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Abstract: It devotes to the research of GEO satellite autonomous navigation, aimed at the problems which exist in the pres-
ent methods of low accuracy, high cost, complexity and poor feasibility, then put forward a new method for GEO satellite
autonomous navigation based on multi — celestial information. Through the theoretical analysis and simulation show that the
proposed method in this paper is high precision, low cost and easy to realize. It is a feasible and effective method for satel-
lite autonomous navigation. Use the star sensor to sense the star information and the ultraviolet earth sensor to sense the
earth information and design EKF algorithm, UKF algorithm and MCMCUPF algorithm for navigation calculation. Through
the theoretical analysis and simulation show that the proposed method in this paper is high precision, low cost and easy to
realize. It is a feasible and effective method for satellite autonomous navigation.

Key words: GEO satellite; autonomous navigation; star sensor; ultraviolet earth sensor; EKF/UKF; particle filter

Vol. INo. 2
September 2014

0 3|5

Pl A A, H R0 e R WikoE e
WAEA B Tk i 5, H 358 0E A AT 55,
ANEHSRFGE B, RWEEAES
Mo &2 Lemay H5 HMESE N AR IO
1) BZECEMA; 2) SEmf; 3) AMEl 5 HAbLAE
G 4) NMKEEH G, ST EH £ S,
AR A B R R E A A A TR, &bk
TEIRE M EAL S, AR K M R T
PONDIR AW & ATTRE =g O N 111 Z (/PN
THRI P RAS . 78 SR, Ml T4V 45 ) &R 4 0T fig il
BTN, T BOME B TC R R 2 TAE, S B
H 3= S ) T3 AL ZR G0 BV 7 R b 1T 38 1 36 2% 58 4

WimBHA: 2014 -05 -20; f&iTHHA: 2014 -07 -25,

EE£WAB: “ T HEHEE” (51309040101)

RIS B, TSR BB 52 IR ML Y S A RE
BuaHh e MO RS H W DIRE, oA B 0 AR A7 fE
Jio BEAh, SEELA ERHUAT DI R YR T Y
BTy, JUHAR TR =S R0 T5 1, A 3 S 0R 2
75 2

HuBREFILBUE (CGEO) /Y TR T AT i
R, ELARXS T 4l 1w 2 1R, 7Rl As . S
B 5RO E SR B i A 1% 35 Bk 1
FEMIEM . AT #47 GEO TA M & s 47 LA K
LA, W AU S RE S I AR AT LA A 2 A A
EAEE, MEAREN I 27 4 T, — B St
7 SARMEAR G il T 2 3 4 SR, X L A T 5T
GEO DEM A F AT BAFEE,

EE®E T EWur (1961 -), 5, ¥z, 0ot il s . ST .



12 SR T

2014 429 A

HAGWFoE R GEO T2 A 3 300 )y ki & 17 7F
B FAOREEEAR, SCE 2 5l A = i R,
ZAATE— i, DR ORI O B R R L I RAR 1)
GEO TE A £ S kst BB VI mEZ, AL
BILL GEO A I X4, % g2 ek 2 4h KX
FEPEOYRE i, TR R 58 40 b BR U AR 25 & H
W B o oo ) B A U R —— R U, B A
Z R AbrE BT L2 A ESMATE.

1 BESMmAREIT

AR —Fh 3 T 2 KR B AR5 B 1 GEO 1L
BEHESNOTE . o A A RS UR e
ST RN 58 A1 M R AR A AR M Bk A5 B DA T AR A5
ZRUEBEBRE B, SR I S 1 i 08 Uk B ok gk
MUERAE, A, W T B USER A
M BRBUBR AR A B 0] DLk B R 5 = R B,
HHEAAEW R, HRiHaE NS E L,
AR AT ARATAR &5 0 S RS B o 3R 7 125 ) AR
PN 1 R, BRSNS bR UR AR S AE N
— M,

SR
‘*'*

TEHE

Bl EFEXEBRESHNEESMER
Figl. Principle of autonomous navigation

based on multi — celetial information

W7 — ) FH L A 8 ) i 2 mT Lo, TR
GG 1] 7E J2000. 0 M0 183 28 HF A0 7 1) 2%
S 5 P R 5% A1 b R SRR UL I b 1R 45 1 b
BRUCBE, Al LIS B O R AR J2000. 0 Hb OB &R
T R S, o MR A . HBBERLL A )7 [0 2%
S: . S, Z Il AY JLA] 56 2 AT ASRASAS ) (L 4, L
WEYMAE o . BB 4.

2 BEXESMRSHEFES
2.1 RAEFREHIKR
TEAEFNRGEARSEAE T EHED)
2T, A MRIBIEA, HPhEMeirRER
INER B IS By R AT TR 6 R R A
DPIRAAE R, BRI, O AR S
(1 B LT J2000. O MUy R T8 1P 1 AR A bs 3R A0 4
iz e,
G GEO DAEPES) I r BT .

dr_;

de

i (1)
M

E =—%r+grad(R2)

Horp DR E RN r(x,y,z) , TRBER
wHr(x,y,2) ,Ry =R, +R +R, +R, .

Ry FR M BRAEBRE 58 sh # ek B, 3b3k51 13
FRECEMET, FIESRBOLER 1o RS XS N
Ran ik EZmA R 2,

F1 HiIk3| HiHETUR RE

Table 1 earth gravitational field dominant

term Perturbation coefficient

N N o
J, x107° Co X 107018, x 107 \J, x 1070 | A,/ (")
M M
2 2
o |” 1082. 627 5 1.574536 |-0.903868| 1. 815528 | —14.929
3 3
0 2.532435 | 2.192799 |0.2680119 |2.2091169 | 6. 968
4 3
0 1. 619331 3 0. 100559 | 0. 197201 |0.2213602| 20.994
x2 FEITNEHEESHILESDN
Table 2 The associated Legendre polynomial
corresponding to dominant Perturbation term
N P (o) X LU R
M " sing =~ 0,cosp = 1
2 1 . 1
—(3s 2 0 _ _
0 2 (3sin“p - 1) 2
2 3 cos 3
2 COS’ (]
3 1
1 ssinto - 3si
0 ) (5sin’¢ - 3sing) 0
3 1 .2 3
——cos E -3 -
| 5 cosp(15sin“p ) >
) 15 cos’ 15
3 cos” @
4
0 :T(?)S sin*p — 30 sin’p +3) %




24

— B GEO TLAL § =Sl i vk 13

HARFRRLT
_ %]2( %)2 +3J5c052(A = Ayp)

3
R, ) cos3(A = Ay)

r

3 R, \?
Ry = (%) _7]3'(TL) cos(A = Ay) + 15]33(

()

R, FR KIS 135 sh ¥ i B, R, Fom A 2R3
Tt shFeR i, BAARFEAUNT

1 r,-r 1
R_ = — = -_— =
k i ( ‘rk_r‘ ‘rk‘s) i ( ‘rk_r‘
chosﬂ,r)
Tk

ko= s FORKIAEESN; b = m Fox ARk b
TrEs AT B A 58 k%, Baath B H s dh i 5 AR
RO —LE P&, 3k 3 FR,

®3 BRAEDHRENITHELEH

Table 3 sun and moon perturbation basic constants

EIWILEN KA Ak
Wiz 3 J4 14 27. 3R
AT BRI e M/ (°) 23.45 18.3~28.6
AHXT IS/ (°) 0 5.15
FAER w,/ (m*/s) 1.327124 x 10% | 4.90280 x 10"
SEH MR ry/km 149.6 x 10° 385.0 x 10°
XHHEEGE, HUCEELE (r/r) | 2.8185 x 1074 0. 1095

R, Fm KB R sh B pki g, HARE R
s

R, =- CZ<%)PO(xxS +yy, +2z,)

C, s R, STEFKmME, BIRA X
CEEICL.S5 ) 5 Py A7 KOG I A R BH AR 5
FEJ1 (4.56 x10™° N/m®) 5 S &3 H R PR TR
WA m R TR, HITES T, ERh
TBAEFK A TS ) 5 0 B R BH A F8 ) — 3%, %
PRHGKRE r = (v,y,2)", KGO Kb

s

B )

A EFMARGENREZ | X A TR
BAEERE, X = [x,y,z,0,,0,,0.,] , WA
F R ARG ARETTRE AT RN

X(t) = fIX(t) 1] +w(t) (2)

H .
Hordr: f1X(1),1] [_%r+gmﬂR2>],
w(t) Rt FEmE

WA ARG = () , EMERES w()
M S B R RRE TR —MY g, @
SR T B — R BT R -

X(1) = fIX(0),t,u(t) ,w(1)] (3)
2.2 =y ARe R
XL T 145 2 R 2k, A SO (1 f
BTG 15 30 AW B 035 0, VB SR I A AR G
(U0 40 A UL B 4, 34 42 B 56 5 L o o
P A UL (R T 5
XLy L

arccos( — r S)

zz[;]z ,TS R +[?]

arccos( — ) — arcsin(—) A
;

(4)
Aorpr 2 TELE J2000. 0 #0785 BB R P
LR HE, S & TAUR BT M PRALR &
DLOIRZSZS & X Fow, WA 3200 5 G0/ il
TR RN

z(1) = hIX(1),01+v(t) (5)
Hrp
arccos(—r rs)
arccos( —%) - arcsin(?")
ww=[%m]ﬁ%W%$o
v, (1)

WA v (o) AR INMERE S, AT LIS 2 R 400
LI 75 i 1) — B A g 2, o Xy R e —
L ESUS S Wl

z(t) = h[X(1),t,v(1)] (6)

3 BESMRKERRT

ST B R R DR B R AL, BUAE A
FULE i B vk b AR R KLY R R UK & 98 B
(EKF) , JooRRI/R 2983 (UKF) DLEOK T 38 3
(PF) SHEEAS, T HALR B AT A i H e PR s it



14 S i R

2014 429 A

SIS
3.1 EKF H*%

XEFA SR AR et A R UL, AT LA
BT EKF (9 A R SMEET . ACA T
EKF S L mBmmT .

* Wittt k = 0 I

%y = Elx]
Py, = E[(xo _560) (xo _560)'[']
Q() 9R() EX{E

® %’lk = 1,2 ,OOHTJ_
(1)
THADIRA 7Y Jacob A -

afiy .
A,i,jJ = axm (41511 ,0)
of i
W[i,jj = aw - (xL 1o Uy 1,0)
P ] B3 -

;Ck = f(xk—l sUp_y ,0)
P, = Ak—lpk—lALT—l + Wk—le—IWAT—I

(2) KIEH
FEELI TR ) Jacob KF
Hy ;) = gh( (:,0)

Vi, = 0)
?ﬂ!ﬂiﬁ%ﬁ.

K, = P.H, (HPH +V.RV)"

i, = x, +K,(z, —h(x,,0))

P, = (I-KH)P,
3.2 UKF £

UKF 7£ &b 3 9F 28 7 ) #8 1 A 25 2h0RF 09 40
PO XTSRS, g — R T
L6 TE KA SR 14 4t UKF SR EE AR AT
o Wik k = 0w}

Xy = E[xo]

Pm = E[(xo - %) (% _xo)TJ
W = Elx) =[5 0 0]
Pi = El(xg - %) (xg-%)'] =

P 0 O
o P, O
o o0 P

o Mk =1,2... 00l

(1) HBIME I RAE sigma A5 4

K FE 946 IE SR BE SR MG 33 2N + 1 4 sigma
ME:

éxkl 1 =0;
X?,k*l = é x;b—l + YS I’ = 1 ’ 7N’
Al -8 i=N+1,...2N
R
o _ _A CZ 0.
R Y i
o _ _A — 2 =0
w, _N+/\+<l a +8)i=0;
w(i) :w(i) :71 L=1 ZN
m c 2(N+)\) LA

(2) fra] B

PIRARA sigma S EL T
RS -

X?,k\k—l = ‘f(Xf,k—l s Uy, ’X?;k—l) i =0,1,...,2N

TSR Al T St )5 2% -

2N
. (D)
Xip = 2 W Xikk-1

ZW (X Kk-1

(3) I B

PR sigma 2T
W55 -

Ziwia = WX et X)) i =0,1,...,2N

THELIN [r] 152 () SAE AP 7 25

2N

- _ (i)

g = Wy 2 kk-1
iz0

v
= Z) wc(-i) (Zi,klk—l -%) (Zi_M_l - 2,:)'1‘
H B %

’(Lk zw (thll. 1

HHERIREH 5
K, = Wk (P;k)_l
HRRRAGT (RAUAhTT) M2 .

v, =%, + K (z, - z)

SR T R AL

xA_) (X?,k\k—l - xk_)T

oI 7 AR A Al £

- N
-x;) (zi,klk—l -z,)

P.tk = ka‘ - KkPZk (KA)I
RAERE T BB -
x, =[x 0 0]T



24

— B GEO TLAL § =Sl i vk 15

P 0

0 0
3.3 MCMUPF &%

TERIFSE HEARL T U8 9 i b B0, A SCsh
HH—Fal A kL UE B 5k MCMCUPF 883k, —J7
TAE R UKF Sk 3R 15 67 - U8 i 19 5 22 VE % 5 pR &
— 7T T MCMC % gl R AR Rk 7 1 2 FE 1, i
HEmM 75 &, B b X Fhor k) Ab B
AN R GiAER L, UKF . UPF PERETE

AL MCMCUPE (1) S i 38 % 35 9% I 7
W
o withifk k = 0 i}

ReFExg ~p(ag) , BRI SCHA3 70 p(xy) RAE
B, = 1,2,,N,, HHx, P
o ML =1,2... , cfff

(1) ffi [ UKF &8k 8 gk 1

[{x),Pi¥%, 1= UKFl{z P 3% 2]

(2) TEHRH

RHERLT

xp ~q(x, | x,5) = N(x,P),i =12, N,

Hrp N(-) FoRm gL,

TR EEEAUE :

A EAENICAE TN
w, = W,_, —— 1=
q(x; | x_,2,)

A — A AU -

1\.\‘
~ g i i
w, = wk/ZWk
=y

(3) HIWFTE R

0
P,=|0 P, O
P,

1’2’.'.’N§

N,
By =1/ % )7 < Ny WREAT
TR, HEEORMREA (50 ol 1% WS IR U REA
w0 ¥, , HAw, = w, = N,
(4) M-HFH: (MCMC F3))
S BRI 1 R A T T M — H SRR
G, = M- M

(5) Hath

Ny
WAt &, ~ 3 wixl
i=1

A P = Y (R - k) (5 - )]

4 BEHMEERSHT

T Sk GEO TR [ 32 S vk 1A AL,
£ PC ML 1 FIJH STK (v8) + MATLAB (12013a)
HEDEAIE AT T BRI, 7 A Ih 4%

kBT .
1) %A kR &, J2000.0 Hb O 75 8 0 M Ak
¥

2) PiEmfE] . %P T ICHZ] 1 Jan 2001 00
200:00: 00 2] 2 Jan 2001 00: 00: 00: 00 — KN 24h;
BILGRAESE W T =10s;

3) BUEBN AR SR JOM -3 Jy iy ;

4) PRFRELIEZH: m STK Bk A4, R
HPOP %3 Fife i 8 5

HIEERA . T = 86164. 09sec , fia]F:e =0

MAMSf 0= 0 , SR w = 0

THEE MG : 2 = 2607

BT S A f = 0.702295°

5) PHTHBUR AR IR R .

RIS E 5 (30)

L HMFERGURAREE : 20 (30)

6) FAUEMBE: BUE M BAF7E— Bl S
WA ;

7) TEA: B TEX U ) JF 3 =%

FELROFEAME T, LLT =10s LK IEA
ARG (Rl ) O EiE, BT
HBRP, (f BRBF FZM Y STK + MATLAB PR
43, STK FZEHIR ™ A BT 75 19 4, MATLAB
FEGHATOF A, AR R B R g JA R
K2 -7 s, 4 407 & Fh ki oa sk i SOk
JEGE AR



16 S 7 5 2R 2014 459 7
8 - : : : . -
300 T T T T . . - : X 101
—X ITOT] 6 r | eemeaa Y 1TOT1]
200+ ¢ H ¢
‘......yerror . ZeITOI‘
100 — - —zJTor] 4r
Eoff 1 £
= f; iy
?@-1005 i §§
E—ZOO B ]5'3;‘
E-300 1 =
prg ta
7_400 - -4t 1
-500 . ol ]
-600 .
_700 1 1 ! 1 1 1 1 ! _8 C 1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 3000 4000 5000 6000 7000 8000
SRAEKE/10s SRAEK /108
2 EKFERAERERENNETRK
Fig. 2 EKF position error and the details zoom in
1 — 107 : : : : :
— VX ITor 6F — VX ITOr
—Vycrror _ VyCITOI'
5 05 —-.vz rror { "o 4r —- vz tror
E E
Z Z
5o -
oK oK
i izl
# 05 { #®
e &
& | fx
-1k 4 —61 1
8L J
_15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 2000 3000 4000‘ 5000 6000 7000 8000
SRR EE/10s SRFEK /108
B3 EKF REEERERBMNATHKX
Fig. 3 EKF velocity error and the details zoom in
100 . . . . . . . : f—_
XCI‘I‘OI” XCI‘I‘OI‘
0 ....... ycl‘l‘O 3 [T | | ychO
- zcrror_ 21 — - — -z Iror|
E100 1 &1 oy '
H ool
i woI
EE—ZOO 1 & !
= =
& B 5L |
%300 | =
31 ]
-400 S )
5} 4
—500 30003500400045005000550060006300 700075008000

10002000
REEKJE/10s

3000 4000 5000 6000 7000 8000 9000

REEKJE/10s

E 4 UKF BRMAEIRERHEMEHAT K

Fig. 4 UKF position error and the details zoom in



52 1) —Fh S GEO B B E A 7k 17
-3
| . . . . . . . . 4XI0 . . . . . .
—_— _vxerror —_— —VXelTOI‘
——Vy ITo1| 31 ——vytror||
,\; 0.5 — - —VZ ITOTf] ,\m\ 2t //—-ﬂ\\\ —-—vz rrorf
E E I < H.\#—_‘
= — g % e TN TN
e O/f_ SR UN S S - N
;Ji( f oK Ho
{‘:i( , M—l -:1.,,‘ S
el 1 Bl T
= | g o= e
| S| e .
—1} E . ~..
1 5 1 1 ! ! 1 1 1 1 _5 [ 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 3000 4000 5000 6000 7000 8000
AR/ 10s AR/ 10s
5 UKF B EERERHENBMATRHK
Fig. 5 UKEF velocity error and the details zoom in
50 T T . . . . - :
—XeI'I‘OI'
40+ e At
—-—ZCI‘I‘OI‘
30 1
E
20
"
L (1 1
=
= ]
“10l -0.3}F -
—0.4F 4
-20 N . . L L L L L . . . . . L L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 2000 3000 4000 5000 6000 7000

IR (km/s )

SEBR

RFERKJE/10s

E 6

REEKJEN0s

MCMCUPF jEiR M EIRZERERETHA (n=150)

Fig. 6 MCMCUPF position errorand the details zoom in (n=150)

1 %1073
I_ 4;(er'r0r 8 I — JX;ITOT
——Vy 1101 6
0.5+ —-—vzgrory o
g 4
2
~ 2
' | =
@ 0
0.5+ 1 )
= i
gl ! 1
1k 1 6| ]
1.5 L ]
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 2000 3000 4000 5000 6000 7000 8000

FREERE/10s

REEE/10s

7 MCMCUPF jBiREERERBEAOATHKA (n=150)
Fig.7 MCMCUPF velocity errorand the details zoom in (n=150)



18 SR T

2014 429 A

%4 lll.\l& %tt&

Tabled4 filter results comparison

PERESHL AR I SO B 55 W AR B
Rl EERES YL H/km JLHl/ (m/s)
EKF (-2,2) (-2.5,2.5)
UKF (-1.2,1) (-4,2)
MCMCUPF (-0. 1, 0. 25) (-2,2)

UL L5 EL 25 SR AT LU A SC45 H ) EKF 53
. UKF 5.3k DL} MCMCUPF #R fig 3R 1518 4 1) 45
o EKF B0 B A XT38 255 UKF Bk B4 B
A, (HEEER TR, AR E D
Horp BTG U I A ) MCMCUPF (92561
e

5 it

AR GEO PR A F S/, X Har
GEO TR A F AT I AA 1 RS AR, AR 5
SR A ATATME— R, R T — R T
ZREAbMEER GEO TE B ESM k. %
A B RS B i A R A R A —— R A
TR 2 15 8 DL S 5 A b Bk A 2 B R b BR 1 R
MRS Z2 KR B i 8, #Emiikit T EKF
iy UKF 8 3: L% MCMCUPF % 3= 25 E 47 S
SRR o L SEPR I R B R R AR SR
WS B . LY B AR, 2 — s
EEFRE N EES 2 WiRs

(9]

[10]

S 30k

Chory M A, Hoffman D P, LeMay J L. Satellite autonomous nav-
igation status and history [J]. IEEE Position Location and Navi-
gation Symposium, NV, 1986 (47). 110 -121.
ZEAEAR. Mok R DR PUE SRR [M]. dEat:
B Toll i s, 2010.

Welch G, Bishop G. An introduction to the Kalman filter
[J]. 1995.

Julier S J, Uhlmann J K. A general method for approximating
nonlinear transformations of probability distributions [ R]. Tech-
nical report, Robotics Research Group, Department of Engineer-
ing Science, University of Oxford, 1996.

Julier S J, Uhlmann J K. A new extension of the Kalman filter to
nonlinear systems [ C] //Int. symp. aerospace/defense sens-
ing, simul. and controls. 1997, 3 (26): 3 -

Julier S J, Uhlmann J K, Durrant — Whyte H F. A new ap-

proach for filtering nonlinear systems [ C] //American Control

Conference, Proceedings of the 1995. IEEE, 1995, 3. 1628
-1632.
A. Doucet, N. De. Freitas, N. Gordon. Sequential Monte

Carlo Methods in Practice [ M]. New York: Springer, 2001.

R van der Merwe, J. F. G de Freitas, A. Doucet et al. The
Unscented Particle Filter [ M]. Cambridge: Cambridge Univer-
sity Engineering Department, 2000.
Spall J C. Estimation via markov chain monte carlo [J]. IEEE
Control Systems Magazine, 2003, 23 (2):. 34 -45.

B. A. Berg. Markov chain monte carlo simulations and their

statistical analysis [ M]. Singapore: World Scientific, 2004.



