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=\1�tYib345 CE-1�;iq�YIJG 1,2 EKD 1 FL 1 BHC 1,2,3
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� 3 S �K/�u�y�5\(�`#U℄e CE-1 +v`�p� 291�At���<L�"LGrufDAMN�[ [1] �ufDA�Rv��ufDAYr}-�fuf:$DAv��Av�[JT�LArjp�pCh�4QChYA��bCh�3�T8y�}v����duf}-�p0jM�#FG��{GG��&a�:��78��1�{�G��1V�pQY_l�u,
100 m ;a��v�X�8��T8�j 0 �{�G���8�A�Wj&a�:�v�pQY�8�A���"��u, 4 m ;aX&���{5G��2_*N)�u,-��_[p8�ufDAY�*u��ns! ��rM\�jN���s!F�<1a�0b	 a=�3)�D:{�DM<��Tr�4<$�T_mo�M=4YdG℄-(��4!K\G℄r�4['("R(�_���Du�RCh��}-�rMNA+�Qa-C9�G `�r���*ur�_("�A^Y3�_("$C�}�4"v#x"��4" 	\n`�ErYA�v24<$~pls!+C�`X;2r:.V��G�9\�dÆ+V'%,r['("�EKj['�_��4"r^} �_YDA�pM�_mR(al��47�W '/$Ddyl!H s!r)��<$�A^
|D0�Ts!>)r>`���4YA�4Y'+rs!>)��e{4Y�bs! ��M\jN�r:{ar^}�p�4<<}"|s���#x" 	\YA2bR(u�B��p�IT�Ts!rp��=("plr G9��r}��0r_m'/WjGz("IT�#x"rH} 4)4<$�ErX��X��_Yr$CR7 YA�rY�A�#xU'�47�W 4F��_marY�"uJTrx�4['�_("�*pM(js!:{r�4<<jN�bpM`�	\F�_��rA���R(['':�0FR(��3Er_ma�

2009 H 3 u 1 y�?�Gts!Wj�\_m��Imy5Yorv����_m��}t 14 min LP)�l�ru,	3;l
jj�_d CE-1 *u�j,�2_-(���pM<�$D,or�4<$�=<4tt [2] 9\�4�_("	\ GEODYN II};':�*u_��>pKg$Dp��} CE-1 )u%A��5z�\� USB f VLBI � A�'���l�DjdrA_/��;f?�MNr�I�Æ?
A� (Very Long Baseline Interferometry, VLBI) %,g�d 20 �- 60 H� VLBI d`AY�A0*#M��\`tH}�L[}Quyf�4v`yA��pl�;`LgrT\ [3] �suDAMN VLBI %,{G\LPT\d{erpQv���VYtt [4] ��Ztt [5] vegtt [6] r+
':,:� USB f VLBI�z�_p`�JA�_Y�"u	\x�4['�_("W�� CE-1 *u�r2b�': CE-1 r*u_��0f\�4['�_("plrKgR($D�Wj$D~P2x�4['�_"rp��_d[("d`4-C<��4<$rH+�H.!\d?��Rr�*ujN�Att [7] 	\�f[�6(" (�d!�Gzr��x�4�_) �yfjps!}1_vv_mÆ:R3r_mR(�_�Kg���s!Y3�_�uDA�DAY�_
o9\j	G("�?�GtrY-�}eE�+(\�Wj�[\Av/�rW��}*ujNv
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�
2 z	7℄)�a$�#o� C�>&
2.1 oE9�x�4['�_("pM_S_':�"(N��4U;>�Tr�33E∆t = t−t0r4"2Oa\pl [8] �dN{���4U;>�Tr�33E ∆t = t − t0 r4"2Op�L{�'� [9] �

{

r(t) = F ∗(r0, ṙ0, ∆t)r0 + G∗(r0, ṙ0, ∆t)ṙ0

ṙ(t) = Ḟ ∗(r0, ṙ0, ∆t)r0 + Ġ∗(r0, ṙ0, ∆t)ṙ0

(1)�d<&zbqx�r�NzL�F ∗ v G∗ `;DrO�O F v G [9] �h ∆t D���pM� F v G R(�j��j�^#�j�
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r0ṙ0
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0
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0
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0

, ∆t = t − t0 �{0?T�jdm�\GFXd ∆t r n G���~,��'�{��
rt = P 0 + P 1∆t + P 2∆t2 + · · · + P n∆tn =

n
∑

i=0

P i∆ti (3)

ṙt = P 1 + 2P 2∆t + 3P 2∆t2 + · · · + nP n∆tn−1 =
n

∑

i=0

iP i∆ti−1 (4)�d�NzL�̀ ;Dr F , G O�,_� [9] ��d�N�T�`�zL��CIT�Tr4<$�6pMjT�Tr F ∗ v G∗ r,_� [8] �b�d`�zL�s!r_�Exq [��0r�	`���}��EpM�\ Taylor R�R(�j�E` ���r6.�>M��d,�NzL�}��D�re{��{0pM\G9	Br���~6. t �r-(Yrp�v8�[��_d��r^}����r�2O�,_�4zOdNIT�f {0Wj��/�rW��	\:��M"�pMpl:.r�2O�	�r����2! {0rdV;2�T����r�G��GG�v�G�0. �s!S��rrp��8vGG18��}rAG��LAGr18����r�2�&��4<$o2M�ar)�o2��d4Y����hpMR(	 ���GzO:�Gzr����2pM�=���}R(��l��



� 3 Æ �K/�u�y�5\(�`#U℄e CE-1 +v`�p� 293��5raj� }Z+��R(r��d,Z+� ({uW�) �{0EpM\G9���~6.��4j[�H��2rPQb`�)��}W��E��GF>+�2(rjN�5�>.�x�4['�_"!j}K4���re{��\ n \���~6.DAY}u� J2000.0 � (�uW�) rx�℄"�vPGF�r t DAYp�pMWj��t�~6.�






































Xt = A0 + A1t + A2t
2 + · · · + Antn =

n
∑

i=0

Ait
i

Yt = B0 + B1t + B2t
2 + · · · + Bntn =

n
∑

i=0

Bit
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Zt = C0 + C1t + C2t
2 + · · · + Cntn =

n
∑

i=0

Cit
i

(5)T� t jYA�r�Ai �Bi �Ci 0.j6. X �Y �Z r����2� (A0 , B0, C0),�DAYrS�p�� (A1, B1, C1) ,�DAYrS�8� (2A2, 2B2, 2C2) ,�DAYrS�18�};l+C X0(t) WR(Æ+��Æ+�}�S�+CrYA(Nj�
yi = H̃φx0 + εi (6)T� φ +C(Ja� φ '�6e�{��

φ =





























































































1 t t2 · · · tn

1 t · · · tn−1

...

1





































1 t t2 · · · tn

1 t · · · tn−1

...

1





































1 t t2 · · · tn

1 t · · · tn−1

...

1





























































































(7)

f�4"�$�x�4['�_"(js!:{r�4<<jN�T+C(Ja�'�6e�fe}�p�$���x�4['�_"pM`�	\F�_��r
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2.2 M�
,

2009 H 3 u 1 y� CE-1 r)u�A5z�\� USB f VLBI � A�'�� USB A�jdi��VLBI A�j�l��W�|:v|��U 4 F��"u_m':W�jNT
�5�YA2b�T� USB �[ 12 m QÆ�(� 18 m QÆ�(rA�N�6Kj�NAeA8�[�T�TrA�24<${��
(1) �NAe

ρ =
|r − R1(tt)| + |r − R2(tr)|

2
, (8)�T� r j�t( �r-(Yp����R1(tt) j�t 	�r�(�p����R2(tr) j�tF&�r�(�p����

(2) �NA8
ρ̇t =

ρ(t2) − ρ(t1)

Tc

, (9)�T� Tc j'23E� t1 = t +
Tc

2
, t1 = t −

Tc

2
; ρ(t1), ρ(t2) 0.j t1, t2 �rr�NAe�_�l 25 m QÆ��W 50 m QÆ�|: 40 m QÆv|��U 25 m QÆ9Lr VLBIA_0�[��p��>��>#2b� VLBI A�r YG�tl_�FQÆr�3>RM��3>Rr�3)�#� VLBI �>v�>#rYA<$p6ey,�j�

(1) VLBI �>
τ =

1

c

(

ρ1 − ρ2

)

=
1

c

( ∣

∣

∣
r(t) − R1(t2)

∣

∣

∣
−

∣

∣

∣
r(t) − R2(t2)

∣

∣

∣

)

. (10)�
(2) VLBI �>#

τ̇ =
1

c

(

ρ̇1 − ρ̇2

)

=
1

c

((r(t) − R1(t1)) · (ṙ(t) − Ṙ1(t1))

ρ1
−

(r(t) − R2(t2)) · (ṙ(t) − Ṙ2(t2))

ρ2

)

. (11)�T� c j[8� r(t), R1(t1), R2(t2) 0. �t 	�-(Yrp����=�tl_{ 1��rA�p����=�tl_{ 2 ��rA�p����
3 ��z	7℄)�a$�aMi 1�v}� CE-1 )�ufr��|��Q` 14 min �[��E USB v VLBI mNK4A�� USB 2b9B#j 1/s � VLBI 2b9B#j 0.2/s �"��*u�:}t 14 min 2b
(℄_vX��)u�r}) R(�0�W��$D4Y2b�_m':rX��



� 3 S �K/�u�y�5\(�`#U℄e CE-1 +v`�p� 295�_dv}�D��}"Q�\v}2be�O:2b�[E�l!l� M=r�0+�p?_v^Ae/�r�[ET\l_v}r2bW���=<4tt [2] �\ GEODYN

II �_};�_v^Ae/�R(W��O:TrAe�[Ej 443.4 m �Ae�[ErO:�f+K� (445 m) Q�E 1.6 m(v^Ae�[Ej 445 m � Rj!���j 890 m �!��� 7W�r0o}YA2b�xV�Rj$Dy��[W=j�[EGVhO)�$Dp��"u}W�v}2b��F9\�	GKg�I 1 Xhm^*#W��4 N1�4 ��J� /s

2009-03-01T07-59-02 2009-03-01T08-13-08 846T�� USB A�F2 �F� VLBI A�F2 4 F�
3.1 _&�w�S.�AG���pMLsyGzs!x�jN�f Y�E�b~R;2j��F�`�XrzL�S6+
':,:����Gz\24Fj`�dV�2j����_KgF�4	X��Wj':A��<E�M�f�4�_r_m!�$�,:�l 5 G� 6 G����_Kg:s�l 4 G�LwG�����A��<EH. Ae<E`#R�o!�&�l 7 G�LAG�����;2j��F�`�XzL��_Kg&4{ 5 G� 6 G�b�d_m��l�Kg� 5 G����_rl�Kg:s�"u}W� CE-1 *u�2b���_9\r���j 5 G����_d�dG�r�4<$�:.���G2 G�r�>M}���_��pMWj�^+
�<G�_�r�4M�a<$�~3l:.���G2�
3.2 <Z/�sWgaWgyjr��}	GJ��"u	\��x�4['�_"�v} 14 min r��R(�_�0f�4['�_Kg [2] R(!�$D�Wj!�$Dv<E0��F(4YA�2b}x�4['�_"�_�r=\fS��J�x�4['�_"�_p��0.9\ (1) Ae + �>� (2) Ae + �>#� (3) Ae + �> + �>#� 4YA�2b�_?&�_�>pKg8, 2 v, 3 �I 2 6[�0XhzkT+�Fvr� RMS/m 9� RMS/m · s−1�b�'

X Y Z total X Y Z total

(1) 19.069 27.709 48.022 58.631 0.333 0.704 0.278 0.827

(2) 598.624 931.205 298.518 1 146.563 0.024 0.015 0.032 0.043

(3) 9.458 6.648 18.359 21.696 0.021 0.027 0.036 0.0509\Ae +�>2b�_rKg�!�f�4"�_"$D�p�<E} 60 m ;a�8<E} 1 m/s E�℄<EKgk�;f�_r VLBI �>2bv USB Ae2bM�=j



� 296 �������R�v�5�S��������� 28 g��_Y5Ar USB A82b�hW}z�'iE�o8:	OE�f=j�_Y5Ar
VLBI �>#2br<E4s�4:Q\Aev�>2b�_Kg4 |pm�TnR Rj�>vAe2b�p��pDs���8�p4s���>#�89��>Mh�\Aef�>2b�_���>#<E4s�I 3 N��LO�b�' Df /m D9 /cm·s−1 �? /10−9 s �?$ /10−12

(1) 1.67 1.51 5.42 12.95

(2) 1.67 1.52 18.39 0.64

(3) 1.67 1.52 5.49 0.669\Ae + �>#2b�_rKg�!�f�4"�_"$D�<qp�<ED`�}℄2"�f 8<E}�2/8"�pMt��>#2b�JA8rY�%|`�℄<EKgk�;f�_r VLBI �>#2bv USB Ae2bM�=j�_Y5Ar USBA82b�hW}z�'iE�o8:	OE�f=j�_Y5Ar VLBI �>2br<E4s�4:Q\Aev�>#2b�_Kg4pm�9\Ae +�> +�>#2b�_rYA/�r<Ej�AeRMS=1.67 m��> RMS=

5.49×10−9 s��># RMS= 0.66×10−12��\A82bR(_m�A�A8 RMS=1.52 cm/s�℄<EKgk�}( ;f�_r VLBI�>��>#2bv USB Ae2b�
 =j�_Y5Ar USB A82b�hW}z�'iE�o8:	OE�	,:	\ USB Ae +VLBI�> +VLBI �>#�_Kg pmr�

_ 1 �g�Æ5�`LhS)"�%E



� 3 S �K/�u�y�5\(�`#U℄e CE-1 +v`�p� 297�9\Ae + �> + �>#2b�_rKg�!�f�4"�_"$D (8^ 1) �p�<E 20 m ;a�8<Ej 5 cm/s, 3  A�2bY��\rKg$e\Ae + �>�Ae
+ �>#rKg`|`>��13�e\Ae + �>�84s�e\Ae + �>#�p�4srn��p�_Kg$Dp���b_d8�pDs�>M}GzkÆr?��<Er$ (1) v (2) ?&�Cs|��_dkÆ?�� {0Co�*u}p�r�r�>M\	� A�2br�_Kg:Tr*u}$Dp��A82b}��x�4['�_"_mo��=\4`�}M�3lr� A�2b<$�0.1|A82b� �>R4`��\A8P�>#fAe + �>2bR(�_�TKgr4{1|�>#2b�r>R`�!�$DpTrK(fA�2b<E0�pTrK(�9�!j�JA�_Y�`�y	\H 2b�r`\����\ 5 G����9\ USB Ae +VLBI �> +VLBI �>#2b�_�ppDsr�_Kg�
3.3 gQ7C��e_d�4['�_("`-Dsr_ml�F�}	GJ��	\�4�_(">prl�!���"uJTrx�4['�_"r_ml�FR(PV�Jb�Jr0��}	GJ��	\ 5 G����Ae + �> + �>#2br�_?&R(�_0l��|$D4YG2����_l�rKg�0.	\_vX�} 5 min � 7 min � 9 min � 11 min ��r2b\x�4['"R(�_�Y���_} 3 min � 6 min � 9 min r��R(_ml��Y�f�4['�_r!�R($D�>pp�v8r RMS 8, 4 �I 4 hR8D+�Fv RMS�b�' m� 3 min m� 6 min m� 9 min

/min Pos/m Vel/m· s−1 Pos/m Vel/m· s−1 Pos/m Vel/m· s−1

5 100.542 1.879 993.917 11.706 4 772.087 40.162

7 29.669 0.141 73.763 0.709 289.210 32.282

9 35.898 0.071 53.046 0.257 127.099 0.891

11 34.592 0.201 89.351 0.698 288.242 2.101_, 4 pMkT�;f�_r��rI�_ml�rs�`-$D"CrX��j�<^	 X� 7_dGz���G24Y~Lr�{0�l�o~ 6 min �\4YG2r���v4YIr�_���_�Kg{��I 5 J�x�`'�8D } 6 min hR+�Fv RMS�b 4 I 5 I 6 I 7 I�J
/min Pos/m Vel/m · s−1 Pos/m Vel/m · s−1 Pos/m Vel/m · s−1 Pos/m Vel/m · s−1

7 223.56 2.246 73.763 0.709 2 261.71 27.654 4 531.21 61.568

9 359.61 3.388 53.046 0.257 325.06 3.755 1087.2 14.975

11 565.83 5.142 89.351 0.698 155.06 1.436 858.69 10.610

13 757.963 6.873 106.72 0.810 7 273.64 2.670 960.02 10.981



� 298 �������R�v�5�S��������� 28 g�pMkT�xq 5G���l�Kg:s�E` 4�dWdFUuf,5rDAY�T>)r�4<$_ 5 G���GzKg:s��dDI���_Tl�Kg&�4{����_rl�Kg�TnR ��DI����Gzl!lF���&4{Q�\mU��?m2b�_arKgs����j��YA/�j���_>pr���;2pMDsyGz�_2b�f�a2b�4F|syI�3U6�>M;f�_r��4Kj��E4KjI�':,:�	\_vX�}r 9 min ��2bR(�_�l�o~ 9 min_m�p� RMS} 150 m ME�8 RMS } 1 m/s E�"u("$C!\ds!����_v�Rl���,M=�T\[("rAr y8,o�p��_ml�Ch4A�
3.4 �:Us�A�:}G}F&�txV[(�3}r�rj 2009-03-01 T 08-13-07.020(UTC)�"u?T=j CE-1 )�u5r�r�	\ 5 G����Ae + �> + �>#2br�_?&�_�:T[�rs!}uf`y>+��r[n�AN�p:p CE-1 )�}n −1.630 91◦ �[ 52.254 9◦ �AN −575.4 m(��d 1 738 km f5) �I 6 ℄m`'�Xh�V6�D�VFv\� /(◦) \� /(◦) BP /mX�,� 52.36 −1.50 −
�8%�b,� [2] 52.255 −1.657 −2 562������b,� 52.255 −1.631 −2 575.4

4 M 0 i"u	\x�4['�_"�_r("� CE-1)ujNrA_/�R(W�0���z
USB f VLBI 2bo� CE-1 *ujNr_m�0R()�}p�r':�':Kg	��	\ 5 G����9\ USB Ae +VLBI �> +VLBI �>#2b�z�_�pMplDsr�_Kg�f�4�_KgR(!�$D�p�<E} 20 m �8<E 5 cm/s �	\_vX�}r 9 min ��2bR(�_�l�o~ 9 min _m�p�<E} 150 m ME�8<E} 1 m/s E�_vX�}� CE-1 %ju5)�uf�)�}n
−1.630 91◦ �[ 52.254 9◦ �AN −2 575.40 m(��d 1 738 km f5) �W��A2b�^�j�P2	G("�D^[(" 7!\dd`ajNrDAY�_�M����:.G2r3lzL��R(�+
':�>pKg�Q"uR(�A2bW��dN+
EzvKg{��<G�=�3Æ+)�ra�0b$D4YA��$2b ($CjeNAev VLBI �>) }R(�_�r=\�M�4YG2����_Kgrs��+
Kg,: VLBI 2bpM:	JA�_Y�b���G2r3lf+
arG2`|`���_d+
Kg$D���>MR(��A2bW�rM=�Ar}d$D	 (



� 3 S �K/�u�y�5\(�`#U℄e CE-1 +v`�p� 299�"fG℄�4�_("rE.�P2T�_F�℄�}RG6rM=�Kz[("rH}�T1MT\�}Du�R��_d?R(ufDAY}-��ufDAY*u�r_mo�M=4YdG℄-(��E4Yd[\Y-�re'�}R(}-�rjN���ns! ��rM\�jN���s!F�<1a��	 a=�3)�D:{�DM<��Tr�4<$�R�4!K\G℄r�4['("�_�S6+
':,:��d=�3Æ+)�ra�9\[ ("�_pMplDsrKg�"u9\rx�4['�_("p}Du�R}-��R(T\�T�X_m':M=x-RG6<^A��� ),G���pÆCtrw
ÆwM�j"uJTr�Vr,>P8�K|!$�
[1] S��o8 24 ��� 2009, 2: 5

[2] >>5Æ [Æ~�Ov�hr8�Æ 2010, 7: 1724

[3] F*�Æ ��Txzg
�8������o8&-U��Æ 2000, 2: 85

[4] �WZÆ�/NÆ��i�/*[Dw8�Æ 2003, 22: 15

[5]  [�2�)xÆ�m��fo8s�mTxBÆ 2006: 105

[6] f hÆ~�OÆ [v�/*[Dw8�Æ 2005, 24: 44

[7] d BÆ~�OÆ [v�hr8�Æ 2010, 2: 416

[8] � ��TO�8*%�CX�CXa8U��Æ 1998: 30

[9] � ��u�zgt#bo�8��X�BvCkU��Æ 1992: 51

Kinematic Statistical Method Using in the Orbit Determination of CE-1

LI Pei-jia1,2, HU Xiao-gong1, HUANG Yong1, CAO Jian-feng1,2,3

(1. Shanghai Astronomical Observatory, Chinese Academy of Sciences, Shanghai 200030; 2. Graduate School of

Chinese Academy of Sciences, Beijing 100039; 3. Beijing Aerospace Control Center, Beijing 100094)

Abstract: A kinematical orbit determination method using polynomial functions to describe

the short-arc trajectory of a spacecraft is proposed for CE-2’s planned descending flight toward

the landing site on the moon. For kinematical orbit, spacecraft’s dynamic modeling is not needed

and better noise reduction than point positioning method is expected by making full use of all-arc

observational data.
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The first Chinese lunar exploration spacecraft CE-1 performed a free-fall impact on the moon

after its mission was accomplished on March 1, 2009. The dynamic modeling for its free-fall

flight is relatively easy; therefore the dynamic orbit determination strategy has been successfully

applied. In this paper, the feasibility of a kinematical method is investigated by processing CE-1’s

free-fall tracking data. For accuracy evaluation, the kinematical trajectory obtained is compared

with CE-1’s dynamical ephemeris.

CE-1 was tracked with the national USB (unified S-band) ranging and Doppler tracking net-

work and the national VLBI (Very Long Baseline Interferometry) network. For the proposed

kinematical method, this paper focuses on two issues, one is the selection of the degree of the

polynomial functions used to describe the short-arc trajectory, and the other is the contribution

of the VLBI data.

The results indicate that the using of higher order polynomial functions may fit the tracking

data better, but it will generate parameter correlation problem, which could deteriorate the

accuracy. Simulation experiments and real data processing show that the optimal description

of CE-1’s free-fall landing trajectory is a set of five-order polynomial functions for each of the

position components as well as velocity components in J2000.0. We find that the combination of

the VLBI delay, delay rate data and the USB ranging data significantly improves the accuracy

of the kinematical method than the use of USB data alone. By providing a new method for

the determination of its descending trajectory, the accuracy of 20 m for position and 5 cm/s for

velocity meets the demand of the planned CE-1 mission.

Key words: CE-2; CE-1; kinematic method; statistical orbit determination; VLBI; USB


