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ABSTRACT

Cataloguingof GEO satellitescommencedn Russian
SpaceSuneillance Center(SSC)in the eighties. The
permanenprocesf enhancemertf softwaretoolsfor

catalogmaintenancés proceedingsincethattime. The
presenpaperdescribeshecurrentstatusof this software
comple.

1. INTRODUCTION

The paperd1,2] describethe generalstructure,charac-
teristicsandthe algorithmsfor maintenancef the cat-
alog of LEO (perigeealtitudelessthan3000km) satel-
lites in RussianSSC.The presentpapertreatsthe same
issuesfor satellitesin GEO. The domainof the phase
spacewill beconsideredjeostationaryn casetheorbital
parametersatisfythe conditionsl — T < T < 1+ T,
0<e < dg, 0<i < i, whereT, i, e - orbital period,incli-
nationandeccentricity 8T, di, de - constants.

First we analysethe initial backgrounddata,describing
the conditionsfor catalogmaintenance.Thesedatain-
cludethe characteristicof the sensorsaandthe charac-
teristics of satellite motion. Thenthe generalscheme
andits componentaredescribedin particular thealgo-
rithm for primary determinatiorof orbits, the algorithm
for assigningthe measurementt catalogedsatellites,
the algorithm for updatingthe orbits using the dataof
themeasurementshe procedurdor planningthe obser
vationsandcalculatingthetargetindicationsfor thesen-
sorsandalsothe procesf preliminarytrackingof new
satellitesarrivedin the catalog.

In the courseof the studywe permanentlycomparethe
resultingproceduresvith the procesf maintenancef
LEO satellite catalogand analysethe obsened differ-
ence.

2.  SENSORSAND MEASUREMENTS

CurrentlyRussianSSCuseshe optical sensorsietwork
[3]. Themajorfeatureof this network:

1. The sensorof the network do not provide the com-
pletecoverageof GEOring.

2. All the stationsoperatewith significantgaps,which
maybeaslong asseveralmonths.

3. The optical sensorsmeasurghe angularcoordinates
of a satellite- the right ascensiorn anddeclination
0 in thelocal equatoriakoordinatdrame. Theerrors
of singlemeasurementsormallyarewithin therange
1”-10". However the optical sensorsdo not mea-
surethe range. Thusthe acquisitionof the complete
six-dimensionaVectorof thesameorderof accuray,
asfor the radarmeasurementsf LEO satellites,re-
quires several single measurementgmarks) within
ratherlong time interval. The analysisrevealed that
the orbit can be determinedwith the accurag, suf-
ficient for SSCin casethe marksbelongto at least
two nightsandfor oneof the nightsthereareat least
four marks,uniformly spacedn time within thein-
terval not shorterthan2-3 hours. Thisis therequire-
mentof the SSCto the measurementsf optical sen-
sors. However, dueto a setof reasonsthe measure-
mentsdo not alwayssatisfythis requirementsMore
thanonehalf of the measurementareacquireddur-
ing only onenightanddo notcovertherequiredtime
arc. In this caseoneor two (out of six) orbital param-
eterscannot bedeterminedwith sufficientaccurag.

3. SATELLITE MOTION

Theobsenedobjectsaremaving in space.Themodelof
theirmotionis neededo designthe catalogmaintenance
algorithm.

The orbital parameters of ary spaceobjectsatisfythe
systemof thefirst orderdifferentialequation®f motion.
Thusa(t) = U(ait — 1),T). The precisefunctionalrela-
tionshipU(a, T) is notknown andin practicetheapprox-
imate relationshipsUy(a,t) are used,which determine
the specificalgorithmfor predictionof orbital parame-
ters.

Real predictionerrorsV = a(t) — U, are generatedby
theinexactaccountof the perturbatingractorsandcom-
prisetwo componentsmethodicakerrorV, andthennon-
removederrorV,. The methodicalerroris the resultof
the inexact accountof the consideredperturbatingfac-
tors. The non-remwederrororiginatesfrom no account
of certainreal perturbatingactors.

Thethreebasicrequirementso the predictionalgorithm
areasfollows:
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1. realpredictionerrorsshouldnotmakethecorrectcor-
relation of measurement® catalogedsatellitesim-
possible;

2. real predictionerrorsshouldnot exceedthe values,
definedby the maximumpermissibleerrorsof tarmget
indicationfor optical-electronisensor;

3. the CPU-timeof the computercodemustbe accept-
able.

Sincethe basicoperationf the algorithm (correlation
of measurementwith catalogedsatellitesandorbit up-
dating) rather often must be performedinvolving the
measuremen@ndorbitssignificantlydistantin time (up
to severalyears)thecreationof therelevantprocedureas
notaneasytask. However, we managedo solveit.

We won't treatthis algorithmin detail here,sinceit is
describedn papers[4,5]. The basiccharacteristicof
this algorithmareasfollows.

1. Methodicalerrorsof the predictionalgorithmdo not
exceedd (~38 km) for propagationintervals up to
fouryears.

2. Therealpredictionerrorsfor propagatiornintervalsup
to 500daysdonotexceed!’ (=12km) for 50%of the
passie satellitesof therealcatalog.

3. The computationtime teomp Of the propagator(com-
putationratel millions of averageoperationpersec-
ond) can be assessedising the formula tconp[s] =
0.01Ng + 0.003N\;, whereNgy - is the numberof the
integrationstepgthestepfor theintegrationis chosen
within therangel0-20 days);N; - the numberof the
pointsfor which the propagations fulfilled (within
thetotal predictioninterval).

The processingof measurementsather often requires
the propagatiorof all the orbits of the catalogto a cer

tain epoch.This operationessentiallysimplifiesthe data
processing.The characteristicspresentedabove allow

to fulfill the propagationof the whole catalogfor one
yearin 1.5-3.0minute. Thisis quiteacceptable.

4. THE GENERAL ALGORITHM

The structureof the catalogmaintenancealgorithmin
generalis similar to the structureof the procedureused
for LEO satellites.However, somespecificfeaturesde-
terminedby the structureof theinitial data,do exist.

The measurementseceved by the SSCenterthe pro-
cedureof primary orbit determination. For eachmea-
surementthe parameterof the orbit and the errors of
their determinatiorareestimatedn the basisof the sin-
gle measurement@narks)andthea priori data.

Thenfor eachmeasuremente determinewhetherthe
satellite,which producedt exist in the catalog,i.e. the
task of assigningthe measurementsto the cataloged

satellitesis solved. As a resultthe measuremenbe-
comeseitherassignedcorrelated)}o certainsatellite,or
remaindgree (uncorrelated).

The correlatedobsenationsupdatethe orbital parame-
ters of the satellitesthat producedthem, i.e. the task
of orbit updating is solved. If we managéeo correlate
themeasurement® certainsatelliteandupdateits orbit

regularly, the satelliteis monitoredor tracked. When

theflux of the measurementsf certainobjectcease®r

wealenssignificantly the tracking of the satellitemay
stop. Thebreakof trackingoccurs.

The uncorrelatedmeasurementare included into the
catalogasnew satellitesand participatein the tracking
procesgogethemwith the othercatalogedbjects.

At the initial stageof this process- the preliminary
tracking - thenew satelliteis identifiedwith theobjects,
alreadypresenin the catalogandwith the lost ones.In
casethe satelliteis identified with the previously cata-
logedobjectthedataon this satellitearerenavedandits
trackingis thusrecovered. Whenthe decisionis made
thatthe orbit belongsto a new, not previously cataloged
satellite,its origin (internationadesignatormustbede-
termined,i.e. the satellite identification task mustbe
solved.

In distinction to the catalog maintenanceprocessfor

LEO satellitesthe interactionwith the network of op-

tical sensordéncludesthefeedbackj.e. the sensorsvork

underthecontrolof the SSC.Thefeedbackmeanglan-

ning of obsewations and calculation of targetindica-

tions for thesensorsTheobjectsfor theassumeduture

work of ary optical stationare selectecandthe respec-
tive targetindicationsarecalculated.

Thefollowing sectionss-9 describethebasicalgorithms
usedfor maintenancef the catalogof GEO satellitesin
moredetail.

5. PRIMARY ORBIT DETERMIN ATION

Thedetailedconsideratiorandanalysisof thealgorithm
for primary determinatiorof orbitsis givenin the work
[4].

The estimationof the orbital parameterss the point of
theminimumof thefunctional

0(@) =Y [Wap(op—ap(@)?+Wsp(dp — 3p(@)?] +
p=1

Wa (81 — @1a)” -+ Wap (32 — @a)? + Waa(33 — 83a) >+ 1)

Wag (@4 — 84a)® + Was (85 — 5a)? + Was(36 — 86a)?,



where (0,0;), (03,0;),...{0r,0) - the marks of

the measurementwith time referencest;<t,<...<t;

ap(@),dp(a) - functional relationshipsbetweenparame-
tersap,dp of p-thmarkandparametera= (ay, &, ..., )

of the satellite; wap,Wgp - the weightsof the compo-
nentsof p-th mark (the values,inversely proportional
to the variancesof the components’errors); a; =

(a4a; 4, ---,3a) - thevectorof a priori valuesof orbital

parameters;way,Wap,... Was - the weightsof the compo-
nentsof a5 (the valuesareinverselyproportionalto the
variance®f theerrorsof thesecomponents);

For the vectora of orbital parametersve take the six-
dimensionalvectorof the elementsa = (A, L, p,q, h, k),
derived from the known KeplerianelementsM, a, i, €,
Q, w using the formulasA = M+ w+Q, L = /13,
p=sin(i/2)cosQ, q=sin(i/2)sinQ, h= esin(w+Q),
k = ecos(w+ Q), wherep - gravitationalconstantVec-
tor a is referredto the certaintime t, (t;<tm<t;). The
component®f thea priori vectora, arethe averageex-
pectedvaluesfor GEO satellites.

The initial approximation,usedin the minimisationof
the functional ¢(a) is constructed. The algorithm is
the modificationof the known Laplaces techniquel[6],
whichin its pureform turnsto beinefficientdueto high
sensitvity to the errorsin initial data. The essenceof
theimprovements to gainthe advantagefrom the a pri-
ori dataon the orbital parameters.Our algorithm uses
only the a priori dataon the semi-majoraxisi. e. it is
consideredhata = ay, wherea, - is constantequalto
the semi-majoraxis of GEO satellitewith orbital period
equalto oneday. Thusthe developedtechniquecanbe
usednot only for the objectswithin geostationarying,
but alsofor otherimportanttypesof objects for example
for satelliteswith half-dayorbital period. Thederivation
of the formulas,computationabspectsandthe analysis
of the performanceof the procedure(for real measure-
mentson variousclasse®f satellites)is presentedh the

paper{4].

Thenthe minimum of ¢(a) is sought. The minimisa-
tion usesthe multi-passscheme selectingduring each
passheabnormakomponent®sf all themarksusingthe
normalisedesidualdetweerthemeasureédndassessed
values.For thefirst passall themarksaretakenwith the
weightscalculatedaccordingto the variancesf the er-
rors. Beforeeachnext passhecomponent®f themarks
aretestedfor abnormalityby comparingto the thresh-
old c, the squarednormalisedresidual(the respectie
componenin ¢(a)) for the point of the minimum, ob-
tainedat the previous pass. The weightsof the discov-
eredabnormatomponentaresetto zeroandthenormal
component®f themarks,mistalenly excludedfrom the
processingreviously arere-introducednto the process
by the recovery of their weights. Whenthe certainstep
of minimisationshaws that the weightsare chosencor-

rectly the passesinish. The algorithmfor minimisation
of ¢(a) usedat eachpassis describedn [2,4].

If thefinishedcycle of minimisationsyieldsthedecision,
its reliability is tested. The decisionis considerede-
liable in caseboth componentof at leastthree marks
have completelyinscribedinto the determinedrbit and
the shareof the marksacquiredduring eachnight, for
whichbothcomponentsiave inscribedinto theorbit, ex-
ceedghe certainthreshold dependingpn the numberof
the marksfor this night.

6. MEASUREMENT CORRELATION

After determinatiorof primary orbitsthe measurements
are correlatedwith the catalogedsatellites. The algo-
rithm used here essentiallydiffer from the algorithm
usedfor maintenancef the catalogof LEO satellites.
Thebasicrationaleareasfollows.

1. Thenumberof opticaldetectiongs by ordersof mag-
nitudelower thanthe numberof radardetectionsand
the numberof catalogedsatelliteswithin geostation-
ary ring is by the order of magnitudelessthanthe
numberof LEO satellites.

2. Theaccurag characteristicef radarandoptical ob-
senationsessentiallydiffer aswell. The mostaccu-
rate parameteof radarobsenationsis therangeand
for opticalobsenations- theangularcoordinates.

3. The characterof orbital motion of GEO and LEO
satellitesis alsodifferent. The mostunstableatmo-
sphericperturbationsyeryimportantfor thelatterdo
not affect GEO satellites. On the other hand, the
orbital maneuersand corrections(which affect the
trackingprocesspreperformedby lessthan0.5% of
cataloged_EO objectscomparedo morethan 30%
of maneuering GEOsatellites.

The first reasonallows to use for maintenanceof the
catalogof GEO satellitesthe mostaccurateand labour

consumingtechnigues.The secondreasorleadsto dif-

ferentdecisionfunctionsfor the algorithms. The third

onerequiresa specialalgorithmfor GEO satelliteswith

correctedorbits. The accurag characteristicof radar
and optical obsenations vary within rather extensve
rangethusleadingto increasedophisticatiorof the al-
gorithm.

Differentproceduresre usedto correlatethe measure-
mentsto active or passve satellites. The reasonis as
follows. For time intervals significantlylongerthanthe
interval betweerthe neighbouringneasurements, pas-
sive catalogedsatelliteis characterisethy oneorbit, ob-
tainedusing all the obsenational dataon the satellite,
acquiredwithin this interval. This orbit containsall
theinformationrequiredfor makingdecisiongegarding
correlationof measurement® this satellite. For active



satelliteoneorbit cannot provide sufficientinformation.
Efficientdecisionmakingfor thesesatellitesrequireshe
knowledgeof at leastoneorbit betweerthe corrections
andthe a priori dataon the characternof the performed
correctiongthebestis thedataon thetime andmomen-
tum of the correction).

A priori we do not know what satellite (active or pas-
sive) hasproducedthe measurement.Thus eachmea-
surementis subjectedo correlationproceduref both
types. The measurementan not be correlatedto more
thanonesatelliteof eachclass.Whena measuremeris
correlatedto certainactive and passve satellitesthe fi-

nal decisiononits assignmenis theresponsibilityof the
analyst.

6.1 Passve satellites

Denotethe parametersof the primary determinedor-

bit, calculatedon the basis of measuremeni, as
Am, Lm, Pm, Om, hm, Km, theirtimety,. Thealgorithmuses
only one of the values,characterisinghe accurag of

orbital parameters the root-mean-squardeviation o,

of the error of determinatiorof L, which is transformed
into orm, - the root-mean-squardeviation of the error
of determinationof orbital period T. Using the orbital

parameter&eplers elementsy,, Qm, Tm, €m, Wm andthe

longitudeof satelliteprojectioni, arecalculated.

Parameter®f all catalogedsatellites passie atthe mo-
mentty, arepropagatedo the momentt,, andaretrans-

formed into the sameparameterss the measurement.

We will denotethe resultis, Qs, Ts, &5, s (we do notin-
dicatethe catalognumberof the satellitefor simplicity).
Theroot-mean-squardeviation of the error of determi-
nationof the orbit of catalogedsatelliteis denotedoys.

The decisionfunctionis asfollows. Preliminarycorre-
lated satellitesare soughtfor. They satisfy the condi-
tions: ai = [im—is| < Cip, 8Q = |Qm— Qs|moen < Cap/is,
B\ = [Am—As|moen< Crp, AT = [Tm—Ts| < Crp, where
Cip, Cap, Crp, Crp - the gates,chosento provide low
frequeng of false correlations. For eachof prelimi-
narycorrelatedsatellitesve calculatethefunctionalF =
Ai/Ci1 +2Q/Coy + aN/Cy,, Whereci;,Cos,Cy, - arecon-
stants. The measuremeris finally assignedo prelimi-
nary correlatedsatellitecorrespondingo minimal value
of F.

6.2 Active satellites

Thecharacteristi¢eatureof thealgorithmis theaccount
of thedataon the correctiondor eachsatelliteindividu-
ally. Almost all active satellitesperformorbital correc-
tionsto keeptheirlongitudewithin certainlimits (differ-
entfor differentobjects).For someobjectsthe direction

to the satellitefrom certainpoint on the surfaceof the
Earthis also kept within certainlimits during required
timeintervals.

For making the decisionof preliminary correlatingthe
measurement performedatty, for eachcatalogedatel-
lite two orbits from the archive of orbital dataareused,
which timing tg, andts, satisfythe conditionty < tm <
te. Theelementsy, Qm, Tm andthe longitudeof satel-
lite projectionAn, arecalculatedusingthe measurement
andonthebasisof botharchivedorbitswe determinepa-
rameterss, i, T, Te, Asi, A Without propagatiorand
parametersy, i, Qg, Qg propagatedo thetime ty,.

The decisionfunction is as follows. Preliminary cor-
relatedsatellitesare soughtfor. They satisfy the con-
ditions: aA = mMin(|]As; — A/ mocer A2 — Am|mocen) < Chas
AQ = min(|931_Qm|mod2m |QSZ_9m|mor2n)~< CQa/iSa ~A| =
m|n(||51 - iml, ||52 - |m|) < Cia, Ai = m|n(||31 - im|, ||32 -
im|) < Cia, Wherethe first conditionfor i is testedonly
for the objectswhich maintainthe inclination closeto
certainvalue (normally, nearzero)andthe secondone-
for active satellites,which do not maintainthe inclina-
tion (for thesesatellitesthe evolution of this parameter
is the sameas for passve objects);Cya, Cia, Caa, Cra -
thethresholdvalues; ¢\, depend®ntheinclinationand
the eccentricity c¢ra dependson orm, Ors, Ore. FOI
eachpreliminary correlatedsatellitethe functional F is
calculated.Thefinal correlationof the measurements
fulfilled only whenthe preliminarycorrelationof all the
measurementacquiredduring the considerebsena-
tion sessiorof the sensoiis finished. The decisionmak-
ing procedureis more sophisticatedhanthe procedure
usedfor passie satellites.Thisprocedureoincideswith
the decisionfunction usedin [7]. Regardingthe proce-
dureit is expedientto notethefollowing.

For passve satellitesa more simple procedures used.
It is efficient sincethe errorsof orbit determinatiorand
propagatior{for themomentof theobsenation)for pas-
sive satellitesvirtually always are essentiallysmaller
thanthedistancebetweerthem. For active satellitesthe
situationis different. Lack of completeinformationon
the performedcorrectiondeadsto theerrorsin determi-
nationof their parametergfor the time of the obsena-
tion) which are sometimesomparableor even exceed
the distancedetweercloseactive satellites.In this case
the decisionprocedurdor active satellitesprovidesbet-
ter quality of thedecision.

Forthemostaccomplishedaseswhenthealien” satel-
lite is closerto the measurementhan the "own” one,
correctdecisionis possibleonly onthebasisof eitherthe
dataonthetime andmomentunof the performecdcorrec-
tionsor additionalinformation. The additionalinforma-
tion heremeansthe "brightnesscurves” of the satellite,
which can be acquiredby someoptical-electronicsen-



sorsduringtheobsenationsessionsCurrentlysomesta-
tionsalreadyusethis type of datain correlationprocess.
Our work treatsonly the issuesof track measurements
processing.Theissuesf processingion-trackdataare
beyondthe scopeof the work andmustbe subjectedo
specialinvestigation.

It mustbenotedthatsometimeshemeasuremeris pro-
ducedby active catalogedsatellitebut the correctcorre-
lation decisioncannotbeachieved. In thiscasehemea-
surementasarule, becomesincorrelatecdandentersthe
preliminarytracking process. This is characteristidor
the situationswhen the measuremenis acquiredafter
the performednaneuerandthedataonthemaneueris
lacking.

7. ORBIT UPDATING

The correlatedmeasuremenis recordedin the archive
of dataon the object: the orbit - in the archive of or-
bits, the marks- in the archive of marks. After thatthe
orbital parametersf the satelliteareupdated.Thefunc-
tionalminimisedin the procesof orbit updatingis close
to the functionalusedfor updatingof LEO orbits. The
minimisationprocedureas essentiallysimpler however.
the explanationis asfollows. On onehand for the ob-
jectsin GEO the instability of the perturbationsof or-
bital elementsandthe predictionerrorsaresignificantly
smaller This situationmakesthe problemof estimat-
ing the orbital parametersnore linear and thus, more
simple. On the otherhand the abnormalitiesn optical
measuremen@remorerarethanin radarmeasurements
andthusthe procedurausedto revealthemcanbe more
simple. Parameter®f updatedorbit minimisethe func-
tional

M
@(a) = z (xp —fp(@)'(Kp+Kp)™*(xp—fp@)+ 2
1

N
2, (a4 aq(@) Kaq+Kaq) *(2q—aq@),

wherexy, X, ..., Xy - areopticalmeasurementwith tim-

ingstym<t;m<...<tum, correlatedo certainobject; f(a)

- functionalrelationshipbetweenparametersf the ob-

ser\‘ationxp andparametersf the satellitea; (Kp)ij =

GX .0ij (6ij=0fori# j andgjj=1fori=j), ox - mean
squareof the error of i-th component, (i,j= 1 2,...,6);

(K)ij = pr_i Gij, Ozp‘i - meansquareof predictingthe

orbit for the time tyy, (for parametenof i-th component
of xp), i,j=1,2,...,6; &;,a,,...,ay - orbital parametersc-

quiredfrom othersourceswith timing t;s<tys<, ..., <tys;

ag(@ - functional relationshipbetweenparametersag

andsatelliteparameters; Ka, - correlationmatrix of

theerrorsfor aq - structurallysimilarto K p; Raq - sim-

ilar to Kp; / and~* - denotematrix transpositionand
inversionrespectiely.

Measuremeng parametersectorx, is a six-dimensio-

nal vector (Dp, 0, 8p, Dp, &p,8p), resultingfrom orbit

determinatiorusingthe marksof the measuremeniThe
vectora of orbital parameterss seven-dimensionavec-
tora= ()\ L, p,q,h,k,s), where)\ L, p,q,h, k- orbitalel-

ements(seesectlonS) S- averagecoeﬁuent of light

pressure.Vectora is referredto the time max(tym, ts)-

The variancesof the errorscx of the componentsof

eachneasuremerareobtalnedn theproces®f minimi-

sation (alongwith determinationof the primary orbit).

Certainconstantposethelower limits for thecalculated
valuesfor all parametersf the measurementThe vari-

ancesof errorsin the component®f a4 (diagonalele-
mentsof matrixK 4,) - areconstantschoserempirically
for eachdatasourceindividually. Diagonalelementsof

matricesKp, and K, characterisingorediction errors
werealsochoserexperimentally Theresidualdetween
theobsenedandcalculatedvaluesusingthe updatecbr-

bit parametergor variouscatalogedsatelliteswere the
basisfor the analysis. The result of the analysisare
certainfunctions,chosenfor all the parametersThese
functionsare expressedy combinationof polynomials,
areequalto zerofor thezeropropagatiorinterval do not

decreasavith the increaseof propagatiorinterval. The
ordersof the polynomialsfor parameter®,9,D,a,d do

notexceedhefirstandfor parametea - thesecondThe
timeinterval at = maXtym, tns) — Mintym, tis), usedto re-

trieve the orbits of passie satellitesfrom the archive is

150-500days.

Prior to updatingthe weightsof the componentgcoef-
ficients of the squaref residualsin ®(a)) are chosen
for xp andag (we will call themmeasurements)hisis
fulfilled in thefollowing way. We selectthe components
of the”new” (not previously participatedn orbit updat-
ing) measurementwhich have significanterrors,com-
paringwith thethresholdgheinput residualgthe resid-
uals, obtainedprior to updating,in distinctionfrom the
output residuals,obtainedafter minimisation of ®(a)).
The weights of the selectedcomponentsare nullified.
The othercomponent®f the new measurementgartic-
ipatein the minimisationwith their weightscalculated
usingEq.2assuminghatthey arenotabnormal All the
"old” (previously participatedn the updating)measure-
mentsare usedwith the weights, obtainedafter previ-
ousupdating,i.e. the weightsof the component®f the
measurementsyhich were characterisedby significant
residualsduringthelastupdating arenullified.

After thatthe updatingis performed.A classicaldiffer-
ential correctiontechniqueis usedfor minimisation of
functionalEq.2. This techniquempliesthatoneGauss-
Newton iteration must be performedin searchof the
minimumof Eq.2.

The obtainedresultis testedfor reliability. The solution
is consideredeliablewhenatleastthreemeasurements,
including at leastone new have inscribed(have accept-



ableresidualdor all parametersinto the orbit.

In casethe new measurementdid not describento the
generatearbit, the attemptis madeto constructhe up-
datedorbit for ashortertime interval.

8. PLANNING OF THE OBSERVATIONS AND
CALCULATION OF TARGET INDICATIONS

This algorithm has no analogyin the maintenanceof
LEO satellite catalogsincethereis no control of radar
sensorgmanatingrom the SSC.The planningof mea-
surementss fulfilled by the analyst. The principlesof
planningthe obsenationsfor the purpose®f GEOmon-
itoring areasfollows:

1. For passve satelliteswith accuratelydeterminedor-
bit: maintenanceof tracking requires1-4 measure-
mentsperyear, satisfyingtherequirementdy SSC.

2. For passie satellitesfor whichtheorbit is notdeter
minedaccuratelyenoughithemeasuremeris needed
whenthe calculatedvalueof the errorof positionde-
terminationis comparableor exceedsthe maximal
acceptablerror of targetindication.

3. Foractive satellitesthemeasurementsreneededor
the timeswhenthe changeof the longitudeof satel-
lite projectionor the orbital planeexceedshe limits,
usualfor the satellite. Suchsituationsoccurin case
of maneuersperformedo transferthesatelliteto the
otherorbit or to the pointwithin GEO.

In additionthe obsenationsareplannedwhenlaunches
or emegeng situationsoccurThe purposesof satel-
lite identificationusingotherthantrackingdataarealso
takeninto account.

Theplansarepreparedor eachsensotindividually with

accountof the scheduleof the works, conductedn the
site. Planningthe work of specific sensorthe analyst
usesthe dataon the informational capabilitiesof this
sensorin particular operationmode (photoor optical-
electronic),penetratingcapability capacityanda setof

otherfactors,mportantfor thework.

Selectionof the satellitesis fulfilled on the basisof the
catalogof the objectswhich will residein the field of

view of the sensorduring the anticipatednterval of ob-

senations. This catalogis called partial catalog. The
satellitesin the partial catalogare prioritised according
to theabove mentionedprinciples.Prioritiesof different
groupsof satellitesmay be differentfor differentworks
andthereforethe analystcanchoosehe classof objects,
interestingfor particularjob (for example, only active

satelliteswith somepropertiesor passie satelliteswith

pooraccurag of currentorbit determination).

The following typesof dataon the selectecbbjectscan

be forwardedto optical-electronicsensor: either target
indicationsfor individual satellitesor partialcatalogsor

certainspacedomains. The photo sensorreceves the
spatialzoneswherethe required(for SSC)satellitesre-

side. The SSCmay not needall the satelliteswithin

thesezones. However, underthe favourableconditions
the sensomwill acquirethe measurementsf all objects
presenin the photoplate.

Let usdiscusghe algorithmfor calculationof targetin-
dicationsand partial catalogs.For passie satellitesthe
algorithmis reducedto propagationof the parameters
of the satelliteand requiredtransformationinto agreed
form. For active satellitesthe propagationis also ful-
filled, but the obtainedvaluesof parameters\, p,q are
replacedby the valuesproviding that the longitude of
satelliteprojectionA andorbitalinclinationi for thetime
of theobser\atigntob will beequalto anticipatedqr this
satellitevaluesA (top) andf(tob). The estimations\ and
i are obtainedusing averagingor approximatingof the
archivedata.

9. PRELIMIN ARY TRACKING

After theprocessin@f measurementsomeof themmay
remainuncorrelatedvith the catalogedsatellites.These
measurementare incorporatednto the catalogas new

objectsfor whichtheproces®f preliminarytrackingbe-
gins.

In the courseof preliminary tracking the objectis un-
der the permanentontrol of the analyst. This analysis
mayleadto thefollowing decisions:theobjectis identi-
fied with the satellitealreadypresenin the catalog; the
objectis consideredinreliableandis removedfrom the
catalog; the objectis acceptechsa new one,not cata-
logedpreviously.

In the later casesatellite identificationis fulfilled, i.e.

its origin (internationaldesignatornustbe determined.
Thenthepreliminarytrackingis finishedandthesatellite
is transitionedto regular tracking, the basicaspectsof

which aredescribedn sectionss-8. Let usconsiderthe

operation®f theanalyst.

1. The interactive program,calculatingthe approaches
of the satelliteto ary catalogedbjectwithin certain
timeinterval is usedfor identification.The principles
of suchprogramaredescribedn [8]. The resultsof
the calculationssometimesallow to fulfil the orbital
identificationfor the casef maneuers,evenwhen
thedataonthemaneuerarenot available.

2. Whenary data,receved andprocessedby the SSC,
caninfluence(accordingto theanalyst)the"destiny”
of preliminarytracked satellite,the attemptto iden-
tify this object with the other onesis made. The
interactive versionof the measurement-satelliteor-



relation programis used. Sometimeghe attemptis
successfullet us considerthe typical situation. The
SSCrecevedthemeasuremerdnthesatellite which
performedamaneuer. Themeasuremeris received
atthetime,whenthesatelliteis alreadyratherfar (re-
gardingthelongitude)from the point of its residence
prior to the maneuer. For the momentof process-
ing this measuremento informationon the maneu-
verwasavailablefor the SSC.Thusthemeasurement
remaineduncorrelated.Sometime later the SSCre-
cevesthe dataon the maneuer. Thentherepeated
run of the correlationprogramin interactve mode
leadsto therequiredidentification.

3. Tamget indicationsare forwardedto the optical sen-
sorson preliminary tracked satellitesto confirm the
existenceof the satellitein orbit. In casewe can
not manageo identify the objectwith the cataloged
satellitesbut its residencen orbit is confirmedby at
leasttwo sensorstheobjectis consideredo beanewn
satellite.

4. We will not treatthe proceduresusedfor complete
identificationof new satellitessinceratheroftentheir
essencés notwithin the scopeof orbital monitoring.
We will just notethat for satelliteidentificationthe
non-trackdataof optical sensorsareusedaswell as
the dataon satellitecoordinates. Thelatafrom other
sourcef informationareusedalso.

10. RESULTS OF TRIAL OPERATIONS

We will considersomeof the resultsobtainedduring
testingandtrial operationsof the describedcomplex of
thealgorithmsfor orbital monitoringof GEO satellites.

1. Realerrors of orbit determinationand propagation
arethe basiccharacteristicssincethey determinghe
overallperformancef the catalogmaintenancealgo-
rithm andthe characteristicef its componentsThe
techniqueusedfor assessmertf real errorsof orbit
determinatiorandpredictionis asfollows. For each
passie satellitetheresidualdbetweernits lastupdated
orbit andall thearchive orbitswerecalculatedor the
interval of 4 years.The distributionsof theseresidu-
alsfor all passve satellitesin the catalogwere con-
structedor 15 propagationntervalst,, (0--100days,
100+-200daysetc.). The percentiledor the distribu-
tions of absolutevalueskys, kos andk, werecalcu-
latedfor thelevels0.5,0.8and0.9. Tablel presents
theresultsfor the parametei. Thisis the upperes-
timation of the real errorsalongthe track of a satel-
lite, i.e. the maximalerrorsin determinatiorof the
predictedposition of the object. With the increase
of propagationnterval this estimatiorapproachethe
estimationof realerrors.

Table 1. Predictedposition errors

tpr (days) | kos (deg) | kog (deg) | koo (deg)

0+100 | 0.016 0.035 0.050
100+-200 | 0.015 0.033 0.047
200300 | 0.016 0.035 0.058
300+-400 | 0.014 0.031 0.065
400+-500 | 0.019 0.047 0.085
500+-600 | 0.038 0.090 0.17

600700 | 0.052 0.14 0.22
700+-800 | 0.080 0.18 0.32
800+900 | 0.10 0.27 0.40
900+-1000 | 0.13 0.30 0.43
1000+1100 | 0.16 0.39 0.62
1100:-1200 | 0.20 0.49 0.70
1200:-1300 | 0.22 0.50 0.75
1300+1400 | 0.26 0.60 1.0
1400:-1500 | 0.30 0.70 1.3

Onecanseefrom Table1: for predictionintervalsup
to 500 daysthe errorsof position determinationdo
not exceedl arc minute (12 km in linear values)for
50% of the cases;for predictionintervalsupto 1500
daystheerrorsdo not exceed0.3* (190km) for 50%
of thecases;for 80%(90%)of thecasegheerrorsare
2-2.5(3-4) timesgreaterthanfor 50% of the cases.

. The main characteristioof the programof primary

determinatiorof orbits is the shareof measurements,
for whichthereliableorbit canbegeneratedNow we
have achievedvirtually 100%level for automatigoro-
ducingreliableorbitsonthebasisof measurementsf
optical-electronicsensorsFor the photosensorghis
parameteiis lower. The major obstacleis the pres-
enceof marksfrom differentobjectsin the measure-
ment.

. Correlation of measuementswith the cataloged

satellitesis characterisedby the shareof the corre-
lated measurementsThe resultsof dataprocessing
in recentyearsyield that91% of "satisfactory” mea-
surementsirecorrelatechutomaticallyandadditional
7% of thesemeasurementare correlatedusing au-
tonomouswork. Thus, approximatelytwo percent
of "satisfactory” measurementsecomeuncorrelated.
Themeasuremens consideredsatisfactory”in case
it containsotlessthantwo markswithin theinterval
not lessthantwo minutesandthe reliable orbit was
generatean its basis. Using only this measurement
it is possibleto determinenot lessthanfour orbital
parametersutof six with accurag, sufficientfor cat-
aloging.

CONCLUSIONS

1. Developmentof the complex of algorithmsfor main-
tenanceof the catalogof GEO satellitesincorporatedall
the experienceof solving this task for LEO satellites.



Thusasimpleandefficient systemwascreated.

2. Theinitial data,i.e. the characteristicef the sensors
andthesatellitesdeterminghestructureof catalogmain-
tenancealgorithms. The mostimportantare the follow-
ing distinctive featuresof initial datafor GEOobjects:

a. opticalprinciple of dataacquisition,
b. possibilityto controlthe sensorgrom the SSC,

c. low averagedensityof GEOsatellitesandthe flux of
measurements,

d. low effectof unstableperturbation®on the motion of
satellites,

e. significantlygreatemumber(absoluteandrelative) of
satellites,performingorbital maneuersand correc-
tions.

3. Similar to LEO region, several essentialimitations
for the rangeof obsened parametersthe rate and ac-
curag of the obsenationsexist for GEO satellitesas
well. Thereforethe catalogmaintenancealgorithmuse
all availabledatawhichis storedin "historical” archives
andthustheinformationallossesarenottoo high.

4. The employed programfor predicting the motion

of passve satellitesof GEO domainhasacceptableac-

curag characteristicand very high computationrate.
Thusthe processof tracking and detectionwas essen-
tially simplified comparedto similar processfor LEO

satellites.
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