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Controllable-structure Semi-ballistic Reentry Vehicle Tracking and
Space-filling Model-set Design
LIANG Yong-Qi! HAN Chong-Zhao' SHI Yong'
Abstract Due to uncertainty in structure and uncertainty of flow field, the mode of the controllable-structure semi-

ballistic reentry vehicle (SBRV) is usually unknown. Based on the analysis of the characteristics of the controllable-
structure SBRV’s motion and mode, the space-filling model set is proposed. The new model set is designed according to
Hicknell’s criterion. Compared with the model set generated by the Monte Carlo method, the new model set has a higher
credibility and a smaller estimation error, and is more sensitive to maneuver. Theoretical analysis and simulation results

show the reasonableness and efficiency of the space-filling model set for the maneuver tracking problem.
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velocity for uniform model set and Monte Carlo model set

7 rh, B RN E R i AR EL T MC
R LR BRI AL, T R DR 2 i Ze th AT D RE O 45 21,
X LG AR W ARG AIRS A B A B AT
o K REBUEE, T HLIX — Rk Bl A A T £ 1) 489 K A5 21
TN, XA AR 38 5 R A T i X [R] PR R
.

120
110}| — 10 models of Uniform
—==-14 models of Uniform
100l =7 }g models of Uniform|¢**Y 100
—*—10 models of MC
= %14 models of MC =
= 90 [ —°—18 models of MC = 80
2 R 2
'3 80 ‘D ~
2 2 60
= 70 IR g
2] N LN N7
= / \_~/ s 40
&~ 60 W/ 2N 4
K ~
/ RN
N ] 20
50 /,/ NI
75 80 85 90 95 100 100 110 120 130

Time /s Time /s

K7 B TIEERT Monte Carlo 15 B EEXT L2 K50
Fig.7 Maneuver detection of uniform model set and
Monte Carlo model set

4 #ig

RICAHT T Hik T SBRV (R BlRFHIE LA S A
AR, FLPIEAN DL SZ 2P S5 R A2 AL 1
1) 5 3B R 5 s 2 A AR A o 5 AR AR S
S, T H 32 B0 0 AN E TR SE. XT X
PR R R A AN R, A SCHR Y T Ayt FE A
A () R TR, AE WA G IR (R G D0, 78
A 2 ] i 2R 2 L 2% T L sl i KA e 8 A 20 K
G, A X AR A v 4 LA W A5 2 S AR A
(v, BT AR T- Hicknell #EWIFIE, SBRV £
A2 (8] (5 00 A5 S s 6 ) ASRAS, 3K bl 7e i
[ PR ASE TR S AP A A X ) R 18 2 M B 3 1)L
ot B TR oF 45 AR EE T Monte
Carlo 5 BB AR AT S (R W A5 RERRS JEE, ]
IS X AL AR e 2 B T 2R

References

1 Wang Xi-Ji. Reentry Technology for Spacecraft (Part I).
Beijing: Chinese Aerospace Press, 2006. 1—151
(EAZE. MIRMIEN SR BIHEAR (). dbnt: JHiH ik, 2006.
1-151)

2 Zanchar P. Proportional navigation and weaving targets.
Journal of Guidance, Control, and Dynamics, 1995, 18(5):
969—974

3 Burkhardt J, Schottle U M. Flight performance and control
aspects of a semi-ballistic reentry capsule. In: Proceedings
of the ATAA Atmospheric Flight Mechanic Conference. San
Diego, USA: ATAA, 1996. 29—31



1542

H gy

e

i 36 &

4

10

11

12

13

14

15

16

17

Zhou Feng-Qi, Cui Li-Ming, Zhou Jun. The control of ballis-
tic warhead with variable centroid. Journal of Astronautics,
2000, 21(z1): 107—110

(RS, AR RN, JH 2. 30 o o Sk AR LBl ). 22y
#%, 2000, 21(z1): 107—110)

Yang Bo, Zhou Jun, Guo Jian-Guo. Study on dynamics
modeling of missile with deflectable nose. Acta Aeronau-
tica Et Astronautica Sinica, 2008, 29(4): 909—913

(bl J2E, SRatim. hif 5ot Sk g J) & JER RRT 9. a2
#, 2008, 29(4): 909—913)

Liang Y Q, Han C Z, Yang Y A. Modeling and estimate
to semi-ballistic reentry vehicle motion. In: Proceedings of
the International Colloquium on Information Fusion. Xi’an,
China: Xi’an Jiaotong University Press, 2007. 122—130

Wardlaw A B, Morrison A M. Induced side forces at high
angles of attack. Journal of Spacecraft and Rockets, 1976,
13(10): 589—593

Deng Xue-Ying, Wang Gang, Chen Xue-Rui, Wang Yan-
Kui, Liu Fei-Qing, Xi Zhong-Xiang. A physical model of
asymmetric vortices flow structure in regular state over slen-
der body at high angle of attack. Science in China (Series
E), 2004, 46(6): 79—93

(K242, RN, BR2pBE, EAE2E, XN, A A0HE. A1 HE AR s
IE NS TEXSFR i R A5 M AR, b E R E 4, 2004, 34(1):
79—-93)

Li X R, Jilkov V P. Survey of maneuvering target track-
ing, part V: multiple-model method. IEEE Transactions on
Aerospace and Electronic Systems, 2005, 41(4): 1255—1321

Li X R. Optimal selection of estimate for multiple-model
approach with uncertain parameters. IEEE Transactions on
Aerospace and Electronic Systems, 1998, 34(2): 653—657

Han Chong-Zhao, Zhu Hong-Yan, Duan Zhan-Sheng. Multi-
Source Information Fusion. Beijing: Tsinghua University
Press, 2006. 16—67

(RhZRi, UM, Bt 205 SR, dEat 3R AL,
2006. 16—67)

Li X R, Zhao Z L, Li X B. General model-set design method
for multiple-model approach. IEEE Transactions on Auto-
matic Control, 2005, 50(9): 1260—1276

Liang Y Q, Li X R, Han C Z, Duan Z S. Model-set design:
uniformly distributed models. In: Proceedings of the 48th
IEEE Conference on Decision and Control and 28th Chinese
Control Conference. Shanghai, China: IEEE, 2009. 39—44

Li X R, Jilkov V P. A survey of maneuvering target tracking-
part II: ballistic target models. In: Proceedings of the Con-
ference on Signal and Data Processing of Small Targets. San
Diego, USA: SPIE, 2001. 559—581

Jazwinski A H. Adaptive filtering. Automatica, 1969, 5(4):
475—485

Chang C B, Athans M, Whiting R H. On the state and pa-
rameter estimation for maneuvering reentry vehicles. IEEE
Transactions on Automatic Control, 1977, 22(1): 99—105

Reali F, Palmerini G, Farina A, Graziano A, Timmoneri L.
Tracking a ballistic target by multiple model approach. In:
Proceedings of the Aerospace Conference. Big Sky, USA:
IEEE, 2009. 1—-14

18

19

20

21

22

23

24

25

26

27

28

29

30

Zhang Shu-Chun, Hu Guang-Da. Target tracking for ma-
neuvering reentry vehicles with interactive multiple model
unscented Kalman filter. Acta Automatica Sinica, 2007,
33(11): 1220—1225

(S BER, B1K. ERESHLSE N KAT 28 M2 T 2B Unscented
FIRBIEW %, HahbFA), 2007, 33(11): 1220—1225)

Zarchan P. Tracking and intercepting spiraling ballistic mis-
siles. In: Proceedings of the Conference on Position Location
and Navigation Symposium. San Diego, USA: IEEE, 2000.
277—284

Vaddi S S, Menon P K, Ohlmeyer E J. Target state esti-
mation for integrated guidance-control of missiles. In: Pro-
ceedings of the AIAA Guidance, Navigation and Control
Conference and Exhibit. Hilton Head, USA: AIAA, 2007.
6838: 1-22

Zarchan P, Alpert J. Using filter banks to improve intercep-
tor performance against weaving targets. In: Proceedings of
the ATAA Guidance, Navigation, and Control Conference
and Exhibit. Keystone, USA: ATAA, 2006. 6700: 1—22

Marks G M. Multiple model adaptive estimation (MMAE)
based filter banks for interception of maneuvering targets.
In: Proceedings of the AIAA Guidance, Navigation, and
Control Conference and Exhibit. Hilton Head, USA: ATAA,
2007. 6837: 1-16

Liang Y Q, Han C Z. Tracking of semi-ballistic reentry ve-
hicle. In: Proceedings of International Symposium on Intel-
ligent Control. San Antonio, USA: IEEE, 2008. 389—394

Lin Peng, Zhou Jun, Zhou Feng-Qi. Maneuverability anal-
ysis of reentry vehicles based on moving centroid control
mode. Aerospace Control, 2009, 27(1): 7—11

(PRI, JAZE, JaAsE. T A L4 i 1) N AT 2R HLBIRE J) 43T
RiRFEH, 2009, 27(1): 7—11)

Mazor E, Averbuch A, Bar-Shalom Y, Dayan J. Interacting
multiple model methods in target tracking: a survey. IEEE
Transactions on Aerospace and Electronic Systems, 1998,
34(1): 103—123

Blom H A P, Bar-Shalom Y. The interacting multiple model
algorithm for systems with Markovian switching coefficients.
IEEE Transactions on Automatic Control, 1998, 33(8):
780—783

Hua Luo-Geng, Wang Yuan. The Application of Number-
Theoretical Method in Approximate Analysis. Beijing: Sci-
ence Press, 1978. 70—99

(TP PR, Fou. ORIl A b M . b5t Bh22 IR, 1978.
70—99)

Niederreiter H. Random Number Generation and Quasi-
Monte Carlo Methods. Philadelphia: Society for Industrial
and Applied Mathematics, 1992. 23—46

Hicknell F J. A generalized discrepancy and quadrature er-
ror bound. Mathematics of Computation, 1998, 67(221):
299—322

Fang Kai-Tai, Ma Chang-Xing. Orthogonal and Uniform
Design of Experiment. Hong Kong: Hong Kong Baptist Uni-
versity, 2000. 157—164

(P, R EA S W ARE ok, itk kR4 K%, 2000.
157—164)



119 RREAE: ARG N AT 85 AR b 783 25 (8] (B4R 8L 1543

31

32

33

34

35

Liu Tun, Zhao Jun. Dynamics of Space Vehicle. Harbin:
Harbin Institute of Technology, 2003. 131—150

(X, A, A TA)KAT 83 2. WG IRVEE: I R VEE Db K27 A,
2003. 131—150)

Julier S J, Uhlmann J K. Unscented filtering and nonlinear
estimation. Proceedings of the IEEE, 2004, 92(3): 401—422

Farina A, Ristic B, Benvenuti D. Tracking a ballistic target:
comparison of several nonlinear filters. IEEE Transactions
on Aerospace and Electronic Systems, 2002, 38(3): 854—867

Zhao Z L, Chen H M, Chen G S, Kwan C, Li X R. IMM-
LMMSE filtering algorithm for ballistic target tracking with
unknown ballistic coefficient. In: Proceedings of the Con-
ference on Signal and Data Processing of Small Targets.
Kissimmee, USA: SPIE, 2006. 62360K: 1—11

Bar-Shalom Y, Li X R, Kirubarajan T. Estimation with
Application to Tracking and Navigation. New York: Wiley,
2001. 199—266

REA VLA THERTRE
b B a3 BRI LTI A, FERTITT
1] 4 2 BT 7 vk (R T AR e v LA )L ED
H AR A Al . A SRR
E-mail: yqi.liang@gmail.com
(LIANG Yong-Qi Ph.D. candi-
date in the Department of Automation,
School of Electronics and Information

Engineering, Xi’an Jiaotong University. His research inter-
est covers model-set design of the multi-model approach,
and modeling and estimation of maneuvering target. Cor-
responding author of this paper.)

EBEME el Rl TR TR
e H M REER. EEWTRTT A%
TEAE R BEALIR S B v, AR
LR Sy AT

E-mail: czhan@mail.xjtu.edu.cn
(HAN Chong-Zhao  Professor in
the Department of Automation, School
of Electronics and Information Engi-
neering, Xi'an Jiaotong University. His research interest
covers multi-source information fusion, stochastic control
and adaptive control, and nonlinear spectral analysis.)

A B WA T AR TR
e A8 R WA, BT
) LSl H bR L 5 B Rl

E-mail: windshi76@gmail.com

(SHI Yong Ph.D. candidate in the
Department of Automation, School of
Electronics and Information Engineer-
ing, Xi’an Jiaotong University. His re-
search interest covers target tracking and information fu-
sion.)



