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(State Key Laboratory of Rail Transit Vehicle System, Southwest Jiaotong University, Chengdu 610031 China)

Abstract: In order to identify the external dynamic load of a single dimensional, multi-degree-of-free-
dom system with nonlinear stiffness damping, such as a railway car coupler, a loads identification method
based on the square root cubature Kalman filter(SRCKF) algorithm is proposed. Taking a two-degree-of-
freedom nonlinear spring-damped system as an example, a nonlinear process function containing external
dynamic load and state variables of system components is established. The external dynamic load is identi-
fied based on the square root cubature Kalman filtering algorithm with the vibration acceleration of each de-
gree-of-freedom as the observed quantity. The simulation results indicate that the method can identify the
random load on the multi-degree-of-freedom nonlinear system well. The correlation coefficients of the iden-
tification results for the stiffness nonlinear and the damping nonlinear system are 0.997 and 0.999, respect-

ively.

fs HER: 2023 - 10— 10

E2mB: XA EFER L (51825504); EK AARR#E 4 H S H (U19A20110) .

*BEEE: TG (1977—), B, [EmE TR, wit, EE R ARG 1% .
ORCID: 0009 — 0002 — 3080 — 3632 E-mail:liyanlei@cqsf.com

SIRER: BB, BG4, JilE, 5. 2T SRCKF HikH £ H mEEARL 1 R G sh AT IR B 77 ], R4k (B RBHERO ,
2024, 43(1):70 - 77.
GONG Jingchun, CHEN Qinghua, LI Yanlei, et al. Dynamic Load Identification Method for Multi-degree-of-freedom Nonlinear Systems
Based on SRCKF Algorithm[J]. Journal of Xihua University(Natural Science Edition), 2024, 43(1): 70 — 77.


https://doi.org/10.12198/j.issn.1673-159X.5253

51 FEENFA LT SRCKF SIUEIIZ 1 th AR ME R B3k RN ik 71

Keywords: force measurement; nonlinear systems; Kalman filter; random load; square root

cubature Kalman filte(SRCKF)

PR PR b TR BB R 8 04 B 28 AT X R SR 1Y)
P sl N | S5 A S AR 9% 57 i T AL
FEEE . MTPPEER, TS E L
PER G, HEM AR RATE o 55 1
G TRIME . R, RIS RO By L i o i PR 3
ot B U vk B E Y TR S M

B AT PN 7 7k 32 43 A B SR S 1 R
WU . ARRUNE 2t 240 Jre B 4 gk, He
PUBIDRG B2 v (U0 e 7 URR, 3 FH PR s sh i ar Al
SRR ML AT B IR A A e, AR i
HURKE R Geiz 8l 7 B A TR A bR AR dte, K 2 7
g, FRAR A RS BN 5 2R G mm I i) G R R
il Bhaer . RULHLAED DL =R 230 0 1 R 4R
J5F Duhamel BUMESEESL T —FhEH6 5 B t R
B RGN S AR Tk . BESEE A 7R I g
filt bl S AR B AR S, K 2 F IR B R Gis
SRR, BN T —Fh LRGN B R A £
A i RSl R G sh gk i in g, LA BRIy
FERTERME RS, MELMFRRARL M R G U R

RIR SR P E—Fh g SRR S R Ak TR
BUBTPRAAGT RS, DA SRR &
UEIE 7 vk R/ N 22Tk, Ay SIS T LR S
AN RN T J3E A i A 5 B0 SR 0 B 3R
. Impraimakis 5™ i1 T — AN BTGl KR &
DR, SCL T ARL M R G ITA SRS SE RN
AS B SER AU . LIU 250 5L T4 R R /R
SR, GIAFER AT (PCA) T i A8 e 2 4
DX TAABEAY, Sy 1 — b Ttk R Ge sh 8 iR i
A NEM . LB DR, KRB UE
WA A U T AT AR s Y S

IR RR IR & I8 I (SRCKF) 1) & —Fifi bk
T BRI A2 1) 25 FR I DU 07 AR U5 1 ek R
IR VRIS . BB ERAE N SRCKF 3%t A
VLT ZR 00 P SR AR S BT DRGHORS B 1 AR
BAbit. HAFESD LT SRCKF k45 & i
PR, % At fp AR S HEA TR LR BRI . DA Pk
B, TEAR Lotk R ), P AR AR R 2R 2 ik

SVEAT B B THRCR

B R 0 A B S A A AR AR NI EE FELE 1Y
A 2 A RGNS E AT, A SR
T —MEET SRCKF HkHZ A BRI R S 5h
BTN T3k, 8 i S A s Y R R AR
2R A R AL, 255 PO IR BUR R S IE D RA A
FR A R A YR sl i 3 e 17 R SR Al 3 3l B
IR AT AT, AR SO A H AR s S R
JEART RGN A 1 TR AL A4 &
IR A RRCR o

I FaMRgRES R HE

1.1 —EHHEIEZMREREER
LA W A e RN BHLJE A 4 1 9 3 B 4k 1
RIRIR B R G AT S, WE 1 R, 2SR
R
MX+CX+KX=F (D
X Mo RGBT RN C o RGHIEHE R K N
RGENIERERE; x . XFIX 05 RGEINLRS | B

2L

mo |

y
ky Cy;

(b) FHJZARZEME:
1 Al AR MRS R G A
Fig. 1 Model of 2 DOF nonlinear vibration system



72 (RN = = QRS )

2024 4

FINEE JE [ k5 F Ry RGN
TENIEEARZNE RGE T, k) BAAELAERRE, W
K2 PR, ST A N

ki1b |b] < 61

F= k1161 +k12(Jx| = 81)sign(b) 01<1bl <6
k1101 + k1262 + k13(|x| — 62)sign(b) b > 62
2)

3 &y (i=1~3) g W BE 28 b AR LR 5 0,(i=
1~2) Ay 18] W7 s %ok 107 (52 B% (L5 sign() 2278 X U 4 14
Eﬁl\%‘o

K2 ARLAEN R R R
Fig. 2 Diagram of nonlinear stiffness characteristics
TERL R AR R G, o) RA AR MR,
K 3 o, BB it A =0y

Clliﬂ |b| <&

Fg1 = cior+en(X—epsign(d) e < b| <&
1101 + ¢1202 + c13(|X| — &2)sign(b) |b| > &>
(3)

A e, (i=1~3) H P JE R EL bR AT ; 6,(i=
1~2 ) A7 [] BT o5 X o7 33 A

3 ARZeM: e Atk s
Fig. 3 Diagram of nonlinear damping characteristics
1.2 SRCKF HEXIR 7 [RIE
XTI T R G, RS AR By
X =[z1,22,21,22] 4
A 2y zp 20 5 9 AR R my . my B (0] (L F
21~ 23BN B my . my AEE R

R PR sh R GERT 52 S 6 AR RGN TEARES, K

RELEY TN
x =[z1,20,F, 21,22, F] (5)
AR B R G PRS2SR A2 N
Xx=f(x)+w
2= h(x)+v } 6)

X T RGERIALAS | 2 EE RN B 0 7, 72 52 PR
IR FH Y o0 R e A L 67 A% R R e 1 B
W, A, e R G 2 BRI R Sl BEAE hy £
eI £, S

z=[%1,%2] 7

SR A D ) EHE S B BICR A, [t
W RGERES TR A o MR A BT 5 AR 2B AR
O B A P bk o 3ok 2R A T I SRR 2 AR

Xk = f(Xp—1) + Wi }
2k = h(xp) + vy 8

o g e R RGUIRE L& 2 AU & . b 72
W gy PR DU W P v S R B ST 8 R 2 A
R Wi 1~N(0,0-1)s Vi1 ~N(O,Ry.1)

ZEa AL RAPEIT AR /R 2 U8 EHA
ExE RGeS BR B R AR AN AT 4 B . b b
PR MR PO A2 k-1 2D AR SR i o BB HE
5 kP RRE AR T x PUIME . X RS &
xo PR ZE T 22506 14 Py HEATRI UG 1L, 45 7 i Fe Mg
PR @ AN RS R R RORIIRTE .. RIS UET
IR [ BT e g PRI RS Xy, B AR
AARLMARZS T BT RAL R 5 AR BN X, FET
TR Je B 22 RS B T A o 3R 2 B 7 2 6 PR 1
TS A

Xjk-1=Sk=1&j + Xp—1 (9
Xt = fXjer) (10)
m
=Y wiXy an
=1
S = Tria([xz.S g.x-11) (12)

X Sy K P IR I IO i e A8 By b =R
o4 5 fj(j=1~m)7‘7?§$ﬂ}ﬁ%; Tria() 2% 7~ X} 50 B4 347
=S, SAFHERE R TT s xR D IMAUERE, Sl
Xi = %
T2 HEA T 0 S, MR A B 220K 25 S0 (o D
R 22 Wb J7 22 6 B T 7 MRS i 3R A AR X B

(X7 =X X5 4 = Xpo s Xy — 2] (13D



51 FEENFAS ST SRCKF Sk 2 1 th ARt R Gesh B RNy vk 73

Wl
X0 Pyw OV R
LA
X,‘,k—lzsk—lfj+xk—1 )
> 2 RS G RET B R 2]
Xf/‘,k:f()(f‘kf ) (10)
w3k ZRRAE BOE
. | weSex, (1
”/” 4.‘ kﬁ‘y»n , - 7
— A 4 THE k B 2R 220 5 22 R AR
Si= Tria((iS, ) (12)
L FHH AR ABUN
X, =S¢ +x, (14)
A 4 2. PRI R AL RE A B I A R
Zy=h(X;p) (15)
W3t 5 S 3. THEA ke 1] 20 e 0 0 {1
‘‘‘‘‘ M Yoz, 16
4. TR R 25 P Ty 25 40 MR - AR
S, = Tria([y, Se.l) a7
SCHHE 2
Py = Vo (18)
Y
REARTT .
LSRR
. W= (P J/S".0)S... 21
a2 RS AT
X, =x Wiz —2) (22)
3. HRRE Y 25V AT THE
& S, = Tria([x, = W WiSkil) (23)
45

€l 4 SRCKF S fe
Fig. 4 Algorithm flow chart of SRCKF

X, AR BT BT (546 , 7 504 4 5 3 B Szet = Trialyio Spal) an

Z,g0 FEHFEE 220V B0 (g . AR5 b Py =xivi (18

Iy T ARS RR 2 By 258 Py, S Spp M R BOTPTTHR . g 20 5 UK
Xjk=Siéj+x; (14) Vi = L[Z1,k—z};,Zz,k—z}z,---,Zm,k—z}i] a9y

m
Zix = h(X;z) (15) Vi

n Xk = %[Xl,k—x;:,xz,k—xz,'“ Kmg—x] (20D
Zk=ijZj,k (16>
=1 Ja, TPE R R 255 W REEATHE x, AR



74 (RN = = QRS )

2024 4

2007 2RI RASTHE S, TEM—UCIRAS BT

Wi = (Pi/SP)/Sk QD
xXi =x;+Wi(zp — z30) (22)
Sk = Tria([xx — Wiyr. WiSr]) (23)

T L RS T L R, SRS SCIR S R S
BT SRR
2 HEFEIGE

DLFEL 17 0 = AR 4 30 2 46 Do 1
HEAF A . B G 104 S ST N m =4 kg, my=8
ke, W AEZME R G 280 1 R, BLIB AR 2
REBHNZE 2 iR,

F 1 WIFERLERG S5

Tab. 1 Stiffness parameters of nonlinear system

RIS gzl HAbSH i)
kyy /(N/m) 5 ¢; /(N's/m) 5
ky2 /(N/m) 20 ¢,/(N+s/m) 3
K3 /(N/m) 30 5/m 0.1
ky /(N/m) 15 Jr/m 0.2

%2 BHRIELMERG S

Tab.2 Damping parameters of nonlinear system

e Z%k Hf HAbSH HME
¢y /(N's/m) 2 ky /(N/m) 10
¢, /(N-s/m) 30 ky /(N/m) 15
¢y3 /(N-s/m) 40 &1/(m/s) 0.05
¢, /(Ns/m) 3 &,/(m/s) 0.10

SR A 56 28 ORI R 7 AR i 22 (B X R 45 L 2k
Ty, AHSC R BB IR USSR AL L F, 3
7 AR 22 (BN T A e LS S R = ) 4 22
5o WITHRRZETHRE AN

RMSE(y, ) = 4 | % > G-y (24)
i=1

Ay S ESE; 9 A TR m R R
2.1 BEHLEENIR S

&l 5 Sy BEBLIsIAE HT T W RS SR 4t 3R S s 2%
ar PR3 A B Sl BT AR P AN AR R 25 IR AT LA
&l KRG shE R th A B At &+
Feik, WON Hh 8 sl 87 ith Ze A OC R BEX 0.997,
& 5(b) AT, FE B2 5 T 0.8 Hz St BB il

SE I3 HER, IR T 0.8 Hz B R 45 RARER /N
W HE SCe) AL AR R LG, ¥R
TR 22K B B K AH 17.553 N, B DL s/ IFFa e
TE2.052N IR .

90

—— s
- - - B

i ff/N

s 1]/s
(a) B4k ]

— HIA
32+ - - - HBIHE

0 . 1
0.1 1 10 100
AR Hz
(b) IFE

~.

16 1 ~17.553N

RMSE/N

s 1]/s
(c) YRR 2z A
SIS [ )5 e e i LI S e S
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