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Fig.5 Toroidal relative motion trajectory
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Fig.6 Collision probability and error for toroidal relative motion
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Fig.7 Relations between collision probability or relative error and integration step.
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Table 1 State vectors of China and U.S. debris

Object X (km) Y (km) Z(km) Ve(km/s)  Vy(km/s) V.(km/s)
American 07219  -150.798437  1182.676987  -7143.775564  7.290071  -1.126282  -0.354014
China 26207 -150.619960  1182.018386  -7143.787995  5.915107 4.347936 0.643388

BRI SR IR G BRI R 10 m, ALEREN AN 0w = oue = 0u = 0.265
km, 0,1 = 0o = 0, = 0.053 km, 041 = Ouwo = 0y = 0.053 km. FELPEFXZESHI1H N
T, SR AR T PR 4R e AT R A R A T, B RILE RN 6.88800 x 1074,
WRIE1E A LR AR R IEAT IR, R 8, BB R, BREBREHF 1
NIRZEMER, FELRAETEGR AR R E R T HG R, R LR GREE T REN
BRE, REEEMEREATRRGE N, 4580 6.88801 x 1074, F1 4L RYIG. X ULHIdR&METT
R ERVEAR X IZ B S AR, R E B R AT B A AR R R A T 57 VA A A

! http://celestrak.com/SOCRATS/
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Fig.8 Collision probability for linear relative motion

4 FRLMEAEXEEIA

EAT, AR A AR LA R A2 B AR R Al LRy, XX R AME
DU T LA R 7 ZERY, T ELSCR AR (R AE T H AR IR A B BN L TR
R R, RN L AR PO IS B BB R A AR A LB
(Px TR ARRARLE R, PL FREEGR) Al i o0 T B2 8 AR 20107 Pk kAT i
BRI

B ISR ANTH IS B AR X2 ShBLE T P4 B SR R R R A — XA (—
PO ORE, —BAMER), BN1% A EEESBGE s, S LA AR —E 8
ZEMIE. T O R FRAXZSRES, K B Sedt ekt iz shiefb o fE B ARXT A0
LEWEZ). EAMEIBIRR, KA OR, oy Sbrm i 0B SRz
TRRE T, = formBlfoBEMBR. FERAIRRS, 40 RRHE Ry B EE
i, AR EARN O B IH—E s R

i —2y =3z
j—2&=0 , (17)
Z4+2=0

BT RRR N C-W iR, EAIRFIE vy FHMIZS), 7E—EWARKM T ZTBREAN
I3 & 0 -
T (y - yc) -1 (18)

R




13 VRIRAN S ARZRtARX 2 3l T 22 (] e REREME AT S A B 5 81

TEX PR FARXTIZSh B A M, AR Ry 2 £, JATBXE—4541, o
B9, D BAEBER K 500 km MY EIHUE L2417, TEMRM LR RF, fEEMBIHAE
KEHN (z0,90) = (0,1) km, FEAR [ IT IR HIK G Av = (Av,,0) , SEEHEEFH
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Fig.9 Elliptical trajectory in relative frame
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T B A7 R A TR L L 52 B B R R B RE AR S . e TR Rl
B ZIRPERBONT, Wk 2.
x® 2 BERESZHEE E REBERR

Table 2 Orbital elements of two objects with circular orbit

Element a(km) e i(°) Q) w(®) M)
o1 6878.140 0.0 45.0 0.0 0.0 0.0
o3 6879.140 0.0 - 0.0 0.0 0.0

3R 2 P EAREIMSCSSIERA 1 km, BURRGS BRIAEAEN 10 m, RE —FH WG EIRE
S ATAERIE A, FFH 02 = 0.5 km®. BATAT LA BoAS w5 H bR I8 T 6] B 2 ok el
FERHZ SR B AR/D, AR IE AR X . 4 BT XT AR X E B 5 JE L
AEXTHZ B FE SR T, AR R PR B 0.1 s, 5 R IEE 3.

% 3 FEEMEEAN FEEERSESMERNILR

Table 3 Comparison of linear and nonlinear methods for different relative velocities

Ai(°)  Relative velocity(m/s) Nonlinear Linear Relative error(%)
45 5826.225 3.68028x10~°  3.68028x10~° 0.00000
1 132.860 3.68002x10~5  3.68028x10~5 0.00694
0.1 13.298 3.65506x1075  3.68028x 1075 0.68995
0.075 9.980 3.63588x1075  3.68028x1075 1.22108
0.01 1.439 2.66961x107°>  3.68028x10° 37.85800
0.0 0.553 1.96822x107°  3.68028x10~° 86.98508

A 12, BARARRRTRTETE], 7E 4 DAR R A T AR LEREM R RE G K55
WSE| —EfE, I HBEE BB [ S AR/ (X BRI, 2tk S AE Rt gi R 1)
HIAHR R ZZZ W . Y BLIE T ] Je A 7E 0.075° (FHXTEBEELY R 10 m/s) LUTH, LA
X2 SRR AR Z I E B ERRA B AR ESR, A= 0.01° B 35 Z [A AT
RECIRE] 38%. FATELER H b5 H] B A HE KN R SR K, SR
MEFERK, BE BRROR HGE 25 iR ZE BRI 58 I [a] 84 AR, BRE BRIRETEIR 2
EBR P45 B A — B () U g s s )R, fhi 8] 12 AT OL: YAHREEE R 13 m/s B, H
FR L E R R R TR, T4 ARXEE Y 0.5 m/s B, 45 B Bt E] B8 I E] L
AN

F T R A0 B 221 A A X B B S M A8 3 I AT A A, TR B U AR X BE S d SR AT
H AR R AR AR X 2R 5 AR LR PRI AR XTHR Z R 5. A& 13, AHXTEE B M 100 m 1
KE 1 km Bt R, Lt 5 ARRMEMEMRER B ERUDN, TER el MR ER T
RMELER, YR EER KT 300 ZKREHMIAHR. 38 Z R AEXHRZ K/ NE I &
14 fr7R: 24 Ai = 0.1° i, BEEMXTERRIIGR, SIS R MR ZEE Z
WK, HELE 1% UUT, XBA WA KR A MO IR S B 25 REEAR —3; 24 Ai=0.01°
B, BEEAAXEER AR, MXHRELRBUNEEKR.  d= 100 m BHEXRZET] 76%,
d =500 m BFAHRHRZEBET 3%, d = 1 km BFAHRHRZE XK H 38%; 24 Ai = 0.0° B, K
EAMERER, HXRZWBOAES Ai=0.01° B2RLL  d=100 m RHFEXFRZE
KF] 74%, d = 500 m BFAEXTIRZER T 3%, d = 1 km BFAEXTRE XK H 87%.
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Fig. 12 Relation between nonlinear collision probability and integration time for different angles
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Fig. 13 Relation between collision probability
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Fig. 14 Relation between relative error and rel-

ative distance at closest approach time
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BERM A 5, BER L ERENER, IR R IR D, eI B
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Fig. 15 Relations between collision probability or relative error and combined covariance

it Ph By A R W e S AR AR Rl AR A AR 2 18] B AR X R 22K /N T H 7 A [ B AR
XERRBER /N, BT I R A X B R DA S BB i L U 07 2 b R pe s . AE TLE S BA AT
B, P ERAE TR —FR S CHXHEZPRES, Y _F Z AR EETE 100 m/s LA
T, FA LM AE LIRS R AL R R 2 M A AR R Z AT 35 5% DL Ly T7EfEE
PUEZ S PN YIR B B A, 24 3 Z T YA B AE 10 m/s DU, JHARR R
ZAH 1%. 7EX RO T B 7 225 A AR ety ikt AT A AR A 7 5

5 &g

xR S L, ERUEREAR T MR R Ik, SRl B RIE T %
THRHIEReTE. BT ATR R M AR AR R R AR, AT T AR I R 2
P, GERRY, ERMAEOT, KAEAXHZ A RIS, BI7E SRRl 13 B8 A
RO R ZORE; HAEDEAROT, ARLMAXE 3 PR A RN . X
KATAR G A GE KRR E AR XTI SRS, R AR A2 S TE BT R B T B B AE 10 m/s
TR, “FZEEMREE 18% ML, BERETE 100 m/s ITH, FXRZET#
1f 5%; X FATARF B R A B PLE R TR BAS (002 A PE AL 5 B0CE R 2 TR,
YARXTZBEEE Y 0.1 m/s RN, KPEREAR L FRERE AR Z WA AT R ZE
KF] 80% LA b AHXTEBETE 10 m/s AR, & Z [EMAAXTRZE WA 1%, XL
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A Research on Collision Probability Calculation of
Space Debris for Nonlinear Relative Motion

XU Xiao-1i'+2 XIONG Yong-qing®
(1 Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210008)
(2 Graduate University of Chinese Academy of Sciences, Beijing 100049)

ABsTRACT The calculation of collision probability is the foundation of collision detection
and avoidance maneuver for space objects. Now an assumption of linear relative motion is
usually applied in the calculation of collision probability and then the complex 3-dimensional
problem can be reduced to a 2-dimensional integral of probability density function over the
area of circle. However, if the relative velocity value is very small, the term of linear relative
motion is not valid. So it is necessary to consider the calculation of collision probability for
nonlinear relative motion. The method used to calculate collision probability for nonlinear
relative motion is studied, and test cases are designed to prove the validity of this method.
It is applicable to collision probability problems involving relative velocity and error co-
variance varying with time. The results indicate that it is necessary to calculate collision
probability with this nonlinear method under certain circumstances. For example, for el-
liptical relative motions in Satellite Formation Flying, when the relative velocity is below
100 m/s, the relative error between the linear method and the nonlinear method exceeds
5%; for the problem of conjunction analysis of two satellites with circular orbit, when the
relative velocity is below 10 m/s, the relative error is also larger than 1%. Some significant
conclusions are obtained for collision detection system of our country.

Key words space vehicles, methods: analytical



