate differ ent meangeometricperiods.

A total of 992 distinct orbits remainif all orbits with
�

angleratesthat causethemto depart
the

�
anglerangeof 44 to 46 degreesduring the 40 day propagationareremoved. The

�
angle

evolutionof theremaining992orbitsareplottedin Figure6. Slowly evolving
�

angleorbitsexist at
awiderangeof meangeometricperiods.Figure7 providesahistogramof theorbit meangeometric

3.6 3.8 4 4.2 4.4 4.6 4.8
0

5

10

15

20

25

30

35

40

45

2:
3

3:
4

4:
5

5:
6

5:
7

6:
7

7:
8

7:
9

8:
9

7:
10

9:
10

8:
11

9:
11

10
:1

1

Mean Geometric Period [hrs]

S
am

pl
e 

LA
M

O
 C

ou
nt

Figure7. The time evolution of the � anglefor all orbits that staybetween44and 46
degrees� angle.Differ ent colors indicate differ ent meangeometricperiods.
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periodsthatsatisfythe44 to 46 degree
�

anglerange.Noticethat thereareno orbitsnearthe3:4
resonance.Clearlythis is a region to avoid. Thelargestconcentrationof orbitsoccurjustabove the
7:9resonanceatameangeometricperiodof about4.2hours.Thisperiodcorrespondsto orbitswith
ameanradiusof around460kilometers.

SCREENING FOR ORBIT STABILITY

Stability in this context refersonly to the
�

anglerate.Orbitsthatimpactthesurfaceof Vestaas
a resultof instability do not appearto bea threatat the LAMO altitudegiven theshapeof Vesta.
Ourdelivery to thestartof aselectedLAMO will beimperfect.It is necessaryto notonly selectan
orbit with avery low

�
angleevolutionratebut alsoonethatis asstableaspossible.Stability is not

only requiredto accountfor a poor initial delivery to LAMO but alsoto absorbtheunpredictable
impulsesresultingfrom theDawn spacecraftthrusterfirings to de-saturateits momentumwheels.
Thesethrusterfiringsarenotgenerallysymmetricsothereareusuallysmallnetimpulsesassociated
with them.

Orbit stability is testedthroughintroducingcarefully selectedphasespaceperturbationsat the
startof anorbit andtrackingthedivergenceof the

�
anglecomparedto theunperturbedtrajectory.

The first stepis to estimatea “typical” distribution of expectedLAMO initial delivery errorsin
positionandvelocity(phase)space.To obtainthisdistribution,aMonteCarlosimulationof nonlin-
earpropagationsandnon-linearoptimizationsubjectto sampledorbit determinationerror, gravity
knowledgeerror, momentumde-saturationuncertainty, andtransfermaneuver executionerrorwas
usedto modelthetransferleadingup to LAMO.3 TheresultingMonteCarlodeliveriesto LAMO
arefit with a phasespace(6 x 6) covariancematrix. The methoddescribedhereis not very sen-
sitive to the assumeddistribution of expectedtrajectoryperturbations.The main purposeof the
distribution is to provide an approximateshapeof typical dispersionsin phasespace.For exam-
ple, down-trackperturbationsare typically much larger thancrosstrack perturbationsfor orbital
missions.A covariancematrixmodeldevelopedin thewaydescribedabove will exhibit thisshape.

Figure8. An exampleof 6 position displacementsdevelopedfr om eigenvectors.The
position displacementsare centered on a blue referencetrajectory . The sizeof the
displacementsareexaggeratedfor illustrati vepurposes.

Thesecondstepis to computesix independentEigenvectorsof thecovarianceandalsorecord
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the reversedirectionsof thesesix Eigenvectors.Theresultis twelve displacementsin thesix di-
mensionalposition-velocity phasespacecorrespondingto a singlestandarddeviation perturbation.
Using thesetwelve displacementsratherthanrandomlysamplingthe covariancegreatly reduces
the requirednumberof displacementsneedto characterizethe phasespaceencompassingtypical
LAMO startdeliveryerrors.Thisapproachis similar to thepreviouslydevelopedsigmapointmeth-
odsfor Kalmanfilters4 andunscentedfiltering methodsfor nonlinearestimation.5 Figure8 is an
exampleof 6 positionspacedisplacementsaboutthereferencepropagation(bluetrajectory).This
approachis alsousedto evaluatethestabilityof thepoweredflight periodsduringtransfersatVesta.6

Thecovarianceusedin this analysiswasdevelopedusinga MonteCarloprocess3 andis provided
in Table2. The covarianceis provided in the Radial,Transverse,andNormal (RTN) frame. The
mostuseful framein which to computethe covarianceandresultingeigenvectorsis in the RTN
frame. The RTN frameis definedasfollows. The radialdirectionis definedasthe (outward) di-
recteddirectionfrom the centralbody to the spacecraft,the transversedirectionis definedasthe
localhorizontaldirectionclosestto theorbitalvelocity, andthenormaldirectioncompletestheright
handed,orthonormalcoordinatesystem. The advantageof using this frame is that the resulting
twelve displacementsin phasespacecanbeappliedat any point aroundanorbit. Theupperleft 3
x 3 positionsub-matrixnorm of the covariancein Table2 is 1.9865[km]. The lower right 3 x 3
velocitysub-matrixnormof thecovariancein Table1 is 0.7785[m/s].

Table2. LAMO initial delivery characteristic covariance in 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 2.5959e-11

Thefirst six cloudstatesarederivedfrom thecovariancein Table2 asfollows

�����
	��
�����������������
� �
!�"$#&%�'(���)%+* ,)-/.102�436587958:95
;<58=958>
(1)

where
�������?�+�@�A�@!B"$#

is the lower triangularCholesky factorof thecovariance,
'(���

is the
0?C �

eigen
vectorof the covariance,and

*
is the “sampledepth” (or sigmadepth). In this analysis,

*D�E7
meaningthe statecloud is of sizetwo standarddeviationsaccordingto the covarianceused. The
remaining6 cloudstatesare

�����
	��
� � �GFH�I���@	J�
� �LKNM ,)-O.H0P��QJ58R958S95�3�TU5�3V365�3�79W
(2)

The third andfinal stepis to usethe setof twelve displacementsin phasespaceto createstate
cloudsaroundtheinitial conditionof eachorbit tobetested.Eachstateispropagatedforwardin time
usingfully nonlinearpropagationwhile recordingthe

�
angleevolution of eachstate. Relatively

rapid divergenceof oneor morecloud states
�

angleindicatesinstability. A criteria for “stable
enough”dependsontheorbitmaintenanceplan(coveredlater)andtheability tosurviveatemporary
lossof spacecraftcontrolwithoutenteringshadow.

The methodoutlinedabove wasappliedto the boxed portion of the screenedtrajectoriesillus-
tratedin Figure9. Figure9 includesonly orbitsthatstaywithin a

�
anglerangeof 44to 46degrees.
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Figure 9. Mean geometric period versus mean orbital radius for orbits that stay
within a � anglerangeof 44to 46degrees.Color in Figureis determinedby the mean
geometricperiod.

Of theseorbitsit wasdeterminedfor avarietyof reasonsto focusonorbitsbetweenthe3:4and4:5
resonance.Figure10illustratesthesubsetof orbitsinsidetheboxin Figure9. Thestabilityanalysis
describedabove wasappliedto theorbits labeled12 through21 in Figure10. Basedon theresults
of an analysisof a large numberof orbits, a stability classificationsystemwasdevelopedbased
on themaximumexcursionof the

�
angleover all twelve perturbedorbits relative to thenominal

unperturbedorbit given1 40dayor 240orbital revolutions.A 2X perturbationcloudis assumedin
theclassificationsystem.Table3 presentstheclassificationsystem.Stability in this classification
systemis purelyrelativebasedontherangeof stabilityfoundin theentiregrid search.Theapprox-

Table3. LAMO orbit relativestability classificationsystem

maximum� angleexcursion Relative
Class duringa 40daypropagation abundance

Ultra Stable 0Y to 0.25Y Degrees 5%

VeryStable 0.25Y to 0.75Y Degrees 32%

Stable 0.75Y to 1.25Y Degrees 35%

LessStable 1.25Y to 1.75Y Degrees 12%

Unstable 1.75Y to 2.50Y Degrees 10%

VeryUnstable Z 2.50Y Degrees 6%

imaterelative abundancesof thedifferentlevelsof stability foundin thegrid searchareincludedin
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Figure 10. Mean geometric period versusmean orbital radius for orbits that stay
within a � anglerange of 44 to 46 degreesand have a meangeometricperiod that is
near the 7:9 resonance.The resultsof a stability analysiswill be presentedfor the
orbits labeled12 thr ough21.
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Figure11. An exampleof an “ultra stable” orbit’ s time evolution of the � angle.The
unperturbed orbit is plotted as a red line and eachof the 12 two-sigmaperturbed
orbits areplotted with blue lines.

Table3. An exampleof an“ultra stable”orbit is provided in Figure11. Figure11 correspondsto
theorbit labeled20 in Figure10. Theunperturbedorbit’s time evolution of the

�
angleis plotted

asa redline in Figure11. Eachof the12perturbedorbitsareplottedwith bluelines.Thereis very
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little changein the
�

angleevolution giventhe2X perturbations.In factthisorbit canwithstand4X
perturbationsandstill staybelow 0.5

�
excursionsfrom theunperturbedtrajectoryduringa 40 day

propagation.Orbitswith thisdegreeof stabilityarehighly desirable.Thefactthattheseorbitsexist
for theuniformdensitymodelof Vestais noguaranteethey will exist for therealVestagravity field
thatwe will encounter. Anotherinterestingfeatureof Figure11 is theslight curvatureof thetime
evolution of the

�
angle. This may be a very long periodoscillation. This very gentlecurvature

is not of any practicalconcernbecauseit turnsout that theDawn spacecraftthrusterfirings to de-
saturateits momentumwheelsarestrongenoughto moveusoff of anultra-stableorbit well before
40days.Orbitalmaintenancemaneuversarenecessarywell before40daysinto LAMO to compen-
sate.Figures12 and13 areexamplesof a “Stable” anda “Very Unstable”orbit correspondingto
theorbits labeled15 and16 respectively in Figure10. Figure14 is thesameasFigure10 except
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Figure12. An exampleof a “stable” orbit’ s time evolution of the � angle.The unper-
turbed orbit is plotted asa redline and eachof the 12two-sigmaperturbed orbits are
plotted with blue lines.

the orbits labeledin Figure10 have therestability indicated. It is interestingto seethat the very
regular patternof orbits that exist in the upperright handcornerin Figures10 and14 are“ultra”
stable.In generalthereis a greatdealof interestingstructurethatcanbeseenin plots like Figure
14. The“thinning” of orbits thatexist nearorbit 13 in Figure10 is alsointeresting.Nearorbit 13
thereappearsto beonly onemeanradiusorbit thatexistsfor a givenmeangeometricperiod.

The“very unstable”orbit in Figure13 demonstratesthat, in somecases,only oneof thetwelve
perturbationscandivergesignificantly. This is interestingbecausetheoppositeperturbationdirec-
tion correspondingto this eigenvector is much more stable. Linear analysiswould not predict
this.
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Figure 13. An exampleof a “v ery unstable” orbit’ s time evolution of the � angle.
The unperturbed orbit is plotted asa redline and eachof the 12two-sigmaperturbed
orbits areplotted with blue lines.
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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 changesimpartedfrom the asymmetricburns
requiredfor theDawn spacecraftmomentumwheelde-saturation.Therefore,it is necessaryto de-
velopanorbit maintenanceplan.ThefactthatDawn is anelectricpropelledspacecraftcomplicates
the maneuver design. Further, given the dangerousoperatingconditionsfor the Dawn spacecraft
at LAMO altitudes,themaintenanceplanhasto berobustagainstmissedmaintenancemaneuvers.
Specifically, temporarylossof control mustnot result in the spacecraftenteringshadow. A fully
nonlinearanalysisis necessaryto designandtestany statisticalmaneuverplanandshow thatit is ro-
bustagainstmissedmaneuvers.Nonlinearanalysiscannotbeavoideddueto thecomplex, nonlinear
dynamicsnearVesta.Candidatemaintenancemaneuver planswereevaluatedby combiningnon-
linearpropagationandoptimizationin a MonteCarloloop with numerouserrorsourcesusingVeil
softwaredevelopedby the author.3 Error sourcesmodeledincludeorbit determinationerror, ma-
neuver executionerror, missedmaneuvers,gravity harmonicsuncertainty, pole uncertainty, Vesta
rotationuncertainty, momentumde-saturationburn uncertainty, andinitial LAMO orbit injection
errors.EachMonteCarlo run includesseveralorbit maintenancecyclesdaisychainedtogetherto
ensureinstabilitiesin the control strategy do not emerge after repeatedapplications.The LAMO
orbit is expectedto lastat least70 daysandpossiblyaslong as120days.During this time Dawn
will completebetween400 and 700 revolutions aroundVesta. It was demonstratedthat orbital
maintenancemaneuverswill berequiredon a weeklybasis.Further, it wasdemonstratedthat two
maneuversseparatedin time needto bedesignedsimultaneouslyto correctorbit planeerrorsand
regain orbital stability while remainingrobust to missedmaneuvers. The reasoningbehindthis
architectureis presentedin Figure15.

Reference LAMO

Rate = R1 Rate = R2

OMM b failure

Shadow

B
et

a 
A

ng
le

 

OMM−a OMM−b 

Recovery time ≥ 25 days 

OMM lever arm 

Figure 15. An exampleof correcting a LAMO that hasa positive � anglerate using
two simultaneouslydesignedmaneuversOMM-a and OMM-b .

In general,a planechange(
�

anglechange)andplaneratechangecannotbecorrectedusinga
single low-thrustmaneuver of acceptablyshortduration. Two maneuversarethereforerequired.
The first maneuver, “OMM-a” reversesthe

�
anglerateso that aftera periodof time the

�
angle

will returnto thenominalvalueof 45
�
. Whentheorbit hasreturnedto

�
=45

�
a secondmaneuver,

“OMM-b”, mustthenhalt the
�

anglerateandretargeta stable(orbit plane)orbit. Figure15 is an

15



exampleof correctingaLAMO thathasapositive
�

anglerate.Its importantto notethatwhenevera
maneuver (OMM-a) is executedto createanegative

�
anglerate,andasecondmaneuver (OMM-b)

to zeroout the
�

anglerateis missedthenshadow entrywill occuraftera certainperiodof time.
Themissionhasa safetyconstraintthat requiresthatshadow mustalwaysbeavoidedif control is
lost for up 25 days.Thereforethenegative

�
anglerate( [ 7

in Figure15) mustbegradualenough
thatshadow will beavoidedfor at least25daysin theeventof theOMM-b failure.Thisalsomeans
thatthetime betweenOMM-a andOMM-b mustbelong enoughto accommodatethegradualrate
setupby OMM-a (seeFigure15). ThetimebetweenOMM-a andOMM-b is calledtheOMM lever
armtime. Thelongertheleverarm,themoregradualtherecovery rate [ 7

in Figure15canbe.The
maximumrate [ 3

in Figure15 thatwearelikely to encounter(which is not in ourcontrol)andthe
reactiontime or the time whenOMM-a canbe executedwill determinehow far the

�
anglewill

diverge from thereferenceby the time OMM-a canexecute.NonlinearMonteCarloanalysiswas
usedto determinethemaximumexpectedrates[ 3

. Basedon themaximumexpectedrate [ 3
and

thesafetyrequirements,it wasdeterminedthata6.5dayOMM lever armtime is necessary.

The two maneuver strategy outlinedabove canmeetsafetyrequirementsfor avoiding shadow.
Theotherrequirementis thatthestrategy cantargeta sufficiently stableorbit at theendof OMM-b
sothatsubsequentOMM cyclescancontinueto controltheorbit. Thisstability requirementcanbe
easilymetif OMM-b retargetsa6 stateon theoriginalLAMO referencethatis alreadydesignedto
bevery stable.It turnsout that this is only possibleif the initial delivery to LAMO is sufficiently
accurate,andtheOMM processis begunsoonafterLAMO begins. It wasdeterminedthatthefirst
OMM-a shouldoccurwithin 7 daysof thestartof LAMO basedonVeil (MonteCarlo/optimization)
analysis.Also the time betweenthedatacut off for orbit determinationandwhenOMM-a begins
to executeis assumedto be threedays. The designof both OMM-a andOMM-b mustbe com-
pletedsimultaneously. It is possibleto updateOMM-b afterOMM-a executesusingthe improved
knowledgethatwill beavailable.However it wasfoundthatthis is notnecessary.

Figure16 is a timeline of the OMM architecturethat wastestedto verify the effectivenessof
the proposedOMM strategy. The startof LAMO begins at time 0 in Figure16. The first OMM
sequencebeginswith OMM-a at 7 days(labeled“1”) andOMM-b at 14 days(labeled“2”). The
first OMM lever armis indicatedas“Cycle 1” on thetimeline.Theorbit determinationdatacutoff
for theknowledgeusedto design“Cycle 1” occurs3 daysbeforeOMM-a andis indicatedwith a
redvertical line labeled“DCO 1.” Oncethefirst OMM cycle is complete(redperiodon the time
line), thetrajectoryis restored(approximately)to thereferencetrajectory. An adequatemaximum
durationof eachmaneuver wasfound to be 12 hoursbasedon trial anderror 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 sequenceis startedbasedon knowledgeat “DCO 3”. ThesecondOMM-
a/OMM-bsequenceis coloreddarkblueonthetimeline.Oncethe“Cycle 2” OMM-b hasexecuted,
theorbit shouldagainberestored(approximately)to thereferencetrajectory. Two moredesignand
OMM cyclesweremodeled.No further control is appliedafter the OMM “Cycle 4” to seewhat
the behavior of uncontrolledorbits is. The momentumwheeldesaturationeventsaremodeledas
randomimpulseandareappliedat theblackvertical tick marksindicatedto the right of the label
“Desats”on thetimeline. Maneuver angleandmagnitudeerrorsamplingis indicatedby diamonds
to theright of thelabels“Anglesam”and“Mag sam”on thetime line in Figure16.

Theresultof applyingtheOMM architecturein Figure16 to theoperatingconditionswe expect
at Vestais indicatedin Figure17. Figure17 illustratestheevolution of the

�
angleduringLAMO.
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Figure 16. A timeline of the OMM architecture that was testedusing Monte Carlo
analysisof the sequentialdesignprocess.

The referenceLAMO is indicatedasa red line. The slow decreasein LAMO
�

anglein the ref-
erenceLAMO would likely disqualify this orbit for real operations.But the ability to control to
this referenceLAMO still providesagoodtestof theproposedOMM architecture.A total of 1204
simulationsof theOMM architectureunderdifferentsamplingsof knowledge,executionerror, and
de-saturationimpulsesareplottedasblue lines in Figure17. TheOMM architectureprovidedex-
cellentcontrol for all 1204simulations.Whencontrol is terminated(at aroundday 60 in Figure
17) the

�
angledeparturefrom thereferenceis evident. In operations,theOMM processwouldbe

continuedthroughoutLAMO.

Figure18is thesameas17exceptin eachof the1204simulationsthe
�

angleevolutionis plotted
assumingthefailureof OMM-b to execute(greenlines). In all 1204x 4 = 4816OMM-b failures,
all but perhaps2 stayclearof shadow (around

�
angle= 39 degrees).This resultverifiesthat the

sizeof OMM leverarmis adequatefor spacecraftsafety.

CONCLUSION

NASA’s Dawn discovery missionwill orbit thegiantasteroidVestabeginningin thesummerof
2011.Of thefour plannednearpolarscienceorbits,thelowestplannedorbit,Low AltitudeMapping
Orbit, is by far themostchallengingto designandmaintaindueto thestrong,non-sphericalgravity
expectedthere. This paperdescribedthe orbit selectionprocess.The true gravity field of Vesta
remainshighly uncertain.Theproposedorbit selectionprocesswasshown to work whenappliedto
afictitiousgravity field basedonaHubblespacetelescopeshapemodelfor Vestaassuminguniform
density. Theoutcomeof theprocessdescribedhereis a varietyof sufficiently stableorbits.Orbital
maintenancemaneuversarenecessaryto counteracttheunpredictableimpulsesresultingfrom the
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Figure 17. The time evolution of the � angleduring LAMO. The referenceLAMO
is indicated asa red line. 1204differ ent simulations of the OMM architecture under
differ ent samplings of knowledge, execution error, and de-saturation impulses are
plotted asblue lines

Dawn spacecraftthrusterfirings to de-saturateits momentumwheels,uncertaintyin Vestaphysical
properties,maneuver executionerror, andthedelivery error to thestartof LAMO. An architecture
for orbitalmaintenancemaneuverswasbriefly describedandshown to beeffective in theoperating
environmentatVesta.
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