a4 % B & 2009%F ¥ 54% H208H: 3147 ~ 3156 @
I www.scichina.com csbh.scichina.com SCIENCE IN CHINA PRESS

, 150001

E-mail: yukp@hit.edu.cn

2009-04-16 , 2009-06-20

( : 10672045) ( : NCET-06-0344)
ARMA
, (MEMS) ,
, M (®)X+g(x %,t) = F(t), )
3 g (X' X’ t)
) ) / ; , 2009, 54: 3147~3156

Yu K P, Pang S W, Zhao J. Advances in method of time-varying linear/nonlinear structural system identification and parameter estimate (in Chinese). Chinese
Sci Bull (Chinese Ver), 2009, 54: 3147 — 3156, doi: 10.1360/972008-2471




i % 0B & 20004108 #5548 F20H

, 1.2
’ , - (HHT)
: (WVD)Z, Gabor &l
] , [Al
1 1 , [iﬁl
Daubechies
! , , Morlet
1 1
M
1.1 - ' ,
' HHT ,
(EMD)
’ (IMF), IMF
, IMF
' g-11] | . HHT
’ ' CHHT Gibbs' |
[ll 1
(SWF) =
HHT , ,

3148



1.3

[12]

1.4

20

80 ,

ARMA

AR

Ho Kalman

Hankle

TVARMA
13~17 )
Kalman
8] ARMA
[21]
1966 [22)
, Hankle

{x(k +1) = A(k +1,k)x(k) + B(k)u(k), @
y(k) = C(k)x(k) + D(k)u(k),
x(K) k nx1 ,
A(k+1,k) nxn k+1 k
 Y(K) k rx1 , C(k)
k rxn . u(k) k
mx1 , B(K) .D(k) rxm
@1, y
. Verhaegen (241
(MOESP)
1991 QR
: (SVvD)
2000 [l MOESP
(PAST)
(EIV-PAST) SVD. Cho [26]
, Lanczos ,
- [27]
: . [28]
. Mercere
[291

[30]

3149



M 3 B B 200045108 E54%E 20 H
()
(2) D(k) sl
( ) Hankel
1341
, Liu
1999 BU ()
Hankel
Hankel
.1999 4 ,
(2) k
. Hankel U,
Hankel Y(k)  U(), Y, ., , k+1
Hankel
Y(k)=r (k)X (k)+O(k)U (k) 3) Yo=[Yu Y] Ui=[Uo T @)
F(k) ; @(k) Yo U
Zk = [Zk—l Zk}

A(k +.1,k) ~F(K)F(k+1)[ 1 (k+1)] 7, (k).

©)
k
0,0 = (7)) +(2 ()’
5,(k>=‘cjr—(f('§)(r=1,z,---,n),
00 &K ‘
2K AR Ak+1K)
2. (K) Liu

3150

1
7, =——(Y U/ U, U 1T -V)
k M(kl k-1l k-1 k1] M k)

o :UkT[Uk—lul;r—l]ilUk'

Z, k

)

(®)

[35.36] N4SID

TQR
(6)
: NASA NCST

. Tasker 1998

SVD

[87]



Hankle ,

, FAST,
138 PAST
. PAST
[ﬁl
J(W)=]x-Wh|". (9)
) J(W) w ) PAST
(7
@ (@) , z, YU
X W (C)
W.
, TOQR FAST
PAST
FAST , PAST
: : TQR
, PAST ,
PAST
FAST ,
TQR :
PAST ERA ,
a1 i ’
, Cooper®% ERA
, QR , Givens
, ERA
2
, 2.1
7 [41]
" s
, PAST

[52]

[42]
Goursat (4]
(Ariane)5
. Marchesiello 1451
[53]

[54]

3151



i % 0B & 20004108 #5548 F20H

[55]
[56~58]
2.2
()
M
M (0% +CO)x+ K O)x+G(xx,t) = F@), (10)
Ct) K(@) nxn
,G(X, x,t)  nx1 X, X
[tk'tk+n]
M ()% +C(t )%+ K(t)x +G(X x,t ) = F(t). (11)
(11) ,
(NARMA)
2 A®GY (k=i) = 2Bt )F (ki)
+P(YT(k—S),YT(k—S+1),~~,YT(k—1),tk), (12)
P [t b, ] YT(k—5),Y" (k-s+1),
YT (k=) . (12)
Y(k+1) = ¥ (K)Q(K), (13)

wK)=[-A -~ ABTBIpIpl ] (14)

20 - YT(k=1)--Y (k—s+)F"(k-1] 15)
- FT(k—s+1)RP, --- ’

Py Py P(YT(k=s),Y " (k—s+1),
YT (k=1) , PP,
. (13) 0(k)
(k)
Kalman
() . (10)

3152

NARMA .
NARMA
K, NARMA

y(k+1) = f(y(k),---, y(k=ny),u(k),---,u(k =m,),k), (16)

y(K) =Ly, (k). y, (KT, u(k) =[u, (K), -, u, (KT,
n, m, . f0)

Taylor
NARMA

30 = 000+ 26,00%, () + R, 121,20, (17)

J , Xij(k)ai:]-,zr",n;j=1,2,
d ’
. 6;(k),i=12nj=01-J,k=12

. R ,
R : 1)
&; (k)

. Feldman®%
Hilbert

2.3

y(k) =W, (kK)p(W, (k)u(k) + B, (k)) + B, (k)
= f(u(k), 6(k)), (18)
Wi (k) Wy(k), Bi(k), B,(k)

!

0(k)



e(k)
e(k) =d(k) - y(k), (19)
d(k) y(k)
(19 a(k) :
. 0(k)
0 (k)
P(k)

Ok +1) = O(K) + K (k +1)(d (k +1) - F (k +1) 9(K)),
Ky(k+D) = F(k+D@+F (k+DPRFK+D)", (o)
K(k+1) = P(K)K, (k +1),
P(k+1) = P(K) - K, (k +D)F T (k +1).

P(k)

. Ahmed-Ali 160l
Kenne (61
Lyapunov

3
()
- ()
. (2
. )
- (4)
- (1)
- (2
()
, Lyapunov

3153



i % 0B & 20004108 #5548 F20H

Nl e R e R e s

11

12

13

14

15

16

17

18

19

20
21

22

23

24

25

Kalman , )

, Kalman ,

SR, TA-F, WM. B R EM S BERA F k. ) F R, 2000, 30: 370—377
S5%, BRE OANANAKTRATEH S TBS S RHR. K5 E, 2002, 21: 37—44
B A&, K& AT AR EAE S Mk R F SRS IEH], 2005, 5:15—17
X&F, Ak AT DR EGN IS RASHIRA. RF. A K 5 S, 2008, 28: 108—112
P E, BEA, AL KT LTV & %69 A 8000). 500 K5 # 3R, 2005, 25: 41—46
A&, HbAE, #iRE. BEAER T AN R EAHRA. R TRL TARES, 2007, 27: 22—31
B2, RAE, PARW. RABS SRR NIRTHRT F B THABEKEFIR, 2004, 31: 281—285
AR, R, AFW. BA HHT F kiR 5 B E# L 99 &tk SDOF 1K £ 693 ) 454, B A#% #fk, 2005, 15: 597—603
Shi Z Y, Law S S. Identification of linear time-varying dynamical systems using Hilbert transform and EMD method. ] Appl Mech,
2007, 74: 223—230[doi]
FRRE, fek, X¥. AT HHT 76T % AdERLNGAFERA. P XP 2R KZHFIR), 2007, 35: 41—43
Pai P F, Palazotto A N. Detection and identification of nonlinearities by amplitude and frequency modulation analysis. Mech Syst Sig-
nal Proc, 2008, 22: 1107—1132[doi]
Grenier Y. Time-dependent ARMA modeling of nonstationary signals. IEEE Trans ASSP, 1983, 31: 899—911[doi]
MAHE, FI-F, 48 AR bR £ ek E 5 2RI A 4 B AR S AL ALE F ARk, 2001, 22: 277—280
Ko W J, Hung C F. Extraction of structural system matrices from an identified state-space system using combined measurements of
DVA. ] Sound Vibrat, 2002, 249: 955—970[doi]
Yang ] N, Lin S. Identification of parametric variations of structures based on least square estimation and adaptive tracking technique.
J Eng Mech ASCE, 2005, 131: 290—298[doi]
Lin J W, Betti R. On-line identification and damage detection in non-linear structural systems using a variable forgetting factor ap-
proach. Earthquake Eng Struct Dynam, 2004, 33: 419—444[doi]
A RGBS LB R AHRAT BRI RNRA. K TRL TR, 1991, 13: 2231
X E, X RE, ZFE, FOATHES K Prony k090 KRk R LS A HPHR. AU TAF IR, 2006, 42: 134—138
Petsounis K A, Fassoi S D. Non-statinnary functional seties TARMA vibration modeling and analysis in a Planar manipulator. ] Sound
Vibrat, 2000, 231: 1355—1376[doi]

Gk, REE, £ER, F LR RASHER T E IR REE SR AE SR, 2003, 24: 230—233
Poulimenos A G, Fassois S D. Parametric time-domain methods for non-stationary random vibration modelling and analysis—A criti-
cal survey and comparison. Mech Sys Signal Proc, 2006, 20: 763—816[doi]
Ho B, Kalman R. Efficient construction of linear state variable models from input/output functions. Regelungstechnik, 1966, 14: 545
—548
Verhaegen M, Yu X D. Class of subspace model identification algorithms to identify periodically and arbitrarily time-varying systems.
Automatica, 1995, 31: 201—216][doi]
Verhaegen M, Deprettere E. A fast recursive MIMO state space model identification algorithm. In: Proceedings of the 30th Confer-
ence on Decision and Control, Brighton, England, 1991. 1349—1354

Lovera M, Gustafsson T, Verhaegen M. Recursive subspace identification of linear and non-linear wiener state-space models. Auto-

3154



26

27
28

29

30

31

32

33

34

35

36

37

38

39

40

1

42

43

44

45

46

47

48
49

50
51

52

53
54
55

56
57
58

matica, 2000, 36: 1639—1650[doi]
Cho Y M, Xu G, Kailath T. Fast recursive identification of state space models via exploitation of displacement structure. Automatica,
1994, 30: 45—59[doi]

Oku H, Kimura H. Recursive 4SID algorithms using gradient type subspace tracking. Automatica, 2002, 38: 1035—1043][doi]

Mercere G, Lecoeuche S, Lovera M. Recursive subspace identification based on instrumental variable unconstrained quadratic optimi-
zation. Int J Adapt Control Signal Proc, 2004, 18: 771—797[doi]

Mercere G, Bako L, Lecoeuche S. Propagator-based methods for recursive subspace model identification. Signal Proc, 2008, 88: 468—
491[doi]

Liu K F, Deng L Y. Identification of pseudo-natural frequencies of an axially moving cantilever beam using a subspace-based algo-
rithm. Mech Syst Signal Proc, 20006, 20: 94—113[doi]

Liu K. Extension of modal analysis to linear time-varying systems. ] Sound Vibrat, 1999, 226: 149—167[doi]

Liu K. Identification of linear time-vatying systems. ] Sound Vibrat, 1997, 206: 487—505]|doi]

TP, #HALL, REH. BAREZ-H X ER2AANELIR. ETRES TRIEKF, 2002, 22: 14—17

B tbth, TH-F, /&M RA N TEMBES ARG RETEN T & BA S FFIR, 2005 22: 184—188

Tasker F, Bosse A, Fisher S. Real-time modal parameter estimation using subspace methods: Theory. Mech Sys Signal Proc, 1998, 12:
797—808

Tasker F, Bosse A, Fisher S. Real-time modal parameter estimation using subspace methods: Applications. Mech Sys Signal Proc, 1998,
12: 809—823[doi]

XH%, THF, %0 RGO TERFTERLAENTEMSRIRFHRR. TRHF,2002,19: 67—70

Pe#-th, TOFF, grzi. AT RAEMABLES SRR 6 HY AT BT 2 W k. DA A F, 2005, 22: 115119

Beothth, TR, 4p2M. A THZTAAHRGERET N F & K TRFIR, 2005, 18: 233—237

Cooper | E. On-line version of the eigensystem realization algorithm using data correlations. ] Guid Control Dynam, 1997, 20: 137—
142[doi]

B, T, %0 ATEARNERAARRG B ZREFBTHYMAHERETZ N T & AR ITAZFEIHR, 2005, 41: 117
—122

FOUW, LT, AT Aw AR REY TR AN EASBRA. R TRF MR, 2007, 20: 348—352

XA, NpeF AT FEREL TN ENTEH ERLGYELARE LR T 5 &, 2007, 26: 19—63

Goursat M, Basseville M, Benveniste A, et al. Output-only modal analysis of Ariane 5 launcher. In: Proceedings of the 19th Interna-
tional Modal Analysis Conference IMAC-XIX), Kissimmee, Florida, US, February, 2001. 1483—1490

Matchesiello S, Bedaoui S, Garibaldi L, et al. Time-dependent identification of abridge-like structure with crossing loads. Mech Sys
Signal Proc, 2009, 23: 2019—2028[doi]

Notdsjo A E, Zetterberg L H. Identification of certain time-varying nonlinear wiener and hammerstein systems. IEEE Trans Signal
Proc, 2001, 49: 577—592[doi]

Apostolikas G, Tzafestas S. On-line RBFNN based identification of rapidly time-varying nonlinear systems with optimal struc-
tures-adaptation. Math Comput Simul, 2003, 63: 1—13[doi]

S5, TERR. ATEEAZMA&GELRETERAHR. 54 5k K, 2002, 17: 517—521

Green M, Zoubir A M. Selection of a time-varying quadratic volterra model using a wavelet packet basis expansion. IEEE Trans Signal
Proc, 2004, 52: 2721—2728

FuE, A, MR AT R as MR TR AR SRR A RF FIR A H,2004,19: 51—56

K EW, Verbeke LP C, Clerc De EM, #. A AL fit 4y & W % F= DEM 248 SEAT H AL AL IRM, A5 @ 3R, 2007, 52: 201—
210

Ikharia B I, Westwick D T. A bootstrap term selection method for the identification of time-varying nonlinear systems. In: Proceedings
of the 28th IEEE EMBS Annual International Conference, New York City, USA, 2006

I iE, BabA, BKE. KBRS T Kt AR, A S B IR, 2007, 52: 1728—1731

LF R —RAFRK TR REM R T, A @R, 1986, 31: 1036—1036

THF, Atth, 80 FEAENTEHNRAAHRTEAARR. L FLEL2EBRFIBARAERNFRENLE
(NVTA’ 2007), #tH, 2007

Betbth, FIF-F, 48400, A A NARMA AR 9FiR 4 Ko i R 454 & 4. % RIE Tk X 5 5 3k, 2008, 40: 12—16

FtAf, FA-F, 48%M. KT e T NARMA A 69 3F &l it T R MR, TR A %, 2000, 23: 25—29

FHP, &, %M ATFHEN 2RO TEREENRAGHREREIRRT D ZRE R TRFIR, 2007, 20: 468—

3155



i % 0B & 20004108 #5548 F20H

472

59 Feldman M. Time-varying and non-linear dynamical system identification using the Hilbert transform. In: Proceedings of the ASME
International Design Engineering Technical Conferences and Computers and Information in Engineering Conferences (DETC2005):
Vol I: 20th Biennial Conference on Mechanical Vibration and Noise, 2005. 1309—1317

60 Ahmed-Ali T, Kenne G, Lamnabhi-Lagarrigue F. Identification of nonlinear systems with time-varying parameters using a slid-
ing-neural network observer. Neurocomputing, 2009, 72: 1611—1620[doi]

61 Kenne G, Ahmed-Ali T, Lamnabhi-Lagarrigue F, et al. Nonlinear systems time-varying parameter estimation: Application to induction
motors. Elect Power Sys Res, 2008, 78: 1881—1888|doi]

Advances in method of time-varying linear/nonlinear
structural system identification and parameter
estimate

YU KaiPing, PANG ShiWei & ZHAO Jie
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The advances in methods of estimating modal parameters of a linear time-varying structural system
and identifying dynamics characteristic of nonlinear time invariant structural systems in recent
years are briefly reviewed. A parameter estimated procedure for linear time-varying structural
system based on the subspace technology and nonlinear system identification method including
scheme based on the neural networks and time varying NARMA (nonlinear auto regressive moving
average) model is summarized in detail. Finally, major issues and directions for future work are
discussed.
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