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Abstract: To address the issues in the mechanical condition monitoring of air circuit breakers using acoustic signals—specifically, the
dependence on manual parameter setting and poor interpretability of modal decomposition methods, as well as the limited applicability of
short-time analysis techniques—this paper proposes a sound event detection model combining improved symplectic geometric mode
decomposition (ISGMD) and a time-frequency attention ( TFA) mechanism. The method involves synchronously collecting acoustic
signals, main shaft angular displacement, and contact voltage signals during circuit breaker operation to perform time-frequency
correlation analysis on closing/opening events. ISGMD is utilized to adaptively decompose the acoustic signals, overcoming interference
from invalid components and the limitation of unclear physical meaning. Subsequently, S-transform is applied to construct time-frequency
spectrograms , highlighting the time-frequency distribution patterns of the signals and thereby building the dataset required for subsequent
model training. Finally, a deep learning network is constructed by embedding the time-frequency attention mechanism into the feature

extraction module. This enables the network to dynamically focus on frequency intervals associated with the closing/opening events.
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Combined with the bidirectional long short-term memory ( Bi-LSTM ) network to deeply explore long-term dependencies in the

sequences before and after sound events, the model achieves accurate localization of the boundaries of closing/opening events,

effectively reducing the probabilities of false alarms and missed detections. The results indicate that the proposed method achieves an

accuracy, recall, and Fl-score of approximately 93% . For data from different microphone positions and distances, the root mean

square error (RMSE) is less than 0. 44 ms; for different devices, the RMSE is below 0. 57 ms, demonstrating good generalization

capability and stability. ISGMD provides interpretable signal decomposition from the perspective of physical mechanisms, while deep

learning drives the automatic learning of complex event features from the data level. The synergistic approach formed by these two

approaches achieves millisecond-level localization of sound events, providing reliable support for the intelligent diagnosis of the

mechanical condition of circuit breakers.
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Overall process of sound event detection in circuit breaker operation

JEN ) DBSCAN Bk LIS B 8 194 SR 2 X B ks



346 f# £ ¥

47

HJJ k=B SR R AR 2, TR 20 2 A0
I /NFEAR B, B RR AR O fh 17 ( feature kurtosis
5pectrdl entropy, FKE)f8hrH T 40wt ik, S8 5B S 42
R 155 e 40 Ry o L 1] DA AR R R S s e Jm i T —
it TRA B35 (1) CNN-Bi-LSTM 1% 38 o) 45 FRASE Hedi Hi )
PRI IAUARRAE | 28 Bi-LSTM ARAS I IO OC & |, S ¥ o
HFUINE S5 A R T A6 5005 B h Bk vhifs 228 (3t
G HERAN R UL S 0 SR F Y )
1.1 B LRSS iR
SGMD A AH 2 (B ARSI, ) 82 W AR AR 2l 7
TS EE PR SEE SR, IS T RGO,
SGMD J5 vk 1) B AL BRAT AR .

1) A3 [ E A
B EE AR « =5, 0,1, Hifin Ry
WAL WA Takens A E BIL, 3l 5 XT » #EATH A A[15
B FERE X
Xy Xy, Xl+(d-1)7
X=]: o : (1)
Xy Xpar X+ (d-1)r

Hrft m=n-(d - 1)7, d Hik AEE, 7 HIER
A ]

2) 2 J LA 4 R AR 4

XF X HEAT A M T A B U Oy Z X FRAE . A =
X'X, @AYy 225 1 Hamilton ZEEF ) .

m-ly ] >
Lo -a" )

A N =M, WA N 4 Hamilton %504, R, 8
A (3) AT I S RS @, B
o [B R
QNQ—[O B“} (3)
H R AEHEH)FHERE B Ry b= AR, 27
WA B S, = QX" , SRJE Xt S, HEATAE e , RV AT 45 514
IRy AR R B

Z.=0S,i=12,.d (4)
3) Xk

2t Z, AT A AR B HERE Z, 14T
?ji]z/,/ﬂ\:qjl si<d,JI<j<m, ©2d =min(m,d),
m* =max(m,d),n=m+ (d - 1)1, XX m < dif,
Wz =z, WMz, =z, XFAFEEEAER N (5)
Fs

1 & )
k 2 pk—p+19 1<k < d
1« W
Yi = IZ,I pk—p+1 d"<k<sm (5)
1 n-m " +1 .
n — k + 1P=k_zm‘l*+]z/),k—p+l ’ m < k <n

A E R E N n B9 —4ERF AR Ay, Ly, e,y
RIS HEE Z,(1<i<d) {EILAbFE W'JT%EJ'JE'JHMBI%EW X
TERPRA Y d ZHA0S7 Gt B H AR A S 4 M Y, 7]
5.3 497 4 =7 JLAA B2 43 2 (initial symplectic geometric
modal components, ISGMCs) ,,

Y=Y +Y,+--+Y, (6)

4) BHH 38 8 DBSCAN B4k

JE AR 7 & 155 SRR MR 53 IS 77 A d A TSGMCs,
ﬁlﬁﬁﬁﬁ%%ﬁ%ﬁﬁ%,1§%ﬁ$ﬁﬁ%xﬂﬁ7‘.§7¢$
BLAr B O E R 2, B st e G BEAR B, M EI A
DBSCAN RAH %, j‘ﬁﬁr”f%gﬂtufr*ﬂ >
BEREHIIRHERR

DBSCAN A% JELAEL 26 iy 85 8 DX IR0 43y 2, i e
% B DX B g 7 s, L R K sl Y A AL T S
ISGMCs MMk R BEIE I . AR HUAR GE IR ST s i 0k
BA LT OLH . Jois BeTs & BIH, 18 N o3 i Bl AR A
1955t M AR AR & FUR/NEAREL MinPrs 3175
ﬂ%%*ﬁﬁ E A o> FBR arE 5 A B oy B AR
SR S AT

ZEIEIFELN . Ui Y, D, e AR IR ER
X A, EAREARRGR RN MinPes, W) Y, A OXTS /[P @
R . R TO S TUSE R RS, (H 5 B AR ek
12 & Fli/ MEAREL MinPrs . HoA i/ NFEAEL MinPes 5y
AR d ST R

MinPts =1In(d) + 1 (7)

SBIRAATE & T k-dist BT AR ER AT, RIS E
RN R B 1) 3 AR A B %il&ﬁ?)‘(Tﬁ:—%?ﬁ
RN, — sl IO 20— s ",

TR A i RN Tﬁﬁ’aﬂjﬁ%ﬁl BE EHEIQJZHT
SRR R RS A &, , BRI
d’d (Y,

£,, = arg max 7 (8)

Hor d,(Y,) Rori Y, BIHES kPR IR, E'éé‘
Ak R [ C),C C.| MK aEN,
B ISGMCs HYHRRE,

c=C, +C,+--+C_ +N (9)

Hrp, C, R ERZE LM A E 4 & (clustering
symplectic geometric modal component, CSGMC) ,

5) LRGN IR bR

W R AR A 5 oo 5 B2, BB 23S (spectral entropy
SE ) #AFAE AL B 4EVE, FKE BEA EikEdr, SCB {5
TR A b O A R e . HOH R AR

(1) I e 1A

_E[(C -p)"]

4
g,

Ao, A EBE; o, WFRER 20T EL(C - p,)"]

(10)



24

HER (540 (A B R

(2) HFEEAT R, D

SE=—§pmﬂ%wMJ (11)
SR MR ARG (f, ) I — AT,

(3)11% FKE B5F545, B

K[

FKE, = Si (12)

FKE (RS | 5014 LRI A o ot e 5 00 e B
Qv KRR oK Jr 2 8 B B 0, i FKE
(KT 0 BT T , A R B Bt 2525 2
A L e S B B T 79 )
1.2 S35k

AR S A o 2 A LI B, X T
TRARHEMRE

FIENG 45 BT ISCMD SR 24 > 147 58 2T B MU 2 850 o 347
ISGMD FEHIESH x(n) , H S B ATFRIR Ny .
- Vi rre0? .
S(¢&.f) = (1) —=—e > e™™dt (13
l.f J_m x me e )

Horfr g BT RS TR 3R B eR B s 6 L f R A
RS AR FH v i v ok, JHL T R B A R G i AR 4
PR3 B 22 43 W 00 BT B8 3 R BT ST 43 BT BE 7, B A3
1.3 FhE TFA MESEHRNNE

X I % 7 o R O B UR B R L R TFA-
CNN-Bi-LSTM & & M 4%, 25 Gn &1 2 Jir s . iz B
S AR JiT B B P WIS SRy SR R BN AR A BRI I 2

Wk 1 I A 2R AR Re P, Gl ik A TFA AL ] 1 5
CNN 75 R A3URR AR 42 B0 A BORTRE 1, 0 Ak 2 1 SRR X
R

TFA-CNNAHEHEHL

Bi-LSTMI B+ B4 4 2K

B2 A 45 454

Fig.2 Sound event detection network architecture

1) TFA R JRGE 6 574 AL 45 74, 43500 138 B Sl fn
R B R A TR A 3 BT

B3V 7. O AR 4k 4 R O 351tk ( global
average pooling, GAP) 5 4 J& fx K ith fb ( global max
pooling, GMP ) $& U 3 b 3 FR1E , & B ARl & 5 0E A=
SR A a0, , AR AR B

w,(1) =0 (Conv,,(GAP, + GMP,)) e [0,1]" (14)

WU T 38 A X B T A e 4 RS At A B A=
JSHTUIRA T a0, 38 560 SCSRATUT W B0, i 2 30 3 5 ofe 12
SEELARAE A N, T8 R AR AT BE R TR
P = ERA,

2) Bi-LSTM X TFA-CNN % tH 5 45 4E 17 51 F 47 X Ji)
AR AR B | i — 2D A2 R B P R AT, A R d

,__________________________________
Y T NV

N

B3 e P25

Fig. 3  Structure of time-frequency attention mechanism



348 e M & 2

47

THERSAR 5 B RO 5 02K BE ), IR K 2 M
Softmax fi HHFFPFA Y, T ARG 2T AL R AT
PR, A I 6] 280, bl G I A i 7 0 1 5 b
P18 T 5 3 i 2 [

2 BFEEER AL AT MK

2.1 R RGIEIT
ARSCPIFEHRAEGE 1 000 B HLIE 200 A () A TS 1
B NI G, B PR 28 T, IR 28 F oL = 1Y
TR AR, 5B IR K 380 V, T B 4 pH: £k
WEBTA 50 A, EREBFNaS Rl &0~ %
BRAEDA RO RE A IR oI 3 A ARG 1T, iR
VRN E R 30 W/h, BER B SE e B s i . RS
P R PSR A A | 8 4 ) 0 AR SR B = KA A
i LabVIEW $5 1 PCI-1735U #z K % H 22 8 g o | 3K
Bl VRTH A IR A T, S8 X I 2 sh VR i e s . 2
[F 5 368 KT s 0 A7 R B Sl AR AR B G 2 D435 5 9, 75
o] MP251 1515 AR L& MA231 | &R AR
RAE, i BT LB ENL M B, R AL
BRT38 £ X F 4 i 25 2RI 28 1 12 A i, Al sk L TR
ik CHV -1 000 V 2 /RAZ &AW &, A 55l
EM9108S RAERFLRAE , RFER KN 2 s, LI 56505
PSR R, RAEERIEE N 128 kHz, (5 761 2 I SEH
SRR AR TR S AR, I X 5 B AL R A B AN A 4
Fis

T
B4 X G R A T 2o

Fig.4 Test object and sensor installation positions

Ji 15 P 5 B AT S ) 30T 37 0 7 AR P o B R
AT PR R, BEAE A A B A I it 2 s VA
AP 2 REAIE , (RN — E P B il o 1 At T i) A
WA T, A AL 5 BT 2R 4T, (H

TSI A 0 18 100 M 5 0 SR £ P &
PRIEET , 25 WA T 7 A B 75 A5 5 7 A 6 v B 25 S Dk
W i i A B R R AL, AT AR F AR B Y
FEE AR, 300 ) Al 0 X R A A
2.2 ETEHSHETESENET RS

1) & i 7

WS A% P 05 5 4 B ROHLBCR S 15 8L T
SRR SR 51, i R 20 R B 32k £ 02 8%  fk
SRR EAS S AL T W R U S e
FRAE AN S A, O R AR T Wik & s (R B S e, 2o i
R LABIAE Ryt 1Y) 60 ms BHE 7 11, W& 5 (a) iR .
AR 2R 4 BB

(1) FEREREIUA B (0~ 1, ) - B WIFE Ml A5, & H
WEERIE SR IB 3l , T o, I ZIE T AT LR, P 5 (55 1
BUE Sl bk, 0 LR T AR, E A 1

(2) ik RGN (1, ~1, ) ABRETL R AE R, K2y
ShfiSkiz sl £ ¢, W20, fih Sk B R RO 2 | ARG S I Ak
SeAfih RS fil Sk ZR GNP S B A el
fiE, 2 =t 2,

(3) BB B B IEIX (1, ~ 1, ) ISk A | 0 fik Sk
Akekiz g = T bk P, ETE o, IZIA BRI AT

77 N
361 /|

18

40 50 60
/ms

FEEE/NV kRN ERALH/(C)
( z_ \
=

L A
ly & Lty

0 10 20 30 40 50 60
B} 1] /ms
(a) A TERE
(a) Closing process
< . =
R L
& 36
@ 18}
'H'_E% 0 L - —//\-/——\—_.“\
A 10 20 3 40 50 60
> Fref [)/mss
400
J=a!
2 0
g -400 | ‘ [ .
0 10 0 50 60
> 10p I 6] fms
mp 05F
m 0
Ho -05
1.0 S i
0 10 20 30 40 50 60
iy [E/ms
(b) 73

(b) Opening process

K5 A/or it o

Fig.5 Closing and opening operation process analysis



24

PIBESE 25 BT ISGMD 5 27 ] 1 7 RE X B RS MU 1 2 85000 ek 349

(4 HUBTE S (1, ~1,) : IS BEIR SN EAT TR
A fi Sk SR ) 28 ¢, B SR ShAT R B XA, 7R R
P17 , FRAER AR, BT R Fi it 3,

2) 4yl il

Ay R X R S R AN 5 (b) B, 4R 3 4
IKJ/I\ /’1'_:

(1) BiAnfil & BrBL (0~1,) - 53 AIFE A filh kot iz 3l
FE ¢, B 2095 T A LAG Bk o IR B 7 /N
Ak, R e N 4,
(2) fil Sk a3 B AN (2, ~ 15 ) « BEANS SR BE S BERL AL
Blifg . 1 B 2R A R R UG X I ik Sk 43 5 M ] 7
ST K, SR e A 5

() WIS (25~ 1) - Bhfik Sk o) o IR BR iz 5, 75
B IRIRFEECE I, 7E 1 B 205 b A o 7 R
RAE kv, S F 6,

FRIOCHET M) S50, N3k 1 7R,

vy

H

&1 XERESHEESX

Table 1 Key time parameters and their interpretation

e (Buyis i ] 24K AR L/PL e
B SR [ Ty =1,-1 PRAEHUR e 17 34 B
libuy s - filh sk R G B RRZ 8
FE PR 8] Ty=t3-1, S i
HLA SR ] Ty=ts~t, TR i o7 55 %
53T o MU 2l A2 BH 7
m Ty=ts-
TF- s [A] 4=l 1s SR

3 ETHHIESESHXGISHN

3.1 BTSSR B S EXBE ST

SR R AR AT R T B0 E ISGMD 5 S AR i A
PR XA 43 W 56 B 1 B 220 7 A S AT A A T
REALEH 3 PRI 255 i ROCHE S 1) 3 ms (55
PEAT DL 8 B34

1) A il

H1 &l 6 £ RIAE FRAT I T 600, fith B B IS 221 ¢, 205Ny
0.8 kHz, &4 43 45 T 0. 5~ 2 kHz, J s s& L1 22 20 1
Tl AR 800 5 ik Sk P45 #e, 76 1.6~ 1.8 kHz MR
DSIRH 1.7 kHz; MUFFRES ¢,  AEEY HLE 1.5~5 kHz,

AT B I AR A i 5 UE S AR AT A 1
B (15) Prow,

| s
R=— (15)

s

T — BA6IR — BB 128K — H3T1IR
1 2
2 1 [l > 020! ol 8
e L i \
0 —a MW‘N\MV\\M~ ﬂ_nl
% -1 i 1 [t
B2 ol a
0 10 20 30 40 50 6X104
i ] /ms i /Hz
(a) B IERE (b) i REFR AR BN 21
(a) Closing process (b) Instant of spring release
> .31 0307 —#1 695 i 041 —7=1695
a 02 ;— i (())g 4 —7=5 086
Eo M 015075000 0 10 000

0 1 2 3 4 5 6 0 1

2 3 4 5 6
Hige/Hz x10* Hizm, — <10°
(c) fili sk RI-& B %1 (d) PLAaFE A1

(c) Instant of contact touch (d) Instant of mechanism stabilized

P62 I e R i 2 53 1

Fig. 6 Spectrum at key events during closing operation

3 KFH L R0 AR TR (B, =0.3~
1.1 kHz)  fil 3k W & (B, = 1.5~ 1.9 kHz)  HLI §2 25
(B,=1.8~5 kHz) ) R {64351} 0. 64 .0. 78 0. 59, jIF 5
ARSI T S B

2) 4y [ o

SRl R S e A e i SRS R R G R,
&7 43 TS FRAT S P AT . B0 A 3 0l 13. 6 kHz,
RemBE T 10. 2~ 15. 3 kHz; fil Sk Wil 4> 0847 T 3. 3 kHz,
5 2~ 15 kHz FEM53 A0 5 T de RO 20 06k 2.5 kHz, 1R
{EAEIT 0. 4V, B shfi Sk 5 BRA 25 AR Z RS

— A6 — 128K — H3TIK

7, T,
> 10 7 B OB 05T 360
pl 0'3 @ 0.10 {‘ 0,10{&“k
) B 005, fidh  0.05HLL
0.5 i \ R W, T 2 x10¢
1.0 ally I} N ACARS ALV
0 10 20 30 40 50 60 01 3ATS e,
B 1) /ms SR /Hz
(a) 23 WL 72 (b) BiFnfEBI %)

(b) Instant of trip release

(a) Opening process

—-3391 041 —f2543
' 03]
Wihee, 20 10000
6 2 3 4 5 %
Mz x10* %/ Hz X10%
() ik MY 43 B 21 (d) FFEE BRI %)

(d) Instant of maximum
contact separation

K7 o3I S = P 203

Fig. 7 Spectrum at key events during opening operation

(c) Instant ofcontact separation

LTS 5 A BT, L 32 B 43 g AR AR
W15 kHz DA 25 R 8AE T A5 R 128 kHz 1)
KRR T A SR A e B, ARG S e & IR
B R, NG S T ER A T T A IR LG 8
3.2 ETF ISGMD Ry iR 5k E

i H ISGMD 3 B % 25 & 43 il L Fe i & (55, Horp
PLE W55 ], fdi ] SGMD 76 AHZS 8] F 43 M 258 4~



350 % & L F ¥

ISGMCs, DBSCAN % 28 J7 i 4B 38 2 42 # 4K §5
&1 8(a) Fi7n: 75 k—E s &1 e il 2 a5 K i B R < i
JE7 S E AR IR AR e = 105. 815 Fe /NFEA KL MinPis
HRPE(7) BUE S 6, KW iR 531 2 t-SNE FE4EBE 1Y)
RIS AWE 8(b) FiR, IR T 6 AR, HAax
BEFRRERTC o, Bl 55, ol iz R 28k B
B AR A5 2% 58 X S A S BN 45 o R 40 RN FE N Y
Gy E A 1 B ELAA AR R )8 — A Y 40 i
PEATRA 5] 6 4~ CSGMCs , He IR I 0 T8 B XoF 1o 431 33 2
9 fizm ., FARRE v] T, 45 Rl oy et 1 o0 AR U 4y i
R b1 (ER (B AT 3 T i SRR R, A, 45 o i
DTS B B A v, HAR IR S, VAW ik A 0 2k
AR ENVEFAE T A RUE B, LB T 55 0 s =0 R
itk

HE— 25 FH il 48 55 %7 DBSCAN 258 i 6 4
CSGMCs HEAT AL AR, WA 10(a) FiaR . M R Ib3E
V) 7 22 00 0 AL, K 5 43 R WAL, (A5 A ) 2 S e ke,
AR FKE BI{E 0 0 1.5, 5 e PP 45 b & B il
3R AEATE M, R R RS SRR, EME

0.2

’ CSGMCI
0
02 . . . . . .
10 20 30 40 50 60
0.1
CSGMC2
0
0l 10 20 30 40 50 60
0.05

0 * CSGMC3
-0.05

0.02

EAE/v

-0.02

10 20 30 40 50 60

0 . ‘” ' CSGMC4

%10

2
0 ." CSGMC5
-2

5 x104

CSGMC6
0
-5

10 20 30 40 50 60

i [ /ms
(a) B BB

(a) Time-domain waveform

10 20 30 40 50 60

10 20 30 40 50 60

Fa47%
125
120
& )5
E& 110
& 105
ﬁ 100
95
90
0 20 40 60 80 100 120 140
PERSHE I R &R S
(a) k-BEES &
(a) Plot of k-distance
20 o
0s’o = RS
151 e 2 . + CSGMCI
~ L £ ~ CSGMC2
2 10 o ¥ % s & f.ss o CSGMC3
@ %o o s oa,"fa & ¢ CSGMC4
=S R AR N v CSGMC5
o * 0o haa t o CSGMC6
a « ¥

5
-25-20 -15 -10 -5 0 5 10
-SNE1
(b) RAHRE
(b) Cluster visualization
K18 DBSCAN RIESHAL A5 HFE 2 8] 73 A1 nl B4k
Fig. 8 DBSCAN clustering parameter optimization and

feature space distribution visualization

10,102

CSGMCl
05 l
L T R R 6
«10° “10
5 J CSGMC2
0
12 3 4 5 6
<10¢
5 %107
1 ll CSGMC3
L R S S I
>
= 4
@, o100 <10
= CSGMC4
05
0
12 3 4 5 6
x10*
X107
1 J CSGMCs
0
1 2 3 4 5 6
10+ x10¢
5 JACSGMC6
0

1 2 3 4 5 6
%/ Hz *10¢
(b) L E

(b) Frequency spectrum

K9 CSGMCs K HLAtit
Fig.9 CSGMCs and its spectrum

S RIS ST AR S A A AT 10(b) L () B, Hig o)
PraR W] EAE S R B8 T 3.1 15 T AR T it s OC B = Ay
EMRBE , W] ISGMD AL 1 75 5 15 5 RHIE L 25 23
RIS T, I 2 2 5 O U A U ) B R

CSGMCs, 2% FIARRAN R i aialy , 36 R =i 1 B s 4 2l £
FOEITO B BB, AR R SR 1
53— 2D AT LA AT REAE , DA U A
TEAN RIS BE b A AR Sl A 20



92 1 MBS 55 BT ISCMD 5 R 2% 2] 1) J7 BE U T SR A LA R S 500 351
2 2
6 2
§ ‘ A >
; g° I 5
4 2010 20 30 40 50 60 ;; 0 |
v 3 B 8] /ms Y 1 : : :
s (b) BT A | BN
2 (b) Time-domain waveform 1, f A
1 0.10 0 10 2 30 40 50 60
< i &) /ms
o s . E&oos (a) Al 2
SR (a) Closing process
; ~ 0 1 2 3 4 5 6 <10* <10
(@ Ev;?:;ifmgfiﬁiagamm B Hz ao ’ o2 100
(c) HE 0.75 0.75
(c) Frequency spectrum EN EN
& 10 ZRETFN TR AT ISGMD 45 % . 0.50 %' 0.50
Fig. 10  Comprehensive evaluation metrics and ISGMD results 0.25 025
0T%0 w0 e 0 0T 40 e 0
D 11 % BT 1, R A 5 (25 1 Eifme i,
RS S R i SRR L YRR A RG], R ' 04(") S-transform A0 1 11
2 A 2k 2 4 - . A 1.00 1.00
F A L DAl R T 5 00 B, %ol P B 17 5 B ?| ?
> ETPNTE oL S =t N BRI 0.75
TG PEVUN 55 FH 0, A0 o, A 8 5B A A A, O T A g g &
BT, MO BRI 2 M LUR B Bk 050 & 1 030
FEVRIZAFIE XAV SRRSO A0S 4 I 0 023 02s
PURRR S BT 200 0% 0 ) e T3 A BR . A, B a8 53 AP 325 6 it ¢ 20 40 60 ° b 20 40 60 °
MRS AL SR AR F S A SR | S8 B [B)/ms 5 8] /ms
K iR G SRR, B T IS BT R AL, S 4000 @ R (o Moo

AR G R, B 55 7Tk i R S TR
PR, RSO Tl 5 | AR AIE 5 R A1 15 L, LA
G A SRS AL S B S S Tl T

i | 11.0
? i —
L - RER 108
> - JE AR L i
e I\,M,lfpnmfwwﬁwmw 1°° &
o [ 104 if-
B o2 &
2 0
0 10 20 30 40 50 60
i i) /ms
RO E N P T RPN AV LV e
Fig. 11  Recognition performance of the two time-domain

analysis methods

3.3 EFSTHMNEERESHIES

AT S A2 ff STFT Mg /R AR5 181 Fl Morlet /)N 78
4 Ff LRSS AR A0 A Sk R AT X LT, T 12 () SRy bl
5B 12(b) ~ (e) 45k 4 FEREATAE

S AR A P A s — A 4 - i b S L A A I
TE B FEBEHR | HLTH I T IRORS B 2 2 1T 5 o s A 1 o o 3
PFRHE , IR AR BV 5 T, S AR 4t 1 3 3
AL 3O T v R . AHACZ T, STFT F 4k
R R AP o R (E s SR 280 10 = B o 30 5t
PR AR 0 R DR R e 44 25 2 ek ) g 7 £ L, g
S W A ISR 4317 5 Morlet /]335 28 8 B8 2 H i 43 i 43, (H
BRI 75 H T AR RRIE BEBRAR M L T B

(d) Mel-spectrogram (e) Morlet wavelet

E 12 ARIE BRI N

Fig. 12 Comparison of different time-frequency methods

TERS B34 v, Renyi AR08 A 4087 12 IR0 70 A i £ 2R
SERRE (R L — A T 2R o SCBU R S A
FEPE B BB B BB ACR IR R B R
T, 5 B AR U RE AL

AT B9 Renyi M1 2 PR S AR H )  (ELAR
THAM 3 MO, XSRS T S AR e RE
AP PR U S AR AR AR HA o B I A A 1
BLREST e vhdi 5 5 2 i vh e L 22 R0 18] 2 B RE 1 5
R IURHIE DR R RE 0, I A 80 A I A3t 11450 2 1 BT i % 3
VRt A v B I A5 T I U A, X — 51RO Jim 2 S
JE A B EDULAG AL B 0 S A

*x2 A EAFER Renyi 4R
Table 2 Results of Renyi entropy for different

time-frequency methods

IS 35T s S A STFT  ME/RAEE Morlet /N
Renyi i 12.56 18. 14 16. 34 15.47

3.4 EEEUHRNMNEIGERSSHT

1) B A P61 B i A

XTS5 400 G 53 W B s dEA T b B, 28 S A
5t Ay s AL AT P R 182 i hy s ) 2 B 3 o B,



352 & L £ ¥ W

47

TE A ] B [ 5 5 S AR 25 7 91 A TR 20 [R] 2D AR 4R
128 kHz SRAESF I 60 ms FHC I E R 7 680 55, Hi R 4k
JEE RBGREE R 256, TE IR B 23R 43 B 238 114 [7) B SHfe Ji A 724
THERCR MG K 25128 2R, A 2 2R FH 9 A6 =2 X i)
Yihith Akt O R T S S BOREAS R A [0 0, 8 R
WA RISRZE ], DA TR B ], S hn 2 3 4 A
ol R 2 N s 2 SR A ] 13 i

125lms 521 ms

R

1.00

10.75

0.50

0.25

10 20 30 40 50 60
B} 8] /ms

K13 ATE AR

Fig. 13 Closing event label segmentation

2) BRI 25 5 PR RE SR

(1) BERIEEY

TFA-CNN-Bi-LSTM [¥14% )it 431 ] Ry i A, 44 1t (] 4
B LR O F 2T 2 HARBI R S SR B

a. TFA-CNN . iy AW R4 = 2 B F-TFA - AL 45
FREBR B2 0SB B30 R 16 32 Fl 64, B R R
SPRE N 3x3 e KA R T 1B 2% 1, F 40 AR 4 i
50% , P B I ] e e

b. $EEE 2 : Reshape FRAE R = 45k & & 8 4 i
B 25 X RRAE AL B P90 VR R S St

c. RUJE) I B4R 2 . 2 J2 Bi-LSTM, K ~f 43 51 Jy 64
132, eak A 4 2 m  F 20

(2) R bR

ASCR KGR H BIRM F1 BB 2234
W, FEZAIAT S, a6 HL T 45 SR 5 B AR A& Y
DERCOC Z R PEA BRI PERE . EFHPE (true positive, TP) .
FEREAC ) LI BRZE 0 1, 45570 T 25 SR b Sy 0 5 i BH
(false negative, FN) $5HEAS B SARZE 0 IE , {HUAR AU 500
N R (false positive, FP)  F8HRZ AN ], (HAE

TR A 141,

KR P 2R 50250 1E 0 A RE AR o IE B 432 10 L
B 3 1R R Ry Fr A5 SE BRI B b, 1 A 425 Sk 1 1 A L
)5 F1 53 8O 0 SR 408, X T — A E6 i, Bk
3R RN (16) R,

TP,
P=

FTTP, + FP,

TP,

R ="+

- TP, +FN, (16)
o PR TP,

" P,+R, TP, + (FN, + FP,)/2

TEZ 5P ISR, 5 SR A 200 (9 7 AR AT
PSR BOP-2 , HERR A A ] 5 F1 RS O

C
P=YP/C
i=1
C
R=Y R/C
i (17)
C
Fl1=Y F1/C
i=1

(3) LSRRI

FEIR FH TensorFlow FEZE4E 4 T EHLECE N CPU .
i5-9300,GPU ; NVIDIA GTX 1650, Yl Zkid #2% H Adam 11
i, 2% 235 0. 001, B B AR A ey 7 122 Al
SR G HCH 200, 7 BCE RAEHLE] L B2 28 58 U
12 PREY ( sparse categorical crossentropy entropy, SCCE)
Sl 2D Wi B 200 43 A, AT DA AR AR T G v B E
HIZEI, B SED JXRh 2 BIAFA7 AY 18], 33X Mg 2k
PR X E AR HEAT H Sh AR, To s T3l A R 1
BRI (18) iR,

Loss 2‘%2 2. yilog ¥ (18)

i=1 j=1

S E T ER: TFA-CNN-Bi-LSTM %1 (1) 4325 v B 4%
JT4R 22577 ¥ 5 CNN-LSTM , CNN-Bi-LSTM #E47 %) [t 43
M, 2% RS BRI R U G2 S, X6 JH: r ok ] A A5 75 4 2 0
B GE—HE, I 2k 45 5 AT AS SCHE AR () L Rk
AFERI P FE FR AN 3R 3 PR

F3 3HEAMNMKER
Table 3 Test results of three models (%)

(g iR PERE B F1 445
CNN-LSTM 86. 74 86.25 86.28
CNN-Bi-LSTM 90. 38 90.75 90. 82
TFA-CNN-Bi-LSTM 93.04 92.96 92.97




24

Bl B A VR BE S S MR R 5 T 86% IESE T A
TR RETT BAEW B A SRR b By FT AT, BT ER A
AU A% O F8 AR Y9 FE 93% Z2 47, 3¢ CNN-LSTM | CNN-Bi-
LSTM SEH4J$E T} 2. 6% ~6. 7% B UE T TFA BB isf 474
TSR G R . AnIE] 14 s %A T B0 I 3t e
8 K F i AT T RERS HER TR R A RO T REAR
G3 ARSI BN 2 R0 e 22 [R) 80, SEB T e PR Y
SIES AR,

1.0
o ORZREN 0.0167 0.0100 0.030 0
08
@ | 00168 00265 o
h
2
M 2100366 0.0204 IRILRA 0.0263 || 04
02
310.0300 0.0200 0.013 3 EKK
0
0 1 2 3
T bR
(a) AR FE

(a) Closing process

4 JUCKIwA 0.0100 0.0167 0.036 6

(U210 0.020 0 0.046 7

FRag

Hix

0.0267 0.016 1 EUEZINE 0.030 6

~

0.0167 0.0100 0.030 0 JUCZEIK}

TbR2E
(b) St T
(b) Opening process
Rl 14 RS2SR 1R R

Fig. 14 Model classification confusion matrix

SR PRI PR B R )5 R I A B I S5 22
BT, B YR RS R S OB 20 SIS ) D
K FOS I 25 10 D R L, I A G I =
FF9 AR 15 PR o %05 VA W A A TR 5 20 I 0
frrf, B FE LR ZE /N T 40 ASIFE] D 280 1R 25 A
0.32 ms Z N, RIARHRIAE AP R PRI o BAT 5 1Y
TEETE,

4 BERERESH

4.1 fEEHMRE

AR WAL P A AT SR R A T D A R A R
Wi, F P 07 B Y A 3K K A T e i L R 2 2 R
85 WO 7 A D7 IS S ARl 16 JoR , A

MBS 5 BT ISGMD 5 VR B2 1) 7 B =X I R S AT LA P S 5000 &= 353
3 7
m 7 °
s o
& &
i
! I b
— FUSERA — HLRM
— -HHRR —— HIHARR
0 10 20 30 40 50 60 ¢ 0 I(j 20 30 40 50 60
i} 18]/ms i 18] /ms
(a) BT (b) Zrid AR
(a) Closing process (b) Opening process

K15 SEpUNEE R

Fig. 15 Event identification results

B E 3,20 em PIFPHE RS, T 4 MRl & S T4 R 4E
50 LB , ARG HW 75 515 5 I A e LA R S e e i)
SR SAER

K16 i EnER

Fig. 16  Microphone position schematic

P17 Sy AN TR B R B T W B e 4 T P 5 £ 5 4
ISGMD-S A4t Jr (RN ATNT L, W A LR 428 v 77
TEREHLIE , 3534 AT 22 57, (EL A RE R Al e 3 S )
R AL P B8O T 5 I TR Ak Sk ARG, ok Sk il E
S, L TR s BT RO I P e LA
PRIEAR G TR PE A i, AR A 2% BN HIL Al 43 BE R

=i
100 2 1.00
N 0.75 N 0.75
3 I
% 050 & 1 0.50
& & \W
0.25 @ 0.25
!
0 __ st 0
40 0 20 40 60
it 8] /ms it [&)/ms
(@) 1773 cm (b) £7720 cm

(a) Above 3 cm (b) Above 20 cm



354 & L £ ¥ W

47

N
=
$
B
40 40
i} 8] /ms B} 1A)/ms
(c) BT /73 em (d) BT 420 cm
(¢) Front 3 cm (d) Front 20 cm

B 17 [ 7 5 AP X H
Fig. 17 Comparison of time-frequency diagrams for

sound signals at different positions

Syt AL VEAS A% 75 25 A7 T B[] S 5000 2 A PR 1 52
WE, LA 2.2 35 IR B TALA% | fih Sk Fi e g o A 0 D7 XY
ARGtk J7 2 0 i 25 2R O 2 IR SR 34 07 MR 22 (oot
mean square error, RMSE) #4774, A AN (19)
FIrs

RMSE = z”: (y: =)
o on FORFEARER v, Ay, 43 BIFIRES @ DRRA Y il
DB 5 FLSE , THREE RN 4 s, 451 iR, AT
TEAJURE) B J8E B AT S A% 75 25 A 15 22 S, A R0 o U] 45
FATHBAE e, SIS R S HOR 2N R W T 05 8 A A
RAFE R

(19)

n

R4 FEEERMCEMIER

Table 4 Test results at different microphone positions

fereds WA PEREFEAR || ALREEE i PEREFE IR
g 2% RMSE/ms || fi'f 2% RMSE/ms
T, 0.31 T, 0.28
I T, 0.35 M T, 0.32
3 em T, 0.39 3 em Ty 0.37
T, 0.27 T, 0.33
T, 0.35 T, 0.31
I3 T, 0.38 Wiy T, 0.36
20 cm T 0. 44 20 ¢cm T 0.41
T, 0.42 T, 0.29
4.2 WiERSEIAAG

Shy 6 E T R 3 et AN [ T 66 8 A 1R B 75 ) 3
e BEHUON 5 R A BUS TR 2541 #2 F1— 5 7o R 59
2 000 FiEHLE 1250 A () B BIKrB% 2543 JT A W) i% 4%
Ml D 32 # 5r B8 A ik Sk H AR5 X6 P 5 R 3
PR AR, BT L 3 B s bR e E 5 LA, dn
K18 i,

— FERES FHAAEE —— -k Bk
12.16 ms 5.27 ms 16.28 ms 5 ms
i ! o L
> 2 Lo AL > 2 3 : :
Fe O] | i @ 0 i o
E | | B |\ H
“*0 20 140 60 o0 a0 e
P x10% %10 Lo
2
N
Z
|
B
0 20 40 60
it []/ms Fif 8] /ms
(a) Wi EEARH1 (b) W A2
(a) Breaker#1 (b) Breaker#2

27.02ms  6.73 ms
Y

W
Vol
i
[ !
[y |
11181
L,
T
I |
R |
i
(U
[

TE{E/vV
(3] B0 O N

PZ/Hz

40
i [A]/ms
(c) BB a843
(c) Breaker#3

K18 3 s & W5 5 A X H
Fig. 18 Comparison of closing signal time-frequency

spectrograms for three circuit breakers

AE A% S AL [R) 105 W7 0% i DR o) 3 2 22 S EURE IR AR
AR, A [ 280 5[] D P 3R AL AL A7 A8 DX 53 o A7 7 I 53
A RS, DI dr el SR I GRpe B, X4 Mi#3 vE Ay
W, HBh R R 28000 RMSE 45533k 5 fiR, 45
R, P 07 kA B A MK P PR e R A, BN T K
KA LA BT T Bl 2 TSR I e g 0 e ) A
T, O 50 S AR S A R R A RS A R
¥ ; CNN i o 4 BURZ 7 I3t P v 3 O A iz AR g T iy
JRyFRAF AL, S A8 R i AU T s LA, B TR AN [ e
65 28 10388 10 M 5 AR 1 5 Bi-LSTM Fo /04248 15 55 A J= i
BRIRUCENF: DU LS TILEE NI R PO E R ecifh 4 )
AETT , E— D4R S F 1 SRR A HE B It . BRI
SEEVE T, BB R 2 5N Zh B & IS8
RMSE KT 0. 57 ms, /555 R AF AT 0KS 5 B &



24

PIBESE 25 BT ISGMD 5 27 ] 1 7 RE X B RS MU 1 2 85000 ek 355

x5 AEBTEFMKER
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