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®1 EPHENZHEER (n = 6)

Table 1. Parameters of cubature rule (n = 6).

n Parameters Value 1 Value 2
n 0.10000 00000 00000x10* 0.10000 00000 00000x10*
A 0.14142 13562 37309x10* 0.94280 90415 82063
13 0.00000 00000 00000 —0.47140 45207 91032
. u —0.10000 00000 00000x 10" —0.16666 66666 66667 x10*
v 0.10000 00000 00000x 10* 0.33333 33333 33333
A 0.78125 00000 00000m™/2 x 102 0.78125 00000 00000m™/2 x 102
B 0.62500 00000 00000T™/2 x 101 0.62500 00000 00000T™/2 x 101
C 0.78125 00000 00000T"™/2 x 10~! 0.78125 00000 00000m™/2 x 102
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Fig. 1. (color online) RMSE of five filtering algorithms.
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F2  FMEVEIERCFS RMSE [EAZ AT FERT
Table 2. Mean RMSE and execution time of five fil-

tering algorithms.

Algorithm RMSE Execution time/s
CKF 0.6151 20.10
5-CKF 0.5383 43.84
5-SSRCKF 0.5311 44.59
HDCQKF 0.5336 77.01
Proposed algorithm 0.5397 39.32
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~
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Time
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Fig. 2. (color online) RMSE of five filtering algorithms:

(a) HL4E R4,

(a) Five dimension system; (b) seven dimension system.

F 3 LFEVEIERE T RMSE [ERIZ4TFER
Table 3. Mean RMSE and execution time of five filtering algorithms.

Algorithm

5 dimension

7 dimension

RMSE Execution time/s RMSE Execution time/s
CKF 2.7609 20.57 2.8186 22.10
5-CKF 2.4615 49.97 2.6742 75.71
5-SSRCKF 2.4520 46.83 2.6459 68.15
HDCQKF 2.4564 86.23 2.6578 138.69
Proposed algorithm 2.4596 39.78 2.6573 53.71
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Fig. 3. Satellite simulator.
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3500 .
—&—5-CKF (a)
30004 —*— 5-SSRCKF
—+— HDCQKF
2500 —&— Proposed algorithm |

Position RMSE/m

Time/s

Kl 5

(BT 1—10 s EHL RMSE

Velocity RMSE/m-s—!

2016 9 1 22:16:10 (UTC)

Satellite

Radar
(36.52°,113.47°)

2016 9 1 22:07:20 (UTC)

K4 serfEfURERE
Fig. 4. Schematic diagram of orbit determination.

#4 300—530 s FHEH RMSE
Table 4. Mean RMSE of orbit determination during
300-530 s.

Mean position Mean velocity

Algorithm RMSE/m  RMSE/ms~
5-CKF 22.291 0.117
5-SSRCKF 22.259 0.117
HDCQKF 22.108 0.117
Propose algorithm 22.105 0.118

F5 ZFEVER G SAECS AT (A]
Table 5. The number of quadrature points and execu-

tion time of three algorithm.

. Number of Execution
Algorithm
cubature points time/s
5-CKF 73 347.34
5-SSRCKF 57 279.78
HDCQKF 144 677.23
Proposed algorithm 44 233.43
10.0 T
95l —a—5-CKF ®) )
—4*— 5-SSRCKF
9.0 —+— HDCQKF
—6— Proposed algorithm
8.5
8.0
7.5
7.0F
6.5
6.0 )
1
5.5

Time/s

(a) fir B RMSE; (b) i# /& RMSE

Fig. 5. (color online) RMSE of orbit determination during 1-10 s: (a) Position RMSE; (b) velocity RMSE.
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Fig. 6. (color online) RMSE of orbit determination during 150-200 s: (a) Position RMSE; (b) velocity RMSE.
22.5 0.18 T T T T
—&—5-CKF (@) —=—5-CKF (b)
22.0 —#— 5-SSRCKF 0.17 —#— 5-SSRCKF ]
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- 205 = o015}
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0.13}f
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Time/s Time/s
7 (MTIEE) 300350 s EH RMSE  (a) 7 RMSE; (b) i# & RMSE
Fig. 7. (color online) RMSE of orbit determination during 300-350 s: (a) Position RMSE; (b) velocity RMSE.
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—8&—5-CKF 0.104 I5g —*—5-SSRCKF ]
27T  —k— 5-SSRCKF ’ N —+— HDCQKF
g —+— HDCQKF - —6— Proposed algorithm
a 26+ —©— Proposed algorithm ‘w 0.102 ¢ 1
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3 “ 0098}
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0.094 g
: : : : 0.092 : : : :
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Time/s Time/s
K8  (MTI#t) 450—500 s 3L RMSE  (a) f#& RMSE; (b) #% RMSE

Fig. 8. (color online) RMSE of orbit determination during 450-500 s: (a) Position RMSE; (b) velocity RMSE.

158401-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 15 (2017) 158401

6 & W

ASCHEH T — P BB ST AR 4 2SS R (1)
5-CKF @ IE, K —FBUE 2 A e T JE 264
BRI ) T IR A3 EAT I AL, R DL S A
AEZE T HE S BRI E RS IR, IR I
I3 AR n? 442, LR REORS BE 2R HE
FUF AR TR Z —A, ML H RN A
eI S, e 5-CKF b n? —n — 1, tb 5-SSRCKF
bon + 1, AT WAZEVEREIS TR R A, AR
P T E R S ) LB AR GRS 4R R0 B
I, Z SR AL N R, 7E M T AR T
S 8 BRI LSRG R, AR SOV B BURG
5 5-CKF, 5-SSRCKF Hyk & PR FE A 24, B ARG
FEXIN 22 m A, @RS FE N 0.11 m/s /i dq, (R
S IE AT I [R] B B, 32 4T 200 X Monte-Carlo 1
FAHEL 5-CKF 72 7 113.91 s, AL 5-SSRCKF 7> 1
46.35 s, MIIE T iZ 5k 2ok, BARZHE L
TEARFE 0 308 IR P52 1 ) B 5L A R B L A S92 5
BT ACR, (BT RALER2 < n < THAH
R, AR % 4k B0 B O T DL A2 K38 40 1 3
K.

SE

[1] Ning X, Ye C M, Yang J, Shen B 2014 Chin. J. Radio
29 27 (in Chinese) [T'E, H&X, %iE, ILH 2014 fEH}
AR 29 27]

[2] Abhinoy K S, Shovan B 2014 IEEE International Sym-
postum on Signal Processing and Information Technol-
ogy Noida, India, December 15-17, 2014 p114

(17]

18]

[19]

[20]

158401-10

Arasaratnam I, Haykin S 2009 IEEE Trans. Autom.
Control 54 1254

Jafar Z, Ehsan S 2015 IET Sci. Meas. Technol. 9 294
Julier S J, Uhlmann J K, Whyte H F D 2000 /EEE
Trans. Autom. Control 45 477

Xiong K, Zhang H Y, Chan C W 2006 Automatica 42
261

Zhang L J, Yang H B, Lu H P, Zhang S F, Cai H, Qian
S 2014 Acta Astronaut. 105 254

Chen J G, Wang N, Ma L L, Xu B G 2015 IET Radar
Sonar Navig. 9 324

LuZY, Wang D M, Wang J H, Wang Y 2015 Acta Phys.
Sin. 64 150502 (in Chinese) [&EF, £ RN, FEME, £
BX 2015 ¥HER 64 150502]

Wu H, Chen S X, Yang B F, Chen K 2015 Acta Phys.
Sin. 64 218401 (in Chinese) [R5, Mt Ml B
2015 YR 64 218401]

Jia B, Xin M, Cheng Y 2012 Automatica 49 510

Jia B, Xin M, Cheng Y 2012 IEEE Conference on Deci-
ston and Control Maui Hawaii, USA, December 10-13,
2012 p4095

Huang X Y, Tang X Q, Wu M 2015 Syst. Eng. Electron.
37 633 (in Chinese) [FIIZE, #EIE, i 2015 R4 L
7R 37 633]

Zhang X C 2014 Circuits Syst. Signal Process 33 1799
Zhang L, Cui N G, Wang X G, Yang F, Lu B G 2015
Acta Aeronaut. Astronaut. Sin. 36 3885 (in Chinese) [7K
Je, AT, FENR i, 55N 2015 Hi%S 244 36 3885
Zhang W J, Wang S Y, Feng Y L, Feng J C 2016 Acta
Phys. Sin. 65 088401 (in Chinese) [3K3CAs, Fithie, 5
i, A 2016 Y)B%4R 65 088401]

Zhao L Q, Chen K Y, Wang J L, Yu T 2016 Control
Decis. 31 1080 (in Chinese) [[XFla#, Bz, FEMK, T
¥ 2016 =455 31 1080

Wang SY, Feng J C, Tse C K 2014 IEEFE Signal Process.
Lett. 21 43

Singh A K, Bhaumik S 2015 Int. J. Control Autom. Syst.
13 1097

Lu J, Darmofal D L 2004 SIAM J. Sci. Comput. 26 613


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1109/TAC.2009.2019800
http://dx.doi.org/10.1109/TAC.2009.2019800
http://dx.doi.org/10.1049/iet-smt.2014.0056
http://dx.doi.org/10.1109/9.847726
http://dx.doi.org/10.1109/9.847726
http://dx.doi.org/10.1016/j.automatica.2005.10.004
http://dx.doi.org/10.1016/j.automatica.2005.10.004
http://dx.doi.org/10.1016/j.actaastro.2014.09.007
http://dx.doi.org/10.1049/iet-rsn.2014.0093
http://dx.doi.org/10.1049/iet-rsn.2014.0093
http://dx.doi.org/10.7498/aps.64.150502
http://dx.doi.org/10.7498/aps.64.150502
http://dx.doi.org/10.7498/aps.64.218401
http://dx.doi.org/10.7498/aps.64.218401
http://dx.doi.org/10.3969/j.issn.1001-506X.2015.03.25
http://dx.doi.org/10.3969/j.issn.1001-506X.2015.03.25
http://dx.doi.org/10.1007/s00034-013-9730-0
http://dx.doi.org/10.7527/S1000-6893.2015.0180
http://dx.doi.org/10.7527/S1000-6893.2015.0180
http://dx.doi.org/10.7498/aps.65.088401
http://dx.doi.org/10.7498/aps.65.088401
http://dx.doi.org/10.1109/LSP.2013.2290381
http://dx.doi.org/10.1109/LSP.2013.2290381
http://dx.doi.org/10.1007/s12555-014-0228-8
http://dx.doi.org/10.1007/s12555-014-0228-8
http://dx.doi.org/10.1137/S1064827503426863

) I8 % 48 Acta Phys. Sin. Vol. 66, No. 15 (2017) 158401

A novel algorithm of fifth-degree cubature Kalman filter
for orbit determination at the lower bound approaching
to the number of cubature points®

Li Zhao-Ming" Yang Wen-Ge?' Ding Dan? Liao Yu-Rong?

1) (Graduate School, Equipment Academy, Beijing 101416, China)
2) (Department of Optical and Electrical Equipment, Equipment Academy, Beijing 101416, China)

( Received 27 February 2017; revised manuscript received 1 May 2017 )

Abstract

With more satellites launched into orbits during recent years, monitoring and cataloging of satellites play an
important role in improving the utilization rate of space resource and alleviating the pressure of orbit resource. Ground-
based radar, a kind of sensor in space surveillance system, does not consider the influences of the weather and other special
circumstances. And it is a key technology in space target tracking by using the measurement data for real-time orbit
determination. Due to the influence of orbital perturbation, the satellite orbital dynamic model is a nonlinear system.
The optimal estimation of the orbital state can be achieved by means of nonlinear filtering based on the measured ranging,
velocity and angle data with measurement noise, which is the essence of real time orbit determination and has important
research value. The extended Kalman filter (EKF) and unscented Kalman filter (UKF) are most widely used nonlinear
Kalman filters. However, the first-order Taylor expansion of nonlinear function in EKF degrades the filtering accuracy.
And the weight value in UKF might be negative for the high-dimensional system, which may directly affect the filtering
stability. As an important method in nonlinear filtering, cubature Kalman filter (CKF) has better accuracy and stability
than UKF. However, CKF only has third-degree filtering accuracy. In order to improve the filtering accuracy further,
some fifth-degree cubature Kalman filters are proposed, mainly including the fifth-degree cubature Kalman filter and the
fifth-degree spherical simplex-radial cubature Kalman filter. The optimality of the radial integral cannot be guaranteed
by using the moment matching method in these fifth-degree filters, so a high-degree cubature quadrature Kalman filter
(HDCQKF) is proposed. The radial integral is calculated using the high-degree Gauss-Laguerre formula in HDCQKF.
However, the aforementioned filtering algorithm leads to an increase in the number of cubature points, thereby improving
the accuracy, and the number of cubature points increases polynomially with the increase of system dimension. Once
the algorithm is applied to a high-dimensional system, or the processor has a relatively poor performance, it may impose
a heavier computing burden, thus the real-time performance decreases. Therefore, it is necessary to study how to reduce
the computational complexity of the fifth-degree filtering algorithm. In order to improve the real-time performance of
orbit determination on condition that the accuracy of orbit determination is kept, a novel fifth-degree cubature Kalman
filter for orbit determination is proposed at the lower bound approaching to the number of cubature points. The key
problem in the nonlinear Kalman filter is to calculate the multidimensional integral in the form of “nonlinear function X
Gaussian probability density function”, and the integral is approximated using a fifth-degree numerical cubature rule, in

which the number of cubature points required is only one more than the theoretical lower bound. The abovementioned
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cubature rule is embedded into the nonlinear Kalman filtering framework, from which the update steps of the novel
cubature Kalman filter are derived. Then, the equations of state and measurement for real-time orbit determination are
obtained. The J2 perturbation and atmospheric drag perturbation are taken into account in the state equation, and
the coordinate transformation is used to derive the nonlinear relationship between the orbital state and measurement
element. The simulation results show that the proposed fifth-degree cubature Kalman filter can achieve a higher filtering
accuracy than the CKF and the same accuracy as the existing fifth-degree filters, but has the fewest cubature points

and the best real-time performance, which proves the effectiveness of the proposed algorithm.

Keywords: cubature Kalman filter, fifth-degree algebraic precision, cubature point, orbit determination
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