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Abstract

The main purpose of the current research is to introduce the alternative algorithm
of the non-recursive batch filter based on the unscented transformation in which the
linearization process is unnecessary. The presented algorithm is applied to the orbit
determination of a low earth orbiting satellite and compared its results with those
of the well-known Bayesian batch least squares estimation and the iterative UKF
smoother (IUKS). The system dynamic equations consist of the Earth’s geo-potential,
the atmospheric drag, solar radiation pressure and the lunar/solar gravitational per-

turbations. The range, azimuth and elevation angles of the satellite measured from
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ground stations are used for orbit determination. The characteristics of the non-
recursive unscented batch filter are analyzed for various aspects, including accuracy
of the determined orbit, sensitivity to the initial uncertainty, measurement noise and
stability performance in a realistic dynamic system and measurement model. As a re-
sult, under large non-linear conditions, the presented non-recursive batch filter yields
more accurate results than the other batch filters about 5% for initial uncertainty test
and 12% for measurement noise test. Moreover, the presented filter exhibits better
convergence reliability than the Bayesian least squares. Hence, it is concluded that
the non-recursive batch filter based on the unscented transformation is effectively

applicable for highly nonlinear batch estimation problems.

Keywords: satellite orbit determination, unscented transformation, batch filter
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Aadg ol 2e setolel S L 243 A2 712 B0z A /g de) QA A4 A 24 4
7)uke) 22 Aoy 71wl Wi GEl9h 7 29 De) (Extended Kalman Filter, EKF)
ojct. o EH Y E BEES AI29E ol 2L ulHY BT AAAA LI BS DA 17
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7H% 271A2 7 A =9 2]—0]7} AL 4 R EY %1-0]] zag
4F 223 AS5E FF qY FU RE5n BF b5 Azl YA "ol BEee A
H] @ g o} F7+etth(Lee & Alfriend 2003). 712 |48 A g 2412 §A4 & FEeE= igte

£ AP 2 Unscented ¥ @(Unscented Transformation, UT)S 7j¥tez 7]£2] EKFE Al
3t Unscented Z'%F B (Unscented Kalman Filter, UKF) 7} 12 9V ¢l th(Julier et al. 1995, Julier &
Uhlmann 1997). UKF2] # 42l &4 ZAPMH 9 UTE S0l 3 Ael] d5e) shga R Jggt
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2 Qe e g A
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o} ZQE A t”(mgma point filtering) o] 2+ £ A th{van der Merwe et al. 2004). UKF+ 7]& EKF
of tiall ok 22 AHE AYT Aok (1) vl Y YA A AY ZAFHH o) ler g EKF v
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=
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Al2gdo = A g o] 7}5-8rH(Wan & van der Merwe 2001). ©]2]3t UKF2 Aoz Hoj g A
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& BEujAbY 3= A (Farina et al. 2002), A4} AAX A2 3 (Lee & Alfriend 2007) 2 A A
ZF 2bA 3 (Crassidis & Markley 2003) 5 chokst Foke] 7oA F5E T gick 8hA T o] 2%
UT 719be) ool o3t ol 7= 22 AAZ 44 ge) 22004 203t UTe 71 &4
2] X Zeol] 582 ol F Park et al.(2007)9)] 23 A== o 7j& ok 71Eke] vz &
B dielEol obdg HehE ) 1% UT 7uke) s de) 7o ek We-& b glch of Aol
A= Park et al.(2007)0] 2 A3 UTE T e wjxDH o A%< 4257 949, 712 32 I

S ulaste 2 FEFHoR dof AR A7 U S ot 2ok A AR PO X8
% (sigma point sampling) 7]¥k2] UTE o] 83 $ 4 2] w) A @&l (Park et al. 2007)& 2731, 5
e AEE2A Aado) sk thopst 22 AP B4 Az Hoxtey sue] e 9 UKF
Z}gke] wkE-2 243} 9 e (Tterative UKF Smoother, TUKS)(Crassidis & Junkins 2004, Psiaki 2005,
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of Ao ALEH AEFH Ao T98 2l 7D Y (Vallado 1997)& ©]& o] 74
st £ AT v A TP ARG JEGM(20 x 20)(Schuts et al. 1996)S AF28HA 1, A
T 71 H S AAer] 93 95 34+ Harris-Priester 2 @(Harris & Priester 1962)2 A-83}51
o, gloF Bapqhel o8t A% ek 2ol Zelo) o8t A5 ustgth 598 ne) 43
B2 9six AE2E 94 EA-FEHRunge- Kutta) 43} A% 712 Ab&5t o

g &

:rl’?)}oﬂ AAT AG BESAA “)f‘fr?& AFAARY Ael{Range, p)¥ IEZ
(Elevation, ey Z22l2 ¥ ZH Azimuth, az)ol] W3] B&4 F 4 F 3 7 (Topocentric Coordinate) ]|
A4 ()3 2ol 28 vH{Crassidis & Junking 2004).

-1 Pe -1 Pu
p=pi+p2+pL az = tan <*> el = tan (___ (1)
P Vi + p?

ATA, pu, pe, pus 247t AABZ4 FHAHEA up, east, north He] AR elch.

o~

Trer = f{®r,tr)+ wi (2)

Yy = hizy )+ ()

A7,z AR HE], Yt BE AR OlE upt ALY FS ME TAT p RAFE ] BE
g W)tk Al2d g Wl B5 FeUEE 22t BHae] Py, @017, B70] 02 744
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FAe AaAs A WL 27 ARz R dA 7T 5L FEY A A5 g FE= o183
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22, 4 (3)2 theg3t 2ol 2 4 Uk
Y, h(z1) vt
j, = yf = [ h(ih) + 1/22 = h(zi,t) + i (4)
le h(:;N) V.N
A7NA, ke AdE 718 A (4 <t <tnv)olH, N2 &35 7139 N, ~(tilde) F5+ AAFS

< o gir}
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SA7VA, L3 A& 22k e o] 493 3 1@ S
UT 719ke] Wi X} BE] = & 4214
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FAshe 7401‘33 E}E Alﬂoif’/l el FRakel A
e deska) gt 22 ER A A Al Aavt 2 FEA L o2} Zo] Ve
4 Qi
Xik =Xix, Bx=2p, Pp=Py, i=0,..,2L (12)
A71AM, A1 Al zhell AR A 20 2AE g, (i =0,..,20) = 2 BE A Z(t;,5=1,..,N,j £ k)2
AdE F5 & 87 A3 Asksel, 4 A A4 A #3F gL 4 (13)4 2ol vy
@4 hE 59 4D th(Fraser & Potter 1969). ] 4ty 7wkl WX 2ej o] &2 3t A
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E 1. #5dolE AT A=dFd A8E Fstrd 2 R4

FEdolg 44 A=2A
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W2 Erd (WAGEASF) Jacciha70 (2.0) Harris-Priester (2.3)
B GE AL A = 1.0 1.2
B 29 FAANGAY) =¥ (DE405)  EF (A4H 2AY)
A4 AF o A3 n 0.020m%kg 0.022m>kg
TAAEYY Gauss-Jackson Runge-Kutta 43
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— — -1
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B2 AL WAE 9% 2704 ¥ BE S 44

E A 491 A%2 A$3 4A%4 A5 AL 6
27194 A% F 23 [km] 1 5 10 15 20 40
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FETE AL A% 2 A% s AL 4 A%s A¢e
Range #5734 [m) 25 50 100 200 400 800
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A% 1% 674N 271 exE Avulr A, BEFEL B 18 A

AR 1004 674A 9 BaEed AFHE AL 2eAE 4 1R 2%
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-1
®H = (P (P (1)
27 Azt e 23 AUE F4S A, ?« 238 BHEAD YA TL 24 WA
o2 $se wE A ATeES AT 94 A7 Foe] #AEoR A5 A3 B

o]l ZBH AAejoA o] & o|g3td EF Az *JEHE A=y e 283 ﬂi}’%}(Fixed-Point
Smoothing) ol 2t Aol girk o] whEA AR sye FuE #& e BF o B el &

A AYE 230 Qoo REA Z X WX —ﬂt—;]g} FAre AES ZhA Hoh(Crassidis &
Junkins 2004). W& AP A3ge] FAA AAAF L, ¢4 71F ARz RE 4HA T
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Fo2 upAu A Z47A] e Aoz PEP S £Y5o] SR EA wET of 71X 713 ?
HE A% o) 4o A-39 Y2 A7 UKFE 443 w88 333 93
4 UKF 226 (Iterative UKF Smoother, TUKS){(Psiaki & Wada 2007)8& A =algoen] 1
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ok U B3 RAS ASE B4 4T, ol8
4 4% 293t 44 4FGTe Aolrt wYHA gt FA A7 Wt 2HEE, BF v



82 Park et al.
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o2 12A17HE G AgE H4 XY SEHEE EviR Aol 2R E 3 AATAAN B5T
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2712 A7t AedF LS nAE e B3
FAY A2, uAD G3buy v 9e) TUKS, 28z o &
A FAe W AdEHA ds 42 & 1241700 slEee 9F a%‘—é—
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él%% ZHEAIE Ao 7 AhRstgon, Aol Wl d U uE e it A £ 47t

m(lo), 0.0155(10), 0.015%(10)2 RASATE & 29 A o Aste] 3
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£3 27A% 24 g 2 2Auy d Ax 84 24

FA A% deR ek 228 fALA AL HERES

[m, BRMS]  [m, RMS] [m, RMS] [m, RMS] [sec]

TUKS 1 11.64 60.75 8.66 62.24 112 5
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3 12.88 60.77 11.23 £2.60 112 5

4 13.00 60.78 11.53 62.66 111 5

5 13.06 60.78 11.685 62.68 111 5

6 13.12 60.78 11.77 62.71 112 5

Unscented 1 10.48 53.1 8.3 54.75 109 5

Batch 2 10.48 53.13 8.3 54.78 133 6

3 10.48 53.13 8.3 54.79 152 7

4 10.47 53.12 8.3 54.78 153 7

5 10.48 53.09 8.31 54.74 176 8

6 10.45 5297 8.35 54,63 199 9

Least 1 11.06 53.33 8.33 55.10 76 7
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H4. 85 o] U@ 2 2ANY 2L A% 24 oA

FAud 4% WA e A A e A WAL &} Axea AMAL  WEIS
[m, RMS]  [m, RMS] [m, RMS] [m, RMS] [sec]
TUKS 1 11.64 60.75 8.66 62.24 112 5
2 13.03 63.06 9.63 64.9 89 4
3 16.43 68.45 12.43 71.23 90 4
4 24.05 81.36 18.88 86.63 89 4
5 40.43 112 32.8 123.24 90 4
6 74.24 180.68 62.2 204.74 89 4
Unscented 1 10.48 53.13 8.3 54.78 131 6
Batch 2 11.71 55.1 9.69 57.16 132 6
3 14.6 59.88 13.11 63.01 132 6
4 21.27 71.85 20.99 77.81 130 6
5 35.68 101.42 38.01 114.03 154 7
6 64.96 170.4 75.22 197.26 196 9
Least 1 11.06 53.33 8.33 55.1 76 7
Squares 2 12.81 56.21 9.68 58.46 120 11
3 17.61 64.81 14.19 68.64 119 11
4 30.04 87.85 24.54 96.03 109 10
5 55.86 140.88 47.35 158.78 109 10
6 98.9 246.18 87.65 279.41 109 10
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