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Fig. 2 Definition of integration frame

! 3 XmZq�X�qKI&ky
Fig. 3 Gaps and overlaps of cylindrical seg-
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78 � 6 | � 52 =#c D *^aU0��/� R -amV	:|@ro�V;V� σ `*aU1`?�<]`�[�Lk�Sq���4 R = 1 km, σ = 1 km, o�U5@4 1◦, o� 1 l�mgo�FB 6 �^�[�KX!*\]P�Sq��mgo�u&u[ (	�m) zZiU�-+|{ D/σ oE]Æn�E]��U�HV�oV	@<��� (��m) �@E]�b���@(�V	ofy�IS�:�o�Sq|y��`T�+6�co�

! 5 bnX�<~Bs
Fig. 5 Toroidal relative motion trajectory

! 6 bnX�<~/PLq�w(wwB>
Fig. 6 Collision probability and error for toroidal relative motionm[|yHHco�5@oz4�`i�o����Z|yov�P+��5@H]�+�m1g�S�b�1�H`�I��t]�t|ycu��Wz4o�8`@+�Pv�L\g X�B 7 *^�Sq�u&u�Fu#V	@<|o�5@o$^-N� (a) 4 D/σ = 0.3, gM[�KX!*\]mgo&u[- 0.066 137, 8Y[��Sq��|y�o�5@� 1◦ $^g 60◦. do�5@4- 1◦ U��Sq��mgo�F- 0.066 172, V	@<$- 0.042%, d5@4- 5◦ U�V	@<$]b1BH 1%.�!V	@<]`$ D/σ o�[��:� (b) 4 D/σ = 1.0, [�KX!*\]mgo
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�UsX�<~LK����w(w~{q�3 79&u[- 0.521 154, do�5@4- 1◦ U��Sq��mgo�F- 0.521 424, V	@<$- 0.052%, ��4 5◦ U?41BH 1%. �WF
�@WV	:|x�J:��Sq��Uoo�5@<u�`� 5◦ #F
|�V�o+�u��

! 7 �w(wwX�B>~q 6Aq&`� (a) D/σ = 0.3 (b) D/σ = 1.0

Fig. 7 Relations between collision probability or relative error and integration step.

(a) D/σ = 0.3 (b) D/σ = 1.0:�UjSqV	:|@
g��LF
A
�SqV	:|o	g
j-N��WF
�H:�o�u_Æ	�Sq��%o�S� 2005 � 1 8 17 @�c�I���@ 885 km o*I�Q�u��H@j|ymg 02:14:37.00UTC UGdÆ'o1`Pv�Zf
* 11. � 1 yH?7UL|WPC
Table 1 State vectors of China and U.S. debris

Object X(km) Y (km) Z(km) Vx(km/s) Vy(km/s) Vz(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�Pd���FoaU0��/- 10 m, 1`@<�4- σu1 = σu2 = σu = 0.265

km, σn1 = σn2 = σn = 0.053 km, σw1 = σw2 = σw = 0.053 km. @SqV	:|o-NJ�gM[�V* ��o�/��%o�u&uo|y�mg�F- 6.88800 × 10−4.8Y:�Lk�Sq��%o|y��FB 8, |{o�U�oE]�aU0�@\%C@<#0��Sq��mgo�u&u[�n@\E]��fdaU0�V@@<#0U��u&u[1>E���F- 6.88801× 10−4, P�/�F7U�Iq��Sq��	SqV	:|`�Ao��U�S�:�o�Sq�u&uo|y��`�co�
1 http://celestrak.com/SOCRATS/
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! 8 UsX�<~/PLq�w(w
Fig. 8 Collision probability for linear relative motion
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�UsX�<~LK����w(w~{q�3 81@Ig�ÆJV	:|@r-#0�#@m`�mo 2 ��:�P|I�	.y\�B 9, ckl@@j*�- 500 km o0@jL:o�@V	
'Ec��loM\1`Zf- (x0, y0) = (0, 1) km, @/\�\	�lS�{LEf ∆v = (∆vx, 0) , WU#0V	:|@ro�m@� b = ∆vx/n, #c n = 1.1 × 10−3 s−1 -cklo@j��u��WF
S�ov�Ef7]�#0o�@/�7]�4D = 0.05 km, σ = 0.5 km. 9�SqV	:|��|ymgd>�V�o�u&u- 9.19605× 10−4, $#0V	:|@r�@/]`
uv�Ef ∆vx <:�8Æ9��SqV	:|��mgo�u&u5$#�:�o�5@4 0.5◦,  10 *^�Sq�u&u|�@/ 2b Pv�Ef ∆vx o$^-N�

! 9 X�Æ)GLq%2X�<~/P
Fig. 9 Elliptical trajectory in relative frameF
@#0V	:|x�J��Sq�u&u[|{dÆ'�oV	v�E]Æ�`�-n��'Sq-NJo�u&u�B 11, ��V�oV	@<|{V	v�oE]Æ�`�dv�Ef@ 10 m/s 
JU��HV�oV	@<\g 18% 
L�dv�Ef]! 25 m/s U�V	@<�g 10%
J�ÆdEfv�]! 100 m/s U�V	@<8�g 5% 
J�

! 10 �Us�w(w~�A0Rx�Fgq&`/P
Fig. 10 Relations between nonlinear collision

probability and velocity increment or semi-

major axis

! 11 X�B>~x�Fgq&`/P
Fig. 11 Relation between relative error and ve-

locity increment
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	a0@j:|oÆ'�o�u&u|y8
�P��@�'V*UGo@j0mBJ�
* 2.� 2 s1�t��BI��1�/Q
Table 2 Orbital elements of two objects with circular orbit

Element a(km) e i(◦) Ω(◦) ω(◦) M(◦)

σ1 6878.140 0.0 45.0 0.0 0.0 0.0

σ2 6879.140 0.0 - 0.0 0.0 0.0B* 2 dÆ'�o�e;V- 1 km, 4aU0��/- 10 m, �z�HoaU1`@<�4-0m�4�-4 σ2 = 0.5 km2. :�F
�H$$dÆ'@j��o��Q$$V	:|v�o]`�N8��7]V	v��7]��,M	SqV	:|$�SqV	:|dg-N%o|y��Sq��oo�5@4 0.1 s, �FB* 3.� 3 �Yf!R �i_cj;2r(cj;2��:
Table 3 Comparison of linear and nonlinear methods for different relative velocities

∆i(◦) Relative velocity(m/s) Nonlinear Linear Relative error(%)

45 5826.225 3.68028×10−5 3.68028×10−5 0.00000

1 132.860 3.68002×10−5 3.68028×10−5 0.00694

0.1 13.298 3.65506×10−5 3.68028×10−5 0.68995

0.075 9.980 3.63588×10−5 3.68028×10−5 1.22108

0.01 1.439 2.66961×10−5 3.68028×10−5 37.85800

0.0 0.553 1.96822×10−5 3.68028×10−5 86.98508B 12, W
'*^o�U��@ 4 .1���J�Sq�u&uM~vE]�Ydcg	z[�-+|{@j����o�` (V	v�o�`), Sq$�Sq�FV�oV	@<n�E]�d@j����@ 0.075◦ (V	v�6- 10 m/s) 
JU�SqV	:|$�SqV	:|mgo�F*PN�No<�� ∆i = 0.01◦ U�HV�oV	@<�\g 38%. :�cUjdÆ'�oV	v�]`��Z�eU�o@��N8V	v�7]�aU0��~vTH@<#0D�eU�7��V��aU0��@@<#0��p�@	�U�D�eU�7@�� 12 F
�dV	v�- 13 m/s U�^uo�z�
�u&u51>E��ÆdV	v�- 0.5 m/s U��pU��E�gz.`U��!�'UGoV	;V�Z�eU�o@��8u��H$$V	;V d Q�C#	�Sq�u&uuSq$�Sq�V	@<o�Z�B 13, V	;VY 100 m E]g 1 km oHHc�Sq$�Sq�u&u[�n��`�@ 	��Sq&u[]!Sq�F�ÆdV	;V]! 300 ��UDV���HV�oV	@<]`$^-NB 
14�^�d ∆i = 0.1◦ U�|{V	;VoE]�Sq$�Sq�FV�oV	@<|VE]�b�@ 1% 
J�IUF
>-9�dg��mgo�Fj�	_�d∆i = 0.01◦U�|{V	;VoE]�V	@<M�`YE]� d = 100 m UV	@<\g 76%,

d = 500 m UV	@<�' 3%, d = 1 km UV	@< E]- 38%; d ∆i = 0.0◦ U�|{V	;VoE]�V	@<o$^=t$ ∆i = 0.01◦ UUt� d = 100 m UV	@<\g 74%, d = 500 m UV	@<BH 3%, d = 1 km UV	@< E]- 87%.
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! 12 3�Bl���L�Us(w\~q W�q&`
Fig. 12 Relation between nonlinear collision probability and integration time for different angles

! 13 �w(w~�)WHX�<Wq&`/P
Fig. 13 Relation between collision probability

and relative distance at closest approach time

! 14 X�B>~�)WHX�<Wq&`/P
Fig. 14 Relation between relative error and rel-
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Fig. 15 Relations between collision probability or relative error and combined covariance�H
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A Research on Collision Probability Calculation of
Space Debris for Nonlinear Relative Motion

XU Xiao-li1,2 XIONG Yong-qing1

(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


