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Real Time Monitoring the Orbit Insertion
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Abstract China’s first lunar satellite Chang’E-1 (CE-1) was launched on Oct. 24, 2007. During its
flight to the Moon, a series of maneuvers were performed to keep the satellite in the correct trajectory.
Among these maneuvers, the one performed for Lunar Orbit Insertion (LOI) was the most important
part since it directly decided whether the satellite could enter the mission orbit or not. Therefore,
real time monitoring and estimation of the satellite’s state during this stage became crucial. A
system was develop for LOI monitoring using as few data as possible. This system included real time
data transmission as well as real time data analysis which could provide the difference between the
predicted and observed measurements in the first place, and then, most importantly, it also gives the
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ensuing orbit insertion conditions, i.e. predicts probable future orbit parameters after the maneuver.

The presented method was successfully applied for the LOI process in the mission phase.
Key words Chang’E-1, Lunar Orbit Insertion (LOI), Monitoring, Maneuver

1 55

EREHRNFNRE SEH S, MYENERLY
LTI B EREEMIRY, MEEENAANRE
¥, AT RAERLEERRE TRENER. UERS
EFE XA R AR AW B AR R SR HENL S
SERPHREFHTE. Hiin, 7 NASA gy L EHW
#% Cassini-Huygens #FA %S¢+t B HE K H sh B,
b T 5 ) R R B 4R 83 15 SR X SR AT
£+ W, #E NASA B BRI 28 Lunar Prospector
W% A SUERARIZI B, BB HIEI 1A RS HEN
P23 B ) 2% DU [ 3 BE (2-Way Doppler) ¥
W B 5550 AR AR AT B, el BRI ES AR
% U, HAR ARIFENE KAGUYA F 2007 4R 5,
ERZAYERAL RS, BAMXE JAXA) A
T Usuda SHAXCRAR 8 BE XL B 2647 M0, Rt
EEMSHEHALRE (JPL) FHEBRRFAEE (3
Way Doppler) Wi & 5 BURIE R RN HFTT X
)

HEE— A RERFHR—S (CE-1) F 2007
#£10 4 4 HEBRELRRFHORS. EHAL
ESUEZ B, SRR B A LR T 8 KEUENLS), &
Sl — YT R A SR b e D, KR 8%
B AHBHE, B~k A% BHEY®RE
ENUEIERRFEA A RET I PES BRI E
R, BIFLE=YGE A R # 3, B8 AR5
K, MR 200km RS ARNTE. bR
HENSE BT, B—YLH SFI3), B APLER
A (Lunar Orbit Insertion, LOI) #|3h/L %42, KE
BLE TRMESHIRUK, HEt, X IKB A Wm0
WERIERT, . A SCEHHE & R X — RN E
HATER MG EMT, R T —F07Hk, AR
TR R RS T R B SN B EE ST R L 2
h LEREHITHIA, FNBRESE LENHE,
HABT EHEELREFPHEABRKIER

2 ERoH

2.1 CE-1 A ik AHizhE i HhEs

CE-1 7Ef /5 — i MK LAE HEN I A 6%
Bl 23 WM/ RRBIENSIE, BIAEA SRt
FREMFERTS, KRHRASZ S EEAR R

#=Fo+ F,,
-2,

r? \r

Fo=) Fi(r,t,e"). (1)
k=1

B, r AEMBOMNERE r Hr 9 ¢ A r
H—KSH, 7 H r BZRSE Fo HPOXRES]
h, b G AFESINER, M AP LRENFRE;
F. A5 T¥RFEHNEEHNHMbHEER, F+
DREHIEBRES | A, E=K3 1 hHEsh. K5H
Higgh, KRS ERS. B FARMEMERER
% 6.61 x 10*km, CE-1 A DIEBS M3 520, IR
HER A HOT Sk, 8 A BRAKRH S =S
CE-1 AN AWM ERE, MRARNF L5 S,
H BRI S =t 3h.

EHELLT, 5 S ROE PR AR
WSS BB L RS, BB RARER. Bk pL5)
AR R . KAEFIIHLZ), R REDEE
ALK Av; HEXN ST, EFNENSIRHRE B
BHE], 255X B E] PRI B R B B TSR
AN, EhR BRI R4S R ], A ELHE
BERReT . BoFRNSEKXERHAT, FEMNS
PR TREANS), EE A TELEER. &
LB W RAAE LR RS TR R A A Bk vk il
BN TR AR HATMTHY.

2.2 HEBBBEHEFRRIGTE

7E CE-L{£:%+, MRS HL 1 S B (Uni-

fied S-Band, USB) REMEKELTWHRIE (Very



332

Long Baseline Interferometry, VLBI) 244, B
R AL 28 4 FE BRI BRI DU ) 2 BE VLW &,
FHEBURIRABRGS, REBERS,; FERL
HMER(EBBXHA VLB Wk i B (] B 1 5ER
Z, NI BIFRSERRLFRPHAMLERE.
FEXEHIRF, d USB RETHEUAHRNIS 8 I H3E,
BREEE T SHE RATHENENSILEFT
ERSHREEKE. BEhTFANENSIRS, B
BERSIE &R IRE, XUHEMR SRR
ARG T REZZI. Eil, FEMN AN EEIE,
BPRIEE, WS A EUE, X EEE S BFHRS
HEAT LRI

WIFRTHE, LOI #I3h B 4 FIE
BHIRY 38x10°km ML A A4, HPUEE MY #
BRI A FIEM (face-on) R, BPHRHIZ5 W by
ELJVF-EE THEYE, et EHE LERE
B LA EUR. 1T VLBI 400 RF) 4 M REEIEMN
RE. HafLE BN BERESRIFEERARE
LSBT EER, RE 4 AT X LR
BeF8g LOI #3728, U, SEEUR M 8% A SURAR ]
BRI BLAE S LOT 3 By Hemk W M BOHE, 3%
i USB MivGiRft, HEREEHER 1Hz, I M
4 TCP/IP B Lrt &4 2 Ad Lo LM RS AT 7E
MITHEILTEE.

PR AR [ 2 B L) B2 5 R I AR e (L B AR TS (AT
EMTRER U

p(t) = #(t) + wrs cos dp sin(wt + ¢ + A + ag). (2)

Chin. J. Space Sci. FE#F %R/ 2011, 31(3)

Ho, p(t) R AR E5 55 v ey B 22 23 B IR !
HEEME, +(t) HHERFTHOMGERESN, w
HHuERE B 5 AR, ro HMIHBIHER B AT E
B, 0o AR, t HIFIGHFTCI M6 H B [H],
& KRG TITCABGL, A HMIELHE, 0o HRMRE.
BARXNER FBE T AR B HR S5 R 2%
WAL BRESFE——I M RR, BT A %EE
X 285 had B R 3SR S HAT A

3 EMREMTERIT

3.1 RISETUEEHEIH T & S8
EREHE Av BXR

BTE SRR T RE AGL AFH Satellite
Tool Kit (STK) #{#43. 735 LOI Highid B+, B
S BEBOIR R e A T F A USB MuRAte. B 1
& T FERK M ) Sh A FR L P FRR I T R34
X S A SURR AR P B AR TR R o, TR 1 P, SRR
FORBK IS RLR R, RIBHETR LEFAE A
RETR); BRF RGN SR, FaantR A
BRI A AT 10 min, FERFEFHEERIZHE B
BEHR Av SRERBKHIZIAER. BREIEPUERHL
Bt IS, AR S EFRA R LR IVSH,
IEREMTEMERE.

& 1 RLUE i, B 3 S BON R R B
BRI B ] Shet 200 R AR BR A, TR R S XL B P22
AL, Av 7 -0.35km/s BERS, Bk SRS

560

range rate/(m-s—!)

N\t —0.25[km-s

N ~0.30fkm-s-1
Y -0 35(km-s!
~0.40[km-st
—0.45)km-s!

1L10 L5 1.20

seconds of day

1.25 1.30 135 140
(x10%)

B 1 LOI i B S Aan T M e B AL (BN R R R 3Y, FRX ARk v I 3)

Fig.1 Range rate measurements according to maneuvers with different intensities (The dashed lines represent

continuous maneuver model and the real lines represent impulsive ones)



¥ BRE—-FRARABRERAGAEHEMN LSRR ARN 333

21 2h 77 518 B () SSUR R ) 38 5 00 0 A T
FHh, TR HISERFEH D, AR Av &
B R R R R H G (KohFI3h) S
R (FReEdzh) M TR TARE, XER
AT LR A (R A0 k3 bR Av T, B
B Av RN, RIETREB D005 R RBRT.
3.2 FEABEREHERSHIEIENXR

LOI Hizhd BB B L £ 5. 14T
BEEEE, TR, P L 7 1 A B
fmss B, AT 2 g ) sy E 6. LA ek o 3 A,
B2 BRT AR Av MEMHBIEHE MEER
A REEGFHBERE, BRERGT A
INFBEKIEAR, UEBT Ao I KFBIRNM %
Ao sh/EHE.

FH W SR HUE M A LM 90° £ 1° {EE M, ¥
YukE A AR AR 200km+15km FIE M, 7R
Av FRRE Avgax = —0.2525km/s; FFEUEIE A S F
BELYHEAE 200 +15km TEEP (BIERI R EEHEALE
ABYE), 778 Av FIRA Avmgin = —0.8203km/s.
RIE&IHHE, CE1 76 LOI #ishiE R A B
4% 12h HEARE, MEM Av N Aves =
—0.3456 km/s.

B X E Av SHISEYENERIR, MK
Wi Bh AR g R S B R AT TR A RN 3
B, HPguEE R RIHERARS Av @A 6 K
ZHMAME, PUEMHYS Av WA 2 KREFTAMUS.
B 3 LR, & |Av| KT 0.35km/s 5, FIA
FREABEN Av SHISEHEXRETFES. B
F CE-1 Bt Av #94 —0.346km/s, AT
B TR S ko i B e S R e A TR
3.3 LOI $izhid BxrERRE T

BT A4, FI T SURRR ik B T R, i
HE T A XHER 2 LOT #I3hal Ry bt il R4
ERFEHRITTEEMT.

(1) HIBHFFEGRT, MABHISIETH G RA BT
8%, $XARE Av BRI, X S BT
1, 7oA — 2R R DURERL 1 L e R, [
L AR Av SHIEREMATESRERN 2
AEER

(2) FEhd BT, HNBREEE LR RES
bty — S HUR AT HO, B A E S
BRI LHHRM S Av B, FRIEBEIN Ao fh

HHEA B S E R B R A S B ET RN, R
REA /LSS TR 1

BA 3.1 M 3.2 MR, ATLUSEIRSIER A
BRI it 5 BRI A% SR B I Av Z KR, B
R 200 W o DR R B (B 0 (2), 1R
TE—EARN Av BB v SO BB

Av=—-09kms!
Av=-08kms"!
Ay=-0Tkms™}

p=—0.6kms™1

= —0.5kms~?

=10000 .
~12000 |

L1500, T——

Sz, =500 8000
by

M2 ABLEET LOI #Ed Av SHZIERENMK
EF (BRI R NHR— S0 R EUE, BR
3 2h S B AR Ak s A/ 5 R RE BA R K
i ABREPRE, GRLERRATHEZENRE)
Fig.2 Different lunar orbits correspond to different
velocity change during the LOI maneuver (The bold
continuous line represents CE-1's trans-lunar trajectory
before the maneuver; the two dashed lines represent
the status of CE-1 hitting or flying by the moon due to
a too large or too small change in velocity;
and the continuous lines show the cases in between)

#1 RHBMNREEA/HHEH
Table 1 Parameters of real time
monitoring system

BASM  FPNREKERLER @)

B MR AN

Wit B shH e A tae

Wit Av, Avg

WS B AR R TR (2596, 22)
38 2-Way Doppler S B EIE v:(1)
MR Av fiHE Av

BB EBIME oo
BASERCETME e
BASUEW AT (A ELFR) i
YL AT T

BN




relationship between Av and orbit period

Chin. J. Space Sci. ZRAFFH 2011, 31(3)

50
40+
<=
~
g0
&0t
£
° 10
0 i i . !
02 03 04 0S5 06 07
Av/(kms—?)
relationship between Ay and semimajor axis relationship between Av and eccentricuty
14000 F—— v T 1.0 ; T
§ 12000 08 ;
% 10000 f-- =
® ﬁ 06}-
= 8000} - =1
2 8 04]-
£ 6000 8
g 000l -- 02
2000 — . 00—
02 03 04 05 06 07 02 03 04 05 06 07

Av/(kms~1)

Av/(kms~1)

3 Av 5HSEHERY. K8, RORZHEBRE
Fig.3 Relationship between velocity change during the maneuver and the orbit parameters after it. The upper line
stands for results with continuous model, and the lower line refers to impulsive model

o), (2), MARSE LT I M B 25 P RS, 7
R Av h
_ u(t) — v (2)

Avp(t) = W(Am ~ Awy) + Awg.  (3)
e, o, (8) A o)y (8) H5 o(t) BEREHP MR
{H, Ava F1 Avy, HHMMOHENBFEEIEER Av.
REBRBGR, X Av, HSEPERFEKH. Wl
X, ffifs. SLUERSHTEAAU SR RENF
H Py, Pe, P #1 Pr, W3R8 HUESHAT th FAK
M Z:

6 2
ap=ZP,"Av", ep=ZP;'Av”,
n=0 n=0
2 6
ip=Y PP A, T,=)Y PPAv. (4)
n=0 n=0

4 ERHEFHRAGEREDHT

CE-1 PEF 20074 11 B 5 HEKEA &, #
FHBRE—KENFHTH 11 B 3 B 16:00UTC, i

W REER AL 1.24 x 105km, i A BREHER %
B, BRAEREN 20 B .OES/ME 6.61 x 10°km 2
BILAERAF S rhul, HERE F1HI WGSs4 LA 19)
IR 8 BHK, KM, ARRIEN SR B = Rtah;
EaRe AOES/N 6.61 x 104km Z FLLAKRA
390, ABRE S LP165P #A B¢ gy5T 50
Bk, KB, HERAER sUR B =4 5 =k ii3).

LN REN TERBWE 4 iR, ZRE
AR, B LB PR R T R A
158

LB BAR GRS P, i, FHW USB M
W B URR A 1 3 @ A AL SR A E R A 18
BHPOLRMER T B VLBl BELES L, 5%
WE R Z SRR H1 Y (High Level Data
Link Control protocol, HDLC). H i I WAFI F 4
EER, FSWN TR S RIER ST B A BEE B
B, X R asakns. X RIS ERIE T W3 53
B DR R SR GUT. VLBI uELES
DHEEES 1/0 RETBKBIBERSE, £REHR
FaoRlet, @xd TCP/IP BM¥&H USB HIEMHK



T ¥ B~ FHARUBREBNEAEH LAY R R AR 335

Simulation process before maneuver

Prediction of Doppler

Initial
orbit

intensity of LOI maneuvers

|—t» measurements in cases of different

Real time status of the
spacecraft

Prediction of orbit

Real time Doppler measurement

parameter of spacecraft
after maneuver

Monitoring process during maneuver

4 TRENRSETERE
Fig.4 Workflow of real time monitoring system

e R ZLNBRL TS, RS RAENEI
BATREMEA. ERRURART R R LR, i
{467 ms B, A4 ELHER.
4.1 HzhFFEFERET LRI

BRI 2 R MR 1 s B VR ot T 5 B AR AU,
FIF LA R 0 B W Ay SE et 34 A 3 3 K B T IE M FF
PEMARIKE. M TE—HA &, FALYHPHN
BT —EP R RUR AR ) 2 B S BT — R B T
&, BEHP R EREIHE k(t:), RIBX s
Bt BRPRFFIRTEE M (), FBBEFFIH
®¥# R(t:). &

k(&) — M(&:)] > R(ts), (5)

RAAVLBIFF08; ZENLBITF S /E e — I R R R
BHARER (6) w4, MARNBZER B 5
BRTx CE-1 L LOI #3IAT/E 1h AXNE
MR W BB T AR RS, I 5 AT
PAEH, RRRARH S RME RN ARBARF
BeyIrik. MR EFINEH SR A 4R
#9 03:15:12.5UTC, #)3h&5RATH| K 03:36:27.5 UTC,
s B3t 1275s.
42 RUBEHEUR A REENE

PR fEit

Av BTN AR € B LIE, fiE R
X E R TIERHE, AN KA RETE
FERABEANLLNPELE, ER2 AR #
AE&%KR (W 3.2 ¥hrk), FERMERKLRS
Xt Av BR/ANERT S

6(a) BT RAKMHBRBHIHFRLT, N

L AL B 5 L B . B
o, BRFRICH L T e SR AL e LR BT
B, MRRTRE 3.2 FARFEFBIGNETF Av
G A SRR ) 3 B AU (E P9, LR RRTENE
REENX Av #7405 E BRI — R A E
BERER, EEN —0.30 ~ —0.50km/s,
K 25 m/s; LA LR RN I I SR 412 B 5.

TP 6(a) FFMLIEZR BT 7 Y 3 IR DU ) BE 1
USSP 1 ARE SR EEN. EHERFEE,
e B et R B3 1 5B BRI %ot R st 200 22 i
FIBHEESR, WAK R KBS Ik, ¥ BBt B4R kAT
Eul; LEMBEB RN EFHEAGFRELT
B, MFHEFMAR (3) FrRMHEE R 3Rt
fritiit; B2 Av 5, BRER (4) HitHSIERS
ESH

o

.10
“ 105 11 LI5 12 125 13 135 1.4
seconds of day (x10%)

A5 LOI %3R5 1h PNEM R ESEAHEEL
Fig.5 Slope of neighboring two-way range rate
measurements over the whole process of LOI maneuver.
The two jumps indicate the beginning and
ending time of the maneuver



336

-1
)

range rate/(m-s

A" =l
16 12 124 128 132 1.36(x10Y)
seconds of day

(bh)

540 |

]

1

520
500

480 |

range rate/(m-s

460

1.34 (x10%)

1.26 1.3

seconds of day

B 6 LOT gt TR it 5 S hi o e ik
(a) Bk RIBHHEALEIR, (b) Rt BIHIAL R,

R RERI SN THBEEFD, H8FR
TR T S BEE RS, MEREREGR EEL
—SIBUEIE, B SR e DU PR L ] 2 B 5
Fig.6 Simulated and actual two-way range rate
measurements during the LOl maneuver. The heavy line
represents for actual measurements, the dash line
represents for the case of no maneuver, the dotted lines
represent the critical conditions; and the fine line
represents for the simulated data according to
maneuvers with different velocity change. (a) impulsive

maneuver model, (b) continuous maneuver model

4.3 SREHH

AT xR ShER, 2 /5F) I FeEm shii
%t LOI #ish BEHHT T 447, 247k Sk
HI LA, S5 mE 6(b) FiraR, F A Bk eh ARk

Chin. J. Space Sci. FM#AFFR 2011, 31(3)

PRHBETE R S5 R 2 i HREI Ao, IR
HHBEES TR 2.

B4R E, CE-1 MBS R GH M 3hia /it
BRI 1 T S I E 4L, 181 Bh 4 R 2 Ul
2% 55, Eefishit B, VLBI Ji#a RER At
FRCEIUER A VLBIFEE, WHEER, i kBE R TAN
BOAAUERL T B B, 85 T SR SRAHE TR
REMSGR #HEENENFEHESREN R
HE, SRKMIEh, LM Zh. e AL =Rl
ABRFNRBERES BT, FPERKZE
BB/ R T3 3.

MR 1AL, AR AR S EIE R
BONESE, HE Qe NERTRANER L, AF—
SERTRIESR, FLRTE 1 15 S R REH B A
AL X THEPUEA/DRE LR MWO R
P REL, Frgeil SRR B L 2 R LT,
X6 BE SUE I L R B RO R ATRE (H
MTEWENAER) B 1% Zh; HRFERDHER
AN PUERIA . T3 LB S0 A e
ERK, XRMTRER N M, THRERER
PRI % U S R B AL, BBUBLER 2 18]
E R THE AR E.

Bk R AREM AR BR G EREF
ERRNER, (HHLRC LB E LR RN
oK.

5 HZrSifie

A7 PR SR R 1 S 0 B P I 5 — A 2R
T CE-1# LOI fighid BT 30 Wil HEx i 3h
JERIEBRGIAT 3t FeRkod i ShAn e e Sh R RR
ATXE B TH, FER T 23k W R
{3 Rk b I BB AR T B B . FF LR I R
SRR AR AR NA BRI SR ETLRR
B, BARGEFIRREERI ZIXOMM BT AR 55

®2 Av BWREHESHETHER
Table 2 Av and the estimate result of orbit parameters after maneuver

Wsh R wEERESH

B Aofms) SRR/ AR K/ )
Bapgizh 320.65 7125.4 0.72651 90.223
FERZ 352.93 6194.4 0.69063 90.351




F5in F: BR—FRARMBREARNGREZHENH LG REERRER 337

%3 ERGHTEERSDATNERZE (%)
Table 3 Differences between the results from other methods and
those from Short Arc Orbit Determination (%)

Bkwh il 5h Festlz) B E eI R
BUEEKkB 15.72 0.5978 —0.6064
L RT=L: NP 3 6.335 1.083 —0.2379
BB A —0.0445 0.0976 0.0245
BEAXELE 0.0050 —0.027 —0.0025
EREA -0.0420 -1.94 —0.220

WEPAR KBRS RE N, R A
B B B HAT AR BN B EAFEEZA.
Aot FH A SRR H T R SR, &
EERSEARER B, B EERTENE
.

FERRHT R Z RIS, F KA RIB A I
-t A5 PR 20K ol T OO 1328 B B O oy I
HABEAR, $HRA X DR HRR LB 3) SR
i 2%

£H30H

[1} Asmar S W, Johnston D V, Maize E, and Mitchell R T.
Critical monitoring of the Cassini Saturn orbit insertion
maneuver [R]//8th International Conference on Space Op-

erations, Montreal, Canada, 2004

[2] Lozier D, Galal K, Folta D, Beckman M. Lunar Prospector
mission design and trajectory support [R]. Spacef. Dyn.,
1998, 100(1):297-312

[3] Haw R J, Mottinger N A, Graat E J, Jefferson D C, Park
R, Menom P, Higa E. Kaguya orbit determination from
JPL[R)//AIAA/AAS Astrodynamics Specialist Confer-
ence and Exhibit, Honolulu Hawaii, 2008

{4) Breidenthal J C, Komarek T A. Deep Space Telecommuni-
cation Systems Engineering [M], New York: Plenum Press,
1983. 123-178

[5] National Imagery and Mapping Agency. Department of
Defense World Geodetic System 1984, Its Definition and
Relationships with Local Geodetic Systems [R]. Reston,
2000

{6] Konopliv A S, Asmar S, Carranza E, Sjogren W L, Yuan D
N. Recent gravity models as a result of the lunar prospec-
tor mission [J]. Icarus, 2001, 150(1):1-18



