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ABSTRACT

This papr preseits the CORAM software todl
deweloped by DEIMOS Space for the ESA/ESQC Space
DebrisOffice.

CORAM is desigred to help the operabr in the task of
assessig the ollisionrisk of a conjurction betwea two
objects, and in proposng an optima avaddance
manaewre to reducethe collision risk to accetable
levelsconddering operatonal constraints

It is capalle of reaing different input formats,
analysing a time intervaland assessig the collision risk
of eachencownter in thatinterval. It includes algorithms
for conjunctionsat low ard high relaive gpeed,and the
objecs can be modelled as simple spheres or as a
conplex body composed of oriented boxes, following
certan atiitude laws.

1 INTRODUCTION
CORAM isdividedin two different tools.

e CORQOS is the tod respmsible for collision risk
asseswent inputioutput of scenaio files ard
propagation.

¢ CAMOS makes u of CORQOS libraries to
conpute the optimal avadance manceuvre nealed
by the target satelite to reduce the collisionrisk (or
increasetie missdistance)to a requesed level.

In anormal exection, an operatorcan useCORQOS to
evaluatethe collision risk of an encounter.If therisk is
constered too high, CAMOS can be used to propose
avadarce manceuvres for the operatonal satllite to
reduce the collision risk. The manoeuvres are
autonatically evaluated with CORQOS so the operato
will see theane autput aswhen evalatirg therisk.

2 CAPABILITIES

The CORAM SW package is capdle of reading the
input orbit files in seveal formats: stae vecta at an
epcch, epheneris file for an interval, a TLE file or a
CSMfile.

In addition, it is possibleto provide acovariancematrix
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atanepod tha will be propagatedif necesary to usea
realistic position uncertanty to calculae the collision
risk. Some input formats will provide their own
covariance matrix (like the CSM file) or an ESCC in-
hous look-up table can be used to provide an initial
esimation, like in theTLE case.

CORAM is powered by several propagators, which will

be sekced dependirg on the input format. A force
model based propagabr usng a Runge-Kutta 7(8)
integrabr is usal for CSM ard stée vecta, andalsofor
covariance matrix propagation; the well-known SGP4
propacator is used for TLE. Finally a Lagrangian
interpolatar is used for gphemeris input brmat.

The forcemodel propagata can be configured to
incorporate  seveal peturbatons like Earh
geomtencial third bodies, atmospheric drag solar
radation pressire, etc.

Both impulsive and low-thrust mancewres can be
configured by the operatar or added by CAMOS during
the optimisaion process The forcemodel propagata
canmana@ thesemancewres, both for the stee vector
and for the covariance matrix, with thruste errar
modelled as an uncetainty in the accderation and the
direction of the manaeuvre,impacitng the evolution of
the covaianceinformation.

3 ALGORITHMSUSED IN THE
COLLISION RISK ASSESMENT

Depending on the scenaio configured by the user, in
particular, the object’s geometry (spherical or complex)
andtherelaive spedl of the collision, thereare several
algorithms awailable to the user.

3.1 Spherical geometry

If both objects are sphericy there are seveml well-
knownalgorithms that can éused:

e Alfriend & Akella [1], a well-known method to
conpute cdlision risk that performs the two-
dimensioral integraton of the had body
projection in the ercounterplane.

e Patera’s method [3] performrs the conour
integraton of the prgection, conputing the same



resut in afaste way.

e Maximum Probaility, assunng spheical
covariance udng the maximum likelihood
appoach([2]. Fig. 2 shaws the existence of suich a
maximum for evely encounte distance.

e Covariancescding, where the covarianceis scakd
for both objeds in a given interval ard for every
scak factar, the covarianceis evauatedusng the
method in [3]. This method preseves the shepe
and orientation of the covariance matrix of each
objectand it is useful whenthe covaianceis not
well-known.

During CORAM dewelopment, these algorithms,
and some other finally discarded (Chan, Alfano
and Foger), haw been testal to chek the
performance, both in terms of runtime and
accuracy (see Fig. 1). Additionally, extensive
analysis of performanceunde differert conditions
of geametry and covariance valueswas execued
(seeFig. 2).
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Figure 2: Evaluation of perfamancefor different
encountergeometres aml orbital acairacy

3.2 Complex geometry

If oneof the objecs, or both,arecomplex (conposedof
orientedboxe$, a new method to calculat the collision
risk hasbeen devised

While in the spherical case the hardbody object
(collision volume) can be computed as anoher sphere
whoseradius is the aim of the radi of the two original
spheres in theconplex case his hard bady canputation
is more conplicated. It is acconplished by assunng
consantatitude and calculaing the Minkowski sum [8]
of the two objecs, ard then projecing it onto the
encounter plane. Additionaly, the collision volume
shall be trarslated to the B-plane by means of the
projection of the vertcesof such volune.

The enounterplaneis thendiscretzedand sanpled. A
z-buffer grid [9] is corstruded where evay cell of the
grid is atruefalseindicator of the “shadow” of the hard
body onto the encounter plane. Every grid cortains a
smell amount of contribution of the collision risk and
the last step is to compute the risk asseiated to evay
shedowed giid and sim them up.
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Figure 3: Representaton of Enounte plane with the
projedion of the boxes formingthe calision vaume(one
satelite built by threeboxes, andthe oher based on ainique
box), andthe Z-buffer evaluation.

The needof consdeiing the acual objeds geanetry
insteal of asuming sphercal case is very much
dependent on the miss-distanceand the vaues of the
covariances of the orbitd daa Fdlowing exanples
provide some graphical representation of a heal-on
encounter of two satllites (one satllite built by three
boxes ard the other base on a unique box). Geometry
of the encounter is shavn in Fig. 4. Dashedline
indicates the equivalent crosssecton area assunng
spherical geonetry whereas the green circle is the
nominal enounter int.

In the caseof accurateorbitd data (small covariance
values about 1 m), the missencounter would be
perfecly edimated with a high acaracy only
consdeiing the acual geometies of the objects.
Othawise theintegraton of therisk alongthe spherica
projection would provide a very low collision risk. This
caseis repreentedin Fig. 5. The computed collision
probablity with the complex-geometry algorithm here
descibed is 0.999, whereasthe cdlision risk computed
by algorithnms based on spherical assunptions is
1.49-10*.



In the caseof larger uncertantiesin the orbital position
of thetwo objects (abou 100 m), the probability dersity
function is spreadacioss larger areasof the B-plane
providing very similar resuts whenintegrating the risk
along the acud object geometries than integating the
risk along the equivalent circle. The conputed risk is
2.14-1C for the two cass.

3.3 Minkowski sum

To easly conpute the Minkowski sum of two complex
objecs, it is bette to divide the objecs in convex
shgpes armd compute the sum by pairs, for all
combinations and then reomnstuct the final object
However, the acual 3D object calculaion is not
required, only its projecion onto the encouwnter plane.lt
is possible to skip the 3D remnstudion of the
Minkowski sum ard calculaie theprojection directy.

For that, the Minkowski sum is conmputed for evay two
boxes (or box-sphee) of the objects but only for the
vertex points, without recnstucting any informaton
about thefaces. Theresuting sumwill be dso mnvex.

Those points are then prgected onto the encounter
plane, and the convex hull that the points form is
cakulaied. This convex hull is the contour of the
progected Minkowski sum, represented convex closed
irregularpolygon.

The entire z-buffer is checkel to evaluatewhat cells of
the grid are inside the poygon. Only cels not
previously shedowed by othea polygon are checkel by
means ofafastpointin-polygon agorithm

Thesesteps are repeaed for evely box-box pair of the
conplex objects, and the resuting z-buffer grid is
evaluate to cdculatethe ollisionrisk.

In order to do that, it is possibleto use Alfriend &
Akella or Patea methods on eachcel. It canbe easly
doneby repacing every cel by an equivalentcircle in
theenmunterplaneand applying a collision risk method
to them The final sum provides the d¢tal colisionrisk.

Thez-buffer offersseeral alvantaes:

o ltis relatvely fast.

It sdves the problem of sef-shadaving, where
different pats of the objeds can be acountal
seveal times in the conmputation of the collision
risk. The z-buffer cels hawe only two staes (in
shadow / not in shadow) it is nat possibleto have
overlapped sedions @unting twice.

e It canbe easly extenad to include other basic
shepes, as long as they are convex or could be
divided in convex $hapes

e Allows calkulating the cross-secton of a complex
body from a certan point of view, which can be
used to estmate the areaexposal to atmospheric
drag or ®lar radiation pressire.
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Figure 4. ExampleEnounte geomety (top figure)and
B-plane repreentatian (bottom figure).
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Figure 5: Probabhility dendty function for the caseof
very good omital dataacaracy (~1 n) along theB-
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3.4 Low-speed encounters

Previously conmented methods are in principle
appicableonly to high-spea enmuntes, where alinear
relaive motion and constant orientation, cross secton
and posiion uncertaities during the encownter can be
assuned.

In a low-spea encouwnter, however, the conjunction
parameters may changein time andit is not possibleto
evaluatetherisk jugt atthetime of closest approach,it is
necessy to take into accant the whole encourer
interval.

An interval-slicing method based on Patera’s work [4]
has been enployed. The method divides the collision
intervalin slices,andthe collision risk is evaluatedor
evely dlice. For eachslice, the same assumptionsasin
the hgh-speedenmunterarevalid (constant covariance
and orientation, linear motion) ard the dices can be
madeassmall asnecesary for theseassimptionsto be
correct

To calculate the collision risk of each slice, any other
high-sped collision risk algorithm canbe used, with a
scalng facta to take into acountonly the cortribution
of the slice, and not the whole enmunter. This means
that this method can be used with spherical objects and
alsofor complex geonetry object.

Theinstantaneus risk (red curvein Fig. 7) computed at
eachslice may be larger than the final computed risk
along the intewval, sinceit accountsat evey slice asif
the out-of B-plane conponent of the miss-distanceis
null. Oncethis factis properly accountd to evaluatethe
instantaeous Pc rate (green curve), the cumulated risk
canbe derved.

3.5 MonteCarlo

In addition to the analytical or sem-analytical methods
descibed previously, CORAM can also simulate the
encounterusng a Monte Carlo approad, valid for low-
speed and high-speed encowntersard with any geanetry
combination. This simulation, however, is much slower
than other methods and the main use is to chek the
resuts of other methods or to awoid the propegation of
the covariancematrix. An exanple of Monte Carlo use
in included in Fig. 1 with the resbf algorithms.

The collision detecion problem involving complex
geanetries hasbeen slved usingthe sepeating axs test
[5], avery fasttest valid for abitrarily oriented boxes

The user may sekct the number of steps for the Monte
Calo simulation, or alternatively, the user may
configure the accuracyard confiderce valueto estmate
the nunioerof runsautomatically.
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Figure 7: Exampleof accunulated collision probabhlity
along a encounterintervalin the caseof low-speed.

4 OPTIMAL AVOIDANCE MANOEUVRE
COMPUTATION

The computation of the gotimal avadance nancewre is
performed by CAMOS, the SW utility devoted to
manaewre optimisaion. CAMOS uses mog of the
functionalties devebped for CORCOS:

e Trajecory
covariance.
Orbit accegraton modelling andpropagation.
Objectpropetties inifalisaton.

Enmuntertime searb and refinement

Collision risk computation, both for low and high
spea en@munters.Only the analytical methods are
used, dueto the requirenents of the optimisation
algorithm descibed in the following paragraphs
Monte Calo cannotbe used by CAMOS, while
conplex geometries can be usal only if the
probalility function is evaliatedjust asoutput (not
as cosfunction or condraint).

initialisaton  (stae vector and

Operationaly, CAMOS is usudly run once a close
encounter betweentwo objects has been analysed by
COR@OS, and the obtained collision risk is high
enoyh todeseve thestudy of an avoidarcestraegy.

CAMOS canbe un intwo modes:

e Paranetric analysis mode. This mode can assess
one or several strabgy analyses, where strategy
analysis shaild be undestood as a one
dimensioral or two dimensimal paametric
execuion of a manacewre optimisaion problem.
This mode allows the user to evalwate, eg., the
effect of the manaewre execution time on the
collisionrisk, with optimised mancewre direction
for eah sekced value of the manoeuvre
exection time in the grid. As exanple, Fig. 8
shows the effect of a 1-cnys mancewre on the



distanceof closest approad (DCA) asfunction of
the exeaution time.
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Figure 8: Exampleof paranetric analysis results

e Evaluatbn mode. It runsjust one casewithin one
straegy, ard produces specific output files to
allow CORCGS to evaluatethe sekecied ca® (with
the newly designed manoeuvreg with risk
computation methods not available to CAMOS.
The user will usudly run CAMOS in evaluation
mode for the mogt interesing caseor cases found
by running CAMOS previously in paametric
mode. Only onecasecanbeevaluatecatatime.In
addtion, this mode can produce optional
information on the ewlution vs. time of certan
trajecory functions, Ike longitude, latitude, eclipse
or locaion over the South Atlantic regon. As
exanple, Fig. 9 shows the ewlution of the
longitude of aGEO satllite.
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Figure 9: Exampleof ewaluation mode results

In both exeawtion modes CAMOS produces tailored
gnuplot saipts for the representdbn of the obteaned
data.

The configuraion of eat straegy aralysis isflexible:

e Manoeuvrescan bemodelled asimpulsive or not
impulsive

e Manoeuvre direcions can be provided in different
reference sysens:

o MeanEath equabr of epochJ2000.0

o True equato and equimx of date

o Meanequator and eginox of date

o Localorbitd (radial in-trad, crosstrad)

o Local intrinsic (alongvelodty, momentum,
binormal)

e Each mancuvre paameter (manewre central
time, size, azimuth and elevation) can be defined
asfixed, a parameter of the strategyanalysis, or an
optimisation parameter

e Bourds canbe seton mancuvre paameters, ard
specific direction constraitscanbe configured

e Within the optimisaion, the costfunction can be
sekcked as the collision risk, total deltaVV or
distance of closest approad (sepration vecta
modulus, or its prgecton in alongtrak, cross
trackor radial direction)

e Constaints can be setup in the resuting
trajectay: longitude ard latitude for GEO
satkllites, andorbitd period andgrourd track drift
for LEO satllites.

CAMOS uses a gradient optimisaion packag caled
OPTGRA (see [7]), dewloped by ESA/ESCC/Flight
Dynarrics, to find the optimum mancewre paraneters
in each configured prablem The algorithm can deal
with equality andinequalty corstraints. It looks for the
optimum sdution by moving the initial optimisation
paranmeters tangential to the corstraints, and in the
direction of steepest descémf thecaostfunction.

Since gradient methods are local optimisaion
techriques the sdutions found by the algorithm must
be undersood as local optima and therfore, mugt be
analysedcritically by the analystin searchof the global
optimum. For exanple, manceuvre execution times
hawe an effect on collision risk that can have a certan
sinusoidal componert (with its peliod equal to the
orbitd peiriod). In that case,the gradient optimisation
algorithmwould sekctthe local optimum closestto the
initial manaewre time. In any case, since the tod
allows analysing several straegiesin one run, eachwith
different sekcion of drategy or optimisdion
parameters, the preseace of such local optima can be
invesigated by sekcing the manewre time as a
strakgy prameter instead of an ogimisation pammeter.

5 OUTPUT FROM CORAM

Output from CORAM includes a set btext files with all
the relevart information to aid the operabr to evaluate
the enmunter and plan any necessy acion. In
paticular, an extensve summary file anayses evey



encounter found with information about the collision
risk, covariance matrices, encounter geometry and
information abou ead dbject

In addition to the simmary file, a setof dda files are
createl, depending on the scenaio analysed, that may
include gnupbt scripts to plot enmuner geometry
during a petiod of time for low-speed encounters
graphical representabns of the b-plane z-buffer and
complex geometries in space.

6 TEST CASES

Two casesre provided in this secton. Thefirst onefor
the case of two spherical objecs and a high speed
encounteris intended to show the gereral cgpalilities of
COR@OS ard CAMOS. The secad oneis an exanple
of a low-speed and conplex geonetry scenai.

6.1 Complete Test Case for Spherical Objects
and High Speed Encounter

This secton shows a test case of CORCOS and
CAMOS cagpabilities. A collision scenaio is presated
and CORCGS is used to calkculak its propertes. Then
CAMOS will conmpute an optimal avddance
manewre, showing the strakgy analyses ard
optimisaion settings, and finally CORGOS will re-
analyse thenew scenaino.

A perpendicular, high-speed encouter beween two
LEO spherical satllites is analysed where a chase
body on a MEO polar orbit (i=90 deg, Ry,.~8000km,
Rap=10400km) appoactes a target in an equatorial
orbit with R,~=8000.01km ard same apogee The
trajectay datais definedby stateandcovariancefiles at
TCA and avery simple propagationmodel, only central
gravity potential, is usel for simplicity in thetestcase

6.1.1 CORCOSinitial assessment

The input files used by CORCOS and CAMOS define
the stae vecbrs and covariancesof both objects, ard
configure the scenar. In this case,the orbits are the
sane but pergendcular, having the sane peiiod, and
theyaredefined at TCA. This meansthattherewill bea
close gproac evey half orbit.

The analysis done by CORQGOS compues all the
encountersin the amlysed period of time, stownin Tah
1. Four excowuntersarefound, two pe orbit

Tablel: Initial cdlision riskassessent of thetest ase

Timesinceinitial Miss Collision
epoch distance risk

77 min 52m 5.17-10°

154 min 103m 6.7410°

231 min 117m 507-10°

308 min 206m 1.3910°

6.1.2 CAMOSoptimization

In orda to show the cegpabilities of CAMOS, two
different strakegy analysesare presented hereafter Both
casesdeal with the sanme ercounterevent, nanely the
first one descibed inTah. 1.

The first strakgy is a one-dimensioral paranetic run
with a 10-cm/s manceuvre, usng the manacewre
exection time as analwis pamametr. Two sub-
strakgies are analysed with the initial mancewre
direction along and againstthe velocity. Fig. 10 and
Fig. 11 showthereslts of the analysison the DCA and
probabtility of collision (PoC) regectiely. In bath cases
the mancewre direction is optimised to minimise the
PoC.
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Figure 11: PoC asfunction of maroewre time

The seond strategy analyses the effect of a 10 cnvs
manacewre located in the mog favourable point shown
in Fig. 11 (around4199055)to investigatk the presece
of local optima in the azimuth-elevaton grid. Fig. 14
showsthereallts, confirming thatthe alongandagairst
velocity direcions arethe bcal optima.



10 cm/s Man: Azimuth/Elevation Map
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Figure 12: PoC as function of maroewre azimuth &
elevaton

Theimpacton therisk of the subsguentenmunterscan
alsobe analged with CAMOS. Fig. 13 providesthe iisk
at eachencountr asa funcion of the mancewre time.
It canbe see how therisk of the two encounters at the
opposie point in the orbit (namely 2 and 4) to that
which is interdedto be reduced (encounte 1) increases
for some manceuvring intewal.
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Figure 13 Risk for the diferent Encowntersin the case
of an almg-track manoevre

6.2 Test Casefor Complex Geometries and
L ow Speed Encounters

This test caseis limited to CORQOS, as CAMOS
capadiies remain unchangel no matter the type of
object geametry andor relaive velocity of the
encounter.

Thetest caseis relaied to two close-to-GEO orbits with
a minor relaive inclination (0.025degreeg. One object
is composed by threeboxes,while the other is madeof
one unigue box. The dynamics makesthe two objects to
appoach twice per orbit, as shown in Fig. 14. This
figure provides the missdistance and collision
probahlity asconputed by CORQCOS for the estmated
encounters. Twerty enouners are found in a ten-day
time interval.

As already mentioned in secton 3.4, the collision
probaklity for low speed encountersis conmputed by
accumulatig andscalng the collision probability along

each slice of the enounter inteval. The realting
probahlity for all the identified enmuntersis provided
in the ttom plot of Fig. 14.
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along he diferent encouwnters idetified by CORCCS
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It is importart to note the differencesin encownter



geametry and the knowledge of the orhits along the
different encouters. The secand enmunter (green
curves is relakedto avery low miss-distane (similar to
the fourth encounter pink curve), but the collision
probalility associatd to these two everts is almos one
order of magritude different. The geomery of the
encounter is different and also the projected densty
function onthe B-planeis very differert, mainly due to
the dispersion of the uncertaintiesof the orbits (seeFig.
16). In the fourth event, the uncertanty hasspread up to
a level which makesthe integration over the projeced
area lager tha in thesecmd event.

From the top plot in Fig. 16 one could expecta lower
risk, butit hasto be consideed thattherisk atthatevent
is the currulatedrisk along the enmunterintewval. The
risk alongthetwo intervalsis shown in Fig. 17.
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7 SUMMARY

This pager outlines the cpabilities d CORAM as a iew
tod available to ESA/ESOC Space Debris Office to
help the assessnent of collision risk ard to devse
optimal avddance straegies to reduce the risk to
accetable levels.

The introducton of conplex geometries to model the
object shegpe is interesing if the orbit determination
processetead to small covariancesard if the satllites
hawe irregular shepes, e.g. large sdar pands. In such
casesthe collision risk can be significantly different
when compared to spherical object.

The ability to calculatk the collisionrisk on low relaive
speed enouners allows a precise edimation of
collision risk in scenams like neaty co-orbiting
conjurnction patners, co-locaed geosynchrorous
satllites, formation flying or appoach nanceuvres.

Finally, the processof risk assessrantis conplemented
with the computation of a setof awidancemancewres
Seveal optimization straegies with user-configurable
constaints allow the operdor to choo® the best
manoeuvre depending on the situation and the satellite’s
mission requirements.
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