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Abstract

TheCassinispacecraftencountersthemassiveTitanaboutonceeverymonth.Theseencoun-
tersareessentialtothemissionasTitanistheonlysatelliteofSaturnthatcanprovideenough
gravityassisttoshapetheorbittourandallowoutstandingscienceformanyyears.Fromanav-
igationpointofview,theseencountersprovidemanychallenges,inparticularthosethatflyclose
enoughtothesurfacefortheatmosphericdragtoperturbtheorbit. Thispaperdiscussesthe
dynamics modelsdevelopedtosuccessfullynavigateCassinianddetermineitstrajectory. This
includesthe moon’sgravitypullwithitsseconddegreezonalharmonicsJ2,theattitudethrust
controlperturbationsandtheaccelerationofdrag.

1 Introduction

The multipleclose-encountersoftheCassini-
Huygens spacecraft with Saturn’slargest
moonTitanpresentsnewchallengesforthe
navigationteamat NASA’sJet Propulsion
Laboratory. Inorderto meetthenumerous
goalsofthemission,thespacecrafthastofly
manycloseencounters(<1300kmaltitude)
withTitan.Table1showsallthelow-altitude
TitanencountersofCassini’sprimetour,from
October2004toJune2008. Fromascientific
pointofview,thecloseencountersarethe
bestopportunitytostudyTitanupcloseand
determine,amongstotherobjectives,thecom-
positionofitsthickatmosphere,thesurface
topographyandtheextentofitsgravityfield.
Butgettingclosetothe moonisnotonlya
scientificobjective,itisalsoanecessityfor
thenavigationengineers. Cassini’strajectory
isdesignedtovisitasatelliteofSaturnevery

Enc Date Altitude Lat Lon
(km) (deg) (deg)

TA 26-Oct-04 1200 39 88
TB 13-Dec-04 1197 59 84.2
T5 16-Apr-05 1025 74 272.5
T7 7-Sep-05 1025 -67 308
T16 22-Jul-06 950 85 318
T17 7-Sep-06 1000 23 59
T18 23-Sep-06 960 71 359
T19 9-Oct-06 980 61 0
T20 25-Oct-06 1030 6 46
T21 12-Dec-06 1000 43 267
T23 13-Jan-07 1000 31 360
T25 22-Feb-07 1000 30 18
T26 10-Mar-07 980 32 0
T27 26-Mar-07 1010 41 0
T28 10-Apr-07 990 50 0
T29 26-Apr-07 980 59 1
T30 12-May-07 960 69 1
T32 13-Jun-07 965 84 4
T36 2-Oct-07 975 -60 111
T37 19-Nov-07 999 -21 119
T39 20-Dec-07 970 -70 179
T40 5-Jan-08 1010 -12 133
T41 22-Feb-08 1000 -35 154
T42 25-Mar-08 1000 -27 159
T43 12-May-08 1000 18 139

Table1:CassiniprimemissiontourlowaltitudeTitan
encounters(altitudelessthan1300km)
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monthonaverage. Thishighsciencereturn
is possibleonly withthe helpof Titan’s
gravitationalpull,whichisusedtoperiodically
reshapethetrajectory. Gravityassistsfrom
TitaneachprovideCassiniwithsome800m/s
changeinvelocity,roughlyequivalentofabout
800kgofthebi-propellantfuelonboardthe
spacecraft.Forcomparison,Cassini’sfueltank
wasleftwithlessthan1200kgofbi-propellant
aftertheSaturnorbitinsertionburn.

Tocorrectlyre-aimthespacecraftaftereach
encounterandtoprovidescientistswiththe
mostprecisetrajectoryreconstructiondata,
navigatorspaycloseattentiontotheperturbing
forcesactingonCassiniduringanencounter.
Whilethe methodologyissimilartothatof
otherdeepspace missions,theuniquenessof
theCassini-Huygensmissionrequiresmorere-
finementinthemodelingofthedynamicsat
Titan.Toachievesuitableorbitdetermination
(OD)results,allknownperturbingforcesact-
ingonthespacecraftneedtobemodeledand
estimated. Thispaperwilldiscusshowboth
scienceandengineeringdataareusedtode-
velopandperiodicallyrefinethemodels.

2 Force Models

Foranorbitaldynamicist,aTitanencounter
isamixtureofgravityandperturbingforces.
Gravityiswhatmakestheorbitpossible,mod-
eledstartingwithapoint massSaturntoa
morecomplicatedperturbing model,suchas
thirdbodyeffectsandgravityzonalharmonic
J2. Non-gravitationalforcesarealsopresent,
fromeitherthespacecraft’sactivityortheen-
vironment.Followingisalistofalltheforces
thatthenavigationteammodelsduringatyp-
icalorbitofCassinithatencountersTitan:

•GravitationalTerms

–SaturnPointMass

–SaturnJ2

–ThirdBodyGravity(Sun,Jupiter)

Figure1: AccelerationsActingonCassiniduringthe
Titan-16Encounter(22July2006)

–TitanPointMass

–TitanJ2

•Non-GravitationalTerms

–TitanAtmosphericDrag

–ReactionControlSystem(RCS)Thrust

–Radioisotope Thermoelectric Generator
(RTG)Radiation

–SolarRadiationPressure

Figure1isaplot(logscale)ofthemagni-
tudeofallaccelerationsduringatypicalTitan
encounter.ThedatacorrespondtotheTitan-
16encounter,whichoccurredonJuly22,2006.
TheclosestapproachaltitudewithTitanwas
950km.Notethatforaperiodof2hours,Ti-
tan’sgravitationalpulldominatesoverSaturn’s
(seethetopSaturnandTitancurves). Ofall
theseaccelerations,Titan’sJ2,theRCSthrust
andtheatmosphericdragofferthebiggestchal-
lengesandatthesametimearethemostinter-
estingcasestoinvestigateinconjunctionwith
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otherteamsontheCassiniproject. These3
casesarediscussedinmoredetailsinthefol-
lowingsections.

ReconstructionofthetrajectoryduringaTi-
tanencounterispossiblethankstoradiomet-
rictrackingdata(rangeandDoppler)acquired
bythe DeepSpace Network(DSN).Coher-
entdataisavailabledailyforapproximately6
hours,withagaponthedayoftheTitanen-
counter[1].Figure2showstheconvergedpre-
fitresidualsof4passesofradiometrictracking
dataaroundtheTitan16encounter.

Sinceperfectly modelingthedynamicsin
suchacomplexscenarioisnearlyimpossible,
ODanalystsuseasetofstochasticaccelera-
tionstotakeintoaccountanymodelingerror.
Thesearemodeledaswhitenoiseandbatched
roughlyevery5minuteswithanaprioriuncer-
taintythatcorrespondtoapercentageofthe
RCSthrustrecorded.Thestrategybehindthe
stochasticaccelerationbatchesisfurtherdis-
cussedlaterinthispaper. Thestochasticac-
celerationslinesshowninthelowerpartofof
Figure1(blue)arethepost-fitestimatedac-
celerationbatchesobtainedafterprocessingthe
radiometricdata.Thefactthattheseacceler-
ationsareroughly2ordersofmagnitudeless
thantheRCSthrust,dragandTitanJ2curves
showsthatthefilterishappywiththeforce
modelusedandwecanthereforelookatthe
estimatedparameterswithconfidence.

2.1 TitanJ2

Titan’sgravityfieldisirregularenoughtocause
gravitationalanomaliestotheorbitofCassini.
TypicaltoanyODproblems,theCassininavi-
gationteamusessphericalharmonicstorepre-
sentthegravityfieldacelestialbody.Thesec-
onddegreezonalcoefficient(J2)isbyfarthe
strongestperturbation. Navigationcurrently
estimatesTitan’sJ2valueat36.7×10−6,as
reportedbyIesset.al
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[2].

Thisvalueresultsfromanongoinginvestiga-
tionofTitan’sgravityfield,whichisconducted
concurrentlybyCassini’sradioscienceandnav-

Figure2: Dopplerandrangetrackingdataresiduals
aroundtheTitan16encounter. DSS-14and25are
locatedinGoldstone,California. DSS-55isin Madrid,
Spain

igationteams. Notethatthevaluereported
aboveistiedtoa3×3gravityfieldmodelthat
wasobtainedaftertheprocessingofradiomet-
ricdataduringTitan-11,Titan-22andTitan-
33. Thesethreeencounterswereallocatedto
radioscience,duringwhichtheDSNtracked
Cassiniduringtheclosestapproachestocollect
coherentDopplerandrangingdata. Thealti-
tudesatclosestapproachforthe3encounters
werechosensuchthatCassinistayedaboveTi-
tan’sionosphereandthusminimizingtheper-
turbationsfromtheatmosphere. Also,the
spacecraftattitudecontrolsystemwasableto
usethereactionwheelstomaintainthepoint-
ingoftheHighGainAntennatoEarth,giving
acleanpasswithoutanythrustingperturba-
tionsfromtheRCS.Thisaspectisdiscussedin
detailsinthenextsection.

Thougha3×3fieldhasbeenestimated,only
J2issignificantenoughtoplayaroleinthe
shorttermnavigationgoals. AsseeninFig-
ure1,Titan’sJ2accelerationbecomessignif-
icantduringacloseapproachandignoringit
woulddegradethereconstructionoftheother
encounterparameters.

Becausethesubjectofgravityestimationis
vastandtiedtotheestimationofamorecom-
pletegravityharmonicsset,theJ2valuere-
portedaboveisprovidedasareferencepoint
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only.ThedeterminationofTitan’sgravityfield
involves moredetaileddiscussionsonTitan’s
internalstructureanditsrotationpoleandis
clearlyoutsidethescopeofthispaper. The
subjectisbeinginvestigatedthoroughlyand
preliminaryresultshavebeenreportedbyTor-
torain2006[3]andIessin2008[2]. Forthe
purposeofnavigation,havingagoodestimate
issufficienttoisolatetheJ2perturbationfrom
theothermodels.

2.2 RCSThrust

Cassini’sattitudeiscontrolledwitheitherthe
Reaction WheelAssembly(RWA)ortheReac-
tionControlSystem(RCS).TheRWAiscom-
posedof3mainwheelsandonebackupwheel.
Becauseitisrequiredtoslewthespacecraft
rapidlyduringacloseencounter1,theArtic-
ulationandAttitudeControlSystem(AACS)
transitionstoRCScontrolduringthatperiod.
ThelocationoftheRCSthrustersonCassini
aredepictedinFigure3(a).Asmentioned,the
RCSthrustisanimportantsourceofpertur-
bationtothetrajectory. Thisisbecausez-
thrustersthatslewthespacecraftaboutthe
xandyaxesareuncoupled,asseeninFig-
ure3(b).Asaresult,thethrustalsoaccelerate
thespacecraftinadditiontoproducingthede-
siredtorquetoturnthespacecraft.

PriortoaTitanencounter,theplannedRCS
thrustismodeledwithcalibratedflightsimula-
tordata,providedtoNavigationbytheAACS
team.Themainsourceoferrorinthepredic-
tionscomesfromthedifficultytoestimatethe
amountofatmosphericdragthespacecraftwill
sense,andthushowmuchthrustingwillhap-
pentocounteractit.InFigure1,onecannotice
thattheRCSthrustaccelerationprettymuch
followsthedragaccelerationcurveduringthe
peakperiod,andbothperturbationareonthe
sameorderofmagnitude.Itishard,however
togetagoodestimateofthedragacceleration

1Typically<1300km;Thespacecrafthastomake
quickturnstoaccommodatethevarioussurfaceobser-
vationsoroccultationsthataregoingon.

(a)SpacecraftView,showing3ofthe4thruster
clustersonCassini

(b)Thrusterdirections,showinguncoupledZ-axis
thrusters.

Figure3: RCSThrustersConfiguration.Z-axispoints
downtowardsthemainengines.[4]

beforethefact.ThedatashowninFigure1cor-
respondtopost-encounterreconstructeddata.

Fortunately,predictederrorsintheAACS
anddragmodelsdon’thaveamajorimpactin
theNavigation’scapabilitytocorrectlytarget
theencounter,becausetheperturbationarelo-
calizedattheveryendofthetargetedpath.
Ontheotherhand,anaccurate modelingis
morecrucialforthetargetingofthenexten-
counter.Forthatreason,Navigationusesthe
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Figure4: RCSthrustingpredictionvs.telemetryformostofthelowaltitudeTitanencountersofCassini’sprime
mission

thrustprofilethatisrecordedbtCassini’son-
boardcomputer,whichavailableafterthefact
fromtelemetrydownloads.

ThetelemetrydatacomestoODanalysts
asanaccumulative∆Vtable.Thistablerepre-
sentsperiodicvelocityincrementsinmetersper

secondthatiscausedbythez-axisthrusters.
MoredetailsontheAACSmodelsandtheuse
oftelemetrydatacanbefoundinArdalanet
al.[4]andRothetal.[5]. RCSencounters
showtotalvelocitychangesanywherefrom50
to600m/s. Theresolutiononthetelemetry
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datais0.4mm/s[5].

TheplotsinFigure4showcomparisonsbe-
tweentheAACSpredictionsandthetelemetry
datafor mostofthelowaltitudeencounters
oftheprimemission. NotethatT16wasone
ofthefirstencountertousetelemetryduring
operations,reasonwhynodataisreportedon
thefirstfewencountersbefore.Asdiscussedby
Rothetal.[5],ahigherresolutiononteleme-
trydatawasrequestedinMay2005,atwhich
pointthedatacouldbeusedbytheNavigation
team.Subsequenttothatdate,thenextlowal-
titudeTitanencounterwasTitan-7,whichoc-
curredinseptember2005,followedbyTitan-16
inJuly2006. Betweenthosedates,muchim-
provementwasmadeinallaspectoftheOD,
andtelemetrybecameanimportantelementof
theNavigationstartingwithT16.

Asseenfromtheplots,theAACSteamdoes
agoodjobingeneralatpredictingthescience
slews,thoughthepredictionsaroundtheclos-
estapproachesistaintedbythevariabilityin
Titanatmosphericdensity.

Onspecialoccasions,partofthetelemetry
playbackwaslostduetoatransmissionfault,
causingtheODteamtorelypartlyontheflight
simulationdata.Fortunately,wewereableto
minimizetheimpactbybyconstructinghybrid
models,wheretheflightsimulatordataisused
tocomplementthetelemetry. Titan-37isa
goodexample,asshowninFigure4(n). For
about15minutes,telemetrywaslost,asindi-
catedbytheredcurve,whichcorrespondsto
theperiodaroundclosestapproach,wherethe
spacecraftencountersthepeakofthedragac-
celeration. Toovercomethisissue,theflight
simulatorprofile(greencurve)wassuperim-
posedonthetelemetrytoprovidearealistic
∆Vprofile(bluecurve). Notethatalthough
notalowaltitudeencounter,thecomparison
forTitan-44wasincluded(Figure4(t))since
itrepresentsararecaseofahighaltitudeen-
counteronRCScontrol. The∆Visalsothe
highesttodate,atabout550m/s. Thisen-
counterwasdedicatedtoaRADARpass,where
highz-axisthrustwasrequiredtoscanthesur-

Figure5:ErrorintheRCSthrustpredictionfromthe
flightsimulator. Expressedinpercentageawayfrom
telemetrydata.

faceofTitan.Thelackofatmosphericdragfor
thatpassallowedaverygoodpredictionofthe
∆V.

Figure5summarizesthecapabilityofAACS
topredicttheRCSthrustduringaTitanen-
counter.Ingeneral,thepredictionimproved
considerablyasthemissionevolvedfrommore
than60%tolessthan20%.Fromtheplots,the
variabilityoftheatmosphericdensityisclearly
whatisholdingoffthenumbers.Usingteleme-
tryisthus morereliableasnotonlydoesit
improvethemodels,butalsocanpreventover-
sightsinthesimulation,asitwasthecasefor
Titan-43(Figure4(s)).

InordertousethedataintheODsoftware,
the∆Vinformationistransformedintoanac-
celerationtable. Becauseofsoftwarelimita-
tionsandthedesiretolimitcomputationtime,
thedataissampledsuchthattheacceleration
incrementsareappliedonlywhenacertain∆V
thresholdismet. Thisthresholdwilldepend
onhowlongthethrustinglastandhowmuch
thrustingisgoingon,butingeneralitissetto
lessthan1mm/s.Figure6showsanexample
forT37,wherethehybridmodelhasbeenused.
Themodeledaccelerationisshownbythetop
curveinred. Uncertaintyinthemodeliscor-
rectedwiththeuseofstochasticaccelerations.
BecausetheRCSthrustisthemainsourceof
errorduringtheencounter,theaprioriuncer-
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taintyinthestochasticaccelerationsisbuilt
fromitsprofile,eventhoughtheyaremeantto
takeintoaccountanyerrorsintheforcemodels.
Fromexperience,telemetrydataisbelievedto
beaccuratetoabout5%ofthethrustinmag-
nitudeandabout0.5%inpointing[4]. The
stochasticmodeluseforT37isshowninthe
figurebythegreen(z-axis)andblue(x/y-axis)
curves.Thoserepresentascaledaverageofthe
RCSthrust.Itisimportanttonotethatthe
stochasticaccelerationestimateswillalsobein-
fluencedbyothersourcesoferrors,suchasthe
gravityforceandthedragforce,eventhough
anuncertaintyisappliedtothoseparameters
aswell.

2.3 AtmosphericDrag

TheatmosphereofTitanissodensethatan
encounterwithaclosestapproachatonethou-
sandkilometeraltitudeisenoughtocauseave-
locitychangeofabout70mm/s.Thethickat-
mosphereofTitan,about10timesdenserthan
Earth’s,iscomposedof95%nitrogen,whilethe

remainder5%iscomposedofmethane,cyanide
andotherhydrocarbons.

Boththescienceandengineeringteamsof
Cassini-Huygenshavepaidcloseattentionto
Titan’satmosphericdensitysincethebegin-
ningofthemission.TheIonandNeutralMass
Spectrometer(INMS)onboardCassiniiscol-
lectingdatatodeterminethecompositionand
structureofpositiveionsandneutralparticles
intheupperatmosphereofTitan[6].Notonly
isitascienceobjectivetobetterunderstandthe
atmosphere’scompositionanddensity,itisalso
criticalfortheprojecttodeterminehowlow
thespacecraftcansafelydiptheatmosphere
withoutriskingthespacecrafttoloosecontrol
andtumble.TheprojectformedtheTitanAt-
mospheric WorkingGroup(TAMWG)forthis
verypurpose,forwhichtheINMSandAACS
teamsaretheprincipalcontributors. AACS
isabletoderivethedensityfromtheamount
ofthrustingtheattitudecontrolsystemhasto
performinordertocounteractthedragtorque
onthespacecraft[7,8].

Thenavigationteamhasalsobeenwatching
closelytheTAMWGdiscussionsaswedirectly
benefitfromitandwecanalsoprovidevalu-
abledatatocomparewith. Havinga more
accuratedensity modelallowsustobetter
estimatetheaccelerationofdragandithelps
theorbitdeterminationproblem. Though
shortintime,thedragisthethird most
prominentforceactingonthespacecraftafter
thegravityofSaturnandTitan(seeFigure1).
Infact,ithasbeenrealizedearlyoninthetour
thatthedragaccelerationsimplycouldn’tbe
ignoredtoproperlyfittheradiometricdata[9].

Onedifficultproblemtodealwithisthe
largevariabilityinthedensityestimates.Nav-
igationseesthisbymeasuringtheamountof
decelerationourfilterestimatesforeachen-
counter. ThesedataareshowninFigure7.
Theplotontheleftshowsthedragacceler-
ationexpressedintotal∆Vasafunctionof
theclosestapproachaltitude.Itcorresponds
tothechangeinthespacecraftvelocitythat
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Figure7: Atmosphericdrag ∆VactingonCassinias
afunctionofclosestApproachaltitudeandTitanlocal
latitudeandlongitude

thedragaccelerationcaused,whichiswhatthe
orbitdeterminationprocesscanobserve. The
errorbarsshowncorrespondtothe3-σfor-
malstatisticalerror. Theplotshowsthatfor
anygivenaltitude,various∆Vvalueswereob-
served,whichtranslatestoavarietyofdensity
estimates.Theplotontherightdemonstrates
thatthisvariabilitycannotbeattributedtoa
latitudinalnoralongitudinaldependence. Up
tothispoint,nocorrelationhasbeenmadewith
anygeometricandtemporalvariations,which
makesthepredictionofthedensityadifficult
task.

Notethatintermsofvariability,boththe
AACSandINMSdataareconsistent with
theseresults. Themeanvalues,however,dif-
ferbyquiteabit. At1000km,thedensity

valuesrecordedbyINMSrangesfromabout
2.4×10−10to4×10−10kg/m3[?].Thisaver-
agesto(3.2±0.8)×10−10kg/m3.TheAACS
estimatesrangebetween6.5×10−10to11.1×
10−10kg/m3,anaverageof(8.8±2.3)×10−10

kg/m3[7].TheAACSvaluesareabout3times
higherthanINMS,addingtotheuncertainty
indensityprofileofTitan’satmosphere.
Thiswiderangeofvalues,togetherwiththe

largescalefactorbetweenINMSandAACS
isoneofthereasonsthatthenavigation
teamstartedparticipatingintheTAMWG.As
statedabove,Navigationisabletomeasurea
perturbingaccelerationofdragbymakingsure
thatalltheotherdynamicperturbationstothe
orbitaremodeled.AsitwasshowninFigure2,
theorbitistiedtotheradiometricdatacol-
lectedpriorandaftertheencounter.Thesmall
levelofuncertaintythatweallowedgivesus
confidenceinourmodels(Figure6).Thedrag
accelerationismodeledintheODsoftwarewith
thedragequation[9]:

aD =−K
ρV2

2m
CDΣAîV (1)

Valuesforthespacecraftmass(m),thetotal
crosssectionalarea(A),thecoefficientofdrag
CD andthespacecraftrelativevelocityVare
eitheradirectinputtothesoftwareorthey
arebeingcomputedinternally. Thedensityρ
isprofiledwithatabularexponential model.
Becausewedon’thavetrackingdataduringthe
encounter,thereisnopointtotrytoestimate
anyparametersoftheequation,andthusonly
thescalefactorK isestimated. Theapriori
uncertaintyforKissettoalargenumberlike
5.0inordertoallowthefiltertoadjustthedrag
accelerationasitseesfit.
Inordertocompareourvalueswiththe

TAMWG,theaccelerationresultscanbetrans-
formedbacktodensityvalues:

ρ=
2m

V2CDΣAi
aD (2)

Themaindrawbackwiththismethodisthe
factthatwehavetorelyonsomedensitypro-
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fileinordertoestimateascalefactor,which
makesourdensitysolutiondependentonthat
model.Thedensityestimatesobtainedbythis
methodarecomparedtoINMSandAACSre-
sultsinFigure8formostofthelowaltitude
Titanencountersoftheprimemission. Note
thattheerrorbarsshownonthenavigation
(NAV)datacorrespondto3-sigmavaluesand
areadirectfunctionofthepost-fituncertainty
observedinthescalefactorK.Inmostcases,
thepost-fituncertaintyinKwaslessthan0.1
(1-sigma).
Onaverage,thescalefactoris2.7between

NAVandINMSand0.8between NAVand
AACS.ClearlytheNAVresultsshowbetter
agreementwithAACS.Itisinterestingtonote
thatevenwhenusingtheAACSdensityprofile
foraspecificencounterastheapriorimodel,
theODfilterstillwantstoestimateascalefac-
torlessthan1(Theseresultsarenotshown).
Whilethedensityinvestigationisn’tcom-

plete,theestimationofadragacceleration
scalefactorisadequatetomeetthenavigation
objectivesofCassini.Thetimespentintheat-
mosphereisshortandchangingtheshapeofthe
accelerationcurvewithamoreaccuratedensity
profilewouldnotchangetheorbitdetermina-
tionsolutionbyanoticeableamount.
Consideringthescienceobjectivesofthe

mission,however,itwouldbeinterestingto
investigatefurtherandshedsomelightto
thelargediscrepancybetweentheINMSand
AACSnumbers.Theauthorsofthispaperre-
centlyproposedapossiblescenariothatwould
allowthenavigationteamtocomeupwithan
independentdensityestimate.Ifselected,this
investigationwouldhappenintheextended-
extendedmissionofCassini.Thisisdiscussed
furtherinSection4.

3 Modelsperformance

Themodelsdescribedaboveareusedforevery
lowaltitudeTitanencounters. TheODtasks
includetheintegrationofthespacecraftand
satellitestateswithpartialderivatives,thefor-

Figure8: Atmosphericdensityestimatesat1000-km
altitudeforlowaltitudeTitanencounters. Navigation
resultsaretheredsquareswith3σerrorbars.INMS
resultsarethegreentriangles,courtesyofB.Mageeand
H. Waite[10].TheAACSresultsarethebluediamonds,
courtesyofS.SaraniandA.Lee[7].

mationofcomputedobservablesthatarecom-
paredwiththetrackingdatatoformresidu-
alsandafilteringtechniquethatminimizesthe
residualsbyestimatingandconsideringvari-
ousparameters. Thelistofparametersin-
cludethespacecraftstate,theSaturnandsatel-
litestates,gravityterms,thedragscalefac-
tor,maneuverparameters,radiationaccelera-
tionterms,Earthorientationandatmospheric
biases,groundstationlocationsandstochastic
parameters. Allthisisbetterdescribedin[1]
or[11].

TheabilitytomodelthedynamicsatTitan
ismeasurablebythelevelofstochasticaccel-
erationsthatODestimates. Theseareintro-
ducedtoallowsomeflexibilityinthemodels
andensurethatasuitableorbitdetermination
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solutionisobtained.Thelevelofstochasticac-
celerationswasdiminishedconsiderablysince
thebeginningoftheSaturniantourin2004,
meaningthatthemodelsarebecomingmore
andmoreaccurate.Becausethedragandthe
gravitytermsarebeingestimatedseparately,
thestochasticaccelerationsprettymuchtake
intoaccounttheuncertaintyintheRCSthrust
alone.
Figure9showstheRCSmodelforTitan-36

(inred),alongwiththeestimatedstochastic
accelerations(inblue). Asonecansee,these
arealwayslessthantheone-sigmauncertainty
(greencurve),whichrepresentsthe5%average
ofthethrustprofilefromtelemetry.
Forcomparison,asimilarODwasperformed

forTitan-36using2alternatemodels.InFig-
ure10,thebluecurvelabeled“Bestfit”corre-
spondtothenominalresults,aspresentedin
Figure9,exceptthattheaccelerationsareex-
pressedinthenumberofsigma,equivalentto
dividingthebluecurveinFigure9bythegreen
one.ThepurplecurveinFigure10showsthe

Figure10:Exampleofstochasticaccelerationestimates
forvariousmodelsusedatTitan-36.Thebestfitcurve
(blue)correspondtothetelemetryRCSmodelwithJ2
anddragbeingestimated.Thepurplecurveshowsthe
performancewhenthethrust modelisbuiltfromthe
flightsimulatordata. Theblackcurveshowstheesti-
matedstochasticaccelerationwhenthedrag modelis
leftout.

resultswhentheflightsimulatordataisused
to modeltheRCSthrust. Clearly,theuse
oftelemetrydataimprovesthefitand most
likelygivesabetterestimateofthedragac-
celerationaswell,sincepartofthetruedrag
mightbealiasedinthestochasticacceleration.
Theblackcurveshowswhatcouldbeexpected
shouldthedragaccelerationbecompletelyig-
noredinthemodels.Itisobviousfromthat
plotthatmodelingthedragisimportant,asthe
stochasticaccelerationaresometimesgreater
than10sigma! Agoodreconstructionofthe
encounterwitharelativelytightlevelofuncer-
taintywouldnotbepossiblewithoutagood
understandingofthedynamicsinvolved.

Whilethispaperdoesnotpresenttheresults
forallthelowaltitudeTitanencounters,the
resultsthathavebeenpresentedforTitan-36
arerepresentativeoftheoverallperformanceof
theCassininavigationOD.
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4 Extended Mission

The Cassini missionjustfinishedits4-year
primemissiontouroftheSaturniansystemin
June2008.NASAhasalreadyapprovedabud-
getfora2-yearextension,forwhichCassiniwill
have17additionallowaltitudeTitanencoun-
ters[12].Infact,thespacecraftisdoingsowell
thattheprojectisplanningtoextendthemis-
sionfurther,possiblyfor7moreyears.Thead-
ditionaldatawillundoubtedlybeusedtorefine
alltheaccelerationmodelsusedintheprime
mission. Thoughthe17newencountershave
alreadybeendesignedtoaccommodatespecific
scienceobjectives,moreTitanencountersare
expectedbeforetheendofCassini,possiblyal-
lowingnewtypesofinvestigations.

Inlightoftheresultspresentedinthispaper,
theleadauthorhasproposedtotheprojectto
dedicateoneofthosefutureTitanencounter
totheatmosphericdensityproblem.Thepro-
posedmethodwouldallowODtomeasurethe
dragaccelerationpiecemealwithDopplerdata,
leadingtoanindependentestimateoftheden-
sity. Withtherightgeometry,Cassinicouldbe
trackedfromtheDSNduringtheentireclos-
estapproachperiodwhereitgoesintheat-
mosphereofTitan. Thiswouldbemuchlike
anencounterdedicatedtoradioscience,except
thatinthiscasethespacecraftwouldbeable
togolowlowerthan1300kmaltitudeandbe
controlledbytheRCSthrusters. Wenowknow
thatthethrustingerrorcanbeminimizedby
theuseoftelemetrywiththemethoddescribed
inthispaper.

With Dopplertrackingduringclosestap-
proach,thedragaccelerationprofilecanbedi-
rectlymeasured.Becausewehavegoodunder-
standingofthespacecraftmass,area,velocity
andcoefficientofdrag[7],aseriesofdensity
valuesatvariousreferencealtitudescanbees-
timatedratherthantheoverallscalefactor.

Toprovethis method,astudy wasper-
formedusingtheTitan-16encounter. 2-way
X-bandDopplerdatawassimulatedduringthe
closestapproachperiodandweightedby0.1

mm/s, whichistypicalofwhatisobserved
withCassini[11].Thedensitymodelwascon-
structedinmultiplelayersofgrowingaltitude.
Those werespreadapartbya60-secflight
time.Becausethespacecrafttravelsexponen-
tiallywithrespecttoaltitude,thefirstlayer
is20kmandthelastonelargerat200km.
Thiswasdonetoensureaconstantsampling
ofDopplerpointsperlayer,whichmaximizes
thereductionofthedensityuncertainties.The
layerscorrespondingtotheT16simulationare
showninFigure11.Thefirstlayerrangesfrom
950to970kmandthelastonefrom1200to
1400km.Thedatawassampledevery10sec-
ondssincesmallerratehasincreasednoiseand
roundofferrorproblems. Theaprioriuncer-
taintyinthedensitymodelwasassumedtobe
100%,toclearlyruleoutanydependanceon
anygivenmodel.
Thesimulationshowspromisingresults:In

theplot,thegreencurve(triangles)showsthe
improvementasseenforthenominalTitan-16
encounter,i.e. withouttrackingdata. The
improvementisonly70%inthefirstlayer,
rapidlyincreasingbackto100%athigheralti-
tudes.Thislackofimprovementiswhatmade
uschoosetosimplyestimateascalefactor.The
simulationwithadditionalDopplerdata,how-
ever,showsthatthedensityinthefirstlayer
isreducedto3%andthata20%confidence
levelisexpectedupto1100kmaltitude(See
thebluecirclecurve).
Whilethestrategyoflayersmodelingand

datasamplingratewillberevisitedinorderto
optimizethedatareduction,thestudydemon-
stratedthattheconceptofestimatingtheat-
mosphericdensitywithDopplertrackingdata
isfeasible. Atthispoint,thepropositionhas
beenpresentedtotheprojectandscienceplan-
nersarecurrentlyevaluatingit.

5 Conclusion

Theunderstandingoftheforcesactingonthe
Cassinispacecraftduringaclose Titanen-
counterhavebeenrefinedovertheyearsto
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Figure11:Simulationresultsshowingtheatmospheric
densityuncertaintiesafterthereductionofsimulated
Dopplerdata. Thesimulationwasperformedwiththe
Titan-16encounterforwhichtheclosestapproachalti-
tudewas950km.Theaprioriuncertaintyis100%for
eachlayers.Thegreencurveistheresultswithnominal
trackingandthebluecurvewiththeadditionaltrack
duringtheclosestapproach.

notonlyallowbetternavigationresults,but
alsoplayaroleinmanyscienceinvestigations.
Gravityscienceisinitselftiedtonavigation,
especiallyforacomplexmissionlikeCassini,
whereallperturbingforcesneedtobeesti-
matedtodeterminethespacecraftstate. The
samecanbesaidaboutTitan’sgravity,though
inthiscasetheradioscienceteamplaysasig-
nificantrole.Thedragaccelerationisalsoasig-
nificantperturbationtotheorbitanditforces
thenavigationteamtoinvestigatethedensity
ofTitan’supperatmosphere. Withallthisin
mind,additionalthrustingfromthereaction
controlsystemneedstobemodeled,andthanks
toagoodcollaborationwiththeattitudecon-
trolteamandtheavailabilityoftelemetrydata,
theimpactofthiserrorsourcehasbeenmini-

mized.
Onewaytomeasuretheperformanceofthe

navigationsolutionsisbythelevelofstochas-
ticaccelerationsestimates,whichallowsome
flexibilityinthemodels.Thelevelofstochas-
ticaccelerationswasdiminishedconsiderably
since2004,meaningthatthemodelsarebecom-
ingmoreandmoreaccurate.Resultsshownin
thispaperindicatethatusingtelemetrydata
withvalidmodelsforgravityanddragallowsa
propertrajectoryreconstructionwithstochas-
ticaccelerationswithuncertaintiesofonly5%
ofthethrust.
Formoredetailsontheorbitdetermination

performanceduringthe Cassiniprimetour,
thereaderisinvitedtolookatthepapersby
Antreasianet.al[11,13,14].
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