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ABSTRACT

After Cosmos 2251 ard Iridium 33 cdllision bregup
ever, the institutions at home ard abroad beganthe
cdlision waming aralysis for the evert. This paper
compared the resuts from the differernt reseach units
ard discused the problems of the current callision
waming work, then gave the suggedgions of further
study.

Key words: Cosmos 2251 and Iridium 33 cdlision,
cdlision waming, collision threstold, ergineeing
application

1 Introduction

American Iridium 33 satellite and Russan deal
Cosmos 2251 satellite collided on 2009 Feb 10 at 16:56
UTC which is the first cdllision of the two catalog
satellites. By 2012 Aug 31,2199 delris had been
caaloged, in which the number of Cosmos 2251 debris
was 1602the number of Iridium 33 was 597.They
affededthe satellite launch and in-orbit runring nea the
bregkup altitude in LEO. After the cdllision, marny
reseach organizations had made the cdllision aralysis
for this evert. This paper compared the different
waming resuts in differert organzations and foundthat
the resuts were differert for the intersedion time and
distarce, codllision probahblity. The deg armalysis was
macde for the differerces. The resuts indicated that the
differences were caused by threefadors: the datasource,
orbit detemination and predction model, the error cope
method On the basis of this, combined the callision
waming experience for many yeas, the currert waming
problems were pointed, the further study of the callision
waming work was suggested There is a long way to
make the calli sion waming into the adual projed.

2 Theresults of American-Russian satellite
collision warning in different units

21 NASA resultst!

Before the American-Rusdan satellite cadlision, about
50 satellites were included in the callison waming
projed in NASA, in which Iridium 33 was not included,
so the dargerous intersedion was not predcted After
that, Iridium corporation put forward the need of
surveillance and then confirmed the cdllision. But the
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Iridium 33 made two minor orbit manewer. Fig.1 gave
the intersedion distance and callision probahility
charge trenrd considering manewer ard no maneuver
two situations with the data before the cdlision. In the
figure the blue line represent the situation with no
mareuver, the red line represem the situation with
mareuver.
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Figer 1. intersection distance and collision probability
change with time

From Fig.1, 8 predctions were given 7 days before the
intersedion, the last was given with considering
mareuver ard no maneuver, the waming reaults were as
follows:

()Not considering the manewer, the intersedion
distarce change was small, about from 220 to 320
meters, the magnitude was about hunded metes.
Although the intersedion distarce had the decease
trerd, the erors deaeased with the approadiing
intersedion time, the cdlision probahility deaeased



gradually. Before the intersedion, the probahility
deaeased rapidly from 10°to 10'°.So not considering
the manewer before the intersedion, the risk of this
intersedion wasvery low.

(2)Compared with the last intersedion reallts with
mareuver ard no mareuver, the intersedion distarce
was respedively 223 meters ard 60 metes when
considering the mareuver; the callision probahlity was
from 10" to 4.98x10°.NASA though that the callision
breakup was caused by the Iridium 33 orbit maneuver.

2.2 Russian warning results?

Rusda has its own indeperert space surveillance
network. After the American-Russan satellite callision
breskup, Rusda fetched out the surveillance data to
aralyze With the newest orbital data,one was 2009Feb
10 16:46:56UTC , the other was 16:46:45,the time of
datawas very nea the cdllision epoch. The predction
duration was 10 minutes, the collision time of satellites
was 16:56:00.

Russa gave the intersedion distance 10 days before the
cdlision with the differert orbit predction methocks.
The resuts were asfollowing:

Table 1. The intersection distance of different time
before the collision

Time The intersection distance(meters)
b?;]c;re ) Numericd | Numericd | Numericd
A analytic

colli sion (8x8) (16x16) | (32x32)
<10days 2100 1100 900 650
<7 days 1100 650 300 300
<3 days 1000 350 250 250
<2 days 1000 350 250 250
<1day 300 200 180 200

From the above tahbe, the predsion was the
highest for the high degee numerical method. The
intersedion distarce was 650 meters, the probahility
was 3x10° 10 days before the cdlision. The
intersedion distarce was 200 meters, the probahility
was 2x10%, 1 day before the callision.

2.3 CSSI warning resultst®

CSS macdk routine cdlision waming analysis for about
3000in-orhit satellites with TLE dataand STK software,
ewvery day its website pubdished the top 10 dargerous
intersedions, in which the American-Russan satdlite
intersedion was not. The newest report was on Feb 10
15.02UTC) ,the intersedion distance was 584 meters,
the intersedion time was 2009 Feb 10
16:56 (UTC) which was the cdculation resuts with
dataon 12h Feb 9 for Cosmos 2251 ard 8h Feb 9 for
Iridium 33.The data of Iridium 33 was nat the neaed

intersedion epoch.

2.4  Our warning results

After the event, we madke the callision waming analysis
with TLE data 7 days before the cadllision, Fig.2 gave
the change trend of the intersedion distarce and
cdlision probablity. From Fig.2, the intersedion
distance deaeased with the intersedion time, but some
resuts of intersedion distarce was unstadle. The
calision probahility was first increased then deaeased,
the lastresult was lessthan 10
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Figer 2. the intersection distance and collision
probability change with time

Error cope methods were differert for the reseach units
for the TLE erors were not published pulbicly. Many
units adopted the maximum collision probahlity
consewvatively. The formula of the maximum
probability was:

k-d’

dist’

P =92x10" @

In the above equation, Py was the maximum
probability, dist was the intersedion distance, d wasthe
combined size, k was the ratio of eror long and short
axis ard was greaer than 1.From the above equation,
the maximum probabhility wasrelevart with the ratio of



the long and short ermor axs, the intersedion distance,
the combined size. Fig.3 gave the eror long-short axis
ratio and the maximum probahkility with time. From
Fig.3, the maximum probability and the intersedion
distarce were correlative closely. The correspndng
maximum probahility was mostly 10° for the closes
distarce
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Figer 3. Error long-short axisratio(left) and the
maxi mum probability with time(right)

3 Warning results comparison analysis

The cdculation results of cdllision waming are
correlatel with the data, model and emor. Their
difference can make the resuts differert. The last
sedion gave the cdculation resuts in differert units. In
this sedion the comparison ard arelysis were macde
from the data source the orbit detemination ard
predction model, the eror cope method Same units
such as CS9 used TLE, dataand model was matched
The emors can be gotten in the orbit detemination
process also can be gotten from the comparison
aralysis for the historical data.

3.1 NASA and Russian results comparison
and analysis

For this callision intersedion, NASA and Russan used
their own surveillance data with their own high

predsion orbit detemination and predction model.
Tah.3 gawve their lastcdculation resuts comparison.

Table 3. Russian and NASA last calculation results

comparison
Intersection Esimated Coliisi
unit distance erors rgblasillcijtn
(meers) (meters) P Y
Rusdgan 200 200 2x10*
NASA (no 223 60 0
mareuver)
NASA 60 60 4.98x10°
(maneuver)

From tabe 3, the intersedion distance difference was
small between two units which manifestedthe dataard
predction model predsion was nea, while the cdllision
probability had large differerce  The cdllision
probability is the function of the relative position, error
ard size uncer the certain intersedion geametry
between the objeds. For this intersedion, the
intersedion geametry and size were almost same, so the
error mace the probahility differert.

Usuwally when the error ard intersedion distance were
nea, the probahlity could reach to the maximum.
When the intersedion distance was fixed, the callision
probability became smaller, howewer the enors
increased or deaeased If the orbit manewer of Iridium
33 was not considered, the cdculated intersedion
distarce was both about 200 meters for NASA ard
Russan. The callision probahility was about 10, which
was in coinciderce with Rusda, So Rusdan though
cdculated and adual errors were coincident. While the
probability of NASA wasnea zero which indicated that
the erors NASA adopted were much smaller than the
intersedion distance

The intersedion distarce was only 60 metes after
Iridium 33 orbit maneuver which wasmatchedwith 10°
of the maximum probahbility which indicated that the
lastcdculation error was albout 60 metes. So the cause
of the realts difference between Rusdan ard NASA
was that Rusdan adopted about 200 meters eror,
NASA adoptedabout 60 metes error.

3.2 CSSl and other results comparison with
TLE data

CSS and some units mace the callision waming for the
evert with TLE data. Although the data source was
same, the reaults were differert for the units. Because
some units had not given the dataepoch, it wasdifficult
to compare the resuts. For the intersedion epoch and
distance, the difference cause shoud be the intersedion
cdculation method, which meanedthat the choice of the
step length nea the intersedion time could make the
difference of the intersedion time. However the




cdlision probahility difference was large mostly for the
adopted errors and effedive size difference.

3.3 Did Iridium 33 maneuver beforethe
collision?

TLE datawere fetched out from Feb1 to Feb20in 2009
for Iridium 29,30,31,32,33, Fig.4 gave the changes of
the mean motion. From fig.4,the orbits of iridium 29 ard
30 charged abnormally during these period, the mean
motion deaeased, that was the orbit altitude increased,
in detail see tabe 3.Although orbits of mary iridium
series satellites changed abnormally on Feb 10, Iridium
33 orbit abnormal change before the cadllision had not
been seen.
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Figer 4. Orbit abnormal change of Iridium series
satellitesand Iridium 33 on Feb 10

3.4 Warning results analysis summary

Based the above the aralysis and comparison of
different units for the American-Rusdan satelite
cdlision waming resudts, the followings were
summarized

(1))NASA and Rusdan cdlision waming reallts were
compared with high-accuracy data. If the orbit
mareuver was not considered their cdculated
intersedion distance was same, but their adopted
different emrors mace the probahlity very different, the
errors NASA adopted were smaller than Rusgan.

(2)CSS ard other units adopted TLEs to make the
waming analysis for the American-Russan cadllision,

the data source was same, so the intersedion time and
intersedion was almost same, the callision probahility
differedlargely for the error cope method

(3)The cdculation reallts between TLEs amd high
accuragy data was largely different, the intersedion
distarce cdculated with high accuracy data was about
400 metess, which was more than the reallts cdculated
by TLEs. The differerce of the intersedion time was
about 0.2 secondk.

(4)The paosition erors were small for the relative high
cdlision altitude with small atmosphere drag the
predction emor for 1 day duration was about hunded
metess. It was be noted that the accuracy of TLES was
limit for callision waming.

4  Considering the current collision warning
work

Collision bre&up of American-Russan satellite made
the space delris ervironment in LEO be changed
abruptly, which affeced the safety of launch and in-
orbit for the satellitesnea the bresup altitude. How to
awoid the similar events wasthe problem, which we had
to consider deeply. By comparing the waming resuts of
different units, the bre&kup cause was summarized,
there were two main reasons, one was that both Iridium
33 ard Cosmos 2251 had not been considered by the
projed, the other was that no connedor was founded
with satellite department. However some technique
problem can affed the predsion ard awoidarce strategy
implement, including how to get adual erors, how to
detemine the threstold, ard so on.

4.1 Warning project object determination

With the dewvelopment of the aeospace adivity, the
number of space delris was increasing, so was the
cdllision risk for in-orbit satellites. The deklris callision
waming work of mary nations was adopted into the
projed with deeger and deeoer cognition of dekris
callision waming work by peaple. But because of the
complexity of the cdlision waming, the scope of the
cdlision waming into the projea wasdifferent, such as
America ard Rusda. America made the callision
waming into projed espedally for the space shuttle in
1988after the challerger event. Whenthe ISScame o,
it was adopted into the project. Thenin 2007 Aug, the
calision waming work was exterded to the unmanned
spacecafts, initially mainly for the eath science
constellation satellites, then some spacecafts which
could not mareuver were be included as the
hypervelocity impad bre&kup evers in 2007 ard
America-Rusda satdlite cadlision bresgkup events. By
20090ct 1 there were 70 spacecatfts into the waming
projec in all™l.

From the America-Rusda collision event, before the
evert, America did not adopt the Iridium 33 into the



Table 3. Orbit change of Iridium series satellites

First orbit change time

Name No Mean Time of the lowest Mean motion
(UTC) motion motion (UTC)
Iridium 29 24944 200902-0813:45 deaease 200902-1113:45 increase
Iridium 30 24949 200902-0817:24 deaease 200902-1017:57 '”Cre?ﬁgrg;‘;e%e
Iridium 31 24950 200902-1117:15 deaease 200902-1417:15 Increase
Iridium 32 24945 200902-1120:54 deaease 200902-1318:07 Increase
Iridium 33 24946 200902-1018:16 Increase

projed, the department of the callision waming did not
get two manewer information, so the callision event
could not be predcted The work on Russan cadllision
waming projed was not reported in pubic. The
abamored Cosmos 2251 shodd not been into the
projed by the calli sion evert.

Studied indicated that the threa of the objeds lager
than 1cm to the spacecafts could be ignored the
cdlision between the objeds larger than 10cm ard
spacecafts might affed largely to the space detlris
ervironment. In order to awoid the hazardous cdllision
everts, the cdlision waming work shoud be dore for
all the caaloged objeds. But for the currert surveillance
ard caaloged ahility, only a part of spacecafts were
into the projed, ard founded the connedion with the
satellite departmert to get the orbit charge information
in time.

4.2 Data, model and error cope method

The last aim of collision waming into the projed is to
alleviate or awoid the risk, so the high accuracy data,
orbit detemination and predction model, error careful
cope method are critical of callision waming.

Data, model and error were coincidert. Data and emror
were the product of the orbit detemination. The model
of orbit detemination and predct model need be
matched If any one of three was not coincidert, the
predsion of callision waming resuts could be deceased
evenincredble. The cdculation and adual errors also
need be coincident which need be modified for the
coinciderce. The emor in the orbit detemination and
predction is nat coincidert, usually the emors in the
orbit detemination were less thanthat the acdual errors.

Data often used included two clas®s:one is TLE data,
the other is high accuracy data. TLEs is the pubic data,
also the correspndng model. But TLE emors are not
given. Further the data predsion is limit, it can not be
used in the awidarce dedsion, but it is very useful in
the ealy filter. It can filter out many objeds which can
not cdlide the objed, so much surveillance resarce
were saved The eror cope method for TLEs mainly

used data comparison. High accuracy data was mainly
the prodict of high predsion orbit detemination model
which was matched by the high predsion predction
model, the emrors were modified based on the
experience in order to waming aralysis and suppat the
dedsion of risk miti gation.

4.3 Collision threshold deter mination

Collision threshadds include the distarce threshold ard
probability threshold. Distance threshold wasmainly for
ealy filter, probahility threshold wasfor suppating the
awidarce dedsion. The detemination of the
intersedion distance threshdd was mainly correlated
with the intersedion distarce erors. With the
surveillance frequency increase ard model predsion
improve, the distance threshald will smaller ard smaller
so which can ersure the dangerous objeds to monitor
erhancing.

The detemination of probablity threshold was
correlated with many fadors, includingthe space dekris
ervironment nea the orbit of the spacecaft, the errors,
the task demand of the spacecraftt and so on. Foster put
forward the awidance threshold detemination means
based on the cdlision probahlity. Suppced an
awidarce threshold, basedon the eror covariance ard
space delris flux, the correlation between the residial
risk percent and yealy avoidance number. At last the
ISS delris awidarce system was founded which can
estimate the percent of risk deaease and the minimal
awoidance number.

Russa put forward the problem of the falsealam rate.
The threstold could be adjusted by analyzing the false
alam rate. It was not that all predcted high risk
intersedion could happen the cdllision, for the errors,
the cdllision itself was a probahlistic event. If all the
predcted high risk intersedion sent the alam, the false
alam rate problem came out. The detemination of the
falsealam ratecan adopt a simple method to detemine,
see the following: (1)detemine the threshold of the
dargerous intersedion;(2)aralyze the historical
intersedion evers to get the intersedion information in
the differert ahead time;(3)sum the frequency of the



dargerous intersedion.(4)interpolate or propagateto get
the frequercy of the dargerous intersedion for the
certain intersedion, that is the false alam rate. In the
armalysis the number change ard altitude distribution
neael to be considered the altitude regon of the
intersedion is coincidert with the analyzed event. For
the America-Russa satdlite colision event, the false
alam rate was once two month®.If the value was
receivable, it was confirmed, or it need to be adjusted

However for the currert cadllision waming work, the
detemination of the threshold need consider bath the
delris environmert update ard the surveillance ahility,
the orbit model accuracy, the ability of orbit control ard
operation ard so on.

4.4  Other problems
(2)error mean and normality analysis

Now the cdculation of the probahkility is basedon the
zero mean ard the normality of erors. But the actual
erors were not so espedally for the long duration
predction. So it is necesary to aralyze the mean ard
normality of the emors ard modify the formula of the
collision probalility.

(2)atmosphere model predsion

Orne of the main perturbation fadors is the atmosphere
drag For the complexity of the atmosphere model, it is
the most importart problem in the waming work. Sdar
ard the geamagnetic adivity are the main fador
affeding the atmosphere dersity whose exad predction
is very complex. So to improve the accuracy of the
atmosphere model ard the cdllision waming, more data
ard study work were demanded

5 Conclusion

This paper first gave the callision waming resilts of
different units for the America-Russga satellite callision
everts, then compared ard aralyzed them combined
with our own reslts. It concluded that the data, model
ard errors are the diff erence cause of the waming reaults,
ard then deeply analyzed the every fador. On the bass
of this, the currert problems in the cdllision waming
work were summed ard armalyzed. The projed of
waming in different nation need consider the national
conditions. In the propel of the waming techique,
different departmerts make the erdeavor together ard
progresslittle by little.
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