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1.1 FEHAEEIRSEN

TE N 25 G 21 45 795 25 T PN ) S 00 57 0 e R
R IR | S IR M I B 4 7 PR Bl o e B, - B % )
FL IR DR RE 5 AR DU AR A R Bh 5 B . DA s
AR R B X R 0 Y R AR Bk Al 4 A 2l
P RE T 2 AU S M) o M A
TE 4% 19 A PRI e 10) B2 0E b J7 19 42 R A b Wi
B A = 1) Jon i AL A R R A B A

1.2 BT HR3hEE 8 b O it 8K SR K BB 4G i 77 7%
X7 R T v A A e Wi A R sl e
K H , BE A% PR TR BB I A A I AR D
KA R . B, 8 i R B AL s e I 42 1k
AR B 03 R A R LU, Rl A = 1] IR 3l ok R A

TS I 4 5 R HURR L B A S 5 AR R A AR 1) i
JE BEAT /N A o it R A BB S R ) A AR B
FRAEAU , THIE RS54 IR 3 BE B E, AR ) 6 e i
E W HAH Ry, B 5 Ry B {5 X 8980 % 247 A 3R
B s e, RS Bl 05 AU 3R £, AR A X (1)
THRAR B R A R A, It o0 A LA

S 3 A M B 2 B R DX 1) A AR s o R
B K 0 R A T D A R R A R R P Y
B9 73 BT 45 SRR AT X L, SR T AR SR B TE A

2 IRFMBEELHNENX
2.1 HFESAH o i

I 58 2 1T - B0 20 B 5 1S ) 8 L o AR Bl e



1030 E/ IR I 7 ¥

5 & W 945 5

GHEW—F CRBHERGE LB E AR
AFA A A 20 o o B2 e £ 6 v Gk TR 31 9 0 D
AR A B 5 6 T W00 o0 A vl LR B4 R4k 3 F2 00
(ERRE S e ey T 19 B0 D5 5 2 B4 2 TR IR 30 15 5 R i)
W AR A2 A 5 i Bl /NI B0 2 A R R A IR A Y
{55 R Ao Kt BB B 22, RIVERR AR A

JINIE AL 3 A 3 2 R 5 A L e BRIk vk
Xt /N 45 8] W R AT 0 3R 30 43, 45 3 58 41 45 543
B, R UK R 2 8] VBN 25 18 W,
Gi— KRN
U;O:Vf (iez) (2)
Ul —
ERL 3V, = V.OW,, 8 H U %5 ff 5
— N
U’ =UuU'dUu; (ieZz) (3)
WRB U U, ()W, U, ()8 R AL
U, ()AL I R I R
=2 > h(k)u(2t— )
keZ (4)
Us, (2 \/_Zg Yuo(2t— k)
=0, (L) ILfH
=2 > h(k)ul 2t — k)
keZ (5)
«/_Eg Yuo( 2t — k)

keZ

K5V A(R) RN g (k) AR BE 2B, W R IEAC
X Z L HD

g(B)=(—1)h(1— k) (6)
%'ug;”(z)eU"HT H
Ed, (2t—1) (7)

38 0 /N 93 2 g 5
{d}“‘”}ﬂ?f'?ﬁﬂ{d,"‘z”}ﬂl{d,"z“*‘} i

za/\ 9/61] L
—sz ,}/d’ Fh

Hordr:a, 653 500 RO+ FAL# K+
AN AL A R
dﬁl _2 h, - Zﬁdk +g/ 2Ad72+1)

(8)

(9)

XoF A o i) iR 2 I B SR AT p 2 /N A i
INDE ALY A R AN 2 ik . Hod, X(0,0) b 4
AT 1) I 2h 0 B IRAR AR S KRR T AR S 4
fift MARIIE 5 A, S 355 D, AKIK SRR 5 p )12

G55 R p,q), X5 RHTT S 22, nl UGS i 4%

S AE N A E R AR AL R
{(p.g)lp=1,2,--+,N;¢=0,1, -+, 2" — 1} (10)
BT RAES (p, ) BT 5EH
N=F/2""" (11)

Forfr: F R IR AR5 SRR IR 5 p R o i JZ R

II X(0,0) ll
[A(10) DL
IDz(_2,1)I IAz(_2,2)I IDZ(?,3)I
[ ] [DGD ] Dead [40d ]

B2 /N A3 B A5 A R
Fig.2 Diagram of wavelet packet decomposition tree
22 RHBEELL

Oy AR HR A I B A R 2 i i 20 o R A AL Y
AR, I R Bl Bk X A A T 1 4R Sl 0 A S 2t

114380, 0 s 4045 5 0] LAy
{z Jw=1,2, -, W} (12)
Hr Wt D4
XF# g T A A T ] 0 BE (R S o AT D

B AL B, A AR BB N /N 0 p )2 i E R
B LI 1 A S IR Bl ) SRR R AR, 0 AR A A
A AR IR B0 D R A IR AR e SRS B A R
AETAR £, $45 1R 4% 380 0 4 A0E 431 5 B0 AT 31 5304 0 0l
Pk s BT s

l,,=max(x,)

fi=r)

Forbr sz, Shy B0 2 46 i 1 4 A e o B 2 B (L

555 s Lo ARFAE AU A A 2 4 T ) I 2y Jon s e e

(LR IO A A3 A0 f (o) S i o S 5 0T L ) 4
LR RS

B 23 R AR A S R R B RE

(13)

Ve 51 p R F 00 6 A A 10 5 2 ot
j‘jEp/m EI]
Ey=[Ixgola=Y1a41" s

Hrpb=1,2,-, 20, AW S5 sm=1,2,---,M, A
T BRI

H BRI 19 9R 315 5 RE R 0T UK I Z Ik 3h
SREE N



#
&

Wk e, S5 3 TR S0 RE e L 0t b BRI D D AR Y 1031

lonl ZE;:/ (15)
BTN AL SRR R, Sl AR S BE

'R RS, HAT R AN
R;=E.,/E (16)
Hor B E 5350 0 5 p )2 8RR AE AU B BE B FZ R

Jit A5 WAl ) fE B R
E, M E MR AN

. ( )
Evzz‘xpx|
c=1
2
E=2Ex
p=1

2, -, C, N RFAESIUAT (Y B30 225 5 DA R AR

(17)

I
-

M
/)

5
# 7

dn 3

3 LMo
3.1 FEMEIRZME

N 2 B Ry 3R ] B Ml ks o 2k, L A-B Ol S
(TR T 82 s R (1 R 5 T N P 1 e S 7 e
Hh 2 B B, 262142 20 31 R 400 m 405 mo AR 3
Y RBIE 2 DX [ i £k 6 BEAF A2 380 7™ 51 R D B
WAL A [100,200] mm,

ESZRRENE

wy N=2Te} o
2 £3 2
X e
g 8 1389500 §
1-390.356 1-130.00

=120.00 h=100

Aiﬁl h=100 @
(a) A-BIX[H]ZRH I ZE I (B4 :m)
(a) Line diagram of the A-B section (unit:m)

DK 14+583.5 _DK16+110

R=400

(b) WD ERTTIS

(b) Field investigation of rail corrugation
B3 A-BIX B £k A

Fig.3 Line condition of A-B section

Wﬁ%%é%t?ﬁﬁﬁwAEﬁé%mm
M B P ELUE R 2 B E s, FRANAE
1) 2 A A 20 Jonn sk R A Y0 38 8550 4 v R R A% SR RN K
PR AR A o R BE AL B AR 3~ 1IE 28 Y i 3 A%
SRR 2B, AT = OB 1) 3 ) G ) o
HE 4l 4 1A I 3l R 1 8 PR A% B A BE R Oy 2, SR AR
Ok 5 kHzo FFH R AR R Sk 40 kHz 19 22 58 XS
ZERAE S R T 50 UE 2 R R B U0 Y AR D S 2

R 7 U 7 8 SR 5 — 3. M A ik B
BEAR B AR S SCHR 33 ] Hh 56 T 22 % 45 AR 4k sl
T 1 T R A% SR e A R A R e A B A I
A CE T 2R 5 e ) B35 Ak o0 B — 1 1 000 mm

A A AR b o S B 4 TR .

'
: B R AR

L
P4 B A
Fig.4 Field test layout

32 NEEFERSBEEMEMIT

DL A 3l 2 B ol i DX Ta) I Sk ), 38 RS B
T I R g W T X TR PN M Ak g 2H 4% 2 A IR B
B o R AR Sl an i 5 s .

1.0
05F
0
05F
-1.0

al/(m-s?)

0 20 40 60 80 100
t/s

() TR m RN
(a) Vertical vibration acceleration of the car body
1.5
< 1.0 H
0.5
0
0.5
-1.0

al/(m-s

0 20 40 /éo 80 100
t/s
(b) ZEHY RSN

(b) Longitudinal acceleration of the car body
0.50

0.25
0
-0.25
—0.500

al/(m-s?)

20 40 /éo 80 100
tl's
(o) FBE RSl nid i

(c) Lateral vibration acceleration of the car body
5 B A AR

Fig.5 Vibration acceleration of single vehicle
TS 0 A RGN [ i R AT — AR 3 0 2 Al
THAR PR A R ) A A T B 1D
o()=v(t)+ | a(c)ds (18)

1



1032 oo K

45 %

S()=S(1)+ | w(z)de=5()+

4

(=)o) + || ale)de (19)

Horr o (2) .S (2) 43 50k ¢ 1k Za) i 3 5 A0 B R A T 1
telt, b1,

I B8 @b A 0 3k 0 AR Al T AR R AT
TE XA () 22 A 1 i 1 RS ) o k5 2 47 30 T DG
ARIAT: T B 20 AN [R) 26 0 08 G 5 ok d O A% B2 22 )
(45 5 Bsf 8] 4B 3R 55 O, AR ] 838 o, ,, D 7 i 220 44
5N A RSN T 4

o 1 ttT,rt )
‘Ui‘j,/aw(li,le[ JTa.ri(Z)d [> (20)

Horpo A TR AR B B
S 5 T 1 S 1 0 147 T 38530 D
SRS B A 380 00 7 X 2 R £
S AT R
7}[:[7}['1 coe (21)
V=[v{ v, - v,] (i=1,2,++,n)
FCH s, g 4 1 R T L £ S G %
VN A T 2 ) 60 0 B R
il 25 5 5 T B T 1 2, B AR i (1)
T35 N
mm%UWz%fom@UVﬂfU%fV)
v (1)
T WOl b N R Y A (DL A
%E%O

T
Vii—1 O vi,i'l ot .U/,n]

(22)

0 =corr( @, i Qyise,,1)

0 (i:jﬁpl-.j<{00)
wl‘.v:

O (i7jH Pi’j>100)

J

(23)
w, =[wawaw;,]

W=[wlw, w,]

Hor: o, I AL 5 00 R A BLE BIAEL s w, ol 4 o
it SR X ] P ASER 0] i 5 WA AR R B

LI 2 e A A A
1
()=—W'V (24)
T w

T o G AR L 108 5 1k AR IS I 200 % 7 ) 3 R 1
B4, B
Av'=interp(T, Av, ¢)
o Ao S FEAE IE & 5 T o0 B Hnt %1 .
AvFl iR A

(25)

v, (To) —vlTo), v, (T\)— v(T)),

B () = 0T, oo 00 (To) — 0 o)

t=1{0, At, 2At, -+, NAt} (Az‘— [2[1)
- ’ ’ ’ s 4 _N+1

(26)
Horr: Av Sl B HCE 20 i e A 4 Al T S 00 6 4
AL T B 25 18 5 Az Ry S5 I TR]E] B N B TE] 43
A
Bs a5 5 n A A U0
Ve =0+ AV’ (27)
X B AT — R A B AT A5 3] AR ME B, 512
BATHEWE 6 FTR .
80

= 60 |

540-

~20r
-~

0 20 40 60 8 100
t/s
B 6 3 4istT g

Fig.6  Vehicle speed

] 5Ca) AT LA M, A AR ) sk FE AR 22~42 s
45~63 sHRah I Zl . MK 6 1] %, 51 4 L2 60 km/h
) 3 B 28 1k ARV R 14.9~15.1 km 1 15.3~15.6 km
49 PR A i 2 B B o

33 ETiRIEELLAMEIKE RS

R A5 0 37 L %5 114 500 2900 D6 s A% O O 285 5 A
TR N AN Dk B R ) A AR iR Bl R AR A R TR
[100,200] Hz Z [6] . & F db8 /N 3, XiF 4 {4 3 (7]
i B HEAT /N S AL o i 25 5 2 R (1)
15 209 B R 78 Hzo 22 1R 3 1] I B /N U A0 43
fif W 7 B . ANIE R [78,156 ] Hz S (1 Ik sh 15
5 AR U D B S R Y AR SR R R B

HR AR 3 (14) ~ (17) TR R AR A5 oy B JFL B 30 ) A
R Zh e it 5 AR B AR i Y LU AE B0 B Ok 1Y
RS E IR B 1% 0 2 E IR AR, 280 E &
I A A D B X B B ) i ) i o e R . IR SR
A X ELan i 8 i o b AT R AE AR AT [ 78,
1561 Hz ) ¥k 3h g & It 78 B F2 14.9~15.1 km Al
15.3~15.6 km it [l 95 2] 0.7, 4R 3 20 & 4 wfF , %
N LR L PN O il 4R B B, O HLAE R ™ L

R4 4 A I 3l A R AE A4 [ 78,156 ] Haz 48 BUHE
AEA A, WU 3 B & LE (B O 0.2, JF 45 & 4 1T
BB P R AE D



555 M Who e, 45 B TR 2l R it L Ao 4k S 80 PR A Y vk 1033
0.(2) —— 0~78 Hz
02 20 40 60 80 100
0-3 l | —— 78~156 Hz
085 20 40 60 80 100 2 —
03 i (a) IS (b) AL
0 _.-"W (a) Rail corrugation measuring instrument (b) Rail corrugation
. N | f L % PR N S| EL
03, > 20 0 2100 B9 AP B
0.(3) —WTTET Fig.9 Field measurement of rail corrugation instrument
0320 40 0 80 100 R L S TR 10 % < R B S O AR S N
0.3 _ . , L
g OW AP LR o A0 2k Be s B B R K 2
Y IR N \ 2
0'3 ' ||~. I Moo LU NES I P2 7 NG B o 1 S e s 2 ol v o
03, T —— ¢ 25 e W L mT AT, 25 4R B0 RE L B 0.2 I, R
03 —— ST A 0L TR A A1 S 9 A R AR — B, R W
0 P >y N apy =) ) N /.
O ———-— ARG T LA R B 0 K 3 34
0 20 40 60 80 100 -
03 — i B
0
03, 20 40 60 80 100 |
t/'s o
@ 04
7 R o) i R /DN AL i g 0
Fig.7 Wavelet decomposition of car body vertical acceleration E_:g; F AR BT | RARE0; |
204 14.7 14.9 15.1 15.3 15.5
~78 H:
E}ﬁ o N 0~78 Hz B/ km
qm V.2 [
@ P10 Sl A e i
0 14.8 153 15.8 Fig.10 Measured rail corrugation
2 0.8
i n I 78~156 Hz ,
%M- NWWM Mmﬁ o
S . S
14.8 15.3 15.8 X3 T
R 04 Ho _
k= W 156234 Hz £ 107
% 0.2 RE
=0 14.8 153 15.8 10" 10' 10° 10° 10 10°
ﬁoz 234312 Hz PR fmm
ES IR ke R N o

K8 HRshfight Lk ayxt b

Fig.8 Comparison of vibration energy ratio

3.4 BN R EREERS S

6 TR 1% J7 3 A0 OE B R R 9 Tk A X
DK14-+700—DK15.6-+00 X 8] i#% B 0.9 km 7 [ 14
28 % PN AN I R AT B A L a9 s o 5K

Fig.11 Short wave irregularity spectrum of rail corrugation

T R M 75 R 5 AN 0D B R A 2 Ta) B T e Y
MCPE i 27 5w KR R R L B AR &
i 2k BB AT R A R U o 2R MR 7 A 43 A
B 1378 . RN, 42 e E 007 100,180] Hz 2
(], ] LA B 20 0 B 9 I R R R 7R LAy, IR
Je TR A R R B D B X B, G R )
IR Sh 0k B A4 A An R 14 B s o A X JR) Y 4
ARSI A 1 300 Hz LN, 4R 4R 30 4546 [ 100,
200] Hz 2 [a] , 1 B AT DU 5089 0 38 B 51 ke 1) 2 14
P Bl H e, JF 45 6 Ze R I 3 in 38 R A SR AE R U
BRI P DX B o X L R MR 7 ORI A ) B 1Y



1034 P& g

w5 2 W 945 5

g s e
]
E 150 J‘;W%“e &5p o 0
;K 100 + @ o ) @
50
147 149 151 153 155
HAZ /km
(a) BBBBKAEE
(a) Wavelength information
0.8
= 06
o
& 0.4
E 0.2 .....................
147 149 1511 153 155
B /km
(b) FRBIFER HLAEE
(b) Vibration energy ratio information
o o,
I
=
B
hS

147 149 151 153 155
&/ km
() WEEIRMEN R
(¢) Corrugation amplitude information

12 5T RS RE B L A B TR R

Fig.12 Identification results of rail corrugation based on vi-

bration energy ratio

SR
fl Lt
ARt
-4
0 20 40 60 80 1000 1 2 3X1
t/s EAE / db

P13 AR A I AR O3 B

Fig.13 Time-frequency analysis of carriage noise

<~ 1
v
W, 9
Eg
1500
1000
=
> 500
0 =
0 20 40 60 80 100 0 0.050.10
tls EfE / (m - s7)

Pl 14 R AR T fi] IR Bl e I 4 B
Fig.14 Time frequency analysis of vertical vibration accelera-

tion of car body

A3 43 A 8 SR, 35 U0 ) R 0L D8 X B A I 1
HARW)

4 WREHH
4.1 RS SHERERFX R

B LI IR 0 RE K LE S LI DI R A
R UIR G, = DU R AR 2 O B, b AT = 4 n]
AL A G 8 2 2] K-meas 28 28 07 1l B 5006 42
Gy W, 5 PR B RE G L 0.2 7F 18 43 B Y 25 )
— B, MU IR E IR S AR T O AR N 15 B
Ao H RS RE R T 0.2 WG RS L
AINT 0.2 HR B PR BB AR S RE A L
55 5 S WL A B — 2P BRI G AR R TR O A AR
e —DERa N, 5 PE S A i 2k R K
PFRBSF IR A K.

RBIBER L

%
65
2/ G 00 53
&y by 500
- fRBTAER /N T0.2; - IRBhBER LA TF0.2
PR 15 3l J3E - B WA (4R 3 B o HE O &
Fig.15 Velocity-corrugation amplitude-vibration energy ratio

relationship

fik 30 BE f2E -5 19 B D0 A A A 2 [ AN R B — 2K
PEWUIR 5C A o AR T AR S B X AN [R] 2 i X 1] 3
WU OB 2R AL |l 2R AR R 2 R AR A i
F R A A TR S D VIR R IR S RE At HE A O L
TR K A T I e R L, DL R e R Ak R
L bk £ S B Pt e B ) LR A L ] 2 A R Y

o R
42 2HWHKERUNERD

I v G E A2 Je S I W T 4 £k 25 4 IXC ] 1Y)
HE R AR Bl o BB 03 R A R N LR
K9+ 501 Ab FF i I 4 o ) A B 90 583 43 BT 97 4 4R
Bhohn e RO A5 3] BLRE K9+ 501 2 BLFE K33+ 163
1 % 3h B it AR R O o PR B AE R L or A an Rl 16
FIi7R o

Gi 1 43 B S I £ B 1 B 3h BE R b FE (R s
R i o IS5 A0 0 B0« 9% S RE B2 /N T 0.2 19 TE I
J X BE i Lo 76.56 %6 s R B BE ik R T 0.2 By ik B
DB bk 23.44% ., 4k B fig ik L E R 4 A B R
e 17 s .



Wk e, S5 3 TR S0 RE e L 0t b BRI D D AR Y 1035

10 15 20 25 30
B/ km

16 PR3 AE R H o> A

Fig.16 Distribution of vibration energy ratio

° 23.44%
S U
¥
= 5
&

R

0 0.2 0.4 0.6 0.8
PRBIBERLLL
17 RS AE A H A0 A 1 8]
Fig.17 Histogram of probability distribution of vibration en-

ergy ratio

BE T % 20 e i b X 4 2N B0 S HE AT B iR
AL LL10 m A @it S e W I B K . i TR ]
DX ] B 0 A7 B s L il e AR A S5 AL R 2
RUR TR, It DAY 243 A0 00 B9 005 8 I K AP A 22 57
BB B K A A A 18 TR o Gy A Ak ik
JE A TE [ i s A ) 19 23 A1 AR 38 00 B+ 8 S OB G D
60 mm AR A3, 5 R 77.88% ; K 60 mm LA -
B B o L Ry 22,1206 o BT D R AE R A A L
Jr EanE 19 fioR .
E 250
200

150
100

T
°

Y

BB /

;
HRERI (I
I E'v'.'l' “.ﬁ..""..""m“

10 15 20 25 30
B /km

18 AN B Y A A A

Fig.18 Wavelength distribution of rail corrugation
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Rapid Detection Method for Metro Rail Corrugation Based on
Vibration Energy Ratio

CHEN Rong'?, XU Zhou'*, CONG Jianli*?, XUE Min'?, AN Boyang'?, WANG Ping"*
(1. School of Civil Engineering, Southwest Jiaotong University Chengdu, 610031, China)
(2. Key Laboratory of High-Speed Railway Engineering, Ministry of Education, Southwest Jiaotong University
Chengdu, 610031, China)

Abstract To investigate the data-driven evolution of rail corrugation in subways, a spatio-temporally dense
measurement method is proposed for rapid detection. First, high-precision sensors are used to measure car-body
vibration, collecting triaxial acceleration data. Second, vehicle speed and mileage position are estimated by fus-
ing triaxial vibration acceleration from different car bodies. Then, the vertical vibration acceleration of the car
body is decomposed via wavelet packet analysis, and a vibration energy ratio index is defined as the ratio of the
energy in the characteristic frequency band excited by rail corrugation wavelength to the total vibration energy.
The vibration energy ratio threshold is set to automatically identify rail corrugation and output mileage informa-
tion. Finally, the corrugation wavelength is derived from the ratio of vehicle speed to characteristic frequency,
and the relationship between vibration energy ratio and corrugation amplitude is analyzed. Results show that us-
ing a vibration energy ratio threshold of 0.2 yields corrugation mileage distribution consistent with that from
noise-based identification, and the calculated corrugation wavelength matches the measured value of 175 mm
from a corrugation analyzer. Statistical clustering reveals that the relationship between rail corrugation amplitude
and vibration energy ratio is not purely linear. Line-wide rapid detection shows that non-corrugated sections ac-
count for 76.56 % of the track, while corrugation sections account for 23.44% . Among the corrugated sections,

those with wavelengths below 60 mm dominate (77.88% ), whereas those above 60 mm account for 22.12%.

Keywords rail corrugation; car-body vibration acceleration; wavelet packet analysis; vibration energy ratio;

characteristic frequency band

Parameter Identification for Dielectric Elastomer Actuators
Based on Transient-Extracting Transform

MENG Lili*, WU Zihao', WANG Xiaojian®, LI Fucai’
(1. School of Mechanical and Electrical Engineering, Chian Unversity of Mining and Technology =~ Xuzhou, 221116, China)
(2. School of Mechanical Engineering, Shanghai Jiao Tong University ~Shanghai, 200240, China)

Abstract A parameter identification method is proposed to accurately capture the nonlinear dynamic character-
istics of dielectric elastomer actuators (DEAs). First, the response signal of the actuator is acquired under
swept-frequency excitation using the time-frequency analysis capability of the transient-extracting transform
(TET). Then, the harmonic and fundamental frequency components are separated and extracted, and the trans-
fer functions for each component are computed to derive the overall transfer function of the DEA. Finally, the re-
sults are compared with experimental data. The proposed method achieves a fitting accuracy of 92.11% for the
fundamental frequency transfer function and 90.35% for the second harmonic transfer function. This approach
does not require prior knowledge of material properties or {ree energy density functions, and incorporates the in-
fluence of high-order harmonic components, offering a novel solution for parameter identification in electroactive

material structures.

Keywords dielectric elastomer actuator; parameter identification; transfer function; transient-extracting trans-

form



