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determination for multi-fov star sensors
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Abstract: Narrow-FOV, long-focal-length star sensors suffer from roll-axis degradation and ill-conditioned
observation geometry. This paper builds a weighted global Fisher information matrix model. A-, D-, and E-
optimality criteria are used to derive optimal multi-FOV pointing relations. A multi-sensor Wahba fusion
(MSWF) method is then developed. The analysis shows that orthogonal two-FOV and three-FOV configura-
tions, and a tetrahedral four-FOV configuration, improve three-axis information distribution under equal
weights. Simulations with a dual-FOV off-axis TMA star sensor show that the ill-conditioned-axis error of a
single FOV is about 38 times that of the other axes. The orthogonal dual-FOV configuration with MSWF re-
duces the total attitude error by 95.4% relative to a single FOV and by 29.2% relative to simple averaging. It

also maintains balanced three-axis performance under sparse-star, random-loss, and motion-blur conditions.
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The results show that optimized multi-FOV geometry and weighted star-vector fusion can mitigate the geo-

metric limitation of a single FOV.
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Fig. 1 Simulation of defects in star tracker vector attitude determination.
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Tab.2 Comparison of optical parameters and weight configurations of star trackers under different simulation

schemes.
HE % RS FEH/mm W /deg JRL 2% /pixel %56 R /um AE/%
s Sensor 1 75.00 15x15 0.10 5x5 50.00
£ B
SRS Sensor 2 75.00 1515 0.10 5x5 50.00
R Sensor 1 75.00 15x15 0.10 5x5 35.92
AR BIES Sensor 2 100.00 1515 0.08 5x5 64.08
Sensor 1 75.00 15x 15 0.10 5x5 25.12
B =
AU = A8 Sensor 2 50.00 20 x 20 0.15 5x5 5.01
Sensor 3 100.00 10 x 10 0.08 5%x5 69.87
180" Optimal fusion error analysis Optimal fusion error analysis
. L 1.00" T
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< 0'40,, | Z 030" — R —e—13
: - ————————————0————0———————— 020" 4 o o o o ¢ o o o o o o o 3
0.20" 0.10"
20°  40° 60° 80° 100° 120° 140° 160° 20°  40° 60° 80° 100° 120° 140° 160°

(@) S A EH U B A 0 10 7 LRI 5 8 AR E Z IR B S 3R

Separation angle between dual star sensors

(a) Equal-weight dual star tracker: separation angle vs. fused attitude
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Separation angle between dual star sensors
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(b) Unequal-weight dual star tracker: separation angle vs. fused

attitude accuracy

Optimal fusion error analysis
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(c) Relationship between separation angle and fused attitude accuracy with unequal-weight three star trackers
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Fig. 3 Relationship between separation angle and configuration optimization.
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Direct installation matrix calibration method (36 bounds)
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(a) The calibration residual of the installation matrix between star

trackers is derived from sky imaging
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Installation matrix calibration accuracy based on
inter-star angle invariance (3¢ bounds)
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(b) The residual of the mounting matrix between star trackers is
obtained using the principle of invariant star angular distance

4 TR Rl A P Y B R B 2 B ML I s R 22

Fig. 4 Calibration residual of the star tracker mounting matrix based on different solution principles.
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(a) Schematic of the star tracker integrated attitude system;
TMASS features a dual FOV design with a 90°separation
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(b) Relationship between the two fields of view: when mounted on

the ground, their pointing directions are exactly the same

B RGE

Fig. 5 High-precision optical system for attitude determination.
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Single sensor performance analysis

Average performance analysis
Roll residuals
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Fig. 6 Attitude accuracy comparison and error distribution analysis across different solution schemes.
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Tab.3 Performance comparison of different fusion at-

titude determination schemes.

LR X(Bo) Y@Bo) Z((3o) Total (3c) FHEEHTH

PRI 0245"  0.246" 8.309"  8.317" —
THRE 4.166"  0.169"  4.164"  5.892" 29.2%

MSWF 0.251"  0.159"  0.239" 0.381" 95.4%

15 B2 R, TEpEAL 2 2 Rt 2 3 T
T, MSWF 535 HA B (A R e 1k o X Ee sy
BT AT UL, B 37 2L AR AR 110 2 T2 5 A2 L) A2 4
W S RE MBI, ok B bl A A D S BT R
PN 4 PR M2 T, 2039 R GF 28 8 5
NI LT A3 T LA AR B TUAY: BIEHE 4
Rk IS T4 T80T R EZ R, R Ge ek ATh
RELERFAR T 70 2 AOAT RO 2 Ht o X AR
REEAR T 8 S8 P o) B — W37 WU A A4, A 84
THT B4 TN BRSPS 5EbE, bR
UL B Y A7 R A AR AT, MR g AR B T
55 B (R ATL Sl e A 2 2 i M B 114 SRR R R
NS TAERM T, iR LB & F e 2
15 i AE BRI ] 77 Az 32 BhASERSE, AT 88 A1 2 A5 I
DRBORE R ; 75 1] CMOS BT e A 517
R G R 220 T TPl 3l
BT MSWF 5200, A8 3052 SCilk [41-42]
(VAR T 1, X B AR 2 A4 T 1 S 0 iR 25
AT, B sy ) b, 1 R AR S AR B[R]
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B, DIz SO 5 LA BRI 0 152 22 R] I 2)
ORI T ZEAE AR

o'f,yn = +oi, Q4
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Tab.4 Performance comparison of attitude determina-

tion schemes under sparse star fields and ran-

dom star loss.

(a). HRBURSR

Pioss Stars X(30) Y(30) Z(30) Total
4 11.918” 0.377" 11.910” 16.853"
0.00 6 7.868" 0.266" 7.861" 11.125"
8 6.119" 0.214" 6.115" 8.653"
4 12.250" 0.395" 12.268" 17.342"
0.04 6 7.906" 0.264" 7.908" 11.185"
8 6.183" 0.215" 6.177" 8.743"
4 12.085" 0.381" 12.103" 17.108"
0.08 6 7.943" 0.264" 7.940" 11.234"
8 6.310" 0.217" 6.306" 8.923"

(b). BURHREZ#F (MSWF)

Pioss Stars X(3o0) Y(30) Z(30) Total
4 0.307" 0.197" 0.301" 0.473"
0.00 6 0.232" 0.156" 0.236" 0.366"
8 0.196" 0.133" 0.196" 0.308"
4 0.303" 0.196" 0.304" 0.472"
0.04 6 0.232" 0.155" 0.232" 0.363"
8 0.199" 0.134" 0.196" 0.310"
4 0.301" 0.199" 0.302" 0.470"
0.08 6 0.231" 0.157" 0.231" 0.362"
8 0.197" 0.134" 0.196" 0.308"
o, = 7 dn , (25
SNR

K (25 1, o AR T B BLO SR BRI
25, SNR My BB S EMR L. AR, B S
A E B G ] 3G, 4R K B L, R 2R
PERE R, I BB TR 2 0y PR BT, SR
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Tab.5 Main parameters for star tracker simulation.

SHATR Hofig SRR Bl
FEIE 375 mm Bl iRz 0.1 pixel
M 5° L 0.1-1.5%s
B RARM 45 1 BRI TH] 50 ms
BIERA 8 um FRE T 0.7
PSF #ifi22 1.5 pixel frME L SNR 10

FET 3R 5 RN B, ASCERSITT
PR XS R G BPERE R . Pl A R R N
S FHUE BAG S A 1S SO, SE IR R O
HUR 2, & B RO Y R IR R B A T
R FRF 6 FuR, AH LL T8RSk 7 %8, MSWF 5
TRAE A T R B T ARG R B
BRI, B R KR, BB R LN
TR T, 12 B Rl BENE A A i X Fh 5l
ARz, AMELE S AT, SRR AT
JEREIN . HURIRELE Z K e, MSWF il it
TECT- 10055 T B 52 YRR R 7
SEBRTEFUAT S5, MUK A BB S =S [0 385
RN, 29037 R 50 B4 TR A B RE O
25 TAERAS . filn, #R3k T g =z ek . H Bk
i Sy N B 7 T S 2311 B S G i
A B AS SC T4 MSWF 24 B 7E 4 I 5 37 PR T
BT PSR, AT 05 B4 BT T A R ECEAT RUR
SN R GEE EAE BRI o (B ER R, PUAS A
BRURRAER SR FH AR SCHE 5119 1 DY TR AR 5 A 3 [ 4 2 a0
TTHEF, HAAHRSk 1 BAR RS BRI IR 1R 2
WEWSEER 2, fFEGRWNE 7 PR, b
T =hE R 2 K& S SRR A RUR R

AL 2, T DU B AU 4 I DY T AR A
SEFHES HIEARSHOH I, Pt AE P4 B2 s
PIfe TAER R O0 FIHBR T 4 10 S0, ik
Fa B ) =00k B AE 05 2L R RE— S0 M AR 5
BT BER T X ARME, =ik B AN — 3 Y
TAEIRS N 4 A8 2 2 AN, U 0 52 Kk
T 2 (0 Tk T 5 A, R AR
AT5 8% v T B R R B X R LB AE I LA L
MR AL E AN TLT(E B MSWF gl 5EA 2 il
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NRGUIR LR A R HURA RS S RET
M HS I 3, N T — R L PPl 7E S TR
BEROH, LT IREE SERM AR XS RSt 1
AERYRE G52 MR, AT 76 LR BO LRl 5] A TR
[ R ) et 22 . D B, 45 3 2 B JE B 1)
P 2505 8 R IR N R 815345, He 3o S g FBl ke e 0
0"% 5" i3t T [t MSWF 444 5 B B U B 7E AN
[F) 2 B HE B T 1 52 2 8% 2, AT LT B O M LR AR
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Tab. 6 Comparison of attitude determination residuals
between MSWF and single-star methods at dif-

ferent angular velocities.

(a). MSWF =ik 722

FAHEE (°fs) X(30) Y(30) Z(30) Total(3c)
0.1 0.202" 0.144" 0.203" 0.321"
0.2 0.255" 0.182" 0.259" 0.407"
0.5 0.469" 0.341" 0.463" 0.742"
1.0 0.870" 0.620" 0.844" 1.361"
15 1.254" 0.886" 1.271" 1.993"

(b). LR =SR2

FHE (°/s) X(36) Y(30) Z(30) Total(30)
0.1 0.202" 0.205" 6.798" 6.804"
0.2 0.256" 0.250" 7.884" 7.892"
0.5 0.471" 0.475" 15.635" 15.649"
1.0 0.874" 0.847" 27.712" 27.738"
15 1.254" 1.266" 43.278" 43315"

R7T FEIIERLBT MSWF HEERBEXTLE
Tab.7 Comparison of attitude determination accuracy
of MSWF under different numbers of active

heads.

TAEEMBE  XBo) YQBo) Z(Bo) Total(3c)  star number

4 0.191"  0.190"  0.189" 0.330" 528.51
3 0.231" 0.209" 0.234" 0.390" 396.85
2 0.310" 0.220" 0.351" 0.517" 262.77
1 0.312" 03117 3.392" 3.420" 132.99
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Tab.8 Comparative analysis of attitude accuracy

versus installation errors and active head count.

(a). 2 U TAE(MSWF)

TR 0 0.1 0.5 1.0 2.0 5.0

X(30) 0.070"  0.128" 0.516" 1.029" 1.974" 5.113"
Y(30) 0.051" 0.091" 0.354" 0.726" 1.435" 3.654"
Z(30) 0.073"  0.125" 0.506" 0.992" 1.979" 5.023"

Total(3c)  0.113” 0.201” 0.804” 1.603" 3.142"  8.045"

(b). HR U T AR

P ZEiE 7N 0 0.1 0.5 1.0 2.0 5.0

X(30) 0.072"  0.129" 0.518" 1.030" 1.974" 5.116"
Y(30) 0.075"  0.129" 0.513"  0.979" 1.964" 4.931"
Z(30) 2.486" 2.524" 2.512" 2.658" 3.101" 5.543"

Total(3c)  2.488” 2.531" 2.615" 3.014" 4.168" 9.013"

DFEBEE R T RGN R LRI RN
AL A AP IR 2E T AN0” 2£0.57, K £ %
52 LR B A LT 36 45 325, MSWF J7 Y
LR, =Hih S BRZER AR T Rk J7 55 B
WM E 1R 2, AR IRy R 22
U, AR RS 7 AT DR I R LA 3 4 2
RIEIRFN 57, ZHER G LI =LA
PETF Rk, EOE s, X T AL IR 2E M
GET AR RSB T R R ZEHRTN , PP
Z Bl L R T A Sk DR — AP THOR T iR 25 X 2y
FLERAUEAL T2 BR IR LSRG L 2,

S LRk
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