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Abstract; To address the prevalent electrical contact failure of high-voltage direct current relays, which is attributed to repeated exposure
to high-voltage and large-current impacts in applications such as energy storage and electric vehicles, this article proposes a method for
evaluating the electrical contact state of relays based on physically interpretable acoustic features. Traditional monitoring methods relying
on the direct current circuit method are difficult to achieve online detection. Meanwhile, existing acoustic and vibration signal monitoring
methods yield features with limited interpretability, as they lack grounding in degradation mechanisms. To address this issue, a finite
element method ( FEM ) -boundary element method (BEM) coupled vibro-acoustic simulation model is formulated to elucidate the effects
of collision velocity, contact pressure, and contact surface morphology on acoustic signals. Based on this, highly discriminative acoustic
signal feature sets strongly related to multiple physical quantities are extracted. Subsequently, dynamic-structural interaction features are
established by integrating physical prior knowledge, explicitly representing the implicit coupling relationship as interpretable indicators,
and achieving feature enhancement under the constraints of physical laws. Then, a global-local fusion method grounded in statistical
correlation is proposed. At the global level, the contribution degree for each of the feature sets is comprehensively quantified based on

four dimensions, namely information content, diversity, complementarity, and stability. At the local level, weights are dynamically
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adjusted to accommodate temporal heterogeneity, effectively capturing the feature differences in the degradation stages. Finally, an

ensemble classifier is constructed using random forests, decision trees, and K-nearest neighbors to realize recognition of electrical contact

states. The results show that the features proposed in this study exhibit a significantly stronger correlation with contact resistance

compared to Mel frequency cepstrum coefficients, and the average accuracy of the proposed method reaches 90. 65%. This method

enhances the analysis capability of relay degradation process based on acoustic signals, strengthens its adaptability and interpretability of

evaluation, and provides effective technical support for relay health management.

Keywords :relay; feature extraction; electrical contact status assessment; acoustic signal
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Table 3 Evaluation results of state boundary points
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Fig. 6 Acoustic event segmentation of contact collision
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Fig. 14  Acoustic signal feature trends of relay #1
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Table 6 Cross-validation results (%)
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Table 7 Comparison results of feature fusion (% )

ik MR RS PRI F1 435K
PCA 87.37 88.37 88. 10 87.35
t-SNE 84. 14 86. 98 84.99 84.79
LLE 83. 60 82.15 86. 14 82.72
AFF 85.22 82.87 85.51 83.22
B )5 i 90. 32 89. 96 92. 02 90. 08
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R 8 TR, A S 7 A A% Ak H g b A o
WK 45 T Transformer F5 8 | SEIHEHG 235 91. 28% , H
Transformer FiHIE T} 3. 48% . XL, R X THY
PR AT i R P RRAE ) 5 AR 2 b SR ROAS BT AL
TS LB, BB S RS i RS IR, TR TR RR
D5 T AR SO VR B AR AL S S FE B ALy 2. 05 ms, LI
F Transformer MY 54. 58 ms, ZE b, A SCATHE 7 B 7E
LA S M AR 1 [] I B I BTG, SR N AL v T
LAk R AR A RS BRI v R R AN AR R

4 # 8

ARSCRE R P A5 5 74k A A i Sk ri F2 PRSP A i A
TE A4 B AT RPN I I 2 IO 22 O A% ) AL
B H T B AT A R P P R B VA 7 3, a5 AL
PRZ A FRAENT R S RS SR LA 1 B B A5

1) 1508 Sk AR AEATLHEAS B S S50 B0 7P AR A ]
PEZERY [, A7 T FEM-BEM BCA R 75 (h B 5
ST T R Ak Ty iSRG 3 28 R EOu ik Sk
FEARE P A5 5 s, DL R I T B SRAERE T Y P (5
FHESR IO . AR SCIT P74 B P 5 S5 4 -5 4 fk el B
FIAR G R B AE 5E MFCCs JriE 4R THI ., 5 A w4k
MO  J0UE T IR J7 122 00 S B 1B Ak 4y B i AR 1Y
ZImifE ST

2) ST HR S 0 R o gl 2 - S5 S HARRAE AL,
K AL G T3 VR ME LU A 43 2 SO 45 2800 3 A v i e
PR AR o 1 Fl S 56 3 B AN a2 A2 L RR A B T A
AUC M 0.919 #27+ 2 0. 980, S0iiF T Ho xR (L HLEE 2
RHRAYAT SIS, AT BORAD T ALECHE 3K 8l )5 ik ke =y B
BRI,

3) BRI A I B e B 1 T) R, 4t 42 JRy - JR i A i
WEGE TRl SRS 8 4 ey 22 4 AR ZH A DR |
JayFB sl A \EA R 3 P I S B, 2 25 B T TR AR Al
BIPIMRIE SEE M, X LSRR BT, B T g A o
42 JRy = SRy B RHAE R 5 7 B PERE O T PCA (1-SNE S35 45¢
G Rz

RARMFFORG Bk — 2 58 35 22 W) BRI (15 ELRETY 3 0 0
A RLREDUAG S M5e G540 LR TH FORS B, g 4 THI 463 71 2k
H R AL B2 L T 5 45 1) B SCHE ; [l ) SR A 22 26 A
Ak SR IR~ ) R H A BRI 48 I 4 5 TR SR A
HOTREE RS, LARE— 0 s A R i T 00 T B8 990 g ) S5 L
BRI AeERE
SZ 3k
(1] ARG, WEL, BN, . KA 2T

FELRR[T]. HUTEORAR, 2017, 32(22) : 251-263.
ZHAI G F, BO K, ZHOU X, et al. Investigation on
breaking arc in DC high-power relays; A review [ ] ].
Transactions of China Electrotechnical Society, 2017,
32(22) . 251-263.

[ 2] XIONG D ZH, XIAO Y, CHEN SH D, et al. Modeling
and simulation study on the ablation characteristics of DC
contactor contact[ J]. AIP Advances, 2023, 13(11):
115306.

[3] WANG L J, ZHANG R M, WANG C, et al
Experimental study on arc breaking characteristics of DC
contactor with different media[ J]. IEEE Transactions on
Components, Packaging and Manufacturing Technology,
2023, 13(9) ; 1421-1433.

(4] EBRM, ESL%, sREE, 2 RN X
s LR LA & W S MR ()], B TR AR,
2024, 43(1) . 201-211.

YAN CH Y, WANG L J, ZHANG W ZH, et al. Closing
action characteristics of the electromagnetic mechanism of
the parallel double coil type DC contactor[ J]. Electric
Power Engineering Technology, 2024, 43(1); 201-211.

[5] SUNSHG, ZHAO Y H, WANG J Q, et al. Assessment
of electrical wear state in AC contactor contacts utilizing
unsupervised clustering and composite model[ J]. IEEE
Transactions on Instrumentation and Measurement, 2025,
74 . 3506215.

[6] ML, 7ML, ERIF, 5. JET 7l 720 B K]



106

O M x #

#H B47%

(7]

(8]

(9]

[10]

(11]

[12]

[13]

I TMSST Y5 5 BT Al g R PES B 5 [ 7], X &%
1 Fe24R, 2025, 46(6) : 117-129.

SUN SH G, WANG Z H, WANG ] Q, et al. HVDC
contactor characteristic parameters measurement based on
subband averaging kurtogram and TMSST[ J]. Chinese
Journal of Scientific Instrument, 2025, 46 (6). 117-
129.

FORAT, RPEEL, 20, . T AR RS
B i 25 S S FESBARR A& [T]. RIS
143, 2025, 62(12) : 193-201.

DU T H, AN Z ZH, JIANG Z, et al.

measurement of contactor dynamic characteristic para-

Non-invasive

meters based on kurtosis feature for acoustic event
segmentation [ J ]. Electrical Measurement & Instru-
mentation, 2025, 62(12): 193-201.

XU, FAE, XV, 5. BT IR SNE S 0 A8 it 4 fi
ek RETIR LB B Ry [J]. mHREROR, 2023,
49(12): 4971-4981.

LIU SH X, ZHOU ZH, LIU Y, et al. Degradation phase
division of AC contactor contact system based on vibration
signal[ J]. High Voltage Engineering, 2023, 49(12) .
4971-4981.

e, R, &5, . TS RHIE M E B
b FRL A7 A BN 7 A (D], AT HEOR 4R, 2021,
36(9) . 1986-1998.

YOU Y M, WANG J Q, SHU L, et al. The method of
electrical  life  prediction considering the audio
characteristics of AC contactor[ J]. Transactions of China
Electrotechnical Society, 2021, 36(9) . 1986-1998.
MEHRABY K, BEHESHTI H K, POURSINA M. Impact
noise radiated by collision of two spheres: Comparison
between numerical simulations, experiments and
analytical results[ J]. Journal of Mechanical Science and
Technology, 2011, 25(7) : 1675-1685.

XTIAO W, YANG G, HU D AN. Investigation on impact
noise radiated by the elastic collision of multiple sph-
eres[ J]. 2020,
27(21/22) ; 2642-2653.

HAN J, HE Y P, WANG J N, et al. Simulation and

experimental study on vibration and acoustic charac-

Journal of Vibration and Control,

teristics of continuous supported embedded track [ J].
Applied Acoustics, 2021, 180; 108103.

IF, BB, WK, S TR IO JUE
SN RS R RS 0 s [ 0] AR,
2024, 45(3) : 251-262.

LUAN X CH, ZHAO J H, SHA Y D, et al. A main
bearing fault feature enhancement method based on

cyclical information extraction [ J |. Chinese Journal of

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Scientific Instrument, 2024, 45(3) . 251-262.

REFE R, WAMREE, MREX, 5F. BT SK-NLM 2% iR
BRI i REE R SR [ )] LSRR, 2016,
37(10) ; 2176-2184.

XIONG G L, HU J F, CHEN H, et al. Rolling bearing
fault impact feature enhancement based on spectral
Chinese Journal of
Scientific Instrument, 2016, 37(10) ; 2176-2184.
PN, ARRP, TN, A5, S TR S 53 A0 5
S A AL DG - 20N R RS HARR I ()], CREA
2R 4R, 2025, 47(12) : 2554-2565.

DAL X B, REN S Y, HE X H, et al. Visible-infrared

fusion object detection based on feature enhancement and

kurtosis an non-local means [ J ].

alignment fusion [ J ]. Chinese Journal of Engineering,
2025, 47(12) ; 2554-2565.

SRBUR, SRMESY, AR TRRAE 4 09 R 0 5] S
FWEMFL[T]. ER R, 2020, 41(10):
83-91.

ZHANG H N, LE Y F, SHI W B. Kernel ridge
regression based indoor location algorithm using feature
reduction[ J]. Chinese Journal of Scientific Instrument,
2020, 41(10) ; 83-91.

WANG Y P, ZHAO J J, YANG CH N, et al. Remaining
useful life prediction of rolling bearings based on Pearson
correlation-KPCA multi-feature fusion [ J ]. Measure-
ment, 2022, 201; 111572.

WANG J, CHENG X B, GAO Y, et al. Cutting force
embedded manifold learning for condition monitoring of
vertical machining center [ J ]. TEEE Transactions on
Instrumentation and Measurement, 2022, 71, 2511312.

ATAMURADOV V, MEDJAHER K, CAMCI F, et al.
Railway point machine prognostics based on feature fusion
and health state assessment[ J]. IEEE Transactions on
Instrumentation and Measurement, 2019, 68(8) . 2691-
2704.

WANG J H, LIU SH Q, WANG SH X, et al. Muliiple
indicators-based health diagnostics and prognostics for
energy storage technologies using fuzzy comprehensive
evaluation and improved multivariate grey model [ J].
IEEE Transactions on Power Electronics, 2021, 36(11):
12309-12320.

KAH], 220, BT LMS UM 55 0 i B IR IR
S R s [T]. RS EAE R, 2017, 29(9)
1950-1960,1967.

ZHU CH L, LI X. Speech endpoint detection method
based on LMS noise reduction and improved dual-
threshold [ J ].
29(9) : 1950-1960, 1967.

Journal of Systems Simulation, 2017,



541

kP AT BT R P R A 4k L A R AR S TRA 107

[22] KOSS L L, ALFREDSON R J. Transient sound radiated
by spheres undergoing elastic collision [ J]. Journal of
Sound and Vibration, 1973, 27(1): 59-75.

(23] skig. o U e i 2 Hi ORI AR e AR AL 1k
THID]. Kt WL Tk R, 2023.

ZHANG F. Inflatable DC contactor arc mathematical
model and optimal design[ D]. Tianjin: Hebei University
of Technology, 2023.

[24] K, HEE. T Maxwell 155 KBS fil 25 5 25
MR B[], \BHEM = Rk, 2024,
39(2): 291-296.

HOU F, ZHI X X. Static and dynamic characteristics of
high voltage DC contactors based on Maxwell[ J]. Journal
of Naval Aviation University, 2024, 39(2) . 291-296.
EEE T
3T, 2018 4EF S HL T 2B sk i #

AL, 2021 AF T b Tolk R AT A - 2

o BUATATAE Tl R~ H A A o B 7 52

LA, BT R RER IO

E-mail ; zz960518@ 126. com

Zhang Zhe received her B. Sc. degree from

Guizhou Institute of Technology in 2018, and her M. Sc. degree
from Hebei University of Technology in 2021. She is currently a
Ph. D. candidate at Hebei University of Technology. Her main
research interest includes intelligent detection technology.

FINEE S, 73 i 78 2002 4F 2005 4F Al
2009 AFFAIAE Tl Rz gR A2 2o B
AL AN 2 67, B A A L Tl R A 2
£, FEWFFEI7 0] R REACI 5 e 2 W
E-mail ; sunshuguang_2000@ 163. com

Sun Shuguang received his B. Sc. , M. Sc.

and Ph. D. degrees all from Hebei University of Technology in
2002, 2005 and 2009, respectively. He is currently an associate
professor at Hebei University of Technology. His main research

interests include intelligent detection and fault diagnosis.

FEFCEGER), 2 0TE 1984 4F
1986 4F A1 1997 4E TR Tl K 2= 3k 15 %+
23 VAR 10 ==y VA 1 S o AR R s [
KEFH B, F2BEHESE Jr 1) O L fi AT
il etk

E-mail ; jqwang@ hebut. edu. cn

*

Wang Jingqin ( Corresponding author) received her B. Sc. ,
M.Se. and Ph.D.
Technology in 1984, 1986 and 1997, respectively.

degrees all from Hebei University of
She is
currently a professor at Hebei University of Technology. Her main
research interests include electrical contact and reliability.
HARR , 2018 4F T 4L Tk Ko gikiAsv
A0, 2023 AR W E AR AR
AL, B v Bk s A A I PR TR
EEEFETT 6] P S L AR L BT Ol
UNNEWIES: o K
E-mail : tels7217@ 163. com,,

Hu Yuchen received her B. Sc. degree from Hebei University

of Technology in 2018, and her M. Sc. degree from the University
of Birmingham, in the UK, in 2023. She is currently an assistant
engineer at China Railway Design Corporation. Her main research

interests include rail transit power transformation and distribution

substations, photovoltaic power generation, and power systems.

2

EER, 5 HIAE 1990 4F 1993 4 Fi
2003 4E T AL Tl KA AR A 2 A
S T RS DA I b A f B =31 44
2, EBWGE 7 A T TR
E-mail ; 2003500070@ buct. edu. cn

Cui Yulong received his B.Sc., M. Sc.

=,
\(

and Ph. D. degrees all from Hebei University of Technology in
1990, 1993, and 2003, respectively.

associate professor at Beijing University of Chemical Technology.

He is currently an

His main research interests include applications of power

electronics technology.



