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Modeling and Multiple-model Estimation of Invariable-structure
Semi-ballistic Reentry Vehicle

LIANG Yong-Qi' HAN Chong-Zhao? SUN Yao-Jie® LIN Yan-Dan® YANG Yong-An*

Abstract A trim flying semi-ballistic reentry vehicle (SBRV), with invariable structure during reentry process, is different
from the conventional ballistic reentry vehicle (BRV) or the maneuvering reentry vehicle (MaRV). Characteristics of the
vehicle are analyzed in this paper, then the SBRV model is proposed and compared to the conventional models used for
reentry vehicles. For the multiple-model hybrid state estimator of the reentry problem, the F-uniform model set and
the expected-mode augmentation (EMA) set are applied. According to SBRV’s cylinder mode space, the present design
method is expanded for the F-uniform model set, then an EMA approach is proposed. The former optimizes the estimator
in the sense of minimum distribution mismatch and the latter has higher accuracy than the former. Simulation results
show that the two model sets have higher accuracy in mode estimation for the initial part of the invariable-structure
SBRV'’s reentry process and have higher hybrid state estimation accuracy when the vehicle’s state changes greatly, as
compared with the model set generated by the conventional Monte-Carlo method.

Key words Semi-ballistic reentry vehicle (SBRV), multiple-model approach, model-set design, F-uniform model set,
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LN ATEE SBRY RIAE R 5
T P AT e

SBRV {4528 56 T4 2 5 ol 0 KRR 434,
T RE S k5 A 0 M1 AT, FRAI A A Al 2
HiR B AT, W) SBRV AR % ] 52 rh A H A 57
K250 = {k,0, 00} WA= BUREAE, %R
S EE (HAMFERF) B8 0 = (ke kua 00}
SR I

(16)

WIALALFE RS H O = {k,0, 00} MBS0
F(k), F(0) Al F(aqg), \A33] F-35 M8 M BT

S] 1. K S B A R (edf)
F(k), F(0) B F(ay) 321 BA A Ny, Ny Al
No, B, LA 2 8A s B0 B HOKP. 5% 20K
SEAETRLE P U I — IR, WV 6; € O, % BiBUK-T
JItes R edf

1 25 — 1 2N, — 1
2N,,' ' 2Ny, 7 2N,
j=1,---, Ny, (17)
ZH S B EAL AT LB R 2 3RS
2 —1] .
0, = arg [F.(0;) = —~—|, oo N,
;= arg (0:5) SN jed 0.}

(18)
P 2. ILTDE 1 RGN ESEEBUKT 1
cdf Wil AERLAE: QbR B fu 2 AR R 2 H0 (0 B K
i P08 7723 My iR A T BT AR AN
SRR (N < 30, © W5 S EEE N T 7),
045 AR 4 Hicknell ¥ A= 5 i) s 420 #g it i
UL,
$IB 3. KPR 2 BRI AL T EANS Y edf
(RIME F(0;;) B8l b B8 1 13 305 B 8 Bk (1
1 05 = argy,ce [Fs(05) = 25+, 7 € {1,--- Ny},
R 75 380 LE A 25 4% () 340 A0 BSA IR AR TR 4

PB4, WA
kg = k cos(0) (19)
k.q = ksin(0) (20)

PR 3 MBI © = {k, 0, aq} Prfiiad )
TRABKR R A A B AR R © = {kea, kia, aa} T
B,

TV, 76k, 0 S ag AHE ST B %
~, SBRV (15 2% (] by = 4 507 7 5 4K, AL T
BRSO odf, 1 SBRV ()45 0
() Ay [ AT AR BT DL - 380 5] RSP A 7 MR 0 4% ) AT 4
A7, T AR A ] 1) A TE AN A, X R 22 e 2
A SH edf g f. X FBIR AR nT DUAT 24k
WO Al oh 4 5 BB  R R B S, ok Tk —
W F-Y) S AL B A ) RO, kAT
SIS M (Expected-mode augmentation,
EMA) 4.
2.2 EMA &

2RI TR A T RO BE e gt i R E
PR LR U ) T Ak B R 3 R AR 2R A
& 7R A ) rh Al TS B S P ABE 2, 1 T K 1A
BRI B — 25 e AR A b n] DLk — 42 m il vk 2 1




6 10 R A ARG IE TN AT S RS 2 BT A 707

FEBE. W ITIEAESCHR [26] THE2 IR EMA %, 45
SERE AR AR, I 78 5 AR R AR EMA

-3

A SCR T SCHR [26] 9K, TR AR
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b, MBI, my_y SRR k-1 MM
BER IS OB, My, J k%1 EMA 4. [ 6 jf
RSO SBRV HRE K EMA 4, P iR
SRS MR (11) MG (13) %o
%

(21)

X = IU‘M’XM’ +/‘I’mk—1ka—1

§= pp M+ f, M1
Horf, X RHASTFG R, X, A2 %ER R AT
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3 {AEXW

A 1o H AR 7 ZFOAS 56 1 SC P IR B R AR 1) A A
B [ 2 45 M TN SBRV (KA1 4A IR 25 Ay v 17 B
Bl s, FBIMER: Xo = [232000 2290 cos(190°)
0 0 8800 2290sin(190°)). Wi % k: Py =
diag{[1000> 20% 10002 20° 1000®> 20%}. K
NBHN o = 585 m? kg, ZH ¢ WAHN 1, THEE
b5 5 BEL L AR B X A) b G keq € (0.3 0.3],

kg € [-0.3 0.3].
RATEOIRASRIR T FH R AL R ABFR R IR S B

P (VAN W S e et B RN OS5 B e BE QTR X E PN

PPN AR RS v, AL b RN e.

T
Z=|r b e] (24)
LR 22 (R bR vE 22 2 0, = 100m, o, = 0.05rad,
o, = 0.05rad. FHIERFEMIMEEE A T = 1s. FIK
Monte-Carlo {jj 52 BEATLH e HCVIE R 24 S 51,
AR IR B L AN 2 B0 BENLIE S 80T 15 k0
PN FR I (A A — 3, ARSI, FEA
A b b TR B — VR0 BLE FE A S5 0 BT AP N L AR
) B2 (AR AL X R) J2: 107 s ~ 158 s.
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J3 5 5 6 40 BRI R A o O T Al g e R 4 A
W f(8) = 1/2r, F(0) = 0/2m; Mt og J7 T
IR A5 o3 A A B — A 0 < &
< 1/3R AW, F =02 —WBERERHK 1/3R <
kE<2/3R W, NP KA 2/3R < k <
R W, il 48 3 BoR e L ag— B (1) o0 A # J2:
WA, X B R WUE A 0.3, WA T & 1l
SOy A pdf Al cdf 2351k

%’Z, %ogkg%}z
f(k) = %’Z, %%RSkS%R (25)
5%, *“%nggR
ok crel
F(k) = iy HgR<k<3IR (26)
1:?)];;+170’ %§R<k<R

PEf L = AR, Py A R4 JET
F-¥ o mi 4L 1) EMA 4£0) A ik Monte-Carlo v
RS AR, A 1 AAAES 3 41 I A 18,
24 F1 30, EMA £EM A LCAHN P35 MME L 1,
Lbhn 24 AMEEEL) EMA 452052 24 AN KH F-3
AR AR I — AN T AR .

F-B)5R b 4 Ny = Ny = N, = N, Jf
RSN B A UK PR T HHI—IX,
MRYEEE 2.1 AT L Rt P-4, thinis
TS 24 ML P35 iR L B kv v it
e Hoe RS E R, WK 7 b (26)
NI edf M2k, ihek BB U RN (17) #ix
cdf BSHULAF R 24 A 55, PARKR R 75 B HUKT edf
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R OBIRME M*(24,24%)
Table 1 Model-set M*(24,243)

e Y1 242 ZH03
1 1 15 13
2 2 6 19
3 3 22 4
4 4 4 8
5 5 19 23
6 6 12 16
7 7 9 2
8 8 24 11
9 9 2 21
10 10 13 5
11 11 17 18
12 12 7 6
13 13 21 15
14 14 1 12
15 15 10 24
16 16 18 1
17 17 16 9
18 18 5 17
19 19 11 10
20 20 23 20
21 21 3 3
22 22 14 22
23 23 20 7
24 24 8 14

(I, BEARRR & B UK AE R (R KE, BARIRE

JHEN LASRAZ S AN 1 UK TAE.

75 2 BB B AL () Lt b B = EAE R 43 ) 1y
AT AR A 36 1 D M3 72 () v 34 5 1A (1) B
& 24 MR BEALIAE M~ (24, 24°), %R T A —
TR R — NS HUNE B 8K cdf (EMES, §—
1T R R B AL AN T BT AL 5 S50 s, R/
(10 3 A A2 B, AR HI N 2 5% 38 edf /K
SRS, AR BT PR A R IR 3 ) i AR R A
T3k [27).

W MR 2 () (1 2 SRR A 3 N A AR AR R R I F-
WARRIEE R 1 I =FIKIRE ag, k A1 O 1B EK
SPEUR, LR CAR 7 b kB R A AR AR
1 2 FURAI N 7. BEmARIE =L (19) A=t (20)
X SRR B A AR R Kea, kg P g FHY
F-34 5 A X R R AEAE 75 SL P ARy R uni 4.

Bl 8 SRk 1 A AL AR 2 A 1) (VA B oA —
Y B, 8wl L, iR SRR A
) e L A AR (R (BRI A, H R LA
FRIERF A3 (26) A,

R T E ) P A BRI AL i Sk Ak B AR
P2 2.2 WETIA TR AN N 1) EMA 4. [A] I 4
VA B ISR E Monte-Carlo 725N 323 [a] rp i B
o4 18, 24, 30 PRI, P BB A AR X I
LSRR R FEAAR, AZ A A AL A () B AR A MC

o

F SRR RAT 25 3D AR = 2 MR A
R AEZEME, A0 Unscented filter (UF)28 HF
FETRIAR Hp ANEER )98, UF S N [l 8 A 3otk
O B 615 13-14. 231 UF 78— D4 A 1000 A 35
TR IR AT 8 B BT IS unscented A2 Ak, A %
2R — 21 R R A (LG ns 2 45 i S R A0
72) WL (Sigma points), fff X2 fi 38 el
FIMEAT AR 2 pR 2505 S S AT 7 251K B T

AT 25 BT 100 AL ) Monte-Carlo 1)
FAFRL i R TR A — A v T 2=
(Averaged normalized estimation error squared,
ANEES). {7 #77#¢ (Root mean squared, RMS)
i}%%x EE RMS ﬁjﬁﬁﬂﬂﬁf‘ s = [a7 de7 ktd]/ E(J'fﬁ
THRZE.

N

1 . .
ANFEES = — X -X\VTP~YX.—X.) (2
S Nn;(z DTPTN X - X)) (27)

b, X, — X, F P, 4y B4 i Yk Monte-Carlo 1/
SRR Al U (19158 22 ) 5 AR N (R B 7 22, o 2R
A EAYEE, N & Monte-Carlo 1 B IR EL. 1%
FRbRIE AL T 1 ERERES TR 2ZE 51 7 2
FHUCHC I FE B . B (13) " AE—Z 5 bt
() RMS 7 0] A5 4n F
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