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Fig. 1. Separation method based on dispersion compensation and fractional differential.
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ness product.
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Fig. 3. Signal simulation results: (a) Incentive signal; (b) simulated signal; (c) mixed signal amplitude spectrum;

(d) time-frequency distribution.

d— 1200 o)
b
® 1000
> 2r i
£y o 800
E E
Z o £ 600
e 2
g E 400
< _9o} 1 <
200
_4 " L X X X ) o
-5 —4 -3 -2 —1 0 1 2 2.5 3.0 3.5
Time/10~°%s Frequency/MHz

B4 AT 51 BEASIEAME IR 5 5 0 HL 4

(a) Y (b) RIS

Fig. 4. Signal stimulation results after S dispersion compensation: (a) Time domain waveform; (b) amplitude

spectrum.

204301-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 2 R  Acta Phys. Sin. Vol. 67, No. 20 (2018) 204301

X 8 VR B {5 AT R L AR AT B W R0 SEAEATE . AE 6 (b) H1 .Sy 1 I {E 1 A
FRREAT 73 B o, SRS i Bl o A R AR AR K AF Sy JF A TR 1 XS LEw] BUE Y, A 5 0 M
XS A, IR G R R R, R E o EAEE SRS RAFESRA T R1g%
Sy BRI I8E 5 a5 s, 7Sy B EAE S MRS5S H . L

4 F 15y 58 3.16 MHz 113.15 MHz, A3 iR ZEN A
0.31%; A% 5~ 764.1 F1797.6, X% %E N 4.2%:;
= 7 o 4¥ 12 0.109 1 0.103, FIXTEZE 4 5.8%. K6 (c)
E o A6 () 53 5 A2 i Sq B AF 5 F0 4 B8 H 1) Sy 5
§ B SWE A, B 6 7] LLE Y, Sy AR S
_of ] AN E MG 5 I AT A e A . B A B
H 1) Sy BG5S RAE S O0REF 7RG 1) — 2.

4 02 04 06 08 10 12

Time/10’5 s %E 1 Sl *ﬁﬁﬁ?—l %?*M%HX%%%?&H Hﬁ

Table 1. Comparison of parameters of the original sig-

K5 RIS BRI S 5

Fig. 5. Extracted compensated S; mode signal.

nal and the constructed signal for the S; mode.

N > A © o
B Je B IR A 3 Hs, (w) PRESECRD ] 5 21 o
ar = - — - EYERS 797.6  3.15  0.103
71 B JE ) Sy A US55 L 6 (a) Bros. BRI -
25 T R 6 Sy R RS 5. K6 (a) AT R 5 764.1 3.16  0.109
VB, 2B Sy B S 5 R S, a5 S LT ARE/% 420 031 580
4 1200
@ T eE (b) e
oo S 1000 | - - WHE SRS
' > 800f
g 3
= £ 6001
£ £
Z £ 400}
2001
—4 0 X
5 6 7 8 9 2.5 3.0 3.5

Time/1075s Frequency/MHz

Frequency/MHz
Frequency/MHz

5 6 7 8 5 6 7 8
Time/1075s Time/1075s
6 Ji S BAMEN S MAESHAEER  (a) R S1 BT 51 BWANIPEIY; (b) I Sy HEAFIEM Sp BAEMHE
W (o) i Sy BRI S AT (d) Bt Sy s By A |
Fig. 6. Simulation results of original S; mode signal and constructed S; mode signal: (a) Waveform of original Sy
mode and constructed S1 mode; (b) amplitude spectrum of original S; mode and constructed S1 mode; (c) time-

frequency distribution of S; mode of original signal; (d) time-frequency distribution of S; mode of constructed
signal.

204301-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 20 (2018) 204301

— A
- AR

>

>~

[

T

2

£

g

<

—4
5 6 7 8 9

Frequency/MHz

Time/10-%s

1200

(b) — RS

1000} - - - - EAE SRS
800}

6001

Amplitude/V

400

200

2.5 3.0 3.5
Frequency/MHz

Frequency/MHz

Time/1075s

K7 R A BAE Ay BERESHRSR  (a) Ay BEUMER Ay BEURIEETE; (b) R Ay BaURER Ay BEUREE; (c) R

Ay BERIN AR A 1 (d) TEAL Ay S A5 A1 1

Fig. 7. Simulation results of original A; mode signal and constructed A; mode signal: (a) Time domain waveform of original

A1 mode and constructed A; mode; (b) amplitude spectrum of original A; mode and constructed A; mode; (c¢) time-frequency

distribution of A; mode of original signal; (d) time-frequency distribution of A; mode of constructed signal.

B Sy B gy v, S AR I 3 R TR
G5 T E R B S BG5S & RRRE S,
HEAT AR, T8 I I IO 1 B A A AR AR
W, I o B S o) B AL R R, P E e AR
AR PR R A A B S R Ay B
HWAAESWET(a)Fiw. BB FERSE T RS A
BRI EE S, WK 7 () \TLAEH, 28 H Ay
BAESERABRAGES L PFEEEEGE .
MBI (b) Ay [ EEFITEE IS AT Ay JRA 5 R 5L 3 X
AT DLE Y RS 5 O R i e R 5 R
ABERETEA - L2h5H T ABAXENY
SEMBEESSHX . FOHEu 5IE A B
S5 AR5, 40 2.981 MHz f13.0 MHz, #
R ZEAN0.63%. A%y )N 840.9 F1 797.6, FH XS
2N 5.42%, o 458 0.095 F10.103, FHXT iR 2N
7.6%. B 7 (c) M 7 (d) 52 Ay SRS 5 A4
B Ay BEAUE SI An. BT el LU H,
Ay B 5SS R0 E RS 5 1 I A2 A 7E 3 AR A
A, WA B A A RES 5EESRE TR
U — Sk,

MR RKE, » &GS 55 E
SRR — Bk, SRR 23 A AN I80E 3

HRIEASHA A, RF L2 B G 1R 22 42 8% UL H Uk
R, AR AT LR RS ECRF AN 23 S ol o
FRAE T MNREE S P RIUE R, B2 HAEF

8 SO X AR A

Fig. 8. Experimental instrument and specimen.

#2 Ay BRIRE SRR 5S40 L
Table 2. Comparison of parameters of the original sig-

nal and the constructed signal for the A; mode.

A m o
FiES 797.6 3 0.103
RWUE S 840.9 2.981 0.095
AHXHRZ /% 5.42 0.63 7.60

204301-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 20 (2018) 204301

100

Amplitude/V
o
< S

|
ot
=]

—100
0.5 1.0 1.5 2.0

Time/1075s

2.5

3.0

Amplitude

12000
(b)
10000
8000
6000
4000

2000

0
2.0

2.5 3.0 3.5 4.0
Frequency/MHz

9 REESHRLR  (a) RHIRBIY; (b) Wi

Fig. 9. Acquisition signal simulation results: (a) Time domain waveform; (b) amplitude spectrum.

100

(2)

[
(<=}

Amplitude/V
o

|
ut
S

—100
0.5 1.0 1.5 2.0

Time/10~°s

2.5

3.0

100
(©)

[SA]
(=)

Amplitude/V
<

|
o
S

—100
0.5 1.0 1.5 2.0

Time/10-%s

2.5

3.0
-5

0l (@)

3.5T

3.01

Frequency/MHz

257

2.0

0.5 1.0 1.5 2.0
Time/10~°s

2.5

12000

10000 [

Amplitude

12000

10000 [

Amplitude

Frequency/MHz

(b)

8000
6000
4000 1

2000 1

2.0

2.5 3.0 3.5 4.0
Frequency/MHz

(d)

8000 [
6000 [
4000

2000 [

2.0

2.5 3.0 3.5 4.0

Frequency/MHz

Mo
3.5¢

3.01

2.5

2.0p

0.5

1.0 1.5 2.0 2.5
Time/10~°s

K10 ARERGESHRER (a) 58 S BEREBIE; (b) /28 51 MR MRE; (c) 708 Ay BaIRBOE; (d) 735
Ay BEIRAENE; (e) 708 St BN IIIMi; (f) 728 Ay B B A

Fig. 10. Various model signal simulation results: (a) Time domain waveform of S; mode signal; (b) amplitude

spectrum of S7 mode signal; (c¢) time domain waveform of A; mode signal; (d) amplitude spectrum of A; mode

signal; (e) time-frequency distribution of S1 mode signal; (f) time-frequency distribution of A; mode signal.

204301-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 67, No. 20 (2018) 204301

4 % B

NT B I T VE R AT AT ) @ S -
RITVERATIGAE. SEIGA A AN A B A P 8 .
S F BEOMR T MX2 SR A AR i 7R A 5 R A
RS, FHRE AR P AR 7 22 . SO X R ik
FHRSFA 400 mm x 300 mm- BN 1 mm 4N
PR RHR KRN AR 2 (Bl R A A A, B O A
N3 MHz N SR 26° HIRHE 80K #7224
W, L A RSN 10 mm x 10 mm. HRHE A5
1 -ARUE AR 2R, X P ARHRSRAE 1 mm JE AN AR i
i A Ay fL Sy BERIR AR S, RO DCRES
5 F T EAHL, 155 7 B AE Matlab A 7 56 .
MIRLEE RS 9 10 cm I, SREEAS 5 IS8 T A0S 5
MR VS 2 P 9 BT

- R W RS SN R (R N
AU B 10 BT, AN 25 1 B 3805 1 A A3 43 A T]

100 T
(@) R
- ERZEAES
50
>
~
[
o
£ o0
a
g
<
—50}
—100
0.5 1.0 1.5 2.0 2.5 3.0
Time/107%s
4.0
()
o 3.5
=
~
g
€ 30}
)
)
o
[9)
£ 25t
2.0 v
0.5 1.0 1.5 2.0 2.5
Time/1075s

11 JRARSHEMRA(E T HY

DUFE tH Ay B x0RT Sy 1858 0I % B B 1P 1 1
Aq B SAE R AT AT 2R A, TSy R A AR
PR — SRS S SRR, 7 B
A= Ay B RO 2.92 MHz, S; #50
[ AR N 3.08 MHz, P/ 20 b D A5 Rk 22
0.16 MHz, 15894 R AmTEcRe v ith 28 — 2

VBRI A R Sy B S S M, 53] E
HRAESWE LR, EBR RS H T RiBE
BRERMGES. BIRTEIR 2.8—2.9 MHz 1t [
WA 1R 2, AR AT DU H I3 % e & 23 A 5 )5
GRME T AR — B, BB AR T V2 AT AR (1 $R X 2 A
XBEETHHEHEAES. W E BT LE
H, 155 BIRIGG S A RO RZE. I A2 A5 1
Ha] DLE H R B R R A 5 RS S RO — 3K, BAE
WILERFTA] (1.0—1.1) x 1075 s YU B A 564 fE &
oK, A R AEEAT BTN, XU BB 15 S
H—EMIRE.

12000

(b) — JE{E IR
10000 - - - - G SRS

8000

6000

Amplitude

4000

2000

0 .
2.0 2.5 3.0 3.5 4.0

Frequency/MHz

e

3.5

3.0

Frequency/MHz

2.5

2.0
0.5 1.0 1.5 2.0 2.5
Time/10~°%s

(a) RHEBIE; (b) WRIEE; (o) BRE(E SIS, (d) EMREE SRS A

Fig. 11. Simulation results of original mixed signal and constructed mixed signal: (a) Time domain waveform; (b) amplitude

spectrum; (c¢) time-frequency distribution of original signal; (d) time-frequency distribution of constructed signal.
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Abstract

With the rapid development of material science and industrial technology, the application of ultrasonic Lamb wave to
the industrial nondestructive testing has received considerable attention due to its advantages of rapidness, high efficiency,
high accuracy, and low cost. However, the multimode and dispersion problem of Lamb waves are still challenging.
Multimode mixed Lamb wave signals are often present at the same excitation frequency in the actual detection. To
separate dispersive multimode Lamb waves overlapped in time and frequency domains, a separation method based on
dispersion compensation and fractional differential is presented. The multimode Lamb waves overlapped in time and
frequency domains are first compensated by using the dispersion characteristic. Based on the dispersion compensation,
the time-delay function is modeled. The function is used as a transfer function. Its inverse is considered as a dispersion
compensation function. Then, the amplitude spectra of Lamb waves are divided into fractional order differentials.
The parameters of each mode are extracted by using the fitting polynomial between the maximum amplitude and the
differential order and that between the peak frequency and the differential order. Its amplitude spectrum is extracted
based on its parameters. By combining with its phase spectrum, the individual mode is constructed after the dispersion
has been recovered. Simulation and experiments are performed on a 1 mm-thick stainless steel plate. The oblique
transducers with the angle of 26° and the central frequency of 3 MHz are used to excite the S; and A; mode overlapped
Lamb wave signal in the plate. The transducers are coupled with the stainless steel plate by using the ultrasonic couplant.
Simulation and experimental analysis show that the present method can not only achieve the separation of time-frequency
overlapped multimode Lamb waves, but also guarantee the separation precision. The main advantage of the presented
method is the combination of the dispersion compensation and the fractional differential, which solves the problem of
mixing with other mode signals after the single mode dispersion has been compensated, and improves the extraction
precision of each mode. Therefore, this method can be used for separating the time-frequency overlapped multimode

Lamb waves. It is conducible to the signal processing of multi-mode Lamb wave dispersion.
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