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Closed-loop filter design for
X-ray pulsar-based satellite navigation system
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(College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing Jiangsu 210016, China)

Abstract: The measurement of the pulse arrival time or phase on the satellite is affected by the satellite clock bias in
the X-ray pulsar-based satellite navigation(XNAV) system. The clock bias and the satellite position in three dimensions
are processed as the unknown quantities, and are determined with the measured information from more than four pulsars.
Using the difference of the determined positions and positions predicted by orbit dynamics, we obtain the measurement
information. The closed-loop Kalman filter is designed to incorporate the measurement information and the satellite dy-
namics. Simulation demonstrates that the orbit can be estimated optimally by the designed closed-loop filter, which solves

the problem of the clock bias within the XNAV system.

Key words: X-ray pulsar; satellite; navigation; Kalman filter

1 5|5 (Introduction)

Xt 28 ik v 2 5 fii(X-ray pulsar-based NAViga-
tion, XINAV )i ik W Rk e 2 49 Jok vl 28 34 1) (7] (time -
of-arrival, TOA), i & Mt 7% & 75 % ) () A7 B, & —Fif
BrALATRAS B FAEOR, H i T E X M
AT b T B B2, SCRRII 3 T Bk o
AL HUR AR, SCER[21R H Hho0 22 23 KalmandE
W7 IR T K TOA S 8 B [ 358K (1) i) 8. A S
PR T REXNAV ZR S8 (1) S 22 45 A & ab 3, K H )
RS IE D R A S I B U A 1 1 ) it

Jik P TOA TR 12 75 A1 FH AT R 2% b B ok i s
FEAN X267 1R BRI 1], T AR 23 ik i e 3,
WG AN T 38 G 1 527 21 B B U I 22 R S . R el 2
JESCIXNAV RZEERER BN E 2 —BL T gk
2 1) R, — 7 TR A P RS R () B 281, i
2 80P T T A TR) S ) LT DL R ek R 1 ek 22 Tl

eAe H H: 2009—04—06; A& ok H #1: 2009—11—08.

AR, SEELEL b INFA] 22 45 55 Hb 0 s R) S 4 1R [ 4
5 A @R A RS OIRS R, SHESh
227 RE A BORAS 7 24, SR H Kalman € 3 A
HEAT BB AL T 1% 5 1L RERE [H) I S B TR i B
fiff 52 55 I TR, (H3 0 T R G4k, Hoi phng ps
Shy LR PR A e M ol R, LR S S R A LR R
K.

ASCHE R R Bt 2 S AN B S H
FECAE A S i A, R P 4 DA b e 22 4 R 0 A A
O IR 28] ) A DA S H A A A
TR BT TR S A A R A Dy R A
B, gt PR ES) Sy R Bk IR IE R R 2
JEPE RS, LI DA FUEIR SR B Ui
BGAUE T W (1 I 1E S8 2 1 AT AT 1
2 o) B#iA (Problem formulation)

R I TXE Lk AN BEAESMA

FEGIH : 2K “8637 v B BT H (2006AAT704312); VLI BT AR EIHr v B2 By 2 H (CXO07B—1192); BN MUK R 18 247

VO SCAIET 4 P B I H (BXCY07-05).



940 oW s N H

07 %

GHPRE T MR TR, DA A ESMARENIR
A7 I B F) )27 7 RE L. 18 )7 7832000.0
MO /REPER T, B LA E A r =[x, vy, 2]7,
HEHv = (v, vy, 0], WHRELEX = [2,y,
2, Vs, Uy, v, | T, TR —E S )25 T FE T DL
H

X (1) = fX(2),t) + W(t), (1)

orh: AX(E), ) RS R, W) A RGN,

X DA, AN 8 ARG T T R
REESN AT H 51 5630, W INAX (), t) 5 1) % 5>
2] DL SCHR(S].

i T AL XS 4 %5 25 U 43 1) 1AL 4 ik p TOA
Htaar, B I BRR G811 B R 22 R0, KFH R i
iLx(solar system barycenter, SSB)AL ik "' TOA Htgsp,
JUESID

t3sB — lsat = M - Faay/C + trel + 01, (2)

T o 28 7R A A 2 RTAH N 18 250 (1) 5% . A 152 A0
W 220 T EL AR I K AR AL K as, SSBAL HI K I AH AL
Hpssp(0 < Peas, Pssp<l), 5 SSB L[] [ 4 Ji] A
WA AN, ket A B 7% A D, ¥ A 5SSBZ
I () K PP TOA 22 I ARA B 3R B, M =X (2) il 43
[(fssB — bsat) + AN] - D, =
N - Tar/C + tre + OL. 3)

X G)REAT I AEAL e, I R | TR A
TR

[(Ap+AN) - Dy, =t - c =

n -1+ cot + vx(t), 4)

He: Ap = ¢ssp — dears L N FIH B EHE S )
P PARAE V54T B R WU AME, vx (¢) A
A, e AT Hi O R R R e ok HCO A
TSSBIALERE, fire = re +r. @D EATH
ZEWicot, LRI TA 1) A FIsAT Rl b 22 7= AR 1A,
RO 2R S8 8 BIURS BE . AR ph 22 I o R, 5
PEAE S H KA. 27 F RGN AT 5
i A2 R AE AU e, ) R
[((Ag1+AN,) - Dy — ten) - ¢ — 1y - Tg
((Ag2+AN,) - Dys —

il

tre12) *C—MNgo - TE

trelj) s C— nj ‘Tg

L ((Ag;+AN;) - Dpj‘—

n] 1 vx1(t)
ny 1 r vxa(t)
n; 1 vx;(t)

idy
r
cot

A HEA (DA 20(6) AT EKalmanjE i 4b B, W
T G F A 22 R A O R AR SR S 6) SR A
RO 220 1) TR, K S BIE B ) A TR
WAL B SR 22, AE o R EIE R, Wit R 2
JEPAS, IS IE A BIE ) 724 TR
3 MWK IE 38 ¥ 2% ¥ 11 (Design of closed-

loop filter )
31 REREBEAHEA M E SL(System modeling

of error states)

7 FE(DA6) T 411, 1IZXNAV R F8 st Lk M R
Ze. M Ak DL J7 RO TR g R ZE AR IR,
SERGBCAIY. TR ZE A SE B AR /N
201 S 20 DAy 2 e R AR ] AR A e B /)N T 2
i, XRE AR RGBT 4 g B A,

4 a]WLI ) Rk  BAN D> T AR, RG> 4,
EV(ORIES]

Zx =Hx - + Vk(t), (6)

r

st Tox Vx(t). (7

UX'ZX:

T2 1 0 W 2 6 i s B, b RO MR orx
= (Hy Hx) " Hy BT ik B2 1 23 i) 40 A J LA,
X 2 ) R AL, R kR .
RN 28 S5 K s 1 T A7 R o 2 W e DA B i
TRy ic Ay

ox - Zx = [xx yx zx cdtx

1" ®)
ox - Vx(t) = [vi(t) va(t) vs(t) va(t)]", (9)

W) ey A7) I

Tx x 4 vy (t)
yx | = |yt - (10
ZX z+ U3 (t)

AT REQD), A B RHUIE W R AT — I 2V BB RS

IRAUAG TR O, R EAE R A BE 8 TR

ML Z P RRIECIR A, 300 X (1), JLAR%E Ny
§X(t)=[6x Sy 6z v, dv, Sv,)T, (11)

HA

X(8) =X () + 06X (), (12)
Hrpox, 0y, 0z, dvy, dvy, dv, 70 il 4 W34 AL b il 7
) P07 A5 2 T R A 22 X () T AR A
iB%}F =7Tp = [xD YD ZD]T, mﬁ(lZ)ﬂff%‘“



Tr ARG XU Akt 22 3 AR G 1 AT PR AR AE DR s B 941

HT7H
Tp T — o0z
yp| = |y—9dy|, (13)
D z— 0z

MRAEAA0)FNT(13), K DI 2 S s 147 AR
PR UTE RN A A RSR T, WA 2
fELE SR

Tx Tp dz + vy ()
0Z(t)= |yx|—|yp | = |0y +v:(t) | =
zx Zp 0z + v3(t)
H(t)6X(t)+ V(t), (14)
Hrr:
H(t) = [Isxs 03y, (15)
V(t) = [vi(t) wvalt) ws(t)]*. (16)

(14 RI R 6T 08 2R IR &0 5 B T 0] Ty 72
(DRI 4 IR B 2 e m AR A R, M (12), #5 2K
(WAEAS THE X (¢) &b FE TT 28 B 2 KT U B 3 4L,
73

SX (W (), (17)

X (t)=X(t)
WA SRR 2 IR I I8, X (¢) 1 RGFRFOR
AUAIR
X"(t) = FIX"(t), 1. (18)
Efﬂﬂﬁiﬂi‘ﬁﬁ%ﬁtﬁﬁ)ﬁgo)ﬁﬁﬁ*Hﬂ‘Z'JBE&ﬁMﬁ
T X AR PRI, Forh X7 (6) 7R RGP FRFRAR
. iR A7) T EXNAV RGER ZDR S TR R

OX(t) =

If (X (¢),1)

X0 |xwxw” SX(t)+ W(t). (19)
AADHA XA L T F G5 15 25 1R A 5 F2 A0 &
i e, LB BN RGBT

0Xy =P 10X,1 + Wiy, (20)
02, = H,0 X, + Vi, (2D

Hp @y, oy WIRESFALHERE.
3.2 PIFKR IE 98 3% 98 ¥ vH(Closed-loop filter de-
sign)

R = R 2 B A8 T PUE B ) 2 R T
HHEATROE T VR AN IR, 73 20 TR TE A P AR IE
P

o TR T AR i L AT T IR IE R Ji B
BT, U7yl 5, R 2K 2 0 s 1) 2 i A

P AR IR ZE AR /N B, OB I BL K S A E; i
BB ) S TR R 2 R B I AR R, R
K] PR 32 G AT R A HIE TR AR 1% 22 AN 152 /)
i, ANITIER T FE U 1R 22, S A BIRIE I R 4L
IR Pk, DT IE Ty SAAE & A A A

R, R B
BB RN 2 -0
} 1 L dle
XNAV LR 58 = IR & ki 2%

K1 XNAVZZ A IE R P

Fig. 1 Principle of open-loop correction
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