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Abstract: An autonomous integrated navigation scheme based on the optical / X-ray pulsar navigation system for
the Jupiter probe transfer phase is proposed. Based on the dynamic model of the probe transfer phase, the system uses
the Earth, the Mars, the Jupiter, the Jupiter satellites, and X-ray pulsars as the observation targets. From the analyses
of the geometric distribution and the apparent magnitude of the observed targets and the navigation accuracy, the
observable conditions and the observability degree of the optical autonomous navigation targets are analyzed, and the
optical targets are optimized and selected. Combined with the X-ray pulsar observation information, an integrated
optical / X-ray pulsar navigation scheme is constructed. Based on the unscented Kalman filter algorithm, the scheme is
applied to the Jupiter probe transfer phase to estimate the position and velocity of the probe. The simulation results
show that, the state estimation accuracy of the integrated navigation scheme is significantly better than that of the
optical navigation system or the X-ray pulse navigation system alone.
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Fig.1 Schematic diagram of the integrated optical/pulsar navigation
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Fig.3 Schematic diagram of the X-ray pulsar navigation

principle

2 HBEHEH A FER

AR PR I % 7% B () 2y g 2F AR DLOK Ay v
O KRR AN KRAT 2 B 7 FK B G R 3% 8h ) 3
B . #E J2000.0 H O B 38 A8 AR Z a8 7 4800 25 3l

JIHRERLANR
r—ov
. ,lsun & ry rpl ( 1)
- + i - + a,
! r Z “ (r;? rf,-) “

S o 40 B R AR O AR R B
SRS FLAT = ||rllsr 5 AT A B AT
BB B Rt L ELAT = ||| |s e 588 1477 2 2
BOAT AR L BB B B R i B 7, — 1 — r, HLA



AR (R e 30)

4 AEROSPACE SHANGHAI(CHINESE & ENGLISH)

95 37 % 2020 4EH 4 I

st KBS H R e LA AT R 195
TR, 3 AR A R BH AR N R AT B X R AR
A5 1458 5 a K BH G T ™ A 5 £ Sl n s 2, LA
BUR] 22 SCHR[ 18 ], X LA MR 20 4 0

i — || T

3 FMAZ UM A

3 EFTE/DEMNMNER
311 ATHE/ T ZMFHAZEILN A
T4 ST RS I AR bR R AR T
T A O O A8 AR B X, LR S T R S v P 1
X,0,Y,, LSehhmh Z,.
i 2 fr s, e g oW B AR ALk Jr ) AE H o A
bR RN RN R, WA
n'=Cin"+ v, (2)
Ao C o H b AL bR R B O AR BR R A T A% AR
e R A, RS E R AR TR
SRR A AR R W H AR AL T 1] 50, SR IS
AL Ay e 30 1 T R O A2
E{v} =0
E{v"v) =c’[I —(C;n")(C;n")"]
RN EARTE H AR R T I ARFR R RY A
Ry —r

(3)

e (4)
[R: —r|l
B (ORAL2) g
Ry —r
n=Ci——— + v, (5)
[R: —r||

R BE ST ¢ AW B H AR R R o ag, DU T
/IR UL 5 AT 3RR
n
n;

2= (6)
n,
P sz RO AR G 5, S RDUEIN B H A
¢
R B A B RN 2 7% B 4 1 LU H A Sy 3t Bk 2k
BOREUKLKEPTM DA, HEFEENZE,TE
AN TR] By Be r 00 45 2 i H bR AL SN [E] 235 0 Dl 2
RO WL H bR o S 1 o R X — [R) L, 75 03 B A
[F) 7 B 22 ) 9 08 4 OC 22, I HL S S 3135 A 0 i H
bR A4

3.1.2 AT 2 T AN M5 A
A7 B2 1) ) S8 P4 06 2R A BT 4 BT, r, AR R BRI 2%
FER P AR bR RN B0 B R, re ARSRAT R A K PH A
O  aR Ave N E R T S oS N AR N D
RN R AR
B <<a Hp: > a» (7)

KEHARTA
Q

B4 (TERRNEEILE
Fig.4 Geometric sketch of the observable conditions for

planets

3.1.3 ITREBRATEDLEMEFLEM 5

EIRERN VR PR 3= SRR/ L NS N ER
Hb ER 04 P B S — AN R SCH, HARDL A Ry = 0° B
ERATER /N Qi 5 B, T 1R By A AL A &
k5 b ER A 3% 2R 0K B 4 1 2 Y e A

TE

ks
5 fEfIf
Fig.5 Schematic diagram of the phase angle

S 2, UL 3 B4 BRIE W AR (B i Ay R e T A )
F18 246 6 L RE 2 MR 3 i AR ik AR AT L35

M =m., — 510gm(;‘1\/5 (8)
0

A emy, = —26.73 M EFRKHMESE;d, =1AU,
Hp 1AU=1.4959787 X 10° km, ftF— 4 R 3CH.
A PR B 5 g ULINAT B A2 s a i OB



o5 37 & 2020 AEH5 4 1)

AT A TR ko B A K BRI RS B A RS S 5

R, g TR R B ROR AL . B0
0 TR A AR A T AAR AR M54 3

2 2

Trep

|rer
m=M + 2.5log,|——F~—
[ d(fp(f)
| e |y K BB UL A7 52 19 B 5 5| e | g UL
TR R LI T2 B 5 p () 3 B4 I 4ok
o) X T BRIE Pk AT LA Ay
2 .
p(sf) =3 (rr — §)cos(§) + S1n(§)] (10)

A C10) WA AL AR 0 L2 R AUE AR LR — 15
PRI RME . 4% PR 5, W TR B AR A A TR

éfcos{ o Ter ] (11)

[ ool e

PR S, B LI TR A R RS . B R
F) 9 WL 1R AL R A o A2 T A AR B AR
HE 7 PR A0 400 B2 25 0 1l o, R B UL T2 B 2
% 1 A0 At 55 DR S e A SRR TR DU 1) 2 A R

m<m, (12)

3.1.4 £ B AR AR R

g b E UK BE S0 H bR AT UL E B 7
TR S e A S B R B bR . R AR

1
Tr[ } (13)

o n Ry Al I H AR AN, 08 A B AR EE B R
W55 1) BB B 5 o o ORI S0 B, SR FH S B A Ak B
TR 7 23 B L H A o

WHURE AT R A A HiEN S — KA ES
AL 5 I 0, AN PR AT L T AT G 2 TR HE 11 4 3
TRA mn,<<m) P, WG COm, n) A S T2,
THEE A 4 A i AT LR, G e R O B e KA 4 Gk
SRR ARG

(9)

—

n
I ) ‘
— Dot [l XY
ru,i

=1

32 EFXBAENRNER
EHORVRRT , T A8 800 AT BE 25
Xk ob B SR G TOA, JIF LASE T 31 3k B 8] 5 46 5
IRV I | 7= Wl
TDOA=1¢, — 1, —

n-ry 1 s

o KL (14)
2 | BT T0  syy,

& nb+ob :

P, kb BO6T 335 SSB R INFA] 5 2,y W] — St
5 F AR A% B 5 ¢ 6 5 D,y Bk vh 2 51 SSB
fRBE RS s n o SSB AR 1] Bk vh 2 A R R 5 5 D RN

w5 AH X T SSB 7 B .
ro=||ro||FT AR B
ro—=r—=5b (15)

X6 0 SSBIEH LR R FHINLE ;6= ||b]; 01
B Xk oh L B R 22, v, kR RS AR S e
AN B B O 22 O 1R R

MR Z A koo L EAT S AR, XK el L S
245 0L A5 7 Ny

TDOA,
TDOA,

(16)

k)
TDOA,,
ey Rk AN E

4 ALK B E *

4.1 EFEFRRERKEZX
b X6 Bl 3 AR R (1) K WA Y (6) Fn(16) , AT

AL A G ARG
{xb =/ (xi—1)+ w;

2, =h(x,)+ v, (7

rr—1

ﬁ*#ﬁuﬂ( )mmﬁm%ﬁm%a;

U
mm-t“my{“jﬁ*mwmeﬁ%w
hy (xy) Zok

PRI 0 R e 5 5 B w0, ARSI RS T RN
F T 20 7 2 R R R AN o A T A R 2 R
s Sy e S M P i
E{w} =0
Elw'w} =Q
v, A WL M TS El O A R A A XK e B A R
e ) 2 e P A [ 20

SCH R AR St il i S vk S B R A AR S A
JG i R IR =g 3 (Unscented Kalman Filter, UKF)
S RS B RO T S B R SR R A Al I,
RV 3/

$B1 R E—LREMTHE 2 FUREEAS
T I 22 Pe o AR B2 R A " B U AU

(18)




AR (R e 30)

6 AEROSPACE SHANGHAI(CHINESE & ENGLISH)

95 37 % 2020 4EH 4 I

Xéi)lz[i‘/\« 1 J’\f/z 1+\/(71+A)Pk 1.%& 1*\/(H+A)Pk 1:| (].9)

H,2 I 2n+ 14 Sigma s 5 ) — A U
i=1,2,,2n+ 1, n MAREYEEL
xi =1 (kg ) (20)
S]3 A RGCRESEM LW R %
R, Bl Sigma iR 8 TR AR AR #0431

2n
-i/c\kfl - Ewm}(w—l (21)
i=0

2
— IR % oy % _
P/auv—l - sz [X/auv—l X/a\lk—l][ka?—l
i=0

xi] +e (22)
ST R — P WMAE, R UT 224,
72T Sigma s 5

x;?\ik)—lz[-i'kv?—l -imk—1+ (77+/1)kae—1 iﬁ\&fli\/(nJF/l)Pk\kflJ (23)

BS54 TR A b A Sigma A5 AL
W R A B L i — 1,2, -+, 20+ 1

25 =h(xi ) (24)

SW6 U5 E] Sigma s A A9 UL T
838 38 AR 75 5 28 55 T £ 34 (8 oy 22

an
z — (1) 5 (1)
Ze—1— Ewlzulk—l (25)
i—0
2n
. ()| (1) 3 (i) _
sz* zwl [zkl\k 17 Rk 1][2& 1
i=0
T
z/e\ﬁ*l] +R (26)

2 T
— (i) (i) 4 (i) 3
Pf,,zk* 5 w [Xk\]/e—l «T/em—l][z/fu»—l zk\/efl] (27)

$ BT I Kalman 5 25 56 [

K. =P, P (28)

I Ja TR R GE RS SR Ay 25 TR
Fy= a1+ Ki(zi— 201) (29)
Py=Py ,—K,P. K/ (30)

4.2 REAWNMES T

AL KALMAN S A= 48 ok g, i 1
X 28 48 1 RT3 A, A T R G A A R LAV A
fhitREZ R, RIBIFMAREE (L7, ZRREH
AL NE R GE A SCE ) Lo kA X FL AT 40 A, W AE &
IF 220 2 1 Al 0 R A8 B B 4 B, R D i [ H
mr.

03><3 I3><3
a(f(x)) )
T ar' 6% 6
dz,
— O, .
- (3X m)X 3
sza(h(x)) _|or (32)
dx . dz, 0
ar'[‘ ny X

DR SO0 0 R B T DA R R
O,=(H,' F/.H/ (F)'H/) (33)
T R G AT LI P R R ) Rk A TR AR AR R Y
Ak WAEZ I 2 R R e 2T W, ATULE 1,
L6 AR GAFAE 24 B DA w] W B BR A, &R
Gr R SE e nl WA, 45 A X koo 2N RAE BE B
2 R A A 5 T (EL RSO P R R 1 B R ¢
6. SR HE G b B AR G A T I A 4 R
B 38 1L BE M 45 H B — B 2 AR R e A
1 7%

5 15 EIE K& FE 0

DL B BRI 25 5% B B B0 Sy B AT A R
B 52 4RI 05 B . AE 72000 H O R AR bR 2 v, AR
PR S BB 1. MAEHR L, HOBRRT
AR B PRI L 0 1] 6 i

ZJ5 1 /(10" m)

Be BHOLIRRETHRMIFHE
Fig.6 Schematic diagram of the probe orbit in the helio-

centric coordinate system



o5 37 & 2020 AEH5 4 1)

AT A TR ko B A K BRI RS B A RS S

x1 HEEH
Tab.1 Simulation conditions
15 B4 AT Hfl
{5 FLE U3 1] i) 202649 H 1 H 128 04y 0FF
PRG540 4 o7 B (53107 871 005.59, 137 626 318 366.08, —10 143 245.41)
PRI 2890 4y 3k 8 (—14012.19, 35864.13, 421.28)
5 $LI E] /a 2.2
TR IR A 15 22 (1000m, 1000m, 1000m, 1m/s, 1 m/s, 1 m/s)
2 S T AR B A INTF6
S U AR T 1R 2 /R R 0.1
X bk b SRR 22 / s 10
1 O U L 7 B/ AR Bt 2 HURE LI 7
24 HAR. Bkl 2L H 454 B0531+21,B1821—
24 M B1937421, al YL H A5 3 WA AT A2 (HER | O —
KA KRB R 67 TR H BB AR B A R
5% S5 B SCR 22, S04 T B e (7) § s
FNC12) 355 4 — B Z20 ] L0 % B AR B, Al 7 R o ﬁ
FR 458 T 00D 1 R R ) R S 4 SR P S TR § 4t
=T
10 3L
) @ CGEEEEED 4 CGEEE——
2o 05 ) Is 20
E 8t - - o— ifa] / a
% B8 %G WLUE PRk
E’ r Fig.8 Rank of the system observability matrix
6f 2.5
— AE SN
— I
50 ojs 110 1.|5 2.|0 201 — ARk
if1E] / a
E7 W EREE § L5y
Fig.7 Schematic diagram of the number of the observable §
targets % 1.0 J
AL 2R 0 T UL 1 4 I kG5 R T L R S0
GEAER A0y B RS WY L B R GE AR AT LUAG
TH k. AR A — i 2 AT ) H AR, 255 X (13) o FULA A 2
SN 43 B B A H AR B A] WL B IR AT 0 —
JE f s B UL H bR, R4S S UKF 532, 20 51 R H

e H ESAL X PR R A SR EOEF/X
ko A ES My E LA REBNEREA S
Wi, 45 B O~K 14 s, & iR 250 W3 2,

0 0.5 1.0

S a] / a
B9 zHELERE

Fig.9 Position estimation errors in the Z direction



AR (R e 30)

AEROSPACE SHANGHAI(CHINESE & ENGLISH) o5 37 4 2020 45 4 )
3.0 7 - 3.0
\ l — WA .
25 ¢ | e 25 — AE T
| — i 2 —xEen
204 - — XHRE B
= } g L5}
S 15; | g
= 1.0
" ] ‘ §”§
?ﬁ 1,07 M 0.5
& ‘ H o0 S
= 05 ]L =
I N N PO ) 5 osy
\ / et -1.0 }
0.5 ‘ ‘J' -15 , . . .
‘\ /' 0 0.5 1.0 1.5 2.0
1o ' ' ' ' i / a
0 0.5 1.0 1.5 2.0
il / a 13 YHAREERE
10 YHEABIRE Fig.13 Velocity estimation errors in the Y-direction
Fig.10 Position estimation errors in the Y-direction 20
' — HA A
2.5 1.5 — T
44 S o — X A
L Z
201 — Xhkoh 2 A =
= b
= =
H R
i N
=
E _10 1 1 1 1
» 0 0.5 1.0 1.5 2.0
e / a
E14 ZHEEEIRE
~05 ) ) ) ) Fig.14 Velocity estimation errors in the Z-direction
0 0.5 1.0 1.5 2.0
INTE] /2 #2 RUBREGTHFREEGITR
B XAEMLERE Tab.2 Statistical table of the root mean square errors
Fig.11 Position estimation errors in the X-direction of the probe state estimation
30 {7 % /m W /(mes ™)
’ ST
S x| vom | oz | XY 2T
25+ BT |
e gﬂ%’%’fﬁﬁx s A {1 4 [~ 4 5
20 YR AAEFM |3.10X10"]2.58X 10| 1.21X10°| 0.11 | 0.09 | 0.20
A — Xk 2 A X kb B | 3.32< 101 2.76< 10| 1.30X10°| 0.11 | 0.09 | 0.21
E 15t HEFM | 3.96X10°]9.50<10%(2.96X10°| 0.31 | 0.54 | 0.28
?.& 1.0 F R X .
g MRS EIRZER Al LU Xk b 2 S A 2 SR
T 0.5 R . . S e e
e BTG M A G TR GRS AL TS 5
r ] ALY A A ] A
~ 0 V ] TOLESMARL, MALE ARG A £ AU LA
05 XFF XK o S T R G L R S TR A A
10 3 S - - RAIETE, BT 394 1 km 22 47 (R 5 2 T o
5 1. 1.5 . N
Wi/ 4 i F RO, (0L J2 A — i R B 4T
12 XAmEERE AR SCHR B A T 5 5 RE RS AT AR T S0

Fig.12 Velocity estimation errors in the X-direction ﬁ E s 5‘5 j\] ?/% é‘ *'J FH TX H?]( {FP 5 ﬁ ﬁ'ﬁ %" % ﬂTL rﬁ



o5 37 & 2020 AEH5 4 1)

AT A TR ko B A K BRI RS B A RS S 9

BB TR AR B0 A RO S BT I R
B DL AR A AU SR I 7 2B R
B A 1 S P AR Ll A ok ol A S 4B UL L AE AN [
BIPRIEE T, Xk b B A5 5 B 5 2 52 W ik e B 1) £
S, TN AR R 2 2 B R TR
L &R G P, R AR A [ N4
AFTERIA T LA PN PR GORS AR E

6 % KiE

SR R B A T TR A£G
7 R X KR [ S 7 R R A R
PR SZ B B . O T T AT R 3%y R 4R i
$8 5, A 5 A B e SF I B AR 8w I 2% £ AT
W 4 AL 3 TR I 9 75 LI A I B Xk
WL WL £ L 55 4 TC 8 e A B E T 1 52 AR
LR B R A AN T LSRR LA S
77 22 MK T2 SRR X ik b R Sl R L
BT

5% 3k

[ 1] FER%, T W HN A F A0S 6 R 2008
(7] 2z e i B AR 5 0 L 2009, 35(3) £ 6-12.

[ 2] %=, 9hmishh, JL5e .2016—2030 4F v [ 25 [ Bl 2 % R
AR BLLT]. A R B Be T, 2015(6) : 707-720.

[ 3] &M a2 TR F 3 g 51 00 4 B AL 1 R
BEBPIEBTT]. E#EATEK,2019,36(3) :54-60.

(4] FJ0A, bR EE, A5 5 Tk b 8 18 /N ) e B 3
WD), ALK ,2019,36(1):53-58.

(5] BWHh, m il R E T+ BRI R R & A H[T]. H
bk s ,2012(8) : 24-31.

[ 6] BALINT T, WHIFFEN G, SPILKER T. Mixing
moons and atmospheric entry probes: challenges and
limitations of a multi-objective science mission to

[C]// 54th
Congress of the International Astronautical Federation.
Reston, USA: AIAA Press, 2003: 1-8.

[ 7] ER#,BAW, BILARS A FEFAMEAIMI AL
A0 [ B Ol RRAE, 2017,

[ 8] ERB, BT IR R AL BOLS g & A £%
AL B i 058k B AR [T]. 4% ) B 5 0 A, 2014, 31
(12): 1714-1722.

[ 9] skmesc, Bk, S A T/MT R &5 B 1 H s
B A ST ESE T AR, 2009,27(3) -
17-22.

[10] BHASKARAN S, DESAI S, DUMONT P. Orbit

Jupiter International ~ Astronautical

[13]

[14]

[15]

[16]

[18]

[19]

[20]

determination performance evaluation of the deep space
1 autonomous navigation system [EB/OL]J. (1998-01-
01) [2020-05-18]. https://www. researchgate. net/
publication/237732219 _Orbit_Determination_Performa-
nce_Evaluation_of_the Deep_Space_1_Autonomous_
Navigation_System.

HEESE R, KALSI S, LEUNG E. The DARPA
compact superconducting X-ray source
[C]// 1991 IEEE
Conference. Washington D. C., USA: IEEE Press,
1991: 2652-2654.

GRAVEN P, COLLINS J, SHEIKH S, et al. XNAV
[C]// Workshop on

Autonomous

USA:

lithography

features Particle Accelerator

for deep space navigation
Technologies  for

D. C.,

Emerging Space

Navigation. Washington, NASA
Headquarters, 2008: 131.

Wt sk a3 T XL bk ol 2 R s S R [T 3
AR 5 H AT (h 330 , 2014, 3(4) : 126,
AP IR F L RO ORI X G ko oh B AT IR A R
e FALLCT/ /b B T o 25 s IR 4R &l 2% 5
S NM FARATE S 8 863 TR TR A5 B 5 4 ] 5L 56 4
AV I H AR 2830 2009 1-8.

GU L, JIANG X, LI S.
integrated navigation for Mars orbiter [J]. Advances in
Space Research, 2019, 63(1): 512-525.

GU L, LIS, LI W. Comparative study on autonomous

Optical/radio/pulsars

navigation for Mars cruise probe based on observability
analysis [J]. Journal of Astronomical Telescopes,
Instruments, and Systems, 2018, 4(4): 048001.
ERER, R, EmAT MRS LZEREEMEE ER
WUHAR M ] ALt bt TR 2 A, 2018.

AU EEM XA R S BUE A E (M. e E
B7 ol A, 2003,

SHEIKH S I, PINES D J, RAY P S. Spacecraft
navigation using X-ray pulsars [J]. Journal of
Guidance, Control, and Dynamics, 2006, 29 (1) :
49-63.

KAI X, LIANGDONG L.
Autonomous navigation for a group of satellites with
links [J].

CHUNLING W,

star sensors and inter-satellite Acta
Astronautica, 2013, 86(3): 10-23.

JULIER S J, UHLMANN J K. Unscented filtering and
nonlinear estimation [J]. Proceedings of the IEEE,
2004, 92(3): 401-422.

NASA. List of natural satellites [EB/OL]. (2017-06-
08) [2020-05-21]. https://en. wikipedia. org/wiki/

List_of natural satellites.



