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Abstract (ISS) will result in too many maneuvers. In adufiti
unnecessary maneuvers will waste fuel, a precious
The International Space Station (ISS) will perforntommodity for the ISS. Therefore, the ISS has dveitl
maneuvers to avoid potential collisions with otepace from the deterministic SS criterion to a probabibiased
objects whenever the probability of collisio®, criterion for collision avoidance. In this apprbathe
exceeds a specified valu®c is a function of the basis for the collision avoidance maneuver is the
uncertainty, i.e. the covariance, of the orbitseath of probability of collision, Pc, of the two objects. The
the two objects. To avoid unnecessary maneuves titalculation ofPc * requires the uncertainty (covariance)
waste fuel and to ensure that necessary maneuvers af the ephemerides of the two objects at conjunctio
performed it is imperative that the covariance b€urrently, US Space Command calculates a covariance
accurate. The primary contributor to the covar@ancat epochf,,
inaccuracy is the uncertainty in the atmospheritsig.

In this paper this uncertainty is modeled as th@ sfi T 1

three Markov processes. The effect of not inclgdhis P(to) = (A WA) , (1)
atmospheric uncertainty in the dynamic model is

presented. where A is the matrix of the partial derivatives of the

) o ) _ measurements with respect to the state at epochWwan
Key Words: Covariance, Collision Avoidance, Orbitis a weighting matrix, which typically is a diagdna

Determination matrix with the elements being the inverse of the
. measurement variances. The covariance is proghgate
Introduction by
The Space Shuttle (SS) currently performs mansuver P(t)= tD(t to)P(to )[DT (t to) @)

to avoid potential collisions with cataloged spabgects

whenever the estimated conjunction with an objali f ) " ) "
within a box, centered on the estimated SS positifn where;d) is the state t'ransmon matrix. The position
dimensionst 5 km in the in-track direction angl2 km covariance at epoch is reasonably accurate, but the
in the radial and out of plane directions. Th elocity covariance is very optimistic (too small)

disadvantage of this criterion is that it does tiade into ecause .only measurement errors are cons_lderddsln .t
consideration the uncertainty, or accuracy, of thgomputation of the covariance, the dynamic model is

ephemerides of the two objects or the geometryhef tassumte):d to bde perfect.l Sﬁnce thbe fdeCISIOI’I .to n'aneuh
conjunction. If the ephemerides are well knownntheMuSt be made several hours Dbefore conjunction the

there is no need to perform a collision avoidancgovariance has to be propagated for 4-24 houreesalt

maneuver if the estimated miss distance is >1-2 kil the perfect dynamic model assumption is that the

Since a maneuver will disrupt microgravity expenims e‘sti_mgtgd positipn error at conjunction can be equit
using this criterion for the International Spaceti®n optimistic, possibly by an order of magnitude. sThi
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incorrect (optimistic) covarianéean cause a significant uncertainty is usually no more than several

error of several orders of magnitudeHa The primary meters/second, and the time duration of the
error in the dynamic model is the uncertainty i th encounter is small.

atmospheric density estimation. In order to have an The position uncertainty during the encounter is
accurate estimate oPc a method for accurately constant, and equal to the value at the estimated
including the atmospheric density uncertainty ire th conjunction.

computation of the covariance is needed. The  The position uncertainties can be represented by a
atmospheric density uncertainty is generally astd- Gaussian distribution.

20%, and it has both a temporal and Spatial vanati . The 1SS is much |arger than the intercepting
The modeling of the uncertainty must capture bdth o (debris) object so that the intercepting object can
these variations. An initial approach using atfosder be considered a point mass.

stationary Gauss-Markov process to represent the The nominal trajectories near the estimated pofnt

uncertainty is presented in Ref. 3. More accuvatees closest approach for both objects are given by
of the sensor measurement errors have been obtained

and these have resulted in some improvement of the
covariances.

In this paper the uncertainty in the atmospheri
density is included by modeling it as the sum o th
output of three first-order Markov processes. €ffect
of not including this uncertainty in the covarianaed = = _ = =
the probability of collision for a specific scermis then rs(t) =Tso + Ve, Tq(t) =rgo + Vgt (5)
presented.

r:so = r:So +Vt, ldo :?do + Vgt 4)

Fncluding the position uncertainties of the debaisd
ISS, the actual (perturbed) positions are

The miss vector between the ISS and debris is
Probability of Collision

i) = () - 7{t)

The ISS is represented as a sphere of réiughe = =
probability of collision between the 1SS during lase =Tgo ~TsoH( Vg ~Vot+€4—€s
approach is defined as the probability that therideb =i +8y 8+, t
object will intercept the sphere of radi@sduring the ° '
encounter. Let = 0 at the estimated point of closest =1y + it
approach, i.e., at conjunction. Referring to Fig.
consider a set of perturbed trajectories for th® #d Assuming a Gaussian distribution of the errors the
debris  given by ry andryo respectively. probability distribution forp is given by
Mathematically, we can state this as

(6)

5 1
l'o =Tso &, ldo =Tdo + & 3) (2”)3/2(det F’)l/2 @)
- - N _ 4 f =

where € anc g, are the uncertainty vectors for the ISS ex;{— @/‘)) P 1(;—,5)2}
and debris. For these trajectories conjunctiomoisatt
=0.
The following assumptions are made: where

e The ISS and debris object motion can be P=R +P )

represented by rectinlinear motion (straight lines)
with constant velocities during the encounter. sThi . . . .
is justified because the time duration underf he probability of collision at this instant of tems
consideration is no more than a couple of seconds.

e There is no uncertainty in the velocity during the
encounter. This is justified because the velocity



1 were almost orthogonal. To analyze this encoubit®r

—_— %

Fe (271)%?(detP)*? Space Command provided orbital data. These data we
- (9) the state of the two objects at the estimated cmjon
J‘ exr{_é_ ,3) P—l(a_lg)/ Z}dv and the covariance. Post processed, as well 8sa@d
/ 24 hour predict data were provided. The estimatess

distances at conjunction for these cases are giwen

where the integral is over the sphere of radus Table 1.
Define the X,y,2) coordinate system with unit vectors

. H 18
(TIIZ) according to For the provided covariance d&®a< 10", Thus, no

maneuver would have been necessary. Figure 10sshow
- Pc as a function oK, whereK? multiplies each row of
-V - DPg - - - the covariance. The larger estimated conjunction
szr., :%Q’kz' %) (10)  distance for the 24 hour predict is evident. Fais th

' encounter folP; >10% K >12 for the 8 hour predict and
K >28 for the others. Note again, particularly floe 8
hour predict, the large changeRg for small changes in
the covariance size.

The geometry of this system is shown in Fig. 2.thiis
coordinate system the y-component of the nominakmi
vector at conjunction is zero. Fosteas shown that the
probability of collision for the encounter redutes

Stochastic Drag M odel

1
Re—F—"
2n(detP )1 The equations of motion of a satellite in low Bart
o A2 (11)  orbit (LEO) are
T~

I zl ezxp[—(s—éo) P-1(s-s,)ldxdz Foy

R -4R“-x
- I (13)
W= —rﬁsr +ay +3y

* ro . —
where P is the 2x2 covariance in tl‘(a,j ,k) frame and
- - where ég is the acceleration due to the non-spherical

S=Xi +ZK, S = Xol +2K (12) Earth and third body gravitational perturbing
o o o accelerations andig is the atmospheric drag. The

Thus, the collision sphere of radilsis now a collision jnstantaneous acceleration is assumed to be opposed

circle of radiusR  An alternative derivation using athe direction of motion and proportional to the

the same result is provided in Ref. 5.

The effect of an optimistic covariance is showrhia - 1
following analysis of the close encounter betwee t 8 = =7 AW (14)
Mir and a US satellite, Object No. 23101, on Seflem \here B is the ballistic coefficient. The atmospheric

1, 1997. Ddurllng _':_me encpunte(; thg c:jgw went iime tbdensityp is assumed to be the sum of the standard
escape module. e estimated miss |sta_nce was a 8xponentia| atmosphere plus a stochastic component,
800 meters and the angle between the orbital plaass

approximately 104 degrees. Thus, the two trajezdor

Table 1
Estimated Miss Distance
Predict time Radial (m) Horizontal (m) Miss distar(m)
Post Processed 674.97 450.32 811.40
2 hour 646.07 506.99 821.25
8 hour 671.88 496.68 835.53
24 hour 629.09 861.48 1066.72




that is the ISS ballistic coefficient. Even though the dfian
— 1l _ used by USSPACECOM for catalog maintenance of
p—ppexp[ k(r rp)]+ P (15) objects in LEO is 10 days current plans are to aise
three day fit span for the orbit determination dbjects
whereg, andr, are the density and radius at perigee anghat pose a threat to the ISS. The batch leasiregu
p is the stochastic component. The stochastierbit determination process estimates the positind
component is assumed to be the sum of the output wlocity at epoch and the ballistic coefficient.inc®
three first-order stationary Gauss-Markov processegmany of the objects are small and are often oilgkied
That is, by the FPS-85 at Eglin AFB our simulation used only
P=p +Px+P3 this sensor. Each pass through the radar generated
¥ =-api+aw,a >0 (16)  opservations for a track with a maximum lengthved t
minutes. It was assumed that the sensor measuregmen
where w is zero-mean white noise with a constanf'fors were zero-mean Gaussian and the noise standa

covarianceP,,. Thep, have the following properties devia’;ions were known. With these assumptions the
covariance, Eg. (1) at the end of three days was

E{p ()} =0 obtained. Since decisions on collision avoidaney m
! (17) have to be made as much as 24 hours before coignnct
E{pi (t+7)p, (t)} = a,z(t) eXF(_ai z-)for =0 the covariance at epoch (end of the three day tnaek

propagated for 24 hours. Figures 8 and 9 show as a
function of time the volume of the d-error ellipsoid.

with and without the atmospheric uncertainty. As
expected, there was very little difference in tladues

distance or time that it takes the autocorrelatiorction ~SINCe the least squares process used assumeseat perf
to decay 1 times its initial value. In this paper it will dynamic model. Also note that the volume sizesdoe

be referred to as the correlation time. It carsbewn not_ Increase ml_JCh in 24 hours. This is a resulhef
thaf estimated velocity error being too small.
Ignoring the atmospheric uncertainty in the dyr@ami
model creates two errors sources. The first i§ tina

whereE{+} is the expectation operator’ and (14) are
the variance and correlation of each of the stdahas
processes. Strictly speaking, the quantitya)is the

d

EUZ ()= -2a0° (to)+ &Ry ,0° (t)= as velocity portion of the covariance at epoch is sowall.
5 Underestimating the velocity error at epoch caukes

Oz(t):(Uo —O.SaPWW)exr{—Za(t—tO)]+ 0.5aRw position error to be too small later. This is séen

Figures 8 and 9 with the slow growth of the positio
error. Propagation of the covariance without the
uncertainty term causes another error. The covegian
1 epoch was then taken as the initial condition foe t
02(’[) == aR,y = constant[Jt (19) propagation of the covariance including the undetya
2 effects. The covariance was propagated by intiegrat
of the Lyapunov equation. Figure 10 shows the gnowt

Figures 4-7 show the density uncertainty for thresf the 1o in-track error as a function of the ratio of the

If we choosea% =aRuw /2, then

correlation times and equaky 0o = 0.10, / /3 density uncertainty to the density, in this case an
exponential model. For reasonable values of the
Numerical Results uncertainty the error is much bigger than that ltegyu

from ignoring the atmospheric density uncertainty.
Since we are concerned with potential collisiorith w

the ISS simulations were performed for an objecain Conclusions
near circular orbit at the ISS altitude. The sfieci
orbital parameters wera = 6748 km and =70 deg. Preliminary results show that ignoring the effefct

The correlation times were 1 orbit, 10 hours and 2#he atmospheric density uncertainty in the deteation
hours. The total atmospheric density uncertainggs w of the covariance can create a significant errehén
selected to be 10% of the nominal density, i.elpp. actual uncertainty. This can then cause a sigmific
The ballistic coefficient was selected to give asirack ~ €rror in the probability of collision.

error of 30 meters due to the atmospheric unceytain

after four hours. This value was approximatelyada
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Figure 2 Encounter Coordinate System
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Figure 5 Atmospheric Density Uncertainty
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Figure 6 Atmospheric Density Uncertainty
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Figure 7 Atmospheric Density Uncertainty — Sum
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