Journal of Mechanical Strength

% &

2026, 48(6):45-51

ETREHENFR=

B R

TS Y S5 K Nl B B A 77 K

a pXiE

EZ %0

(ZMRBKF e TSR, 20 730070)

A (HI] BOEGER IR S U O 45 i 107 S A% 3o i o 9 o I 2 e 7 5 22 TS AL (T S 2
FAPR JEE R 22 0 D A A BS RDE, 412 0 1 — e Tk 22 P13 R /R S s B SR M 2 Mg i A ik . [k ] B9 F
FRIEBE S PhT5 ZE D RCBORANGE & L SR RS Sl 1 12 x5 Bl 7 22 DEFE 24 2C PP A R 22 T EA T I AL, LA SIS R 7R & 494 45 Al
W P Ip 5 2 4 11 T IS 5 G, AR T R S0 X 4 K 2807 B AN [ A 2 g o 7 64T A 5 i, o) T 2R B
VRN R] S RER SR, B0k 1 T B 07 vk A R IR BT R O 1 R R S B B B0 B S K A i I A i B ER A AR
PEATXE L (S50 ] Z55RRWT, B 50 1 RN I ek MR P B 0y 22 11 368 IO 3 8 EC SRR O, S50 11 3 0 5 VA AR H BT B g

A2 ey i 7 TR AR JE

R FR22; DT EVCECEOAR s BahEik; FOENR/RSUEH; S N E

HESHES: THI13. 1

0 5lIF

2% F fg B W5 I (Structural Health Monitoring,
SHM) 2 AR TE TR A58 S FERl it i iz 17 f 44 v &
FEETEEMEMY . N T SN S5 F4 1 SRR W), 75
PLE AR RAS RGE I S5 TR B RS
WA o SRTAT, 26 SCPR TR FE T AT B4R Y [ PR B
AL IREF = Z BN AV N R B LR AT HI 2, T304
A W T 5 2 1) e R HLA A 5 BELASRAS . R,
FIFH 5y 2B AT TR A7 5 P A S0 i g o) 295 ) LA
SR N AT B R, AE PR TR B S R P

E T, 45 48 e 137 54 5k o3 Sy KK R T
UKy 1) vie) vy T A4 3k R T AR AR K B 7 e 1, B A
e iy R U A O 1 e iy A ok
Y —A> RGBT FE (P I R A A /D o 2 80 iy
B, (AT FRIBCE Z R AR R 5 T A A
P AT BRTTAR TR, A O SR N 250 ) S A R G itF AT %
S =LY A E VAR PO S W TN T VN €Y SRS S
R XA TR IR S ) e 1 A L P A R
ZREET S B IMRERET ARSIk, B
A3 i ) JEVRELIR B 0 45 1) 1 ) 7 3 i Sk AR AR AR
R %% (Intrinsic Mode Function, IMF ) A% Wi 5 , M T 8 57,
JI AL AL A e R A A B 2 A A A B O
REBA R B IMF RS LMo i o DRI T 2R
AN E AT AR R EHCRAL TR o S 2 R R R OR

Wk H 1. 2024-12-18

DOI: 10. 16579/j. issn. 1001. 9669. 2026. 06. 005

2 )& I (Kalman Filtering, KF) 77 % . KF J&— Fft if da
38 UE 5, A 1 EE A 28R e R AR S A 145 D T
Z Bk &2 Y. SALEEM 459255200 5 41 77—
il 22 B st s LA A & 75 ik, JF R I3 ) KF X =
YEAT AN B AEAT T AT R N A A TRk Y
SEUOHE KF SR a5 A 52 0 B X L 5 A ik
AT THBIE , SCBLT 2504 1 S B W) 17 ) AR 280 A 0501
KHODARAHMI %X 4% ¢ KF 5312 FlT 47 R 22 A5 Y
TEPE AR I AT T A R SRR . RN, KF 7 ik — ik
XoF U0 0 S L e R Ao R R RN S g P 22
B X U A MR RE A AR R s . AR SEBR R R
X Py 2 R B — PR AR N T A R R A A
PR AT AEE . SR, X ek B e B A Y
Al 2s FEURZE AN ARG B AR EE 2 B Dk & 1)
R TR G0 e] LE B A 80 H X K SR v ) M R g
Al vE, Bk R R DR ), s SRR A5 2 B B
# K /R 2 JE P (Moving-Window Kalman Filtering,
MWKF ) 56 e Al 11 M8 A e, 58 i T 454 22 25 Al e
N EAT A . SR, B B KNI ZE BRI, 3X
AIRES REURZ MR A8, HAT, A & AL TS
P IT 2500 5 0] 43 S ARG T 1 e KUK O i L DLt
W7 B AP 7 22 DC AL R0 Jorp By 22 DL
BEARCAENE SR 2] T — @ R H & —Fa s
H5 T92Ma )7, ALMAGBILE 451534048y 3

HAETH . BEEARPEIESTH (62161018); Hilr &L FH 5415 H (24JRRA284)

YEZ RIS BRI, 20,2000 454 B FEIE L Wit 2 ZWF5E 7 R 0 45 R e Wil ;- E-mail: Xueyifan1123@163.com.

ZEhmGEEER), B, 1972484 HON B, 1L, 202, LA E I, FZRF07 @R E-mail: pzrui@163.com, '-‘i-.-

SRR BN, BREL, A SO, 55 BE TR 22 U NI 2R 2 B B A 2 Ry 1oz SRR 7 75 [0 ). BILBROREE , 2026,48(6) :45-51.

XUE Yifan, YIN Hong, QI Yibo, et al. Structural response reconstruction method based on residual adaptive Kalman filtering[ J . Journal E ; LT

of Mechanical Strength,2026,48(6) :45-51.



46 ML I

R

53 2026 4F

5 5 FI 5k 25 1) GPS/INS H i b J7 22 DB BC J7 %€ . SUN
SEUHE P 5 25 DT B AR (Y LR b, XA R MRS Py 25
7 [ g AR e P R 2 O [T R 20
RGPS E, bk T B g5 28 VC O B, A SO
TR R AH H HT Py 25 DT L HE AR TR i A 4
BOR A BN

FET UL B 5, A SCE U 7 22 VE FC R AR 51 AR
HA o, R A TR 22 B R R 2R
(Residual Adaptive Kalman Filtering, RAKF ) 55 1 (14 I
N AT BRI AR 22 e 5y 22 DR R
HEEE IER R 3 B vk XT Uy 25 D e 28 =X b iy % 22
THHAT AL, 2K B6F R 7K 52 1 it A0 2 W P D3 7 22 1)
I3 A T B Y i g e 1 R 7R M RS RS LT
{14 A T S R T, O S0 38 5 (B TR R
R P88 I ik B AT A TR AT T 99k

1 REBENFRSIEHRMNEN

+*RERKEE
LNk RTHUIRAS 2SR 7 2

%, =Ax, +Bu, +w,

1.1

y,=Cox, + D, +v, (1)
a3 RS KBS 220 ) B EBOIR S v £ ORI i)
it SMIRER A, B BRSO B oA A
[ g SRS [ H IR ZR AR O AR 5 €, D RPIRZS A
Sy LI o ek (R WL s D, ol B AR . G 7
W w, PR 225000 QM EMR TS o, AT BII T 22 R
R, Ao AR MR P RTINS M P S4B Ay v T I s

KF 59 02 T RS540 v dee o B9 B /N5 22 e D Al
2z — TR IR ) o B — A I ]
SRR R BTN A AR R (D) TR A
] AR B R G 07 R I, T8 ek P[] SE I A AR e B
A AT 0 KF R4, 15 B R RS Al 1o i 8] 58T
AR i SR AP AN (2) (X (3) FR .

{AA;;:AI;—ka—I + B, u,_, (2)
P = AP _ A +Q,

K, =P C]|C.P,C + R, T

£22£;+Kk[yk_(ck£;+l)kuk)] (3)

P =[I-K_C,]P;
A, &, %) 705 8 S 3 B BRARZAS B A6 PP oy
B S S S5 e Ak TR 2E R T 2E R R s K, R R =
DB 7 5 1 0 PR RE RS

i LR 2, QM R, 18 ¥ 2 i KA i 58
TR S FE R B E A o (AR SRS HT R 35K 7 20
R, HUE IS B R AR 2 % g a1 PERE
BEEREaSBOUEH. M TRAERSUNARL,
ORI MR T 22 Q, AT LABAR M B 7 (H UK Q,

B — BN AR AR, DL 3 R A Rk
3G
1.2 KREMAELELRER

P72 DEBCHE A B S SR ALUR A DU 2 M 7 o, B B3
T Z WA TS B A ORr— 2, HIZERE & 1El
TR A R TR v 3 e U U R B IR T AT AR
PE ARSCH P T 2 VL FCEOR 51 A KF Sk, DU
fiff DR A A% B8 KOF 8 R A i o, o g s 0 i Mg 7 5 6
2255 3 RO g 0% T R, AT 5 390 %o 0 5 e
P57 2% R, W HAE A 3

B 22 5E SR LS I (R R A T LI A =[]
)25 5 o B 21T TP DR Ak UL 48 i = kAT
SERE R IR S USSR B 45 R R 22 RS
B, PR AR Y 2 OB A . 7E R R 2 R
LRI 2R 2E 6 RoR R

g.=y,—y =y —(Cx; + Du,)

Ao, g A USSR A T

15, 8 SRR AR 22 A e RR A 5_ 22 50 51 N
e, =%, — % e, = x, — %, WA 2 1Y5% 22 0] LLRIR Ny

e, =v,—(Cx; + Dyu,) =
Cx,+Du, +v,—(Cx;+Du,)=

(4)

C.x,—%)+v,=Cie +v, (5)
PRI BR 22 5 22 E [ £,8) [T RN N
E[Sl.-gZ] =E[(Cie; +v,)(Cpe; + '”k)T] =
E[C.eie;"C} + C.ejv) + v.e;'Cl +vv]]=
CkP[CE+E[CA_eZvZ]+E[vA_eZTCE]+Rk (6)

¥R (6) P E[C efv) IJRIF, 11
E[C.eiv;]= C.E[(x, — x;)v;]= C.E[ %0, — %0, ] =
-C.E[xv,]=-C,E[[x, + K,(y, - C,%x;, -
D)o 1=-C (E[%0, ]+ K,C,E[ev, ]+
K.E[vv.])=-C.K.R, (7)
H T AT 2, MR IR 2 e, 2 5 v, AHHSC, BT
LE[%0;]1=Eleiv;]1= 0. W T Creiv) = (v,e;"C)",
QK
Elve;'C/1=E[(Crejv;)' |= E[Cpejv; ] =
(- C,K.R, )’ = _RkKkTCg
(7)) A EERAAK (6) T, il 1
Elee/l=C.,P/C/ - CKR,-RK/C +R,=
C.(I-KC,P;C!-CKR, -RK'C/+R,=
C.P.C'-CK,/ (C,PCl+R,)-RK/'CIl+R, =
C.P.C' - C,P.C'(C,PC +R,) (CPC+
R,)-RK/C/+R,=C,PC-CPC -
RK'C'+R,=R,-RK/C/=R,-(C.K,R,)" =
R, -1CPC(CPC +R)'R] =R, -
(C.PC!) =R, -CPC (9)
FEKF SR, AT v, Py B B
WL BOREANZE N, KL Py 5 Py 2 A1 28 55 8 4

(8)



5 48 B4 6 1Y)

BENG P, A - T AR 22 O I K 2 B O A 235 g e 7 R T 3 47

RN, AT LA ATl ¢, P Cl R ¢ PrC)
RAGFNHE T 522 1 P Iy 22 DL k=X, B
R, =Ele,e' ]+ C.P;C! (10)
FR 5L (10) , AT LATE B — 4> 037 20 v fift 5% 22 33
At T RS B 2% R,
1.3 REBENFREEREEE
158 KF LM A RN B i e, il e & S 80
M ;o A ek R v 9 e A T AR I e AN WAL ) A i
MWKEF B SRR R sl i kX s gE AT 1 Ak, (0
F RN BRI e B, Tk AT HadE M Al 1. i
ffp R bR )8, AR SCIE TS 1. 2 T R 22 Uy 2 DL RC B
ARLFEH T RAKF 59k 12531438 100 % 5% 25 501 1) AN B
TE 3K B0 I M RS PR T 22 R AT A H Y,
MATTFE KF 5820 A5 21 T RS AR T 38T
=8 (10) AT, AT LASE 52 AN W7 53 3k 22 T B8
B MR P T 25 R, TR 22 BT 22 E [ &, ] | T LAYERS
Bl P RIAR E R0 5 (10) ] Rl
R, = %mzlsk_ig‘,{f_,. + C,P;C! (11)

A, m RSB AR . — O, BRI B i
KEE m BB SR AL G- A, B fili i A9 R, A2 AL T
Inp g B ARA ) 15 2R A 1Y
RIR=ZHEE K, N

K, =P,C"(CP,C"+R,)"' (12)
ISR S B B IR S A THE £, N
£k:£;+Kk[yk_(C£;+Duk)] (13)

25 LR, R RAKFSEHEZR N T
YERNY 2y, P,
kE¥R(k=1,2,3,---,N-1) :
1. T
(1L DABHPIPRAS %, = A, _ %, _, + B,_,u,_,
(L 2R 2 0 7 22 Py = AP, _ A + Q,
2. WL
(2. DAbHRI/REMEIEM K, = P,C (C,P,C] +R,)"
Q.M RS %, = £, + K [y, - (C,%, + Dyu,)]
Q. 3R R 2P, = P, - K,C,P;
3. BR2E A IE I R R S IR
3. DR S ) 4t 5 = C, %) + Dyu, _
(3.2)iFk Pz 6, =y, - 7/
(3. 3) T 5k 22y 22 DT ECHL A, 30 17 A 30 S W B3y 25
R, = E[e,e," ]|+ C,PC SRINESSh TN 5% 22 AT I -
R, = %yzak,ia[,i +C.PC
4. fETTEEHUR AR
(4. DI ERE N -R/R 25K, = P,C/(C,P;C/ +R,)"
(4. DHFEHGHORS %, = %, + K [y, - (C,4; + Dyu,)]
GER R AEER
H o, Py AR IR 5

1.4 N SRR
F (D) AT LA S0 7 2 A0 S A 7 %k
y. = Cix, + Diu, + v,
X (14)

v, =C;x, + Diu,
A, LbR e 23 5 il A7 B B AR ALE  CLCr Ay
) A I A7 R E AR AL E B R RS Dy D; A R
D2 R0 E AR BRI sy yy 43 A 1 s
D) 57 5 %) D) S e 12 RN A S B ) SR G R B oA
o A ) N ARG B, 51 AR A 43 B R 25 (Relative
Percentage Error, RPE) , Hi 145N

_ Vaalyi —yi)

Eppy = VD) (15)

b, vV, GO A bRiEZ

2 HERESH

Ry BRI T AR R A R A AT S SR AR EE AL
AT AR R B B SR A T A A e N A . AT BR ST AT
TR ARY h ISR RT 5% R AL, T A 1A R R T AL i
3 em?® F1 2 em?; BAPERSTEE 22 R 210 GPa 1 70 GPa; %
FEHI A 7 850 kg/m® s JAMA FLII M 0. 3. A7 4245 4 F bl
BLIK il it i 57 & an 1 1 T iz 3R A8 A 56 AR oT
30715 SR 561> FLER B 5 S0Rh A AT S BE Y LR 10~
250 Hz, fie KAE M 35 N BEEUEE YT 6 BB AR PRI <7
AR 23 o] 7 F, HOM 353 301 O 12. 84,48, 84,132, 83,
186.21.250. 64.380. 77 Hz, F-H45 HE ST BRI Ky B 52
A SEAEC (14) T R LA S A I s CBP 11799 45
F124 715 550 Y 7 1) 4 Jin s BE w7, I AYEE R 0.5 25
R 2. 56 B T A MRS AR A R Y . SR FH RAKF AT
DM B 5 25, R TR IR 2 i A S U 88,
FRMERT QTN — A B/INEL B Q = 1 x 107,

113 15 17 19 21 23 25@927 29 30

12 14Q) [16 /I8 20 226924 26 28
I m
{
9 10
7 8

6
iE
AORR
» oY e
2

BSSSNNN W
Bl EENCEHSR
Fig.1 Two dimensional truss of the crane
1 2 Ji 7R R4 RAKF ZEA R R B B KB m
AT 00 e W P B3 5 22 (AR I 22 371, AR 22 A B3




48 ML I

R

J7 A P, 2RI 3RS ) (AR AR I O, RS
ST K m 0 B AR 6 SCHR [ 14 10997 () s SOk B
[, 4390 51020 F130,  Fh L2 AT, Ak A ) o e
PN 22 R WRT AR BT U 2 A8 4k, -1 A 3] 151
B, SR AL Bl sl . 5 AU S5 SR AR R, 5K
FK B m BB AT R THES F T

8

---- m=5 — m=10
1) =20 —— m=30 — R
NE 6 3 i
B 141
}.‘Q 1
= ;
il
e
I
-2
0 0.1 0.2 0.3 0.4 0.5
I 1] /s

B2 AEm THNERSHTE

Fig. 2 Measurement noise covariance under different m

13 T 7 9 AN TR B I BE SR H % 58 KF . MWKEF
T RAKF 3 3 53k e —— AT 20 T4 14 Jon o B8 o 2
LR B2 RPE A . F P 3 Al 1, 25 7 1 m
{EAN RN, (8 RAKE FAS (AT A A4 580 B2 o B8 7
R 7 ) F- 2 RPE (A9 7E 2% LA T o BRI, R4 m X
(ELAT] 000 e s 4 e s (1) o, B 1) 5
(ELRRF AT, JF H 7 454 A SN0 5 A4 T A, BT BB 5
AELFAE L o I Hom 9K/ H5 00 R RS A 3 11
A K, TP AN 2 50 g oy A4 (RS

5w

. =5
mm m=10
8 == m=20
H |l =30
K
=
&
jast
B
e
MWKF RAKF
ERP Sl
(a) ARIH m A5 B35 RPE {H
4 =5
B m=10
® 3t =1 m=20
B =30
b
2 2}
R
o
] I]
) ml
0
KF MWKF RAKF

2
(b) A m ¥ 572 RPE{H

i3 2026 4
2F . =5
8 == m=10
B [ m=20
% . =30
R
Hm
r
) h
0
MWKF RAKF
k2

(¢) AR m TR HFX RPE(E
B3 AEmETHFEHRPEE
Fig.3 Average RPE value under different m

&l 4 9T 7 i RAKF 5.9 5 £ 4 KF 3.7k MWKF 5.
25 I M RS B O 22 AT RO HE . Herh SR K
& m=30, i th 25 K P . B 4 T L 58 KF
FI MWK B3 14 00 5 Wi s 37 37 i 15 17 LS4, A
7S 3501 M) o7 SRR B AR Y In) s, BT 4 B 1
ARG I R S BE S TR LS M IR B

o 4
E
jﬂ\ﬁ 3 i MW ol o0 } ll," AL LAY
}.’Q b !
ﬁ ---HS%E ---KF
= 1 —— MWKF —— RAKF
I Ve [\ Mo Ml CONTAS R
= 0
0 0.1 0.2 0.3 0.4 0.5
B JE] /s

B4 AREZEGBITHUNERSDS E
Fig. 4 Measurement noise covariance estimated by different

algorithms
5 s S I 3 B vk B A A5 31 25 44 438 A R
JEE F1 o R 0 15, KA -2 RPE (B XT Eb o FH R S AT
AT, AEEE T KF I MWKE 3% 2 Fhak [ 5y s, frdie s
T R 0 S R g AT R I RORS B R v L HL A RPE
EAE 2. 2% XUEM TFEHATZ A M A0 R 5
it feft FH i 4 5 1 B 5 KR e b v S ARG

AHXE 5 LR 1%

El5 FATRNEE IR AT 1 RPE (B
Fig.5 Average RPE values of acceleration response for all nodes
Unlel 6 fir 7, M Sh K m o 30 1, 1 1] 4
B4 XS Y J7 ) 5 25 A s BRI ER 21 9 A
F14 S JEE EAT FE A, R A ol 28 S it 2 22 (1]
PEAT TXFE . P 6 Al AL, SR RAKE 53k AT H Ay
£ ) )7 S R p £ 5 S 7 N R il e ) 5 15 D0 R4



5 48 B4 6 1Y)

BENR L, 45« FETHR2E 1 G IR R S BRI A0 S5 R i 1o AR 7 1 49

AT LA 0 W 7 B 7 2 400 i IR 221 i 28 L S N X 4
Feguig AT HA

D& /(m/s?)

0.‘1 0.l2 0i3 0.I4 O.IS
A [a] /s
(a) 552575 5 Y7 ) b imsek Ji

TP /(107 m/s)

0 0.1 0.2 0.3 0.4 0.5
R[] /s

(b) 5521745 £ Y7 1) L Y
El6 RAKF &% 300k 5 5 M0 R i 2%
Fig. 6 Real response and reconstructed response curves of RAKF
algorithm

T8 2 B ], X T RAKE B4k 5 0F B @ W Y
14 KF A MWKF 8353047 176 Lo %F LL AT, 2447
I S R 7S B 22 O 25 L SR N, P R AR T D 3
IO A - e MRS P 22 R, B LSRR T, DA 4R 1
FRE I
3 IR IEIE

DL S R B B0 X 4 T S 2 RO B i A%
SN 7 BT o BRI R S BOR AL AR =
Pl 8 BT s W o i B A% It 4 S A T R S R 5 9
FERE 13797 i VB A0 0 0F I S )0 o[RS, FE 5 S
FIVES 17795 55, Z 7 1) 43 930 A7 8 0 ok 8 A% TR VR A X
DIKE 56 BT $ Sk i B A RCR . T SR RSE S 50R
MOEFS BN SR 1 PR o 187 S B 45 20 4~ BT Al
21T L B L A R R AR B 21 T RO R
Ho I INVO821 i 38 Ji 4% Jakti 2 sl i S) 45 44 1) i
T W R, R 4E AL N INV3062-C2; 3K FE A Rl
4000 Hz, RFEK K 4 096, 7655 1115 50 Z 77 1) e
TINVER £ 3l Sl B KA R 10. 8 N ARl 8l 1 g At
AT, BEICHT 6 B RLASAE N HFRBEA . LI 15
FLHT 6 B #5525 4% A1 019 45 2% Oy 8.96.26.01.,57.22,
97.97.152. 04 .214.29 Hz,

E7 @SXERAEZEIWE
Fig.7 Physical diagram of the simply supported beam and test

equipment
A
7 |_: i 0 0
Yy [1]2]3]4[5]e[7]8[9]to[11]12]13]14]15]16]17]18]19]20
i A|7>
X 77'77
/
| |
I 1
4ed 2000
A S .
v = B
100

E8 EXREMREE(EA mm)
Fig. 8 Schematic diagram of the simply supported beam structure
(Unit: mm)
®1 BXREBH

Tab.1 Parameters of the simply supported beam

. SRR/ . 8
K /mm G /mm &/ mm (éi3) PP E/GPa JARSEL
2 000 100 10 6 440 128 0.3

VEHUHS 8 5 11K JE m=30 2 H & W T E I S5
H BSB89 P A I B Aot ) 000 MR P 0y 22 R, T 2K
AT 2%, fifi F RAKF 530355 40 S 6 1) 32 9256 5 e
171 BN TR 2 B (e 7 647 S A . R FH T A5 45
1) 1% g g o, i 5 0 ) 7 ) B R 2 SR B [T 9
i o b O R s R 1Y) A A
Bl Z RSN RV A R, R20R83
PR [R5 0 AR 55 5 19 RS 17 719 A5 1 F- 2% RPE
8. HFE 27 A1, T4 RAKF 22 1 19 5§ #4 F-1 RPE (4
I TAE A 3E % KF FI MWKF &5 3iE 7 596 A
T N FEVE A L, TR 7 VA REAE R AR R R B T 25 R,
F14) 35 EU M 5 2 SIS, AN D738 4 A1k 1 35 52 0 e 7
J5 25 , LA M) [0 7R ARG o

10p ﬂﬂ — WEE - KF

— MWKF — — RAKF

N E /(m/s?)

St

-10

0 0.05 0.10 0.15 0.20 0.25
i JE] /s
(a) 55 17719 S5 Ak J



50 HL i,

53 2026 4F

0.06 -

— WEHE -~ KF
——MWKF - — RAKF

0.04 +

0.02 +

R ((m/s)

-0.02 |

—-0.04 L

-0.06

0 0.05 0.10 0.15 0.20 0.25
BF(E] /s
(b) 28 577 s i

— W~ KF
— MWKF - - RAKF

B2 /(107 m)

0 O.IOS 0110 OI.15 0I.20 OI.25
i 1] /s
(c) 555 R pLFe
B9 Enm A 5 &N R i AR i 2
Fig. 9 Time-history curves of the reconstructed and measured
responses
F2 BN SN EMWAL Y RPEE

Tab.2 Average RPE value of the reconstructed and measured

responses
-1 RPE/ %
Wi i 24 754 TR
KF#3: MWKFE RAKFHE
5 9.70 8.19 5.02
Jin
17 7.66 7.39 6.07
5 16.51 16.09 13.90
I
17 19.08 17.83 15.93
‘ 30.98 30.83 28.56
(x4
17 30.71 29.87 27.77
4 £

X 4 KR S 32k 110 0 e 7 AR L T
S0P U0 IO PR 2 R D AN A SR [ fE, 51 A 5% 25 T
Ty 22 VC e $ AR , S BT 0 M s P 25 1 A N A
T SR T X A I A 8 25 R e S R A T T A . 15
W EEEEWT

1) 76 HEMT A (E 551 v, T RAKE 553846 fr
BT A B T R e O AT E A, 5 E ) T T
¥ RPE (I TE 2. 2% LA, 1fii fifi I £% 48 KF fil MWKF
R Y T A 1 o 3 Y A% 55 RPE (B4 #E L T 14%

M 10% . P, préesak 598 A am v kA e, A
W Y EE AR BE

2) F RS AR AR B T BE m T, 00 W 7 34 ]
38 1V BT ) SR B ST, T LA B g 14 i i
FARE B2 o 118 LS 5 i 0 e M s il 28 1) - SR R
2K ) o R A 00 MR R A ST g 0 M g 2
A28 .

3) 3 o FO(E A AR 56 0 T AR SR H S
I ) KF FITMWKF J5 3 A0 L, BT 5% 22 [ 3 1 KF 55
A e B LS R M R Oy 25 I, BB RS 3 N A
TFEC S0 M Bl Oy 22, 0k ) B v 4 A 7 T A
KR E R
2 2% 3k (References)

(1] T8, Bl BT DU Sr5 vk A S8 TR AU 4G TE S5 B B 1514

LI, MRS, 2022,44(1) : 133-139.
GAN Lu, CHEN Hui. Statistical model updating and structural
probabilistic damage identification based on Bayesian method [J].
Journal of Mechanical Strength, 2022, 44 (1) : 133-139. (In
Chinese)

(2] 2R BfBRA:, 0L, 55 . S5 BRI E 5 TR ). T
FE1%,2015,32(8) : 1-7.

LI Hui, BAO Yuequan, LI Shunlong, et al. Data science and
engineering for structural health monitoring [J]. Engineering
Mechanics,2015,32(8) : 1-7. (In Chinese)

(3] XV, 220 . 5T 0 A U0 AL AE 5 Rt 1 45 A B 458 )

[J]. HLAHRE ,2021,43(3) : 554-560.
LIU Mandong, PENG Zhenrui. Structural damage detection based
on the excitation points optimization and energy of signals [J].
Journal of Mechanical Strength, 2021, 43 (3) : 554-560. (In
Chinese)

[4] SUN L M, LI Y X, ZHU W, et al. Structural response
reconstruction in physical coordinate from deficient measurements
[J]. Engineering Structures,2020,212:110484.

[5] SALEEM M M, JO H. Multi-objective sensor placement
optimization for structural response estimation under spatially
varying dynamic loading of bridges [J]. Advances in Structural
Engineering,2021,24(10) :2255-2266.

(6] HfR, 5KiG, BPUbk, 58 . ZICRHIESKS) i w2 SRR RS
BREET S HI ], EILH 4, 2024,45(3) : 101-112.
SHAN Jiazeng, ZHANG Xi, LU Xilin, et al. Multi-feature driven
intelligent learning and prediction of deformation state of super-tall
buildings [ J]. Journal of Building Structures, 2024, 45 (3) : 101-
112. (In Chinese)

(7] BE, SR RO BN by 22 Q 1T T BSSH4 e N FE

V] TR i (AR , 2025, 52(10) £ 31-42.
PENG Zhenrui, CHE Jialiang. Structural response reconstruction
under optimal process noise covariance Q estimation[J ]. Journal of
Hunan University (Natural Sciences) , 2025, 52 (10) : 31-42. (In
Chinese)

(8] ARzUE, XA, FHSHAA, 5 . FE TSR G MBS Bk i %
RS R TR [T]. TR 1% ,2023,40(3) : 54-64.



%5 48 5 6 1]

BENG P, A - T AR 22 O I K 2 B O A 235 g e 7 R T 3 51

[9]

[10]

[12]

[13]

ZOU Yunfeng, LU Xuandong, YANG lJinsong, et al. Structural
response reconstruction based on mode synthesis method and
modal superposition method in the presence of closely spaced
modes [J]. Engineering Mechanics, 2023, 40 (3) : 54-64. (In
Chinese)

CHEN X D, PAN C D, PENG S X, et al. Structural response
reconstruction of beam-like bridge based on equivalent loads under
moving forces| J]. Structures,2024,67:107026.

S A PR SRR SR L T KEF B ARZR SN i 17 T AL RSN
PUMBEFE[T], A 2241, 2020,41(11) : 143-149.

ZHANG Xiaoxiong, HE Jia, QI Mengchen. Study on KF-based
responses reconstruction of nonlinear structure and external
excitation identification [ J]. Journal of Building Structures, 2020,
41(11):143-149. (In Chinese)

KHODARAHMI M, MAIHAMI V. A review on Kalman filter
models [J]. Archives of Computational Methods in Engineering,
2023,30(1):727-747.

TR, BRAL, B0 . FTH0E H R R S sk 228
TIGER R S FEAL [T ], T3 1242740, 2023,40(5) : 757-763.

DING Yiyuan, YIN Hong, PENG Zhenrui. Multi-type structural
response reconstruction based on innovation adaptive Kalman
(1.
Mechanics, 2023,40(5) : 757-763. (In Chinese)

filtering algorithm Chinese Journal of Computational

[14]

WARLEEAG[T]. RS phit, 2021,40(21) :90-96.

ZHANG Xiaohua, WU Zhibiao, WU Shengbin, et al. Structural
response reconstruction based on moving window Kalman filtering
algorithm [J]. Journal of Vibration and Shock, 2021, 40 (21) : 90-
96. (In Chinese)

SONG M M, ASTROZA R, EBRAHIMIAN H, et al. Adaptive
Kalman filters for nonlinear finite element model updating [J].
Mechanical Systems and Signal Processing,2020,143:106837.
ALMAGBILE A, WANG J L, DING W D. Evaluating the
performances of adaptive Kalman filter methods in GPS/INS
integration[ J ]. Journal of Global Positioning Systems,2010,9(1):
33-40.

SUN W,SUN P L, WU J J. An adaptive fusion attitude and heading
measurement method of MEMS/GNSS based on covariance
matching[ J]. Micromachines,2022,13(10):1787.

ASTROZA R, ALESSANDRI A, CONTE J P. A dual adaptive
filtering approach for nonlinear finite element model updating
accounting for modeling uncertainty [ J]. Mechanical Systems and
Signal Processing,2019,115:782-800.

MEHRA R K. Approaches to adaptive filtering [J]. IEEE
Transactions on Automatic Control, 1972,17(5) :693-698.

FU H P, CHENG Y M. Variational adaptive Kalman filter for

unknown measurement loss and inaccurate noise statistics [J].

kA GG, R, . TR E R IR R A5 Signal Processing,2023,212:109184.

Structural response reconstruction method based on residual adaptive
Kalman filtering

XUE Yifan YIN Hong QI Yibo PENG Zhenrui
(School of Mechanical Engineering, Lanzhou Jiaotong University, Lanzhou 730070, China)

Abstract: [Objective] Aiming at the problem that the traditional Kalman filtering algorithm applied in the process of
structural response reconstruction needs to preset the measurement noise covariance to a constant value, which leads to low
reconstruction accuracy or even non-convergence of filtering, a structural response reconstruction method based on residual
adaptive Kalman filtering algorithm was proposed. [Methods] Firstly, the residual theory was combined with the covariance
matching technique and the moving window method was used to approximate the residual terms in the covariance matching
formulae to achieve adaptive estimation of the Kalman gain and measurement noise covariance. Then, the acceleration data
were used to reconstruct the different types of responses at each position of the structure. Finally, the proposed method was
validated through a numerical example of a two-dimensional truss and an experimental example of a simply supported beam,
comparing the response reconstruction effects with those of Kalman filtering and moving window Kalman filtering algorithms.
[Results] The results show that the proposed algorithm can adaptively estimate the measurement noise covariance close to the
true value and achieves higher accuracy in structural response reconstruction compared to non-adaptive methods.

Key words: Residual; Covariance matching technology; Moving window method; Adaptive Kalman filtering; Structural
response reconstruction
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