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3.2 ETHSETHINZAERGESHLIE
TESCBRAGIN 7 & T AR RS B 15 5l w2
Z RN RN R S5 R 2w, UGS PR
AT MR 3T i 2 HE 55 L I A 0 X G 1 G
Tk JIAER 2 28 ) Impg A b, ol AN 2228 1 sl 2
RS AN ES ARG S 0 T, MR RS n) R Ry ™ 3K X6
AT 5 mh AE A B2 ORI U000 O R A 1 T k.
i 1R M 7 K DRI 22 R AE R ) T, 5 B SR AR A i
AT 2 MR Ab 3, DAY 98 BT 22 A SC R AE I B2 FH A DU Mk g

A R (5 5 T AL B B T8 22 28 453 475 30 0 T A )
KHEL IR

Al T R G %) R AR D 4 1 AR 22 Ak B R
22 9 2 THAEAE W 22 B 1l AR =X A BB B X
AP G o 45 s A 22 28 1 A T 5 ) R Jm S DX 1
TR R A BEAR . FLAAOR UL, BT B A A
VAR Y557 3 A W 00 AR 30 8 DX 25 ke A S il el
P 5, AT I 245 TG Bk 56 38 53 IR AR M0y b 3 3, i
T O 1 2 BAN 22 R AR AT RTIE B T
%ﬂ% X — I G Sy T s A I B2 A 1 5 it i A 1
VLA, BT A A D R 3 1) 43 A R R (D PR A
9 22 2 1 e B M S L NIRRT BB A AE B BB o T R
14 ) B AT 38 o RN A SR AR AR, BRI R R
FL P A28 B0, B A TR S 2 46 PN S 2 5 A7 A Bl )
BLRER . AW R T W 22 8B R, H INTROS
RURE R AN 22 28 A 3, X AR 22 2 AT T ARBE IR TEAS:
I o 3 ol 22 48 25 4 Hh 6 4> = FR T 0K ok, s B ) 471
JEH 1 518 HLF 22 B HES | 1T AE = A1 TR JBE0 S [l i
WL 2 JZFIMO AL o iU AR AR B A 22 A
LR SRR 5 AN 10 Pir 7R o i €00 S0 28 R 4 22 2 I
22 IR AR 55, 20 S A HSET X s 4R {5 5 i

568.0 568 2 568 4 568 6 568 8 569 0 569 2
FEEY /m

BE10 RELBUTLRIGES
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Fig. 13 Visualization scatter plot of steel wire rope

P 14 T 7 R0 ) o IR VB FE MRS AR o il 5] 14
AP, BRI R R B (HW 1 22 5 W2 222
TS AEAE A BRI B0, 1T T 3 22 phy T Rp ik 25 5 0H
W1, 73 JEUER R AR X

1 O 20.0%

) 100.0%
K
ﬁ 3 100.0%
100.0% = 833% 100.0%
16.7%
1 2 3
BISILES
El14 RBEEMR

Fig. 14 Confusion matrix

A3 5 14 a0, ik ke AR B HA
RLAF 5 PR RE (B 7E AR AR 28 0l Z T3 A7 7E — 2 1R
W, X Jim S 1 AR 2R A R A S
7 it — L RTINS A T Bt T 1

G i 2026 4F
4 #ig

BEXF SET J7 105 BEAS 155 P M4 B 22 A1 EE 44 g
SR By IR) B, B T —Fh HSET (387 5 s, e 5 ELRN
REHFFT 15 LU EELE8

1) 15 BL45 5 B HSET Jy 2 76 I 051 22 1k A9 RS
LR MR T e F K S S ol TR K i Rl 5 W
HSET 7E AL BAE 5 I g 8 51 A7 35 b i 42 A1 22815 5 1Y
AR . 7E0~30 dB R [R MRS TP 454, HSET
IR T A Y Renyi /{8 . X &0k % , HSET E
MR PR T LA A R AR, AT RE RS R AL
TGRS S A LS . XN TS Sk A 4K 22 4

5 TR FIVRR AR B B LA E R S, R e i A
FIMERPEST T 7 RS 3

2) ffi F HSET X 41 22 45 (1) B 4 B [ 15 5 b A7
Fa T BRI T 3 ol S B 1 R A - 0 -0 D% B L
TR X BEREAE A RE 0% 70 43 [ WA 22 4 (1) 2 493
PE, I HEA R PTTIRE J1 o XTI FRAE (A
T — A5, 256 Bl R V8 JE B 45 5, nT Al
A HL S, BB A% XL 7 B8R o A SRR AIE , S A TR PR BRI
A B AT EDULR A 5 11 VS 8 R e U DN LA B8 2 1
AL TR XA [] W7 22 B0 i RO R . B A
A, AT LU I B UL Y BP i 25 ) 48 A5 75 7 4K 242 4
W 22 35 47 i e TR ) R ) PR RE IR, O I 2 el AR A |
P& R 22 P 05 0 R B ARG FE BRI T S5 K

2% 3CHf (References)

[1] YANXL,ZHANG D L,ZHAO F. Improve the signal to noise ratio
and installation convenience of the inductive coil for wire rope
nondestructive testing[J]. NDT & E International,2017,92:221-227.

[2] LIUSW,SUNY H,HELS,etal. Weak signal processing methods
based on improved HHT and filtering techniques for steel wire rope
[J]. Applied Sciences,2022,12(14):6969.

[3] LIUSW,SUNY H,JIANG X Y, et al. Comparison and analysis
of multiple signal processing methods in steel wire rope defect
detection by hall sensor[J]. Measurement,2021,171:108768.

[4] ZHANG O,WEI X Y. De-noising of magnetic flux leakage signals
based on wavelet filtering method[J]. Research in Nondestructive
Evaluation,2019,30(5) :269-286.

[5] TIANJ,WANG H Y,BILEN S, et al. Application of a morphologi-
cal non-sampling wavelet method to the online detection signal
processing of coal mine wire rope [J]. Insight-Non-Destructive
Testing and Condition Monitoring,2019,61(9):521-527.

[6] KIMJW,PARKS. Magnetic flux leakage-based local damage detec-
tion and quantification for steel wire rope non-destructive evaluation
[J]. Journal of Intelligent Material Systems and Structures,2018,29
(17):3396-3410.

[7] ZHANGJW,LU S L,GAO T Y. Quantitative detection of reman-
ence in broken wire rope based on adaptive filtering and Elman
neural network[J]. Journal of Failure Analysis and Prevention,2019,
19(5):1264-1274.

[8] LIUSW,SUNYH,MAW J,etal. Anew signal processing method



55 48 5 5 ] =

I, A5+ BT R B IR A0 SRS 45 (14 B 22 28 TC BRI 5 EEF 39

[10]

[13]

[14]

[15]

based on Notch filtering and wavelet denoising in wire rope inspec-
tion[J]. Journal of Nondestructive Evaluation,2019,38(2):39.
FLL58, RAER, AR, 5 0 B 22 4 A A D 5 5 A BT 2
WF9E[T]. T A3h1E,2021,47(2) :58-62.

WANG Hongyao, WU lJiaqi, LI Changheng, et al. Research on
signal processing method of mine wire rope damage detection|J].
Industry and Mine Automation,2021,47(2):58-62. (In Chinese)
BNGE  BRBFEE SR/ . BE TG S8 A AR A SRS A3 R 1Y AN
AR RER N 7 0], T F 81k, 2022,48(7) : 118-124.
ZHONG Xiaoyong, CHEN Ke’an, ZHANG Xiaohong. Steel wire
rope defect magnetic flux leakage detection method based on
improved complementary ensemble empirical mode decomposition
[J]. Journal of Mine Automation,2022,48(7):118-124. (In Chinese)
YU G,YU M J, XU C Y. Synchroextracting transform[J]. IEEE
Transactions on Industrial Electronics,2017,64(10) : 8042-8054.
LVST,LVY,YUAN R, et al. High-order synchroextracting trans-
form for characterizing signals with strong AM-FM features and its
application in mechanical fault diagnosis[J]. Mechanical Systems
and Signal Processing,2022,172:108959.

DAUBECHIES I. Time-frequency localization operators: a geome-
tric phase space approach[J]. IEEE Transactions on Information
Theory, 1988,34(4):605-612.

TAO Z Y, LI G, COHEN L. Adaptive high-order time-frequency
analysis via local polynomial Fourier transform[J]. IEEE Transac-
tions on Signal Processing,2019,67(15):3944-3956.

WANG H W,FANG Z W,WANG H L,et al. A novel time-frequency

analysis method for fault diagnosis based on generalized S-transform

and synchroextracting transform [J]. Measurement Science and
Technology,2024,35(3):036101.

B AR B AR A L BT R SRR S AR AL
BRI Lo (1], SRankes TR ,2024,45(2) :254-262.
GE Liying, LI Zhinong, HU Zhifeng, et al. Research on mechani-
cal fault diagnosis method based on synchro-extractinggeneralized
S-transform [J].
2024,45(2):254-262. (In Chinese)

Whom 35 B T HIL 8 UG 1) 5 22 2 BB A N S P9 [D ). AL
T E BRI, 2024 1-10.

CHEN Jiaqi. Research on defect detection algorithm of wire rope

Journal of Ordnance Equipment Engineering,

based on machine vision [D]. Hefei: University of Science and
Technology of China,2024:1-10. (In Chinese)

YUAN Y L, WANG K H,CHEN B Y, et al. Nondestructive testing
of coal mine wire ropes based on magnetic sensors[J]. International
Transactions on Electrical Energy Systems,2022,2022:1066163.

T SO . BT ICHUR I 1 89 22 8 B 005 o e 9T (D). 5
AR KA, 2023 :5-20.

SU Wenyao. Research on quantitative identification of wire rope
damage based on non-destructive testing [D]. Jinan: Shandong
University, 2023 :5-20. (In Chinese)

BN G . T IPSO-BP 1 £ [0 2% 14 49 22 48 W7 22 451 45 131
BOBESELT ], A B R, 2020,16(4) : 70-75.
ZHONG Xiaoyong, LIU Zhihui. Research on identification model
of broken wire damage on steel wire rope based on IPSO-BP neural
network [J]. Journal of Safety Science and Technology, 2020, 16
(4):70-75. (In Chinese)

Research on nondestructive testing method of wire rope based on higher-
order synchroextracting transform

YUAN Kai' LI Zhinong' ZHANG Xin’ LONG Shengrong' LI Zhe’

(1. Key Laboratory of Nondestructive Testing, Ministry of Education, Nanchang Hangkong University, Nanchang 330063, China)
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Abstract: [Objective] Electromagnetic testing of wire ropes is often compromised by significant noise interference and
the limited accuracy of traditional synchroextracting transforms in estimating instantaneous frequencies under strong noise
conditions. [Methods] A signal processing method based on higher-order synchroextracting transform (HSET) was proposed.
The signal’s amplitude and phase were expanded into high-order Taylor series to derive high-order instantaneous frequencies.
By combining these frequencies with a delta function, a higher-order synchroextracting operator was developed to retain
critical time-frequency information while eliminating redundant energy, followed by signal reconstruction. [Results] The test
results demonstrate that the proposed method effectively reduces spikes and abrupt changes in the detected signal, resulting in
a more stable signal profile. Furthermore, it increases signal peaks at singularity points, providing a robust foundation for the
quantitative identification of wire rope damage.
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propagation neural network

Corresponding author: LI Zhinong, E-mail: lizhinong@tsinghua.org.cn

Fund: National Natural Science Foundation of China (52075236); Open Fund of Fujian Provincial Key Laboratory of
Special Intelligent Equipment Safety and Measurement & Control (FJIES2024KF06); Postgraduate Innovation Special Fund
Project (YC2023-065)

Received: 2025-02-07

Revised: 2025-02-23 (%%t .5 5)



