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Abstract: In order to enhance the accuracy and the stability of attitude data, the basic attitude
determination principle of star camera and gyroscope sensor was analyzed, and the attitude determination
algorithm of star camera and gyroscope based on Unscented Kalman Filter (UKF) was derived with the
error quaternion as the state variables. Because of the high-precision characteristics of star camera and
gyroscope sensor, the UKF attitude determination experiments were carried out with the simulative star
camera and gyroscope data of various precision, and were compared with the Extended Kalman Filter
(EKF) attitude determination experiments. The results show that the UKF algorithm is effective and
reliable, the attitude determination accuracy of star camera is effectively improved and the tri-axis
accuracy is increased by about 10% to 20%.
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1
Table 1 Simulative data parameters of star camera and gyroscope
. . . Inclination . . . . . . . .
Equatorial Semi-major le of Right ascension  Right ascension Optical axis Optical axis
o
radius of axis of satellite énlg le“ of ascending rate of ascending angle of star direction vector
the earth/m orbit/m s -e ' oe node node camera/ (") of star camera
orbit/ (")
(0.8,0.5,—0.1)
6 371 000 6 863 963 97.371 6 rad(140 000) 0.000 1 114.9 _
(—0.8,0.5,—0.1)
2
Table 2 Explanation of simulative experiments
Star camera parameters Gyroscope parameters
Number - m
Error/ (") Frequency/Hz Error/ (") Frequency/Hz
1 5 5 0.2~2.4 10
2 2 5 0.2~2.4 10
3 1 5 0.2~2.4 10
3 1
Table 3 Results of simulative experiment 1
Y Attitude precision of EKF("/35) Attitude precision of UKF("/3¢)
Gyroscope error("/s) - -
Pitch Roll Yaw Pitch Roll Yaw
0.2 0.72 0.43 0.39 0.67 0.42 0.37
0.4 0.75 0.52 0.47 0.73 0.47 0.43
0.6 0.82 0.64 0.60 0.79 0.58 0.56
0.8 0.94 0.77 0.74 0.85 0.66 0.63
1.0 1.03 0.89 0.90 0.94 0.80 0.77
1.2 1.17 1.08 1.03 1.06 0.92 0.88
1.4 1.34 1.18 1.20 1.13 1.02 1.01
1.6 1.48 1.37 1.29 1.28 1.21 1.12
1.8 1.62 1.55 1.48 1.41 1.27 1.31
2.0 1.74 1.64 1.67 1.56 1.370 8 1.36
2.2 1.95 1.77 1.81 1.68 1.570 7 1.58
2.4 1.95 2.01 2.12 1.72 1.699 1 1.67
3~5 2~4 s s , UKF EKF
. UKF EKF 9%, 12%,
13% UKF EKF 16%,
20% , 21%; UKF EKF
19%, 23%, 23%; ,UKF
UKF , EKF
, UKF EKF.
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4

2

Table 4 Results of simulative experiment 2

Attitude precision of EKF("/35)

Attitude precision of UKF("/3¢)

Gyroscope error("/s)

Pitch Roll Yaw Pitch Roll Yaw
0.2 0.35 0.24 0.21 0.40 0.26 0.22
0.4 0.41 0.30 0.28 0.43 0.30 0.26
0.6 0.45 0.40 0.39 0.45 0.35 0.32
0.8 0.56 0.49 0.47 0.52 0.42 0.40
1.0 0.64 0.61 0.61 0.58 0.50 0.47
1.2 0.76 0.72 0.65 0.63 0.58 0.56
1.4 0.84 0.80 0.79 0.71 0.66 0.63
1.6 0.95 0.92 0.92 0.76 0.73 0.72
1.8 1.05 1.05 1.01 0.85 0.81 0.80
2.0 1.16 1.15 1.10 0.92 0.88 0.88
2.2 1.30 1.26 1.33 1.01 0.95 0.94
2.4 1.34 1.36 1.42 1.12 1.02 1.01

5 3

Table 5 Results of simulative experiment 3

Attitude precision of EKF("/3¢)

Attitude precision of UKF("/3¢)

Gyroscope error("/s)

Pitch Roll Yaw Pitch Roll Yaw
0.2 0.24 0.16 0.14 0.28 0.19 0.16
0.4 0.27 0.21 0.19 0.30 0.22 0.19
0.6 0.33 0.27 0.27 0.34 0.25 0.24
0.8 0.39 0.36 0.35 0.36 0.30 0.28
1.0 0.48 0.41 0.42 0.41 0.34 0.32
1.2 0.55 0.52 0.50 0.45 0.39 0.38
1.4 0.60 0.60 0.57 0.51 0.45 0.44
1.6 0.70 0.69 0.67 0.54 0.51 0.50
1.8 0.76 0.75 0.75 0.61 0.56 0.55
2.0 0.84 0.82 0.79 0.64 0.61 0.60
2.2 0.97 0.91 0.93 0.70 0.66 0.66
2.4 1.01 1.01 1.01 0.76 0.73 0.73
i2 i2
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Fig.2 Pitch angle results of experiment
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Fig.3 Roll angle results of experiment 3



s UKF

1.2 2.0
o— EKF 18 — Star camera accuracy 5"
1.0 ' —=— Star camera accuracy 2"
- —— UKF ~ 1.6~ —a— Star camera accuracy 1
= = -
S08F o
§ 8121
=
g8 0.6 8 1.0
= E ne -
= _ -— S U — - Y
= 04l e — = —— — e
=04 -~ = 06+ - e
[ P e WU - i eeli™
e o o = A
e e 04 Hm—a—— . s
Uil W~ T i¥*—lhﬂ
2 0.2
0 | | 1 1 | 1 | | 1 1 1 | 0 | | 1 1 | ] | | 1 1 1 |
02040608101214 1618202224 020406081012 14 1618202224
Gyroscope accuracy/(") Gyroscope accuracy/{"}
4 3 5 UKF
Fig.4 Yaw angle results of experiment 3 Fig.5 Pitch angle comparison of UKF
1.8 2.0
10 —— Star camera accuracy 3" -
1 £ 1L.oH [ P ¥ ) -
1.0 TR SLAr cammera accuracy £ Pl
M. 1.6|.  —a— Star camera accuracy 1" -’/
—~ 1.4 o
s 14 o~
= 15 i 7
12 S o
8 . g L] - _m
3 LU =N -~
5] 21U > o
E—é 0.8 = T -
e A
T z O8] D
~ 0.6 ~ 06 e - e
o = 06 s — s
0.4 04Fe—" Y
e
no P -
0.2 o2 =
o ol vy
T nn n e 1in 14 10 N9 N2 0406010121 1661220722 24
0.2 0.6 1.0 14 1.8 22 020406081012 14 1618202224
Gyroscope accuracy/(") Gyroscope accuracy/(")
6 UKF 7 UKF
Fig.6 Roll angle comparison of UKF Fig.7 Yaw angle comparison of UKF
3~5 , , UKF .
" " "
2 s 17, EKF 1.67, UKF
2 2//
5 ’\’7 ) UKF [} ’ N
. b b . 1
" 14 " "
s 5 , 1.47; 2 s 2.47;
"
1 .
, UKF EKF ) .
: .EKF ,  UKF ,
. , UKF EKF
@2n+1) ,n . , UKF ,
, UKF , EKF
, N , EKF

10% 20%,

0128001—7



[1]

[2]
[3]

[4]

[6]

7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

NIU Rui, WANG Yu, WANG Jian-rong. Prediction and simulation of location performance of spaceborne two-line array
cameral J]. Journal of Geomatics Science and Technology, 2011, 28(5): 351-355.
, , . 0Jl. ,2011,28(5) :351-355.

. CCD [M]. : ,2006.

HAN Chang-yuan. Recent earth imaging commercial satellites with high resolutions[ J]. Chinese Journal of Optics and
Applied Optics, 2010, 3(3): 201-208.

. [JJ. »2010,3(3):201-208.

LI De-ren. China’s first civilian three-line-array stereo mapping satellite: ZY-3[J]. Acta Geodaetica et Cartographica
Sinica, 2012, 41(3) . 317-322.
. — R 2012,41(3); 317-322.
FAN Cheng-cheng, WANG Mi, YANG Bo, et al. A method of high-precision ground processing for star sensor and gyro
combination and accuracy verification[ J]. Acta Optica Sinica, 2016, 36(11); 1128002.

; , . / [J1. ,2016,36 (11):
1128002.
WANG Ren-xiang. Mapping satellite without control point in chinal J|. Hydrographic Surveying and Charting , 2008,
28(5) . 1-8.

. [1]. ,2008,28(5) :1-8.

s . [M]. : ,2013.
MOU Zhong-kai, SUI Lifen, ZHANG Qing-hua, et al. An improved EKF algorithm considering model errors of
linearization[ J|. Geomatics and Information Science of Wuhan University, 2011, 36(9): 1073-1076.

, , s . LI ,2011,36(9) ;
1073-1076.
MARSHALL T, SZAFRANIEC B, NEBENDAHL B. Kalman filter carrier and polarization-state tracking[J]. Optics
Letters, 2010, 35(13) . 2203-2205.

YU Hang, WANG Jian, WANG Le-yang, et al. Total kalman filter method of dynamic EIV model [ ]J]. Acta

Geodacetica et Cartographica Sinica, 2018, 47(4); 480-489.

) , s EIV , [1]. 2018,47(4) : 480-489.

HOU Bing-jie, YANG Yan-fu, XIANG Qian, et al. A joint frequency offset and phase estimation scheme based on
cascaded EKF and LKF[]J]. Acta Optica Sinaca +2018,38(1):0106004.

, ; . EKF LKF (7. ,2018,38(1) : 0106004,
YANG Bin, XU Guang-han, JIN Jin, et al. Comparison on EKF and UKF for geomagnetic attitude estimation of LEO
satellites[ J]. Chinese Space Science and Technology, 2012, 32(6): 23-30.

, ) . EKF UKF [Jl. ,2012,32(16) : 23-30.
MOU Zhong-kai, SUI Li-fen, FAN Peng-pai, et al. IUKF and improvement for spacecraft attitude estimation based on
MRPs[J]. Journal of Geomatics Science and T echnology . 2009, 26(4); 250-253.

; , . MRPs IUKF [J1. .2009,26(4) .
250-253.
LEI Qi. Research on key technologies of attitude determination for remotesensing satellite[ D]. Zhengzhou: PLA
Information Engineering University,2016.

. [D]. : ,2016.

ZHAOQO Lin, XIE Rui-da, LIU Yuan, et al. Offline Calibration method of low frequency error of star sensor and
gyroscopel J]. Acta Aeronautica et Astronautica Sinica, 2017, 38(5); 320552.

) ; , Ll ,2017,38(5) :320552.

KANG Guo-hua, FAN Kai, ZHOU Qiong-feng, et al. Attitude determination algorithm for micro-satellite based on
Gauss-Newton and UKF[]J]. Chinese Space Science and Yechnology, 2018, 38(2) . 16-23.

. s .. Gauss-Newton  UKF [Jl. ,2018,38
(2):16-23.
JULIER SJ, UHLMAN J K. Unscented filtering and nonlinear estimation[ J |. Proceeding of the IEEE, 2004, 92(3) :
401-422.

Foundation item: Science and Technology Foundation of State Key Laboratory(No.6142411184413)

0128001—8



