®=E RN F R (PR

Journal of Deep Space Exploration

Vol. 13 No. 4
August 2026

B 13 % F 4 W
2026 £ 8 A

REEERESKAFREIRE FAMAE

Pu, FamA, 2R, R OW, FLA, KO8, x4

CLAbmtPdl TR AT, st 1000815 2. i E A AE A 7B, dbat 100081)

BT, AL

O SORERIN SR E B SN AETR, SR A T R E N R 6T 22 B X SRS Tk AR
SR T CAEAEN, K2 G RBURESRS B R R R, BT AR BURSDGR A 2 ME T BT 2 RN, S
B FAI SHUBUR S ARG AT AL AR I, SCIURES A A R PUERRE » A SLORAT ZE WY A 3 ) B i & T LT
LFAEA, BT ATV B R/KEEN (Extended Kalman Filter, EKF) ff1H £ PSS ZUrth TEEH TR,
BT IR TS kB ARSI, IR S RN A AR BE 1 9905 5 240 T SEBL s b 1 £ e UR AL T — R AT R BoRIB A%

X HEMIE; OUITE; BEURSEMENE; AZSN SO SABRES

hESES: P185.7 HEAFRIRS: A
DOI:10.3724/j.i55n.2096-9287.2026.20260033

NEHS: 2096-9287(2026)04-0312-11

SIMME: RitR T, BEUL, FOEGRL, & AREIEE MRS R R AR S SR RSN R (hg

XD, 2026, 13 (4): 312-322.

Reference format: Lu DN, Xiong K, Guo R K, et al. Deep-space navigation based on stellar angular measure-

ments and planetary limb observations of Jupiter[J]. Journal of Deep Space Exploration, 2026, 13 (4): 312-322.

51 &

REMENKHARATRZE”, A ERMEKR
MEERG, WHEKAMEKHR". KEZRH DA
WP BEAFAERENE 22 B AR VK N, AL, ROCEE
X H AT CRBUAR 2 LU 9 FAMT AR RS EAT
Eo Bk, KRERGMENRICEF MK R EES
A FHMSME AT, TR RIMTER A

WA, —HEARERMN MG 2581k, 2AZiE
9 B IR R FAE A I T R 2 PRI s 3, e

HORTE S (Juno) TR ATHIE BRAE AR B 30 i AT
BEEERI, 203041 5IL A “F279 5”7 (Lucy)  KE
VKT ERNAS (JUpiter ICy moons Explorer, JUICE) .
“BRZ PR (Europa Clipper) 534 3 [E & R ER
A E AR B I AR BRI (Trojan) /MT
By KREMIKEE (KB, KE=LEATI JF
JEBFEBRI™M . 5T v [ 2 2R R R R K
NANEKRTFIREF N TR EH &, PEAEKE., T
M /NT B ARIATE S5 2 J5 13— BRI T ) AR B J H
BB RNES. R, KERGHEES, HIE
EHWER AT IR 6N K L H. (Astronomical Unit, AU) ,
FFR(E 5 2EIE 50 minbA b, b0 O A DA S BRHER
M PSP REHE L H2& T ARERNEE

Wk F 41 2026-05-08 &I F 41 2026-07-29

HEUIH: FEXERBIEEREE (62394354, 62394355)

PRI EERE /1™, 5 H A4 DLk 258 [ E SR
Ja) (National Aeronautics and Space Administration,
NASA) . MKMAi XS (Buropean Space Agency,
ESA) FIBRZAE B M ACEY . Ik, s R IR
FESSHIR 5E i, 2578 “ R i — 5 7 KR IR 5% 1 % T
ZI00,  rp ER BRI AR BB TR R

182617 Z S/ (Stellar Aberration Navigation,
SAN) J& — M3k T 1H B2 0647 22 RIS SR A R 4 18 B2 R
BHE ESNITIE R AE B G2 NI 7 [ B AR
i 15 2 R AR AT 7 AR B 1 i A% ok s T8 AT K A
FEE AT 5 B AN 440 80 T 0 428 B8 4 Bk T 5 A R 4t
(Global Navigation Satellite System, GNSS) HJIRZ
HESH™. 67 Z AT RBAREIR %A, B
RBA%10 AU AT IE R TAE, T H T8 H T 15k
ST 48 1) 2 RS 9 TS ) e BE 6 Y T 06 AT 22 A BE AR 9%
M, JoFRASN N AR AR . AT 2R T
BHEESMEA, WTE5MENES (ITRERLAE
Al XSTL Kt 2 A TR EAN, R g
PO AT AR 7 A T ) I I W Sl
(7 B 249 SR TE T B2 I AR R

AT 22 AU A AT 1R A B R A )
LR EBCRH T N eiEe) , 1 HEBUSRES 1) 23 h


https://doi.org/10.3724/j.issn.2096-9287.2026.20260033
https://doi.org/10.3724/j.issn.2096-9287.2026.20260033
https://doi.org/10.3724/j.issn.2096-9287.2026.20260033

54 W]

MR, &5 ARBIER MG KRR E IR T SHUTE 313

T 52 B8 B RS RS SN 2 AR S I 5
Wi, 5 R ARSI 2 AP AR BRI A A, BTk
AR, ARG IR S AT ERDEAT 2 (LORE
PUBTRIN GBI, RIS AT X ROEAT 24920~
40") o AN[E T ITHR[9-107R 3 JEE mAN 24 45 74 23l i
B BT MRS I, AT RGN E L1 E
BRUERE AR ST\ B R HE DN & VAT B R U AR 4
FEJ T X AT 22 Ay B A I 5y, [ A P 5 A4
BRI R B AT A DAL AR BRI
SEHLSERE I TR L I A AN B A S BB BN R S, A
T R i AR 25 10 2 SR L 2 TR Gk

1 ETIEEARENEENE

1.1 HE3eRITE

HAT 2278 ROCEZARE BRI 77 6L Candr&ofilc
o) ImiEE X1, B, MRIEHREMAFSN s
[ T0E HARE, T8 /R & a i iRdiom s ER AT I
TR A AS (HHEz(a, ) +vR AN AS) o SR,
FL R 5 A5 FH 11 2 U i A AR ' el i R % 381 11 12 1
SEARVETT ], A2 RSO O B AR A2, BUAR YR
BERURS TSR BIE R R G o, ARGSHiE Tz, B

z= [cosécosa, cosdsine, sind]” )

o,
{a = arctan2(zy, z,) € [, 7] @
¢ = arcsinz, € [-7t/2,7/2]
MR4E B BURZ TN HEE, B EREEE
BRI HI AT {a, O} 5E B BURAR G B 1 45 Az
HT AR, MRS LU Evigghh, fHE
R B2 't G R BT ) T R 2 AT T Im) R
M, WE1Hs, —» s — s Fion. B, B BUEE ik
A NE BIE R T B Blls AL E s TG R 2
THE, WReHE 7 RE s, W AT HMHIET
MEIAEH L (s, —s)

A
S,— 8 — 5,
* ok K
\\‘

—zx(vxg)lc ” z\>< (r2)le

1 BRURESS LT 2
Fig. 1 Stellar aberration modeling for star sensors

WRAE LA, B B R BURES ez 2 26
AT 2R 5 OGN Rz, BOREE IS, AR
WL & 7T

1 z v 1 v,
RS (R - . 3
- 1_K;E(Vv T mv) @)
c
Hrp, &%l 1yh
1
Y= ——— 4)
1_7
AR IR E & %, HiRMZA
_ 1 Zw v 1
Z_I+V'Zm ')/V+C+C2’yv+1(v z)71)v] (5)

c
B IE Ve AT 22 VAR AT B UK a5 't b B i el 1) 30K
a1, R AR/ N O AAL B, A IR O

Yo (V-2,)v
Ay, +1)

T2 N3 x M S FREE, AR &
KRR, (H2E Yz, A REHERN, B MOusar BAsk
B R TR ME—E, B

(11)

m

C,=1-o" (6)
Her: d=[p, 6, y]', A
0 v 6
=1y 0 -¢ (7)
-0 ¢ 0
1 Zm v Yy (V : zm) v
=CinZm = —t-+ 8
2=l 1+V%[% Fegrn] ©
C
1 Zm v Yy (V : zm) v
I1-9* m= " y.7r | T~ 9
( )z V- Zm [7v+c+cz(7v+1) ( )
C
it pem
—¢sz =—Zmt +y |:z_m K y‘;((vini;)
cHv-z, |l ¢ Ay,
Ly 7 (10)
v
Cc

c z
Sd=—-z,+ [—m+

c+v-Z.| v

di:pinv(z;){‘szr [z_ v, rnez)y

v, ¢ Ay, +1)

c+v-z,

Hr: pinv (X)) Nz BILEI
M ]| < ey, = 1, vz, /le=0, FTLMRN

@ = pinv(z;)z (12)



314 WA R Ch3E30)

20264F

MR EIRHES, SRR BURAR, JHCHIRESE R
2l WBUE AT Z A B AR S2 N B fHy B

Vi = ZyiZmj (13)

T A4 24 SR ) FC6 96 2 5 00647 % 0 B
RN

v
w=4-(1-22)@+z) S +o(zz)  (14)

Hr: ow,zz) Avs zin zIE /IR
SRR (13) SEgHEN (14) HTHHE,
SEREES, WE2FTR, UL EAT Z B IR

0.539 06
0.539 04
£ 0.53902
0.539 00
0.538 98

— WA — MR

0 1000 2000 3 0004 000 5000 6000 700080009 000100 00
t/s

(a) BRI AN U AR 2% L

0.846 775
0.846 770
- 0.846 765
= 0.846 760
0.846 755
0.846 750

0 1000 2000 3 0004 000 5000 6000 700080009 000100 00
tls

(b) MU IR BURES3XT H

0.016 76
0.016 74
. 0.01672
= 0.016 70
0.016 68
0.016 66

0 10002000 30004 00050006000 7000 8000900010000
t/s

(¢) FRBURAR2 IR BUBAR3XT L

K2 e 2 A EEAEE T B A EIR E L
Fig.2 Comparison between measured and theoretical values of cosine of
stellar aberration angular separation

12 ETFEEXRTERERZWRENE

RIEHTR 087, W O6AT 2 M EE R LRI &, 7]
PAFHEEE S, AP

(Ve +vy)

hi; zz;rniz'"j-i-(l_z;izm./) (Zi + Zmy) — @
Hore R by Gy j=1, 2, 3, i#)) NEBUK
#ni, JHIER IR, HAZEE AT ZRRm, A
2% B B BURIE I TR AR o, 7R I B
HEATAME s v R PRI A AR T AR ISR v AR
MY T KBH & B (Solar System Barycenter,
SSB) HI=#EdZ, WiRHATEE] (WDE440/441%5
FEEDD WEAR . B ERCRA, Ed=a R
TR I A PR AR SE IR, AT DU B R D 25 A X R

g, R

(1 - Z,T,lemz) (Zml + zm2)T - h|2 z;lz'”z
V1 = C (1 - z;ZZmS) (sz + zmS)T h23 - z;rnsz3 4

T
(1 - Z;l Zm3) (Zm] + zmS) hl3 z;lsz’

A BURRER BE W6 X T U HE R R AT AL B,
W AT 3RS 2 AN LR, ROV, Al 3RAG I ZI 1)
R e e qliih, B

- ' . : k
- pinv| (1= z3,2u) (Zni + Zj) hij| = | ZpiZmi | | = Vs

amn

1.3 ERFREERE

fHEER (WEAELR. KESER, HTEX
) WIRAKMH A OB REREE T, KUk
T B S6AT 2 A 0 AR 5% IR AT I T B A 2 R 28 A 6T
FH O BRI o RIS AR I 5 A O R AR P A
XPIEEE, A2 R O R AR X SSBI B PRI &, 1%
W AT RS W Nk, O RIERE DI
PEAGFEA L, U3 48 AT 22 SR AT A AR N 33 Bt 2
IRZ . H ETERX e I IDE & b7 B R B PRt e b
AN DE440/DE44 1 B 77 1A B 36 PR FE 24T VRAG
DE R %1 &2 JJj X HAT 55 Fa SR iR 1 o . H AR A
F RGN B AT, A R,
HAELARKR. £5 1t MEEHEEMHEG, &
FES R ¢, 1A RE 5 B AE T RN S RE R sr e
(9, DRI AT SR i B~ i v et o7 BB R 3ok B A A B () M
AT B L IIEAS .

#1 DERJEZNKRHMESEK

Table 1 DE series ephemeris and mission requirements

i R A T8 & FR
DE440/441 2021 “BRZ AR AR FR VK "R 2%
DE438 2018 CRIRBAEZRY /R RS E R
DE436 2016 RS TARBE BRI
DE432 2014 CHLE SR R R A
DE424 2011 CRBRIESERE”
DE422/423 2009 “AEE5 7K B ERIEE
DE409/410 2003 R Je—EFE S LR RN
DE405 1998 RICAELNAU2009Z KRR

WENARBRHEBRER, HENEI RS
EHRE A, R
v s

E, = — 18
=y (18)



F4M

MR, &5 ARBIER MG KRR E IR T SHUTE 315

Horbe v REPUIEE KA r AR Z AR H L)
PR g KA S| 1 A
H AL E < 1 2 T R

d(vi ps
L ) 19
dt( rj) ( )
v+ 2 =0 (20)
r

J
Lor R AR BB R E, oviRomARREEL
BAE, B4

Svy = 1,61, 61y = irét 1)
wm+§m=o (22)
J
astiFE]
oyl = L5 2 23)
vy

A WA R ER v R E . M Er S EA
B Sry IR B, A BEAS FEBR R, 00K A B A
e RN Bk, RGBSR (BAHE
FE) RIXHEEERERE (AR BT REUS .

HRAE SCHR[13], DE440 4 7 PA# R A4 (1 2R 0 25 W il
BRI ZE RAE R PRSI, o AR DL unod® Il 45 1R 44F
FFEMPER Z AR (13 m) PR AR B HUETIRIRZ,
PLJunoffJ24EVLBA (Very Long Baseline Array) %7
VA AR B AE RERAAAR R T7 18R 22, Hh /R &4 751
RZEN0.4 mas, ARG RIZZEN0.6 mas. RIEHA
PR (ry=7.7834082 x 10" m) , AR E R
%, FREAMEIREZEA0)=15125km, R4 EiRE
(10) =2.268 8 km .

Mo, YIRS E S Z8.180 2 km (36) o #7idk—
K G Tuno R M BRI TR IR ZE 13 m, WEA B iR%E
HAR#E8.2 km (30) « BRI G S1H B Nug =
1.327 124 4 x 10" m'/s", AREPIEFIJHE Ny, = 1.305 6 x
10* m/s, AR RPN E A E % ory = 8.2 x 10° mf

A (23) A EAHE LN

Iov)| ~ 1.4% 10 m/s

Fit, #Hig LREARER B REZHEER AR
RTRERZENAZR DN, HERNA 2K . 1F
NS5, CHR[4]125 1 Junoll i 5% 248 T0.11 mm/s,
5 RS REEAR 2, RIS SRR 1318018 T

g b, BRI RS ik 1 mas i 2 USRS T
EMPERZIE, WEREATEECKREER, R
FH H #5571 DE440 2 177 45 t 1A B A T 3 B 476 A2

HPE R AT ZEM BRI N B FT R, AR N
B2 N A PR v R

2 ETRFRLERNESE D

TENURZHS AT R R, R AE MR A5 0 B 1 2k
BURERIRAG /O T7 AL, (AR A B U 28 I R Bk |
MM A, @ EE R L T R R R I A AR EE
BEAERZUNE,; HFmiEdy B RRSIEBEH
(Extended Kalman Filter, EKF) , #i& i K2sHiES)
FyZEREAL, AR PR T AL AE R A R s,
At E AL TR BINUR AR AL B AEEEE . TR
J7 AL AR I A 320 B A A T v 3 TR

Szii‘r SQ*

- AL%}A /I\EM it

P& 3 T A T RE AR R AR B IE 2% 1 A
Fig.3 Autonomous navigation of Jupiter orbiter based on velocity, angle,
and range measurements

21 MESZED

AR B W0 37 UK 35459 B I AC 2 R B LKAy B
fiNrad, FRIGACEE, FET S BURSEIIA L
GRS s O 4R R .

lrll = (24)
sinp;
Hrr: RAAKEFZ.
TEEBRERIMNEREN
r = Cyrg = —|rl|Cr (25)

4 T AN BURER IR E G GRS E L
Fig. 4 Jupiter limb extraction and centering based on a wide
field-of-view sensor



316 WA R Ch3E30)

20264F

;H\: EF] : TﬁTﬁ%ﬁCBI = CBI(qBI) EE E@%Ej BE*%?E%%;E
e D2 B 9 BB B SR 7
E LR HE A UK AR KRR L E, =
Lene, e, T HIDURE,  RISRASHRII S A AR 2 7 AL IS BN

€px __L U,
[ €y }_ IIrII[ Uy ] (26)

&

re

Iy ] 27
rZ

)

T
rB = [ebx eby ﬂ 1 _eix - eiy] (28)

22 RESH
B AL BUR G D EAG L Ap, W2 ELRLZR T 1) 1
MR ZE A
Evertical = (Ry + 1) X Ap (29)
Horbre nONERIN A AT e B2
%m%%@%éﬁmﬁﬁ

Eaxial = —5— COSP; X Ap+ (30)
sin’ p; sin oy
Hor: AR HFR R AR BRI 1R 72
REALAAE N
Ry
31

oy = arcsin Rk (31
PSS A" =]

&€= 8senical + 8§xial (32)

LML ERLEO L IE TLE A fl, HiERREEH
6 378.137 km, [HIFEERASLL AN U ER BB I £ 4% £ 20
0.03°, U BAEE500 km & AT I R A s ERES BR AT
HESH CERZABEREL40 km) , HEMIR
ZE41N3.9 kme PR (23) wEL, 0
RZEELINA3 m/s.

3 RERESHME

3.1 EHRSHEENESIME

2 A0 L BRSO R 25 £ 1 Th LA A AT
JeThRE, R U AR AR TR o b B A AR AR
e, T BR 5 R AR TR S, AT SRAG A AT 22
SR RITE 2 AP . BRI A R P P S P
Ao B IR B AL TR 2R 5 S AR R I A SR U
VU 7T K0 g RIAF X P 2 A 5 6 3 v S S 228 A A 0 DY e 4

q50s° I)_I\IJ

Cpi(q1) = Cpj- Cio- Cio5(g505) - Cii(q1) (33)
Hr: G RBEE AR R (EARERD XM R
IS I Cyy B BRURRER R BEAE XT oy S B A A R
FIRSIIRE ;o B RE DI B AU AR R B 5 R R
FRIRIN 5 AART R HOREAREE s C oo NS &R 10 2 USSR
PRI 2S5 o R BB B R ZEAME R €S2 & 1Y
B RURAR RN ZE ARG M R B R

B
R X*
o *, %{@}’

Pt R K

OO ol AR

%
x Body -fixed Datum

;}

3775 HHEEE
€ HED)

V (m,,m,) / TZS'
Zs (o) 7
c‘,&&/x lem%
Datum

R T em

Sensor

K5 R U AR R AR S B R

Fig. 5 Schematic diagram of star tracker reference measurement principle
N AN B U AR SR HE T A T AT Z M B 5

M, Y 3 T 5 A 00 5 SRS SR R A 1) e e A

USRI B Lty AT M2, AT BLIRAS

SERUAMERCR o

32 EHURSHLHRARLRKIE
SHEWR[15], & X =6 BBURRICHE oy

s Zps 2o WARIDUTZERIE R, EBURESERTER

LS FEIDPE
g e e
R s | (34)
-

APKRF, R A I R I 1 IE R ) % %

R

2= A A = CoasaCnl0 0 1T
o

b b b1T T
=25 zm 2] =CspssoCsposl0 0 1]

amb amb amb amb
e =gy zey i I

CSCfSCOCSC()iCb[O 0 l]T
(35)



a4 FibRT, 5 KEEEMES KRR BRSSO 317
/E\: ;:P: CSAfSAO‘ CSBfSBO‘ Cscﬁsc@%%ﬁﬁ@%ﬁ%Yﬁﬁﬁﬁ ’)‘Elﬁﬁﬁﬁiﬁ%ﬂ
MEAE: Csgo ap0~ Cspo sro~ Csco cpo N EBURRIIR 08 a™ — cos g

- - - a™ —cosa
23 AB AB
ES LR cos et —cos i | =
TE S BB AR L I A R 5% N cosay g COSA COSQ";ga—COSaaB'gb
COSapc» I)_l” (Zamb) (zamb 0 0 ¢AB
mea mea mea am! T aml 0 amb amb 0 ¢
cosa,y =(2) )T (CibCAbfAbOzA b) Ci,Cyy proZy b= 0 (™) O(Z (deb) (deb QZE
(Zamb) CfT\b anCiCivCy poZy" = (48)

(Zamb) CL) Ab()CBh BbOzB — ( amb) AC Bzznb

(36)
Hrh,
AC,5 = €y 4o Clov o (37
[EEEH
cosaye = ( amb) ACczg™ (38)
cosaps = (2m) ACsez™ (39)

W IEHEPEAC, 5« AC ov ACpc /N FEIT AR
FE. PLAC g B, &

AC;=I- &, (40)
H: D504, 045, vl H
0 —Yup  bas
D= 0 —pu (41)
b paz O
uy
cosal =(2m) ACuzy™ = (24) (I~ #) 2 =
() - (=) Dz (42)
il
cosaly'~(zm) 2 = () @z =
() () s (43)
e
cosalst—(2m) 2 = (2 (&) @ (44)
cosaet —(zm) 2 = () (2) Bac (45)
cosapet — () 2 = () () ‘B (46)
X
cosai® = () 2
cosa = () z® (47

T
amb amb amb
Cosape = (ZB ) Zc

A
cos e — cos @
— b
Z =| cosaji —cosaie
CoS @t — cos aam?
(zamb) (zamb 0 0
H= 0 (Zamb) (Zamb 0
0 0 (Zamb) (Zamb
¢AB
X=| &,
Dyc
(49)
uy
Z=HX (50)
KRN 3T, HRRE RN 6FTR .
100 |
im 0 — P 0 v
S
-100 . - . . : : .
0 200 400 600 800 1000 1200 1400
t/s
(a) EBURIRARUEBUEIB
~ 40
220
s o s
0 200 400 600 800 1000 1200 1400
t/s
(b) R BURIFARUEBUREEC
50
oo
€ 50

0 200 400 600 800
t/s
(¢) AR BMERUKIC

6 ERBURBIARILIRZESHH N

1000 1200 1400

ZR

Fig. 6 Identification performance of error parameters in inter-boresight angle

cosine between star trackers

RYE ERFHREE R D5, Dyer Ppcts

X B Rk

W RBATE R R ZATIE I, W7 o 2 P

o M ECARLIE AT BOG Rl Ax 52 (8D

, BIEHES



318 RS BRI 2

(D 20264F

R 5 22 MU 2% S e i 2 M R 52 (R E A
) W&, RELN < 10°EH.

— g —

0.538 406
5 0.538 404
0.538 402
0.538 400
0.538 398

COSay,

BB ARZ R 107
(a) RS ATEBUKIEB

0.847 124

0.847 122

COSay,

0.847 120

Q 5 Q Q
I R I I R G A
SO P 8
BT AARTL LR /107
(b) EPURIS AR FUREC

0.016 632
-, 0.016 630
0.016 628
0.016 626
0.016 624
0.016 622

COSa,

B ARTL X107
(¢) BEBURASBRIEBUREC

7 RBURSS IR IERIES R

Fig. 7 Correction performance of inter-star-tracker boresight angle cosine

0.538 405

oy
&
&
#
o
& 0538400
I

9.483 9.484 9.485 9.486 9.487

SEMH5E/107
(a) B WU AfEBKaEB

ae 0.847124
&
&
ﬁé 0.847 122
&
]

9.483 9.484 9.485 9.486 9.487

SER TS/ 107
(b) B BUKZAME UK SC

B 0.016 630
&
&
#
o
o~
& 0.016625
]

9.483 9.484 9.485 9.486 9.487

SEMH5/107

(¢) EFURMBMERURSC (L 5%

33 AR S EHSHNEES—
5 B2, 1508 A7 U A I i 1 o0 R AR
Kim (AN AN ERBURSS RS FIH R E) N

€= [ebx’eby’ebz]T (51)
BEURS SPUETT RO RIERE N

2y = Cbx'Csi'Cio'[O, 09 l]T = Cbo'[o, 07 1]T (52)
Hrp: CuoNEBURGIZEDE: C; = Cylgy) NEBUK

%&E"]%%?ﬂﬂi; Cio = C;-i (ly Q, M) ’ I)—I\]J
€, = Ces'zb (53)

154
C.=1-, (54
;H\:I:P: ¢6S =[¢€S’ 663’ WeS]TﬁE@@EﬁEéI&Fi@ﬁE&@%%
Z AR ZEA, W

e,=C.2,=(I-D )z, =2, - P2, =2, +2, P, (55)

Rp
e,—2p= Z:¢es (56)
FFE, RA&B/DZRITEHATHN, SHFHRK
B E 107
| |
235 T
& 0.539004 \\ \ H [ “‘\ | ‘\\
X ALAL AL AL
1% \fw V’“‘j}m\/v/”\/m%\ﬁ’ \\/-W“/,«r
B 0539002 |/ Vo ‘%’ ‘ \ \/ ‘
9.483 9.484 9.485 9.486 9.487
GHEE107
CIMIME S 22 28 72 0O
35’:; 0.846 964 h\w “L‘%
£ A
% 0.846 963 M M } J N f
& ( W
: ! ‘w
B 0.846 962

9.483 9.484 9.485 9.486 9.487
A0
O 5 2B 2 SR
|

50 0017005 F |,
&% f\ | P\ A A ‘!N
Q\‘E / I }\ r\
g W { A \‘W ‘\ W
& 0017090 11 NM‘ '
0483 odss 0485 9.486 0487
TR0

PAL AR

B8 BIIERTHE I AR 5%

Fig. 8 Star tracker boresight direction cosine before calibration



5 43 hibRT, 25 AREAEE S R KRS SHUT ik 319
0 )4
: 005 ¥ 2006859 PR RARRC R B ESNIIRE, BIXH BAoR GRS

0 05 10 15 20 25 20 35 40
t/10*s
(a) ZLAMBUR Ao ) 22 B R ZE b i 45 R

0
~ N\/\/WW-
< 01 X:3.699%10¢
~ il ¥:-0.033 38
< 02¢ .

0 05 1.0 1.5 20 25 20 35 40
t/10*s
(b) LLAMBUK 8% 05 4255w 2 b o 45 T
2 [

[
|

|
0 A , . . . . )
0 05 1.0 15 20 25 20 35 40
#/10*s

(o) ZLAMBURR Sy 2R i b0 2 4

we! (%)

B9 EHURE S HERIBURES 28 0 75 S HON A R
Fig. 9 Identification performance of installation misalignment parameters
between star tracker and infrared sensor

— 44 — B ZLAMZIE
o 10 [\ | |
(=) | A
:é 5\»1 1w M’\ | - ‘\‘ ,,,v.\*\ P
wowﬁWﬂWﬂvmv‘H ki
ot I N I

0 05 10 15 20 25 20 35 40
t/10%s

(a) AAMBURSALIE R IR LR (X7 &

S 2 [
= O A
PATY
4 !
0 0.5 1.5 25 35

t/104
(b) ZLAMBURES IR IE S5 IR O RO (Yors)

B 10 ERURER SHERBURES R IE A R
Fig. 10 Correction performance of the mounting angle between the star
tracker and the infrared sensor

4 FEHMR

8 F AR SR T A R R T A % U R
AT, SR BA RO E Y Bk E TR T
R CATINR . “RELS"PRRET =GWHE
AEDE ARG, A5 BEIA B150 mas 1 &0k B UK RS, LU
F—£160° x 1604037 (40 Sh U BRI AS G K5 7
£70.03°) , i AASAOUE 2 A 00 R R B AR TS
DEAE S, 5 25 AT AL 0 W 37 B0 388 o R A % G 114
B LIRS H AR R AR BB AN 2 00 R . 20254E12H
30H 4, “Rée-t57 TR E R LR RS O
RS NEL, DRIEAT T & EZ500 kmff KB A 221
B, KATEESIAN R T202659E1 H2H F402:30 R
94 833 000 s) VEANTRA, JBBARCHTIA K& T1H 2 A

94 899 600 s) VENKHMIFES, FEMT K120 hit) S
VR . A A () R A5 1 7 B W S T 1~ 127
Ne BIMMZLERY, HESMAHWIEME., HE
5 TR GNSSTE 45 1 —5, B SHTER O 208

2 000 o WIFEE o H AT

0

r/km

N

—2 000

0 2000 4000 6000 8000 10 000 12 000
t/s
(a) HESHS M RGAEXT AL E 5 Lt i

~N

0 2000 4000 6000 8000 10 000 12 000
t/s
(o) A EFHG W RGAE YL E AR B

Y

-0

r/10* km

-1

0 2000 4000 6000 8000 10000 12000
t/s
(o) H 3 St 5% R GLAEZm {0 B X He A i

B 11 J200015 14 5 030 B 38 0 i 2%
Fig. 11 J2000 inertial position telemetry curve

o WM © AT

N

2 000 4 000 6 000 8 000 10 000 12 000
t/s

() AT FHUS I R GEAEX ) PR LA L

f=}

v,/ (km-s™)
Lo o

0 2000 4000 6000 8000 10 000 12 000
t/s

(b) H A2 P 5 I FRGEAL Y R 10 e 3

v/ (km's™) v/ (km-s™)
|
o o S o o

-10

0 2000 4000 6000 8000 10 000 12 000
t/s

(¢) [ E UM R LA 21054 5 R0 LA L

12 3200015 {1 2 i BERE I h 2k
Fig. 12 J2000 inertial velocity telemetry curve

KEERE, HEP o B LN E S R
(v 2 B kAT (P A S B LisH R4 H D,
¥180.125 s) , A3k H 3 S5 GNSSIIE R4z

BEAE B 22 . GNSSEA 1 T2 TR FE nl ik W7 oK
e, T EE SRR, H A BLLAGNSSTlE
RGN E E SR BI13~14K%H, AFE



320 PRI 2 (R3S

20264F

SR BNE 45000, LB MEWSES kmAA, &

JE A ZEWL SRS m/s Fe A

5
VAT |
-5 M\HA\ .i Yl ' ' ' '
0 05 1.0 1. S5 020

t/10%s
(a) A FSMrEXm 07 8 i 72

st .
OPuu il WRW i

Ar/km

35 40
t/lO"

25 20 3.5 40
(b) [ SR Y B b 22
o

sl

0 05 10 1.5 2.0 20 35 4.0
t/10%s

(o) HESFHAEZI I E i 2

ArJ,/ km

-5

0 05 1.0

Ar./km

B 13 Rk fr B e 2=

Fig. 13 Inertial position error

\\f VV |

35 40

TM
0
-5

A

Av,/ (ms™)

z/104
(a) [ 3 S ULEXTH) ) 328 5 i 22

w‘ | «WWMAW
0 1.5 2.0 3.

2.5

5 \

J

Av»/ (m-s™)

5 40
t/lO“

(b)) E = FCAE Y1 ()58 Ml 22

Z[ | \\/‘ A, "‘f’\w MWWM
-5 \H M\ .HP.V. L

0 05 1.0 15 20 25 20 35 40
1/10%*s

() A FAULEZI I8 B i 2

Av,/ (m-s™)

B 14 A5k e 22

Fig. 14 Inertial velocity error

R B /I 20 [i] 245 A7 iy 2 L R 28 AR e R AR
A SR G B BRI AT S B S T b3, R SEAT4
W EEIATAR B K RGRERE, BT S hE
B, BRWMENS~16FTR. HEERGIEELN, 2
RGRERIEG, EALRZEE— LU E 4 km L
W, EFIRERES misULN, BATASEINA T
MR ZE T, Ui B AR ST S B I R iR ZE R B 7 s
MR 2

ROZAEH I, H ATIRTS I U FE 2 TE b Bkt
I UE RS T AT AT IS, SRR
WEANSRAFAE IR ZE A o G BRI — BT W AR B TR AR

BEAT L, 02 FE AR R ORI o 0 4 5 o0 S DU B
U2, LA iR A R PRI R 3 I -

SH '
g
oF ATAVAVAVAYS
< -5 U\ i '
0. 0 L 1/104 5 .
Ca) HUUTH] S5 IR A XA FA A7 2 A 22
k (5)[ N v N v\
= w ] \/ /\A/\/\/\/\/\A
<5 ‘J

0.5 1.0 15 20 25 20 35 40
t/10%s

(b HUTHT ST AE V1A AL B i 22

5 ’ \ ’
o r\ \ /\/\,\/
. F i \ \ “ W A/\\/\/\A
0 O 5 1.0 1.5 20 25 2.0 3.5 4.0
t/10%s

Ce) LTI LU LE Z 10 () 150 B i 22

Ar./km
f=]

15 MhEmEd A B Rz

Fig. 15 Ground-based filtering position error

> - Hl” W
< 0 0.5 1.5 2.5 20 3.5 4.0
t/lO“
Ca) M ST I AE XTI 119 T3 e 2
PR | ,
¢ |
\_E/ 0 h“ “\ /\/ /\ VA
~. SHI H\J .v W W/W ,
'
< 0 .0 . 20 2.5 20 3.5 4.0

#10%s
(o> HITHT LI I TE Y1) 36k 2 i 22

5 Ny
O[ (‘ “\" / ’r/\v \/“r\/\/\ \/\/\W

5

Avj (ms™)

0 05 1.0 1.5 20 2.5 20 3.5 4.0
t/10%s

(o) HTHT G ALIE I 72 Z 1) ()3 Ml 22

Kl 16 HbmEBoE R %
Fig. 16 Ground-based filtering velocity error

5 & 1

ARG E R S R BRI T AR
FLUEBE vk, [FIBTERST RGURE W TR R L, IF
TR TP AT . EELS R

D EF AR BHUETR A 61T 2 ST TR 2D
MR FEREBEZA T —FPVPAG 715, 3R19 T DE440/441K
SRR T3 R A DA S R 3 T 1E R e 47 2 SR R I

.

2) Wit VETEEME S RER R E T
SEIFAE L IE T A AT IS, TR, B



54 W]

FhbRT, 2%

AR A B S RARE B R A S T i 321

F SRS T LIS kT RORS BE Ko

3) EF R A R O R R R U, TR

T RBURE ORI IR E IR S AME . B BURES L
FRZIE . TS BUR S S B BURG NS — 5
PR SEE BT, R TR T HER IRAE 1 SFIA IR
PRI 2

Ja B AE AR SCRIE FE 45 RIEA 1 4k ST it TREALHT

T, WAORIEETE 2 MRS RS B ST ikRE
i G T AR RAT I

(1

[2]

B3]

[4]

[3]

[6]

S50

el s, BRAb BT, SCHE. [ AR BRI 55 kR 5 40 T )], MR A%
Tf%,2021,30(5):107-114.

Gao B Y,Chen Z G,Zhou W Y. Progress and analysis of foreign
Jovian exploration missions[J]. Spacecraft Engineering,2021,30(5):
107-114.

rh N B AN [ 45 e 7 I 7 == 2021 1 [E i K [EB/OLY].
(2026-05-08)[2022-01-28]. https://www.cnsa.gov.cn/n6758824/
n6758845/c10006721/content.html.

The State Council Information Office of the People’s Republic of
China. China Aerospace 2021[EB/OL]. (2022-01-28)[2026-05-08].
https: //www.cnsa.gov.cn/n6758824/n6758845/c10006721/content.
html.

PRI, PSR, 28 SO, A R T e VR A a1 R R PR 28 T R
BN BRZSRIZEAR (h3E30), 2018, 54) : 382-386.

Chen L,Ping J S, Li W X, et al. Juno radio open loop measurement
experiment based on China’s deep space stations[J]. Journal of Deep
Space Exploration, 2018, 5(4) : 382-386.

Durante D, Parisi M, Serra D, et al. Jupiter’s gravity field halfway
through the Juno mission[J]. Geophysical Research Letters, 2020,
474):1-8.

RIRME, £ A, XA AR, 88, “R i —5 7 KRR G235 S T
EEHIEARD] AR 2R (R 950, 2023, 100D : 11-18.

Zhu Q H, Wang W H, Liu F C, et al. Navigation, guidance and control
technology of Mars exploration orbiter Tianwen-1[J]. Journal of Deep
Space Exploration, 2023, 10(1): 11-18.

Brad#g, ok, LEF, 5. KERNEAT B BREERS BOE PURS B PR ].
)R 24, 2023, 43 (3) £ 499-506.

Duan J F,Zhang Y, Kong J, et al. Evaluation of orbit determination
accuracy in interplanetary transfer section of Mars probe[J]. Chinese
Journal of Space Science,2023,43(3):499-506.

(7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

FERER, B — =, T IR, 5 REAR X 18 RORE FA) K B 4RI 45 R Sl £ 5
RIS 40 (R 5230, 2023, 10(2) : 126-132.

Gui M Z, Wei Y F,Ning X L. Celestial angle measurement navigation
for Mars probe considering relativistic effect[J]. Journal of Deep Space
Exploration, 2023, 10(2) : 126-132.

HERIER, SRR, BB, 45, — PR BRI AR RSO A AR R 45 5
WUTTIED]. R RN (P 9E30, 2025, 12(2) £ 144-152.

Gui M Z, Zhang Z H, Xiong K, et al. A star angle/star NAV integrated
navigation method for Jupiter exploration[J]. Journal of Deep Space
Exploration, 2025, 12(2) : 144-152.

BT, GRS, Tk 25, 55, QLEKFIAR B IRMIIA B £ iy
W) ARSI AR (R 3930, 2025, 12(2) : 162-171.

Dai Z W,Hou B W, Zhang Y J, et al. Research on an autonomous
navigation method for the orbital phase of jupiter probe based on
QLEKF(J]. Journal of Deep Space Exploration,2025,12(2): 162-171.
Mckee P, Nguyen H, Kudenov M W, et al. StarNAV with a wide field-
of-view optical sensor[J]. Acta Astronautica, 2022, 197:220-234.
EREE, HE. PREZRNESHE M. dbat: BEH Tl ek,
2013.

Lv Z D, Lei Y J. Satellite attitude measurement and determination[M].
Beijing: National Defense Industry Press,2013.

REYL, BRAFUY, 25T, 55 VRS TR0 BRAR TR ST 0], TR R
AR (R0, 2023, 10(2) : 269-286.

Xiong K, Wei C L, Li L S, et al. Relativistic navigation method for
deep space probes[J]. Journal of Deep Space Exploration, 2023, 10(2):
269-286.

Park R S, Folkner W M, Williams J G, et al. The JPL planetary and
lunar ephemerides DE440 and DE441[J]. The Astronomical Journal,
2021,1613): 1-15.

Christian J A. Optical navigation using planet’s centroid and apparent
diameter in image[J]. Journal of Guidance, Control, and Dynamics,
2015,38(2):192-204.

KiK. ZARRANE PR AR K R AR 7 i 5 B (M), Jbat:
Hh R R S 2024

Mao X Y, Arnold D, Girardin V, et al. Dynamic GPS-based LEO orbit
determination with 1 cm precision using the bernese gnss software[J].
Advances in Space Research, 2021, 67: 788-805.

Selvan K, Siemuri A, Prol F S, et al. Precise orbit determination of
LEO satellites: a systematic review[J]. GPS Solutions, 2023,27: 1-17.
TEH R

MR (1982-), 53, W G LRI, EZEHF7E 77 10 - TR 28 S0 ) &
Lz A SCEEIEE .
i1 Hbhk: A6 5272945 # (10008 D
E-mail: dongninglu@126.com


https://doi.org/10.3969/j.issn.1673-8748.2021.05.016
https://doi.org/10.3969/j.issn.1673-8748.2021.05.016
https://doi.org/10.3969/j.issn.1673-8748.2021.05.016
https://doi.org/10.1029/2019gl086572
https://doi.org/10.15982/j.issn.2096-9287.2023.20220046
https://doi.org/10.15982/j.issn.2096-9287.2023.20220046
https://doi.org/10.15982/j.issn.2096-9287.2023.20220046
https://doi.org/10.11728/cjss2023.03.2022-0008
https://doi.org/10.11728/cjss2023.03.2022-0008
https://doi.org/10.11728/cjss2023.03.2022-0008
https://doi.org/10.15982/j.issn.2096-9287.2023.20230001
https://doi.org/10.15982/j.issn.2096-9287.2023.20230001
https://doi.org/10.15982/j.issn.2096-9287.2023.20230001
https://doi.org/10.15982/j.issn.2096-9287.2025.20250005
https://doi.org/10.15982/j.issn.2096-9287.2025.20250005
https://doi.org/10.15982/j.issn.2096-9287.2025.20250005
https://doi.org/10.15982/j.issn.2096-9287.2025.20240048
https://doi.org/10.15982/j.issn.2096-9287.2025.20240048
https://doi.org/10.1016/j.actaastro.2022.04.027
https://doi.org/10.15982/j.issn.2096-9287.2023.20230011
https://doi.org/10.15982/j.issn.2096-9287.2023.20230011
https://doi.org/10.15982/j.issn.2096-9287.2023.20230011
https://doi.org/10.3847/1538-3881/abd414
https://doi.org/10.1016/j.asr.2020.10.012
mailto:dongninglu@126.com

322

PRI 2 (R3S 20264F

Deep-Space Navigation Based on Stellar Angular Measurements and

Planetary Limb Observations of Jupiter

Lu Dongning', Xiong Kai', Guo Ruike', Li Yuming', Zhao Ming',
Pan Lixin', Chen Chao', Yuan Li’

(1. Beijing Institute of Control Engineering, Beijing 100081, China;
2. China Academy of Space Technology, Beijing 100081, China)

Abstract: To satisfy the requirements of highly autonomous and real-time Jupiter exploration, an autonomous orbit
determination method based on active-reference measurements and stellar aberration was proposed. An onboard active optical
reference source was used to establish a common alignment reference for multiple star trackers. By combining stellar aberration
measurements derived from the optical axes of different star trackers with observations of Jupiter’s line-of-sight direction and
apparent angular radius from a wide-field-of-view navigation sensor, autonomous spacecraft orbit determination was achieved. A
stellar aberration measurement model and an active-reference geometric constraint model were formulated, and an Extended
Kalman Filter-based autonomous navigation algorithm was developed. On-orbit experiments using a low-Earth-orbit satellite
demonstrate a positioning accuracy better than 5 km, validating the feasibility of the proposed approach for high-precision
autonomous navigation of deep-space spacecraft under long-range weak-signal conditions.

Keywords: stellar angular measurements; stellar aberration; star-sensor-based reference measurement; autonomous
navigation; wide-field-of-view navigation sensor

Highlights:

e The velocity accuracy of Jupiter’s ephemeris required for the stellar aberration-based navigation of Jovian orbiters was

investigated, and an evaluation method was proposed.

e The study concludes that the velocity accuracy of the DE440/441 Jupiter ephemeris is sufficient to support the requirements of

navigation based on stellar aberration.

e An autonomous navigation algorithm based on stellar angular distances and celestial body contours was designed for Jovian

orbiters. Following the on-orbit flight test, the system achieved a navigation accuracy at the 5 km level.

e Focused on ultra-high-precision measurements, calibration algorithms were designed for reference error measurement and
compensation, cosine correction of inter-tracker boresight angles, and unification of wide-field sensor and star tracker references.

The correctness and effectiveness of these algorithms were subsequently validated using on-orbit flight data.

[TiE%4E: Mok, EXFAR RAUE]
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