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Abstract: To address the non-intrusive requirement of measuring arcing time of low-voltage circuit breakers, it’s crucial to overcome the
interference of strong acoustic events such as mechanical collisions of opening sound signal on the identification of weak arcing acoustic
events as well as the difficult identification of arcing sound signals’ start and end boundaries. Thus an arcing time measurement method
based on the characteristic frequencies of acoustic-electric field signals is proposed. First, the acoustic signal segments corresponding to
the arcing stage are obtained according to the division results of acoustic events during the complete opening process of the circuit
breaker. Then, a kurtosis-permutation entropy index is constructed as the fitness function of bitterling fish optimization-based variational
mode decomposition, which is used to adaptively decompose the acoustic signal segments. Combined with the characteristic frequency of
arcing acoustic events obtained from power spectrum analysis and correlation coefficient criterion, effective modal components are
selected. These components are then denoised with the singular value decomposition and reconstructed to suppress mechanical collision
interference and highlight arcing components. Then a band-pass filter is designed based on the frequency characteristics of electric field
signal to extract the very low-frequency components, thereby improving the distinguishing ability of arcing events’ boundaries. Taking the

reconstructed acoustic signal and the very low-frequency electric field signal as inputs, a one-dimensional convolutional neural network
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based binary classification model is built for the arcing events. the model outputs the event probability of arcing duration, which exhibits

the high precision and recall performance. To verify the effectiveness of proposed method, tests were conducted at different phase

breaking current conditions. The results show that the mean absolute error, mean squared error, and root mean squared error do not

exceed 0. 25. Furthermore all indicators are improved by more than 76. 2% compared with other measurement methods. In conclusion the

proposed method possesses the high measurement accuracy and robustness, which provides the potential application value of non-intrusive

online condition monitoring of low-voltage circuit breakers.
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Fig. 1 The overall process of arc duration measurement
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Fig.3  Circuit breaker arc characteristics test

2.2 HBEESRSAEEEIN

TEXS T o 3 IR 75 055 R 20 A7 ) B 2 ) 23 sk
P HAFRRI 3, B e P R B T R 256 L
R A5 X0 o3 I i A vp B R SRR T 00T, e 4 B

81 MRINZAF X A
6,
> 4 i
o 2 ! ‘H:
0 — 4, sy
B "
ga
-6
-8
-10
0 002 004 006 008 0.10 0.12 0.14 0.6 0.18 020
) /s
72 F
8
a6t
% 0,
H
0,
of 7jlrrko, T

0 002 004 0.06 008 0.10 0.12 0.14 0.16 0.18 0.20
I ) /s
&4 gy AR 7S 4] o

Fig.4 Acoustic event classification in the opening process

S PRAT 5 TR] (A B 1sF () [ 2, 25 BB 30 75 5 1 A%
FEAER ] 20°C B 25 AP A A i 343 /s A TG 5 AE
RAEIE 38 5% R =5l B T B o 5 75 5 5 R 58 A8 45
WA ERE B TE 0. 07 ms LA, 23 17 3 #2754 1
Rt R



228 % # X

47

1) T,—T, . 4y Bl i, B na LA g4, Bl it ik 3
WO RIHLIREE , b A R 1,

2)T,-T,. 76 T, W ZI, 3= #8050 40 i sh 34T, 36 15 3h
fith Sk w5 S 1] 32 B, 7 30 1) 3= ik Sk S Ok Sk 4 8,
fil Sk R FR B E SRR 2,

3)T,~T, 48 T, BF 2 A fh Sk AT 25K 1k s 07 8 5 43
1] B AS7 2440 & A I il i, B i Bk B RS A5 0, 3
fid S A8 o RS B 5K R R KA RS A O, S5 R SR TRl oK
SOE, A3,

4)T,-T, . 7€ T, B2 9k 205k 1k 3h 7 & & A Ik
i IF REA TR R R KRS A 0, I dRER TR
SOE WAFEN 4, T, W22 )5, REREERESN
B SRR AR

Wit R, T T, B2 A S e R AR R
AR T, -T, i B 55 RS
2.3 BRIRE{E SRS

h K PRI 15 5 5 AU 7 (5 5 A0 4 S e 22
5 T RRIVRR MR ROF & BRI IR 6 RIS
PEIRF 5 5% FH E AL ik Sk 43 25, UL3BE T HILA4) Al 42 45
PR, Bl k R BTAR A A A M Sy B OIS K M L,
RIS L R 380 VAC, iU B0 HL I 50 A, fil Sk e KATRE Ry
4.5 em, PRI G BEGE S Fra, W BEAKBEHL
PRI AT M A2 0, B 20 Uk LIRS 155 B0 1 1 A
TEE R BE 20 ms 040 (913906, 15 25 5 75 (5 55 1 B
B R E G E 6 Fs .

Vs

K5 RN &

Fig.5 The test platform of arc characteristics

A AT 45 T S, BRI R v R S B AR
AN 72 5 72 A W A T RE B 7E 20 kHz LA LA BE 1
4> B 2 W T 20 kHz DL RSB, HAR 5 AE = 7 30 ~
45 kHz My B0 0 2 AR I G i B DTk 1 (55 B
WY 78.63%, T,—T, (25 2k 43 I 7 45 5 S HJ% an
E 6(b) B, Hak i EZA G T 20 kHz DLF B 5
HEEhe R EEAENTE 35 kHz 245, SRR 52584
W75 5 S AT DR i B 7 s RIS S 85 5
PREAFAE SRR R 22 5 AR A T 48 ST 0, 7

o N b ® b b d
QQQ Q.QQ o oot Q,@' QQQ QQQ o o QQ’L

B} TB)/s o} (8] /s
4710° 10
3
2
1
0 . b .
D999 3935°
RINTIN N T W Wy
Hi#/Hz %104
(b) ZEHRSY I
(a) Intrinsic arc (b) No-load opening
Bl 6 SR/ It 28 0 I 7 5 X B
Fig. 6 Comparison of acoustic signals between arc
discharge and no-load opening of circuit breaker
1.0r
091 S
0.8 N RE S
0.7 N
| N
> 0.6F NI
OSE B N Y-
Roall _ EEHE CA O\ ERAR
03k TN NN
7 | WY N
0.2k 17 | / IR AN
M An o N ANRRERY
01 |J J N R
o A P RS o NN
10 20 30 40 50
H# /kHz

B 7 BRI 23 3 I e A5 5 D3
Fig.7 Power spectrum of acoustic signals forthe cases of arc

discharge and no-load opening

AL AR AR 5 DL R SR IBURH S 25 B o R 1o A
B 30~40 kHz FIfE 5 58, MRS L& 15 5 PR 44
BB | R ARHLAL S A 7 45 AR ) A s i, 78 )
TG LRI AR 22 2 07
LT, -T, A BER 28 6 25 #8515 5 15 Ja 3 fh S H
Wi RIEE S 8 iR,
os |
06
0.4t
0.2
0
0.2 f
0.4t
-0.6
-0.8
-1.0

A/ vV

6 7 8 9 10

0 1 2 3 4 5
I} 18] /ms

P8 ANIE] T LW 48 2 7] A5 15
Fig. 8 Acoustic signals of circuit breaker opening at

different operating conditions



%1

IS 4 LT - (5

PR AR 14 W B S AR IS ) 00 £ 229

P 5 25 3 00T W 28 43 T R B 9 75 (5 5 164 T
IH—AE He 40 B, AT AR 3 LT SR RRAE . 76 B 3878
L, PR 00 R 77 AR B 75 (5 5 AR FE B I iR 59 b A7 7E 22
S AHR I = BEARRL IR AR SRR, 7 fik Sk H e i AR
IGAB 28 T O o RS EE S, 8 T00
WA AR TS S 7S B 28 B AL RlE 8 < 14 & A, e 2k
T AE ARSI 277 A (A5 e T e A 4054 U DX B DX i)
T2 55 B RFEPE R 5 40 A0, I T AR R oI i
B AT EE P 222 Wi s bR . (EL i T IR 2075 {5 5 A7 e sk v
HAESHE IR 0 S R A TR, Fe 456 H A
5 S HHE A TS B B A,

2.4 ESHUEEAMSR

FBGUEFR 2. 3 15 AR SR A B A5 5 R R
S A T A SR, BT LRI B XS 5
5 A e 22 5 0 A P D TR (4 A6 R 7 R X T % 4 4 Tl
FAAE 5 DL BN [A] B 3 S 2T AR SIS A5 5 A 0 2 9 %o
HpAR X Al e i AT ge i, S5 R WA 9 s,

90 0 =

[ 13 8% 3)
e R AR3

10~20 kHz
S X 6]
() /[ 45 10 2t 28

(a) The circuit breakers with different structures

0~10 kHz

91.94% 92.00% 91,000

10+ 326400107 %?, " F"ﬁ]% [Lﬂ\ao
10~20 kHz
B X [A]

(b) FWHH

(b) Current ratings

Ko kg A e REhR

Fig.9 Histogram of signal energies under various test conditions

0~10 kHz 20 kHzPA E

HRYEAA I 4510 T 43 el 75 {5 5 A e & 20 A T LA
L 3 AN [ 25 40 1 DT 865 8 8 48000 W) {0 e a4 v
F20 kHz UL, H 20 kHz LA F B BE & & 40 o2 N
92. 07% ,96. 48% .95. 07% ; A [A] HEL Y 25 2% F (9 BR 9 75 15
SHER N FEAEST 20 kHz VA I-,20 kHz L FORER A
3R 191, 94% 92, 00% .91. 00% , 5 2. 3 45 Fh45 3|
BRI — B, R i R 3 3 3 K [ AL
) T I 2 FTAS [R] D T AR

2.5 HEEEEFESSHT

FE T T I A IR IR 1206 2R e e 6 i W 45 53 )
MRS, DL A il Sk v S vl 35 sk L3R LR 22 1)
AR K FR , AT R (55 B AR Sk B U fi
S EE 10 s,

<
op
o |
§ ) \“\”H\HH‘ |
0 0.1 2 03 04 05 {06 07 08 09 1.0
B 1)/s
50 F
<
ES T
# 0 L
X i
& i
-50
0 0.1 2 03 04 05 {06 07 08 09 1.0
i [7)/s
> 400
== 1,
# 0
X
& 400} T,
0 0.1 02 03 04 05 06 07 08 09 1.0
B 8] /s
K10 Syl B E S

Fig. 10  Electric field signal during the opening process

TE T, I 20 fil Sk R T 2 25 Bk 28, Sl R SIGE 463 10 2% 5 7
T, I 200 R et 2 ot A AR L, R R IICRE I 220 7 7y
ZIREBR b WA IF Sl A LS, AT 10 TR T, - T, Fr
BRI 2 b B 7 {5 5 0 U IE Sl R S A A 35 X
o3 I BISUG F 3 (55 AP AR B3 TSy, T Szl
AU i, P S A R BRI T
JER R S WL 11,

LS [ oy oo

05 1.0 15 20 25 30 35 40 45 50
S Mz *10°

CRVENEVGEER A R T
Fig. 11 Spectrum diagram of the original electric field signal
FL I B BT f, S 50 Haz X B 5 4 L AR fly
ML (5 S IR SR 0E, IR AR o AL i s YO
P oyaak Wi e 3 T AR DI A I 25 5 A SR, 7 3~ 10 kHz
AR VLF (5505 T B i sh B 5= 285 8., ik H
A5 5 AR AT B A TR 73 152 il



230 % & L F ¥

47

3 ETHIEMENESEIRSTRN

3.1 KRIREUIEREAIREN

HEAT VBT % 24 53 W AR LT 55 8 0 DR P 45 5 DA B L 33 15
5 2.3 WEIE, A S AR BUR IR SR 4% 40 kHz
128 SHB G AL RS PXRO4A , it FH ] 2 14 25 40 dB
T B R A% PXPA3, ZESEA T[] H I AE 62 53 W s, 43
SIS T W i £ 28 T s D | FL R AR 32 30°,60° ,120°
150°3X 5 A T8 T 19 500 ZH T 6 25 43 el £ . £z T ok LA
B H 60° 43 Wk 5], ) FH T £ 7 4G U R IR ), AR
s — B P35 DN () R SIS i) 285 SR A ol 22 ) B 4 15 55 DU o
AR S 50 | i LR — F TR A 2 LR DI [ oy
6. 48 ms,
3.2 HEEEFESEN

ST A S5 /N B2 - HEB AR HG b 1 1E 038 B S5
PRI, BEE ARSI/ R 50, AR ECH 10 K, 5
K o« SIS RIN[2,10] [ 100,10 000 ], X 53 i
P 53T BFO-VMD 8 S B S 84l &, e iU 4
FEAEL K BAETTNF o, 38 0 B REUATE BFO Tl 2
P YRR A 12 R 2 ARES 6 YR A I 1 R (R s )
/N XTI [ 6,1 765 ] NERIESEEA G . AR
SHO IR S MR (5 S AT VMD 43, 55 i L
B 13 B,

0.175
0.173
0.171

20.169

167
0.165
0.163

1 2 3 4 5 6 7 8 9 10
EARIKEL
K12 BFO bkt ik

Fig. 12 The iterative optimization curve of BFO method

ML 13 /5 VMD S 25 50T LR 45 IMF 2851
WS EREAFAE 3525 5 . 25 VMD 2345 2 1) IMF4 43+
P S A EHE 3 T IME3 FIMEF6 T 36 80 4 o ok & 4%
FIFI B SHTER . 45 IMF 43 5 UG 5 5 WA G 2 80n
# 1R,

MR 1 BRI R %L, X IMF 434 AT 07 85 IMF6
MR TEME 43 HE A B8 5 IMF3 ~ IMF5 BIAH G 2B T 0.2~
0.9, T E AT 2 Mhb L 1 IMF2 DI e 78, tbah, R 13
FRT U H IMFL HC 35 S (I RS {5 5 =40, ik
FLIEFE, X T RREAY IMF3 ~ IMF5 & MaAR 5 0 i R A 7
SVD AbHf, 54 Sy e — A AL S 10 P (5 5 AR 14 s,

HRIRAESS 5 T 4HF
1

! >0.04 Lo
i W/NMMAWW ?\@().OZBA : l
0 R B

0 002 0.04 006 0.08 0.10 10 20 301401 50 60

TEAE/V

OO
ON B
[

1) /s /kHA

Z 9 rii Z 05 W@l [

| R [

- i g )

0 002 0.04 006 0.08 0.10 10 20 30740750 60

i1l E N

> 1 >

< Z0.05 |

Fu OW—-——- Fu J“ I

= Z 9 1

0 0.02 004 0.06 0.08 0.10 10 20 301401 50 60
/s ﬁ%‘(kﬂ%

|y
2 'A'
2 0 | |

0 0.02 004 006 0.08 0.10 10 20 301401 50 60
i ] /s ﬁ%}/kHzil

2 Z0.05
oW & : ﬁ:
-2 2

0 0,62 0.04 0.06 0.08 0.10 10 20 301401 50 60
T &) /s ﬁﬂ]/kHz:

5 | |
. Lo h
5 . . 1
0 0.02 004 006 0.08 0.10 10 20 30 40 50 60
i 8] /s % /kHz
[E] 13 BFO-VMD ﬁ’ﬁﬁéﬁ?jﬁﬁ

Fig. 13 The decomposition results of BFO-VMD method

&8/ V
(=]
TEE/V

EAE/V

&8/ V
TE1E/V
&3

%1 IMFHXEH
Table 1 Correlation coefficient of IMF

B LIPS/
IMF1 0.272'5
IMF2 0.162 8
IMF3 0.634 3
IMF4 0.351 4
IMFS 0.262 7
IMF6 0.908 1

TEAE/V

i 0 0.0020 0.0040 0.0060 0.0080 0.0100 0.0117
i 8] /s

Kl 14 SRS

Fig. 14 Reconstructed opening acoustic signal

M 14 T AR AR5 P A B S e
SERCA AR, 55 T SR A R S R AR R
BT B TR BB (BRI A B 7R A5 5 S
HUBRAE 3P 175 5 B A2 i sk AT A7 AR iR B, O ik HLARE



%1

PNBEG 45 T P — HL I 55 R AE A4 ) T AR I (1) 0 231

(373 RIS HICASS 2, Sy 2 — 20 0 W55 A8 285 3 UG A 2k
P15 HR g T {5 A B RG22/ N AR A 2 A IR
FIXS

J
£104 5104 é%
N 5% 3
B o Is

05

0 2 4 6 8 10 0 2 4 6 8 10
I /s %107 B 8)/s *107
(@) RIEES (b) EHIES

(a) The original signal (b) The reconstructed signal

K15 IR L

Fig. 15 Comparison of time-frequency diagrams

ME 15 shaf LUA Y AL 945 57 30 kHz LU
BRI 5 15 20 A SO I ], ELAR e oR A P A 5 1
7 R bl SR RE O D A R R S
AREFHE SRR,

3.3 A EBGESEURDIER

FRAfE L AR W 521 0 P Ao A A 4] o 1 5
PRIEIGES N 5755 5 BAR KB 55, X R IR 55 1%
FREZ 128 kHz JIE WA 16 Fron, AR B35 15 5 4
Mrad i R BURIRE 5 A BE 3~ 10 kHz i VLF (5%, 454
fih Sk FL IR A 5 LR 43 o R TR R X ) 5 58 Ay T IX
], Ab B S A5 B H (55 WA 17,

0 0.0020 0.0040 0.0060 00080 00100 0.0117
B [8]/s

Kl 16 BRIKIX ] HL 715

Fig. 16  Electric field signal in the arcing interval

, HL R X 1] SEASWIK ]
A MRS RoRrdnE ' '
g - I T T T 1
6 e
L il
> 2 -
a0 RTSBPR, Y oo v v NN w\))c\«vwv/\/vvvw\wwwv\
& V
2+ i R
‘| |
6 F i
-8 ry T . ; Ly, N
0 00020 00040 00060 00080 00100 0.0117
N

K117 VLF RU{E S s
Fig. 17 Components of VLF electric field signals

PRI B 1 P 0 A A 2 B D Bk b i, 7 o A 5
N 22 55 F I o e e At 2t Bk i, T, P 2 I
(R IK T R 1, (01 Sl A A R A e 5l
A 5B ST i e i Ak e R s A T IR AR
I, FERRIGE f7 i B 1k Pk fiph Sk L s 5 282 W 728 7 A ik v 3
SRAE T, HEATRE R IR B b T Sk FL T | HRL R AR AL
BUNRGE S TRGE AR 2] T, B it 22 Wik 4
SEARIYIT, BUI LR B A% | LA B Ak 25
T AERE R R (R 5 S 20 il B 1 £ L U PR
PR MR 7 UM I, e 7 TS 22 T, WL A S R ik
Xof He g LR B Hh B 28 T R e, T A D R A 9
ISOURGEES VS IE/

4  EF 1D-CNN RYBASI AT 8] =

4.1 BONEGS LRBEE

FIAEBG B) 53 WS RE s | B3 (R o A i ] 2 51
A, FEMPEES SRERSE SR A B
o SR AR S i i A 1D-CNN RNN SVM 3%
3 PRI HEAT 32 e i S e /MR I ) ) 5 2R 25 R
H S A BRI B AT BRI ]

B 1D-CNN #5558 =% FH Binary _ crossentropy LA
SRR pRRA Adam IR , A2 K 0. 000 5, 2k
JHZ 32 Dropout K fin AR5 8] 8 bR 2504k 3 5 #0065 ) A
K Relu 306 sRECE s AE L AEALG RE 1, U5 R 3 8
H 50 I, FERLI 73 80% HYRHEAE Il 254, 20% 1R 0 5
UESE, Yl Sk ot B2 HP % B Batch Size "N 16, Dropout Rate
4 0.5, early stopping patience B E N 5, ALY Zx A0
iR 1 PyCharm AR BY TensorFlow HEZLSZHH Python
A 3. 8.20, 7H54L CPU 2y i7-8750, GPU fy NVIDIA
RTX1050Ti, I Z5isk 7 HiJll 5 46 0 50 Tk B 1) 52 I 452 2K bRy
B 18 Fin,

gk

- RUESERR

0 10 20 30 40 50
WIREEIR
P18 MR i R O i 2k

Fig. 18 The loss curve for the training process of model

i1 18 AT i, I 2R dk S e S th & 94—k, B
i ETSORSE . SSHERUNIUPYE UK U RITEE



232 & L £ ¥ W

47

PR3 JERCR TR W6 e ) 4 R i AR 20, an il 19
B

0 1
THRARZE

B 19 BRI SRR v S

Fig. 19 Confusion matrix of arc event classification model

FIRE AT LA B R A R0 A A S &
AL BIFR R R 2SR G S U0 R R B T 98.20% . 4%
532545 (1D-CNN \RNN | SVM) (70 K45 RN K 2 Fios,
1D-CNN X FEAE I T B 73 ARG 1 % 4 98. 20% EAf
2 97.95% A3 ER 98. 45% F1 5341 98. 20% ,1D-CNN A%l
B IFEAR AL T AR Wb 5328 J7 3k B[] I DR 288 1 118
KR B R WO A T,

R2 BOEBHEER

Table 2 Classification results of each classifier

(%)
iR TR HER = R F1 5%
CNN 98.20 97.95 98.45 98.20
RNN 90. 36 95.90 89. 00 89. 67
SVM 78.83 76. 39 76. 39 76. 39

4.2 HRERSCIE

FTERBG] A Z W55 1 b, 3T 1D-CNN 4
BRI IR N R R R R R 7L R (g i hi]
By A TEAT A S [ B, 43 530 %o 2 B R R A 5 1 A 28
HEATRRICAS (A1 i, FLZ5 SN 3% 3 o,

&3 3 MRETMISIR

Table 3 Three model evaluation indicators (% )

A KR W3R 7 Il % F1 5%
FlEE 81.22 89.53 62.00 70. 41
HIES 73.26 90. 32 63.96 67. 66
AR5k 98. 20 97.95 98. 45 98. 20

M3 AU B — 18 AR R o A5 B i A A 2 R
ISR TR SR UL A [R5 b, WML 18 H

B E ST AP A R I, AT 2R
SHRHMERA SR, AR SRR G R A R

R LR EB?H*ETIJJKXTF%#HEJ%@F FELEF
SIAHIZE S T BRIIGE b5 vty o5 U0 (0 oA B2, OF B
FERRIIAR K B 2 FLA 5 i 5 A i 3 i B Rk | AT AL
SRR IR R 2 ST D
4.3 REHW

SR B UE FT AR R K TR iR S SCRk( 3-4] Bt

PEE S H0E ATRE RS S R AEF T X B, A FH AR H
) R RS 5 5 Ml Sk B R | R DA 5 AR BT I 4 T DB
Fsf 1] 5 43 TR R], DA 313545 2R ES ], DA 60° 150°
FHAL 23 Wi R 6], R AR T 64T 20 IS5, R BT iR
AT A S5 R WA 20 7R AR S P 5 T AR AR
FRADIN MR, MR BRI 1 oM 0. 5, 18 B I S R o st
Bk 1 ms LATRBH R 51, 28 B [ 9 3 e K 9 s ) BB A
SR £E

[ L
2r /\ AT Pai
@ ol | :
@_] \/ Ve o Sk \/ \/ \/J \/
: \/ et
0 250 500 750 1000 1250 1500 1750 2000
¢
of
ol T i
Cr FUEHARAE
oo6r MEE § WEEEBI0.5
Boal
02r } . A ST
i
og; i - SRS, 1]

1000 1250 1500 1750 2000
N

K120 Jirdr ik iiitas
Fig. 20  Test results of the proposed method
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