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Abstract: Objectives: In order to serve the implementation of China's deep space exploration programs, we develop
software for asteroid orbit determination that can handle multiple sources of measured data. Methods: The precision
orbit of the asteroid Toutatis is investigated by using its measured data (optical and radar data observed during the
period 1976-2022), and the orbit determination results were compared with the Toutatis ephemeris, which verified
the reliability of the software. Results: The orbit determination results show that the position uncertainty of the

precision orbit of the asteroid calculated by combining optical and radar data is 1.9 km in the sense of 3, and the
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orbital position uncertainty calculated by optical data alone is 8.818 km, indicating that the introduction of radar data

can effectively reduce the orbital determination error of asteroids. Conclusions: The final orbit determination result

reached the engineering level, and the accuracy of the asteroid ephemeris was consistent, which showed the

correctness of the self-developed asteroid orbit determination software that can process multi-source measured data.
Key words: Asteroid Toutatis (4179); Optical data; Radar data; Precise orbit determination
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Fig. 1 Diagram of each module within the software
Horr, B ) SRR AR R BH X H AR /N7 B 5
Mgl Hagy: KART/URITE. AR REES
— BB KK/MT B WNMT 2 Vesta, /MTE
Pallas 55§ HAx/MT 2N N K853 Jay: 77X
XS Rk ayy,, KM AR LB MT
BGRB8 KBS I s agyy »
XF TR BRAR S I gz, AP i 2 RS T,
Hir M7 RIS S H B SLR S (et
Propulsion Laboratory, JPL, https://ssd.jpl.nasa.gov)
R MTREAB R A, RIS T IR, H
By ORBHI 32 % Hbx M7 2 5] 81 ay; .
HARRRINT

.

e GMSUH r

a
sun 73

T A
aN=—2mmG¢+EQ

_ Noomy ([a6M,
] @pn = {Czrk3 {[T -V ]Tk +4(ry 'vk)vk} (1)
__3(147m) AU?
G = S (P 55) T
X 0
N 2 2 k
e CETED
k k
Zy Zy,

X Ay =r—r;, v Rl /MT BN
FIRMLE J2000.0 H O RERAAFR R BIALE K
GMgyn FIGM;+ G My 73 5 N K B 5 % 3530 R AR B4 5
JIHEEG s v 30/ MT BAESRR B R AR 12000.0
AR R T E R E SR ERE; BT
HAPRMERREE: n/MTREPRN RE: pN
INMT RSP s p B ES K BH TAU Ak 148 51
SR [, NI R R R ONZ KRR 12
Ri=[Xi Y Zi], Ri /M7 BTSN RAKE 2 AL bR R
TR BERE: UM E AR R F) J2000.0 57004
B 2 [T 2 FE R

ME AR YE 20 (2) &7, FExeiratidtfr
AR, N RN RATOUATI SRR /MT 2
£ J2000.0 HiC P FRIE R T I ERE, VRMTE
fE J2000.0 Hi O P78 R R R EER R, BTN
t=|R|/c; av bAIs H/MTEER MM ARG IREh
SMEEEHE, Hd, Ra5REEREE T EuE,
MEEEE R T H A 5dE; R=[XY Z], Re=[Xt Y& Ze]
R 1 R 53 5IR/NMT BATIES7E 72000.0 Hi0F- 7R iE
RV ERE, 0w NNTRIE, 04 N5 JIHf

EIE. 3N (2) Fiy 1 AR e AT I IR R e,
ERUHZA, HEENKITER « N4 ErRE
BEAT, AR 2 ~ 3 KB AT

( R=R-vZ¥

Y—YE)
X—Xg

b = arcsin (Z_SZE)
b=4R—Rﬂ+gm+pg

HW, A EUE AR B B AR 3 705 8
B A BE A, J A AR 2 i e Bl R
PR B T T R IEAT B SR, I — 5 7
VR R IR 1R 22 FE AE K 2 8 BT SR (10 FE S R 9 1) o
R Z A AR B ) B AR /T B2 LK BE A i
W GIE ), WA DUKBE R B0 3l /R
ERA ST AR, T 00 B A )t SR S 3R AT
Hm A BT FH B3 77 220 2 (R e 4, 32 B34 G
U 2 fros, EH Mo A B H O PuE ) riE
A

a= arctan( 2

By

B S

VIESE N

T TDB
wAa: 0.001657Sin (M+0. 01671Sin(M))

K2 i) Rgik R -
Fig. 2 Time system relationship chart
2 [ 5 T D AR A 28 T DA B i o 4 [ o
RERAEFR 2R, IF DLMHEZRA E H bs/IMT 2 307
SRR,y T AR R A AMT A B R
AADR F G BN TSR T AR A AR AR R ANTR], R
TR, X BAEEER, Rl R MT A
R B2 R A 2% R BRA R 22 R HEAT e i 225 F s
erEA e, ok Rz (3) Pis.

( vj+(b—1)(VjVnp)Vnp+bvy
Uy =

Ub'li}'
4 b@fcz) 3
| b=-——=
\ 1-(2)

A, v, RERFHE NPT EEERE; vRoR
T RIFHAT IR R & vy ROREHAT R 0 R



IRAE G e J5 1) AR FR R R E R B, v AV, IR
EN ¢

e, At N B B TR EE S
42 RS PSR . Hrd, N B Tk 2
DIRext TR B e SRR B 2, BFs 2 2 ikt
PRI TABE AL P . % S s Al PR 3 E0h 2
BiE. SIFIRE), MG M7 B R AR &
3BT ER XA E DT 2R A X T a2
FHERGH, RESEHHEENMEMSEELEH
PR, — MOk, 1HE HHRE, IR0k
T o SR Ak DA AN R 22 (1)~ 5{E A%, {H Carp
ino & N2 B /NMT B R AR &2 B B (1 i 22
FHINAER 2 EREE H R P RG RE . B
ZHAE, CAZMYESS T ZRARENRE,
IO LE JPL s Chttps://ssd.jpl.nas
a.gov/ftp/ssd/debias/) . ARHAFEH ECFF18 A1
SE B H S R G 22 LUK B 5 380 25 B4
B B 1 T A B S AT I R AT 2 TR IR
HEIEAGE IR, 153 LOK g 547 1 b £
o

HRYE Bk RN, 2/MT B E LR
RGEHALUTRE

D /MTEREE S AT AT IRGOKE ®AT R
MTRERGE AR, TR E ., R4, WER
=REIERA, BRSNS IMT RN B ¥
28, W/MTERAE SRR, En] DURSE IR
NIFSH, WEE w225 . AT UG & BhUAd B 45 2R
AT VEE . Hi Rz,

2) WIEHE T B w] DU B B AUk 47
HARG . JRgh. MER =R EE R0 TR &
GrigeZs . BEALRZE SR iR 2= 1,

Bl 3 2 T A AT /MT RS E U SR T
YA, R PR e a5 A A A At Ak 34 5 /)N
TR AR AT 25 i WL I A A0 B B 2 e N
IMTEBPRERE. HA, ZBRMAFEH Laplace 77
I REAMT R IR HE .

i )
3

BRI \

|

|

|
X

P 2L H A

|
/2

BRI TR S

C
L }%
—
|

A
\ TR I B R \

Ak H
UL

5 2R e 2

TNIERRE 5 IE

W \

C Lok )
K 3 BEeimsER

Fig. 3 Precision orbit determination flow chart
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X (km) 8722122.103556 +1.4524 8722123.276072 +0.1866 8722123.478021 +0.1987
Y (km) 144507293.5167 +2.1809 144507289.0392 +0.4145 144507287.1724 +0.4435
Z (km) 61835422.08121 +1.3322 61835431.35185 +0.4490 61835433.87522 +0.5949
Vx (km/s)  -34.385516 + (3.499x<107)  -34.385516 =+ (5.665x10%) -34.385516 =+ (8.122x10%)
Vy (km/s)  11.310953 =+ (3.066>107) 11.310956 + (9.9066>10®)  11.310952 + (1.336x107)

Vz (km/s)

5.085784 + (1.775x107)

5.085785 =+ (4.492x10%)

5.085785 =+ (8.088x10%)
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Table 2 Difference between optical data, optical and radar data and JPL solved results
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AVx (km/s)  3.5376537562115x107 -9.407760808244310°
AVy (km/s)  1.0370097134000<10°  -4.6694070624653>107
AVz (km/s)  -9.323323620265x107  -2.8616416329896x107
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