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Controllable-structure Semi-ballistic Reentry Vehicle Tracking and

Space-filling Model-set Design

LIANG Yong-Qi1 HAN Chong-Zhao1 SHI Yong1

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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ÚØ(½5ǑO\
2\N;,�E,5ÚØ(½5, DÚ�6u¢���{�{y2\L§�6|[7−8], ©z [7] �Ñ2\N�6|3��þ´�Å�, Ù)ûA�ÏuÚO�{.

SBRV �2\L§dëY¤©�lÑ¤©(½,ëY¤©¡�Ä�, ÙCz´ëY�; lÑ¤©¡��ª, ÙCz´lÑ�. ¤± SBRV �2\L§��þ´�«·ÜXÚ. ·ÜXÚ�O�Ì6�{Ǒõ�.�{, T�{Ó�¢yG���OÚ�ª�ûü, Ù¥�pªõ�.�{®²¤ǑÅÄ8I�l�IO�{[9]. õ�.�{�°Ýé�§Ýþ�6u¤�^��.8, Ïd�.8�O¤ǑT�{A^¥���¯K[10]. �´�.8�O�¡�nØïÄé�[11], Li �ò�ª£ãǑ�ÅCþ[12], ¿�ò�. (�.8) £ãǑ�lÑ��ÅCþ±Cq�ª. �Ǒé©z [12] �?�Úu�, ©z [13] �Ñ
3õ��ª�m¥��ª©Ù������.8�O�{. �â©z [6] �Ñ� SBRV �., Ù�ªÉ�õ�ëê�KǑ, 3��(� SBRV 2\�L§¥, Ù�ª�©Ù&EJ±��, 3¼���ëê©Ù«m�Ä:þ, �©�:´�6k�&E



11Ï ù℄Û�: ��(����ª2\�1ì��l9¿÷�m��.8�O 1535�ï�.8±¢y��(� SBRV �õ�.�{�O. 3L��A�¥, é2\N�õæ^ü�ÈÅì�¤��Oì, ¿òëê*��G��þ¥±¢yé8I��l[14] , 3��ª2\�1ì (Ballis-

tic reentry vehicle, BRV) ��l¥, äk�L5�´©z [15] ò{åXêÖ��G��þ¥±¢yéT�1ì�G��O; 3ÅÄ2\�1ì (Maneu-

vering reentry vehicle, MaRV) ��l¥, ©z [16]ò{åXê!÷,åXêÚ=�åXêÖ��G��þ¥±¢yé8I�G��O. þãG��þ¥ëê¤éAÆ�������6uäN�1ì�k�&E, ¤±©z [17] (ÜäN�1ì�AÆ�^õ�.�{E£ 4 «��ª2\N. �Ä�2\L§¥²~�3ÅÄÚ�ÅÄü«�¹, õ�.�{�·Üu�läkõ��U�ª�8I, ©z
[18] 3õ�.�Oìþ�
ãå, ��
�·Üu
MaRV �.��pªõ�.ÈÅì, ¿�^ MaRV�.Ú BRV �.|¤�.8. d	, pÅÄUå���C5É����'5[19−22] , éuÚ^ÅÄ2\, ©z [20] 3=ÄªÇ½~±9{åXê½~�b�eÏLü��.éù«8I?1
�lïÄ.éu{ªÅÄ, ©z [21−22] 38I�U�{ÄªÇk�®��b�e�^�|�.?1�l, 38I�U�ÅÄ�ªk�®���¹e, ©z [23] é��(� SBRV ÏLõ�.�{?1
�OïÄ.�´éu¢S�ÅÄ2\5`, 8IÅÄ����ªõ�, �ÏkòI��{, �Ì6�{ǑC�%��[4−5,24]. T�{�^w¬��8I, �´é�lö5`8I¥�^�w¬�ê!�w¬� �!�þ9Ù �Cz��Ï~��, 2\L§¥w¬ ��U���Ǒ��, �w¬3ù
 �Cz��ªǑ��. é¢S�2\8I5`, �kNõ��9Ø��Ï�, Ø
6|�E,5, ��Å���Uu)É~. �®kõ«äkÅÄ2\Uå���, ù
���ÅÄUå9ÙÅÄ�ªÑ´pÝ���, ,	, k
8I3u�â�\ÅÄ§S, Ï SBRV 2\L§�ª�CzéE,, Ù�ª���9ÙCz�ªÏ~Ǒ��, �±�ǑT�1ì2\L§�ª���´�Å�. ��`5, ØÓ�ÅÄ�LØÓ��., ¤±òÅÄ2\L§L«Ǒ�|�.�8Ü, 3��2\L§¥ý¢��.3ù�8Ü¥aC, �O¤^�.�Ø��Ï~��Ø��É�Ø�. �â©z [12] �*:, k���.8�O�6ué�ª�£ã. �©Äk©Û(��� SBRV �$ÄA59Ù�ªAÆ, 3dÄ:þJÑ
W¿�ª�m��.8±¢y SBRV ��(�

2\�õ�.�{�O.

1 SBRVï�9ÅÄ2\©Û
1.1 SBRV�ï�9ÄåÆ©Û

SBRV �ÅÄ5uT�1ì	/½ö(��Øé¡5. 3 SBRV �C(�2\L§¥, åÚíÄåû½
�1ì�^�Ú;,, Xã 1 ¤«,

SBRV w��%����1ì, : O Ǒ�%, : O′ǑíÄå�^�¥%. SBRV �¶���.5Ì¶�����, XJ�%�T¶Ü, íÄå��){å�^, {å��Ý�����; XJ�%lm¶�, K,å�), ,å�)�Ó�kp�{å)¤.

ã 1 ���ª2\�1ì9íÄå©Û
Fig. 1 SBRV and geometry of aerodynamic,å uR�u�Ý¥þ�²¡þ, �âÔn¿Â©)Ǒ÷,åÚ=�å, ö���1ì�÷,�:À, �ö���1ì��=�m=; =�åR�u�Ý�²1u�/Y²¡; ÷,åR�u=�åÚ�Ý¥þ. XJ�%7X¶=Ä, K÷,åÚ=�åǑØäu)Cz. ü �Ý¥þ, ü =�å¥þÚü ÷,å¥þ|¤��IX¡Ǒ��Ý�IX. Xã 1 ¤«, SBRV {zǑ uÙ�%��:,�^À�U (ENU) �IX£ãG�, òíÄåd��Ý�IX=� ENU �IX, �Ñx¼å�l%å�KǑ, ��� SBRV �.[6, 23]:

Xk+1 = FXk + Gf(Xk) + Γuk + wk (1)Ù¥
Xk = [xk ẋk yk ẏk zk żk]

T

w(k) = [wx ẇvx wy wvy wz wvz]
T
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k + ż2
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ẋ2
k + ẏ2
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÷{' kcd Ǒ÷,å�{å�'�, ={' ktd Ǒ=�å�{å�'�, ,{' k Ǒ,å�{å�'�,

k2 = k2
cd + k2

td, {åXê αd = (1 + c2)α, c Ǒp�{åXê; {åëê α = SCD/m d�1ì��þ
m, ë�¡È S, ±9 CD û½, ��`5, CD �6u�1ì��Ý!ål/¡�pÝ!�1ì���'±9�í�Ê5Xê�[1]; ρ L«�í�Ý, a =

ae + h0, ae Ǒ/¥�», h0 Ǒ ENU �IX�:�°opÝ, µ Ǒ/¥Úå~ê; uk �Ld�1ìþ	å�^¤���\�Ý, uxk, uyk, uzk ǑTÑ\3z��I¶þ�©þ. XJ kcd = 0, ktd = 0, ¿� uk = 0, KT�.CǑ BRV �..

1.2 SBRV�ÅÄ2\©ÛǑ
�£ SBRV ÅÄ�AÆ, I�
)T�1ìÅÄ�8�Ú�Ï. SBRV ÅÄ�8��âI�©Ǒna: 1) UC2\;,±;m:�Ô; 2) ?�½öUCá:; 3) ÷v�1ì«ÉL1���. �A/, �� SBRV ÅÄ��Ï�â��å»©Ǒna: UC�%!UC	/½ö�^	å±UCÙ^

��;,, ùA«���ª�±üÕ�^, Ǒ�±|Ü�^, Ǒ
{üå�, �©Ø�Ä	Ü�\å���ÅÄ.éu BRV, XJ�½�©G�, KÙ;,�(½, � SBRV ;,�Ø(½5d{åXê αd!÷{' kcd Ú={' ktd û½, ùn�ëê��(½

SBRV ��ª, T�ª�8Ü�¤ SBRV ��ª�m. b�ùn�ëê�pÕá, K�ª�mǑ αd,

kcd Ú ktd ¤Ü¤�n�Ý/, SBRV ��ªÉ��1ì(�Cz96|Cz�KǑ, òÙ£ãǑê��ÅL§, KG��O�JÝ±9;,ýÿ�Ø(½ÝØ=dÅÄ��m!�ª��A�ªe�ÅÄrÝû½, Ó�ÏǑ6|�E,5ÚØ(½5\ì. �1ìÅÄu)��m±9�ª¥��ëê�>.éu2\N�:�Úá:ýÿÑé�, XJoÑ/���ª�>., K�±���1ì¤3��m«�, T«�¥z�:�1ìÑ�U²L.�^±e|µ5`² SBRV �2\AÆ: x0

= 232 000 m, y0 = 0m, z0 = 88000 m, v0 =

2290 m/s, ýwÆǑ", �1ì�Æ�Y²¡�YÆǑ γ0 = 190◦. α = 9.8
4 000

m2/kg, ÅÄ3 30 s �ÿu), ���ª±ê��Åó�ÅUC, = kcd � ktd3�g��«m�ÅCz, kcd ∈ (−0.5, 0.5), ktd ∈

(−0.5, 0.5), ÏǑp�{å��3, ÷,å�=�å�aC��p�{å ({å) �aC. kcd > 0 L«�1ì÷,, kcd < 0 L«�1ì:À; ktd > 0 L«�1ì�=, ktd < 0 L«�1ìm=.ã 2∼ 4 ¥�Ñ
ÅÄ SBRV �;,. Ǒ
�X��éì, ã¥w«
�Ó�©^�e BRV �;,, �ªǑ�ÅL§�2\;,¡�ManeuverS-

BRV. Ǒ
w« SBRV �U3��m«�, Ó��Ño^AÏ� SBRV ;,, ©O¡� Leftclimb-

SBRV, RightclimbSBRV, LeftdiveSBRV, Rightdi-

veSBRV, z^;,��ªd kcd ���>.�±9
ktd ���>.�|Ü�¤. ã 2 Ǒ�;,�é',ã 3 Ǒ�;,��Ýé', ã 4 ǑManeuverSBRV
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ã 2 n�2\;,9Ù3���I²¡þ�ÝK
Fig. 2 Three-dimensional trajectories and their projections in planes of coordinate system

ã 3 �;,¤éA��Ý� ã 4 �ª�m¥ManeuverSBRV ¤éA��ª
Fig. 3 Velocity curves of each trajectory Fig. 4 Modes of ManeuverSBRV in the modes space
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��Ú{��L1, dã�� BRV {��L1Ǒ", ManeuverSBRV {�Ú���L132\¥Czé�, SBRV ÷,��ÿL1~�, :À��ÿL1\�.

ã 5 �;,���Ú{�L1
Fig. 5 Normal accelerations and tangential overloads of

each trajectory

2 ��(� SBRV��l9¿÷�m��.8�O3
)��(� SBRV ÅÄ2\AÆ�Ä:þI�Ïék���.8�O�{. éu�ª�C�XÚ, Blom �[25−26] �Ä
�ª�m��C��.8��ª�m����/, ÏL��.ÑÑ�|Ü���ÑÑ�Cu��þ�� (Minimum mean

squared error, MMSE) �Oì[9]. õ�.�{�L«Ǒ[9, 26]:

X̂(k) =
∑

i

X̂mi
(k)Pmi

(k|Zk) (4)Ù¥, �.8 M = {m1,m2, · · · ,mR}, i ´�.8¥�.�SÒ, Zk L«l�©�Ǒ���Ǒ¤kþÿ�8Ü, Pmi
(k|Zk) ´�½þÿez��.���VÇ, T�ÏL Bayesian úªCq�O[9] ,

∑

i
Pmi

(k|Zk) = 1, X̂mi
�L
�. mi 3�Ǒ t�ÑÑ, X̂(t) ´�Ǒ t �.8�ÑÑ.Ï~�ª�m��u�.8, z��.þ�L�|�ª[12]. Ǒ
~�O�þ¿��U/�±�Oì�°Ý, I�~��.êþ, Ó��T�Oìé�«�U�ª��OØ���, 3vkk�&E��

¹e, �.8Aþ!/W¿3�ª�m, äkTAÆ��.8�±d Monte Carlo {)¤.

Monte Carlo{þ!/l�ª�mÄ� R�:,Äuù
�ª�E��.8Ǒ M = {m1, · · · ,mR},z��.�L
�ª�m¥ålT�.�C��ª,K�ª�m��.8y©Ǒ R �Ü©. S = ∪R
i=1Si,

mi 3 Si �¥%, é ∀ i 6= j, k Si ∩ Sj = φ.éuõ�.�{, XJ2\L§¥?Û�Ǒý¢�ª¤3f�m�º��, K¬E¤T�Ǒ�Oì�°Ýü$. XJý¢�ª¤3f�m�º��,KT�Ǒ�Oì�°ÝK¬Jp. XJ�.8��,K�ª�m�y©Ø
þ!, l���Oì��O°Ýü$; �.êþ�OõǑ,O\
�ª�my©�þ!Ý, �´ò���OìO�þ�O\.Ǒ
U±����.êþ(��O°ÝØü$, AT?�ÚJp:8þ!Ý. ǑdI�)ûü�¯K:

1) XÛ(�ù«¿÷�m��.8�þ!5; 2) XÛ�OT�.8.

2.1 ¿÷�m��.8Ǒ
�Ñ Monte Carlo :8ÑÙØ
þ!�":, �^�|(½�:��§�[27−28], ¿¡�Ǒ��Åê. éu�Å$Ä5`, �{��8I�ÅÄ´u)3���ª�m�´3,�f�mþ, ¤±�I��Ä�ª�mÝK�m�þ!5, Ǒd�^
Hicknell JÑ�¥%z Lp  �ïþ�.8�þ!Ý[29]:

CDp(M) =
[

∑

ΘΘΘu 6=Φ

∫

Cu

∣

∣

∣

∣

|Mu ∩ J(ΘΘΘu)|

R
− Vol(J(ΘΘΘu))

∣

∣

∣

∣

p

dΘΘΘu

]
1

p

(3)Ù¥, M L«�.8, m L«M ¥��., R L«�.êþ, ΘΘΘ L«�.8¥�¹�ëê�8Ü, Ù¥��ëê�pÕá, M L«ëê��ê, Mu L«�.83�ª�m�f�m�ÝK, ΘΘΘu ⊆ ΘΘΘ, CM =

[0, 1]
M

, ïþT�.8þ!Ý�ë�:Ǒ CM �¥%, J(ΘΘΘ) = {y ∈ CM : min(aaaj, θj) ≤ max(aaaj, θj),

∀ j ∈ [1,M ]}, aaaǑCM � 2M �º:¥ålΘΘΘ�C���, J(ΘΘΘ) L«ΘΘΘ � aaa �m�Ý/, J(ΘΘΘu) ǑÝ/ J(ΘΘΘ)lCM �Cu�ÝK, Vol(J(ΘΘΘu))Ǒ J(ΘΘΘu)�NÈ, Mu Ǒ�.83 Cu ¥�ÝK, Mu ∩ J(ΘΘΘu)L«Mu � J(ΘΘΘu) ��8. ¢SþTOKïþ
�.8�Øþ!Ý: T���, �.8�þ!Ý�p.Ǒ
?�Úü$ª (3) �O�þ, �^¥%z� L2  �[29]:
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CD2(M) =
{(13

12

)M

+
21−M

R

R
∑

k=1

M
∏

i=1

[

2 +
∣

∣

∣
θki −

1

2
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+
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2
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∣

∣

2
]

+

1

R2

R
∑

k,l=1

M
∏

i=1

[

1 +
1

2

∣

∣

∣
θki −

1

2
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∣

∣
−

1

2

∣

∣

∣
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1

2
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∣

∣
−

1
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∣

∣

∣

]

}
1

2

(4)�âª (4) �±'�ØÓ�.8. XJ�|�.8�¹�ëêêþÚ�.êþ�Ó, CD2 ����.8ÑÙ3�ª�m�þ!ÝK�p.

2.2 ¿÷�m��.8�)¤9á5Äu Hicknell OK)¤�.8�g´Ǒ: ÄklÑz��ëê±¼�ÙlÑY²�8Ü, 3dÄ:þ�âþ©JÑ�OK�E�«¿÷�m��.8. éu¤k θi ∈ ΘΘΘ, �âÙ��«m¼� Ni �lÑY²�:

θij = θ−
i +

2j − 1

2Ni

(θ+
i − θ−

i ), j = 1, · · · , N (5)Ù¥, θ−
i Ú θ+

i ´ëê θi ��«m�þ.Úe.,

Ni ´�.8¥TëêlÑY²��ê.3¼���ëêlÑY²�Ä:þI��Ä�.êþÚëêlÑY²ê�'X, ëê θi �ê ri ´�Tëê���lÑY²3�.8¥Ñy�gê, ri = R/Ni, Ó�A÷v mod(R,Ni) = 0.|Ü�ëê�lÑ��±3�ª�m¥þ!/ÑÙ N1 · · ·NM ��., d�?�ëê θi �êǑ
N1 · · ·N(i−1)N(i+1) · · ·NM , T�����. �ëê�êA�â�Oì�I�ÀJ, l~��.êþ�ÆÝ5`, 3�½�ëêlÑY²�^�e, AT��ëê�ê��U�. XJ N1 = · · · = NM =

N , �±� r1 = · · · = rM = 1, K�.êþ����� R = N .3(½��ëêê9ÙlÑY²��Ä:þ,�âª (5) l CM ¥� N1 · · ·NM �:pÀJ ����þ!�.8. �m���^���Â{)¤
�X�þ!ÑÙ�:8[30], Ø
êǑ 1 �:8	, ��Ñ�X�·ÜY²�:8, ù
:8Ǒ÷vª (5) ��`(J, ½´T�`(J�pÝCq.l Hicknell OK�½Â�±wÑ, ���ª�m�?¿ëê� �, T�.8�þ!5ØC; ÷²¡ θi = 1
2
(θ+

i + θ−
i ), ∀ i ∈ {1, · · · ,M} é¡����.8ØUC��.8�þ!Ý.lþ!�.8�)¤�ª��, Äu HicknellOK�O��.8¢y
3�ª�m��ÝK�mþ�þ!ÑÙ, TOKÓ��N
Äu Hicknell OK�O��.8´�ª�mÝK�mþ�4�4��O.

�^Ý
L«�.8, Ù��L«�AëêlÑY²�SÒ, TÝ
�z���L��ëê, z���L«éAëê3�.8¥lÑY²�8Ü; z�1L«���., Ù��L«T�.¤éA�ëê�Y², XJ�.8Ý
�¹ R ��., Ù¥M1�ëêkN1 �Y², M2 �ëêkN2 �Y², K�â Hicknell OK)¤��.8L«Ǒ M
∗(R; NM1

1 ,

NM2

2 ), ±daí.

2.3 SBRV��.8�O�âþã©Û, þ!�.8�±k�/¿÷�ª�m, Ǒ
�O SBRV ��.8I�¼�T�ª�m�k�&E.�'u2\N2\AÆ96|�ïÄÌ�ÏL¢��{, ÏǑ2\L§�Ø(½5, Ó�6|/¤ÅnÚCz5Æ�8ÿ��£[7] , ÏL¢�J±yý¢�2\L§, ��;.�~f´ýwÆǑ"�2\N?1�HÆ¢��, ¤ÿ��ý�å���Ú���X�.E=Æ�ØÓ¥yØ5KCz[8]. �´ÏL¢��±��{åëê�����,Ǒ�±��÷{'Ú={'�>.�, ?�âk�&E(á SBRV ��ª�m.Ü¤ SBRV �ª�m�÷{'!={'±9{åXê�«m�±k�¼�[1, 31], 'XÊU�Å�,{'�u 1, ^¤N�,{'Ø�L 0.8, Ù¥�»�E�,{'Ø�L 0.5, [�N�,{'��éõ. b�÷,å�=�å�pÕá, K§������Ñ�u,{'�����, k+ = k+
cd = k+

td,

k− = k−
cd = k−

td, ¤±éu(�CzÚå�ÅÄ2\, �±�^,{'Ú={'���«m. ¼��k�&E�õ, T�ª�m�°(, �âT�ª�mïá�õ�.�{��O°Ý�p.

3 �ý¢��!ÏLXe|µ�y©¥#JÑ�.8�k�5, éu����(�� SBRV, �©G�Ǒpd�Å�þ, þ�Ǒ: X0 = [232 000 2 290 × (190◦)

0 0 8 800 2 290 sin(190◦]T. Æ��Ǒ: P0 =

diag{1 0002, 202, 1 0002, 202, 1 0002, 202}. {åëê α = 9.8
40 000

m2/kg, b� SBRV ÷{'�={'©Ù«mǑ: kcd ∈ [−0.3 0.3], ktd ∈ [−0.3 0.3]. ÷{'Ú={'©Oþ!/lÑzǑ 3 �S�, z�
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Monte Carlo �ý�ÅÀJ��S�, XÚ�=£VÇl�½�=£VÇ8Ü¥�Å/ÀJ, 3T8Ü¥ πii ∈ {0.5, 0.6, 0.7, 0.8, 0.9}, é ∀ i 6= j, πij

= (1 − πii)/N , Ù¥ N ´ëêlÑz�Y²ê. X�þÿ�þǑ
Z =

[

r b e
]T

(6)*ÿØ��IO�Ǒ: σr = 100 m, σb = 0.05 rad,

σe = 0.05 rad, X�æ��m�Ǒ T = 1 s.õ�.�Oì�z��.æ^ Unscented filter

(UF), UF ®²�õ/^u2\�l[18,32−34], TÈÅì�±���5�O���`(J���°Ý.�Oì���æ^ü:{��[35] , �l��pªõ�.�Oì�^�=£VÇÝ
Ǒ πi,i = πi,i−1 =

πi,i+1 = 1/3, π1,1 = π1,2 = πR−1,R = πR,R = 1/2.�ý¥�â Hicknell OK)¤��.8¡Ǒþ!�.8, ÏL Monte Carlo {)¤��.8¡Ǒ
MC �.8. MC �.83zg�ý¥�Å)¤,¿�3zg�ý�L§¥�±ØC. þ!�.8æ^
M

∗(10; 103), M
∗(14; 143)ÚM

∗(18; 183),XL
1∼ 3 ¤«.�ý(J'�
²þ8�zþ�� (Averaged

normalized estimation error squared, ANEES), �þ� (Root mean squared, RMS) Ø�Ú�Ý
RMS Ø�, ¤k(JÏL 300 gÕáMonte Carlo�ý��. ANEES L«Ǒ[35]

ANEES =
1

Nn

N
∑

i=1

(Xi − X̂i)
TP−1

i (Xi − X̂i) (7)Ù¥, Xi − X̂i L«1 i g Monte Carlo �ý�G��OØ�, Pi L«éAÆ��, n ǑG��þ��ê, N Ǒ Monte Carlo �ý�gê. ANEES ����Cu 1 L«�Oì��&Ý�p. RMS Ø��L«Ǒ[35]:

‖X − X̂‖
2

=
1

N

N
∑

j=1

(Xj − X̂j)
T(Xj − X̂j) (8)Ù¥, X ©O�Ǒ ��þÚ�Ý�þ���� � RMS Ø�Ú�Ý RMS Ø�, T���L«�Oì�°Ý�p.3 60 s � 130 s �m�1ì�G�Czì�, ��.85U��OÌ�Ny3ù��ã. dã 6 �±wÑþ!�.8��&Ý'��C, ��Nþ�uMC �.8. Ó�þ!�.8�'u MC �.8äk�p�G��O�°Ý.

L 1 �.8M
∗(10; 103)

Table 1 Model-set M
∗(10; 103)�. ëê 1 ëê 2 ëê 3

1 1 5 4

2 2 8 8

3 3 2 2

4 4 10 6

5 5 3 10

6 5 7 1

7 7 1 7

8 8 9 3

9 9 6 9

10 10 4 5L 2 �.8M
∗(14; 143)

Table 2 Model-set M
∗(14; 143)�. ëê 1 ëê 2 ëê 3

1 1 7 5

2 2 12 9

3 3 4 13

4 4 10 1

5 5 1 7

6 6 13 12

7 7 5 3

8 8 8 8

9 9 2 11

10 10 14 4

11 11 9 14

12 12 3 2

13 13 11 6

14 14 6 10L 3 �.8M
∗(18; 183)

Table 3 Model-set M
∗(18; 183)�. ëê 1 ëê 2 ëê 3

1 1 10 5

2 2 5 6

3 3 2 4

4 4 3 15

5 5 6 17

6 6 1 9

7 7 18 11

8 8 8 10

9 9 15 3

10 10 12 1

11 11 13 8

12 12 16 16

13 13 17 7

14 14 11 18

15 15 9 13

16 16 14 14

17 17 7 2

18 18 4 12
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(a) ANEES

(a) ANEES

(b)  � RMS Ø�
(b) RMSE of position

(c) �Ý RMS Ø�
(c) RMSE of velocityã 6 þ!�.8ÚMonte Carlo �.8� ANEES, � RMSE Ú�Ý RMSE

Fig. 6 ANEES, RMSE of position, and RMSE of

velocity for uniform model set and Monte Carlo model set

ã 7 ¥, þ!�.8 �Ø���'u MC�.8�N£, �ÝØ��ǑkÓ��(J,ù�y�L²þ!�.8éG�Cz�Nþäk�p�(¯Ý, �ù�AÆ�X�.8�O���
\r, ùǑNyÑþ!�.8¿÷�ª�m�AÆ.

ã 7 þ!�.8ÚMonte Carlo �.8éÅÄ�uÿ
Fig. 7 Maneuver detection of uniform model set and

Monte Carlo model set

4 (Ø�©©Û
(��� SBRV �$ÄAÆ±9�ª�Cz5Æ, Ù;,Ø=É�2\N(�Cz��m!�ª±9�«�ªe�ªCzrÝ����KǑ, �É�6|�Ø(½5�KǑ. éuù«�ªaC�E,2\L§, �©JÑ
�E¿÷�ª�m��.8, 3vkk�&E��¹e, ¿÷�ª�m��.8��«ÅÄ�ª�ålÑØ¬��, ÏLòù|�.�O(J|Ü����Ǒ°(��O. #�.8Äu Hicknell OK�E, SBRV�ª�m�k�&EÏL¢��±¼�, ù«¿÷�m��.8Pk�ª�m�þ!59Ùf�mþ�þ!5. Äuù«�.8��O(J�'u Monte

Carlo {)¤��.8äk�p��&ÝÚ°Ý, Ó�éÅÄ��A�\(¯.

References

1 Wang Xi-Ji. Reentry Technology for Spacecraft (Part I).
Beijing: Chinese Aerospace Press, 2006. 1−151
(�FG. ÊUì?\��£Eâ (þ). �®: �ÊÑ��, 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 AIAA Atmospheric Flight Mechanic Conference. San
Diego, USA: AIAA, 1996. 29−31



1542 g Ä z Æ � 36ò
4 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
(±Â©, w|², ±�. ��ª���ÞC�%ÅÄ��. �ÊÆ�, 2000, 21(z1): 107−110)

5 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
(Æ, ±�, HïI.  =���Þ�ÄåÆï��{ïÄ.Ê�Æ�, 2008, 29(4): 909−913)

6 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

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

8 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
("Æý, �f, �Æb,�ò¿, 4��,8§�.[�^¤N�HÆ�K��é¡µX(��Ôn�.. ¥I�Æ E 6, 2004, 34(1):
79−93)

9 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

10 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

11 Han Chong-Zhao, Zhu Hong-Yan, Duan Zhan-Sheng. Multi-
Source Information Fusion. Beijing: Tsinghua University
Press, 2006. 16−67
(¸Âè, Áöý, ãÔ�. õ&EKÜ. �®: �u�ÆÑ��,
2006. 16−67)

12 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

13 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

14 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

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

16 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

17 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 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
(ÜäS, �2�. �lÅÄ2\�1ì��põ�.Unscentedk�ùÈÅ�{. gÄzÆ�, 2007, 33(11): 1220−1225)

19 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

20 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

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

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: AIAA,
2007. 6837: 1−16

23 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

24 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
(�+, ±�, ±Â©. ÄuC�%���2\�1ìÅÄUå©Û.ÊU��, 2009, 27(1): 7−11)

25 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

26 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

27 Hua Luo-Geng, Wang Yuan. The Application of Number-
Theoretical Method in Approximate Analysis. Beijing: Sci-
ence Press, 1978. 70−99
(uÛ�,��.êØ3Cq©Û¥�A^.�®: �ÆÑ��, 1978.
70−99)

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

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

30 Fang Kai-Tai, Ma Chang-Xing. Orthogonal and Uniform
Design of Experiment. Hong Kong: Hong Kong Baptist Uni-
versity, 2000. 157−164
(�m�, ê�,.���þ!Á��O.�l: �lE¬�Æ, 2000.
157−164)



11Ï ù℄Û�: ��(����ª2\�1ì��l9¿÷�m��.8�O 1543

31 Liu Tun, Zhao Jun. Dynamics of Space Vehicle. Harbin:
Harbin Institute of Technology, 2003. 131−150
(4�, ë�. �m�1ìÄåÆ. M�T: M�Tó��ÆÑ��,
2003. 131−150)

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

33 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

34 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

35 Bar-Shalom Y, Li X R, Kirubarajan T. Estimation with
Application to Tracking and Navigation. New York: Wiley,
2001. 199−266 ù℄Û ÜS�Ï�Æ>f�&Eó§Æ�gÄzXÆ¬ïÄ). Ì�ïÄ��Ǒõ�.�{��.8�O±9ÅÄ8I�ï���O. �©Ï&�ö.

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.)¸Âè ÜS�Ï�Æ>f�&Eó§Æ�gÄzX�Ç. Ì�ïÄ��Ǒõ&EKÜ!�Å���g·A��!��5ªÌ©Û.

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.)� ℄ ÜS�Ï�Æ>f�&Eó§Æ�gÄzXÆ¬ïÄ). Ì�ïÄ��ǑÅÄ8I�l�&EKÜ.

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.)


