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Diagnosis method for GIS metal particle discharge and mechanical faults based on

ultrasonic and vibration signals

Chai Jialuo, Yao Shenjiong, L.u Tongtong, Chen Yingjing, Zhang Zhousheng
(Faculty of Electrical Engineering, Shanghai University of Electric Power, Shanghai 200090, China)

Abstract: Metal particle discharge and mechanical faults inside gas insulated switchgear (GIS) are key factors affecting
its safety performance. These faults can be detected and identified using the ultrasonic and vibration signals generated by
them. Simulated experiments of four types of particle discharge, normal operation, and flange bolt loosening were
designed on a GIS platform, and the time-frequency domain characteristics of the signals were analyzed. It is found
that, in the ultrasonic signals, the frequency bands of linear, spherical, and lump particle discharges are mainly
concentrated in 50~60 kHz, while that of flaky particle discharge is concentrated in 15~30 kHz; in the time domain, the
linear particle fluctuation frequency reaches nearly 200 times at the fastest, and the lump particle signal decays by
68.23%, showing the highest decay degree; in the vibration signals, the main frequency of normal operation is 100 Hz,
and the amplitude of the 100 Hz frequency significantly decreases when the bolt is loosened. Based on the signal
characteristics, the positive/negative half-cycle peak ratio, ringing times, attenuation coefficient, as well as the centroid
frequency, frequency amplitude ratio, and total harmonic distortion were extracted. Combining the characteristics of
ultrasonic and vibration signals and the random forest algorithm, effective identification of six operating states is
successfully achieved, and the recognition accuracy is improved.
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Figure 6 Time-domain waveform of linear particle discharge
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Figure 8 Time-domain waveform of lump particle discharge
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Table 1 Time-domain statistical values of particle discharge
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Figure 11 Frequency-domain spectrogram of spherical
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Table 2 Frequency-domain statistical values of particle discharge
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Figure 14 Time-domain waveform of normal operation
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Table 4 Frequency-domain statistical values of normal operation and mechanical fault
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Figure 16 Frequency-domain spectrogram of normal operation
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Figure 17 Frequency-domain spectrogram of mechanical fault
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Figure 18 Characteristic distribution boxplot of

ultrasonic signals




B A1 EH 3

Se TR TR IR NG 5 1 GIS 4 8 WORE L 5 ML S %12 I )y 12 317

4
=
< 2&5
= - - =
e 0
1 23 456 1 23 456
BITIRE BITIRE
(a) IE f 2 J8 W £ L (b)FR A4S AL
2 5.0
&
-F = “ E
= - 2
< 1 3 25¢ é
& T
&
1 23 456 1 23 456
BITIRE BITIRE
(o) FEWH A KAL) (d) F L%
6 0.6
B &
B -
S 3—@ & & 0315 =
& =
&= - g
L L L L L L 0 L L L L L L
1 23 456 1 23 456
BATIRES BATIRES
() 3 R i Lo () A % 2k B

=1 -RIE ORI =2- 2R Ok
=3-HIE ORI R =4- 7 B ROk L
=S5 IEHIBIT = 6-7k L IRM A 5]
E19 #KIApfTHiEs A HLHE
Figure 19 Characteristic distribution boxplot of

vibration signals

M 18 19 AT LA i, To it J& 8 75 15 5 1 FF1iF
(I B4R 215 5 AR, AR ST IR S Z M & &
Ay B X 6 4EFRAEE X T GIS 1) 6 Fliz 17
REEA —E Wm0 B .

4 BEHLARBRIE A

4.1 FEHLAR

WAL AR MR 1 28 A T Bagging 8 W2 ) Bk A
Bl BIL - 25 0] 7 vk 9 JEVARL . B BB A AK0HE S IR B A
e i Pk R P TH 0 R SR L SO I A, G AR T O 2R
iz e . HEADHEELHE 20k
PE BB AR X 45 55 1Y B o0 S A, i — > A R oK 4y
JEVERE A B A 2848 L DU o U0 Ao G i

it AL A% A D B A 5] 20 Jr 7, AE U0 Y o R o
B I WA B, 43 501 Sk AR ok SRR B BB RN 8 S B
Bro T AR R R X R A A R
Bootstrap i AL 5 il A H2 A B Uk Bl BL % $5 4 AR 44 1%

— AN T EG YNGR AR 4 19 I 25 4 O X
A B — RR R SRR bl A TR SR A i B AL R bR 2
Jx TG I R AR (9 U 1 25

Bootstrap HRAE

| grsen | [ grgn |- [ WETHEL

bR AE T4 - (Bl AT -+ bk T4

| wdemD. || wEWD, | [ BMD.

[ D, || D | [ WD ]
l l }

[ RmEERR, | o[ WBIERR | [ WISRR

IRAGPUNZE R

B 20 FEAL AR IE

Figure 20 Principle of random forest

42 ETHNKKE GISHEIRS

AR SCORE B Y A RS R 20 A5 S 0 A sl A A
AL AR R 5 i 12 4B MK 5 Ak ) o X 12 4ERPAIE
Io) 2 A O BOHE 4 R AT BEAIL AR AR U I, 25 DR B
i B g vy SR B TH SR A A R N, B R O
18 WA RS FER A,

Ry iR 3R [ T, AR SR B/ INTUAR $ie KAH DG A
(minimum redundancy maximum relevance, mRMR)
SRR AT R AL B IR RE T 124k
FEAE 1] 45 B mRMR A 20 HE P, B 21 B . 8] 21
o HE 2% B YRR AE R PR R, ELRRAE 22 A Y
AHOCPE B /N o AR AR HE T, 2 9% HF 42 52 10 A9 RRIE AR
B R ASURT LA R AR B 0l 2 B k2 R R AR PR
AL YN L R0 T 174 T, I BE U8/ R AE 22 [R] AR DG
FR 52 ), I DR TR A 3R

W W A8 20 R Bl A U0 i R o, BE T RE AL AR AR Y
PR 22 s . BB BT .

1) 3R B RE i HL A S e GTS P i e 119 12 2 4%
fiE 1] 8, 3 X5 GIS #Y 6 Fh B IR A HEAT 200 2 5

2) F) B VA — A 7 ¥ 6 B 23 28 e AE A B
H— A B[] — X ] o AR SCHE I 8 i B 12 W 4 6
— AL [0, 1],

3RV — A5 1Y BOHE B 4 703 1 b R AT Bl AL
R 34 B YN A A L A g R U b, A K



318 C 3|

Eild 2026 4F 5 H

i

AR 5 IE AR Y A A 1

4) R N 25 £ FEAT BB YN 5, I 75 BE L AR Ak 2
B, A B Y RAgi Ay

5) #5 P HRFAE (B AS 2 R 4B R AR 18, J0) 20 M
Yk 1 FFAEAZ 5 B9 mRMR 4570 HE 77, s 2R 1 51 19
AR BT B BEAE AR T E R LR 2) o PR
AEFFAEAE W AT — 25

6 ) FH I A2 0 5 s 1R 0 AR AR 1) 9 e L A5 2
2 SRHIES

1.4

1.2

mRMR 75 4%

~ o~~~ o~~~ o~~~ o~~~

— = = = =~~~ —

FRAE £ K

21 mRMR /% % # 5
Figure 21 Ranking of mRMR scores

Vit b6y 5 i £

[ wederpnem — B |
'y

VA — 1l i B B

R A A AE ‘ LIESS ‘ ‘ ML AR ‘
A
I 2 B dE 4

A
mRMR 1343 HE ¢
A

AR IEAEA5 )

B 22 & TFRAALA KGR 5] R AR

Figure 22 Recognition process based on random forest
Hi T8 — {5 5 M B 6 4E R 1k 0] B, A ¢
— Y R SCORE I G R E (B U R 2 A 6 4R i i
mRMR 3% B2 I, 08 BOH 75 15 5 19 R34 U8
ok % R IE B2 J AL LE , iR 2 45 5 00 FO R
W0 3R L A D A O 6 P AR BB 5 4
fiE{EL

5 AHER

A SR FH Bl B AR ARGAL 32 0 4 i SUORE T L A L
BB R AT IR B, OF BRI AL B - SRR m
i L (particle swarm optimization-support vector
machine, PSO-SVM) 5 i | [ 1] 1% 4 #f 28 9 4%
(back propagation neural network , BPNN) %4 % il %
FIR % >J #L (extreme learning machine, ELM ) 5. i it
A7 HeAE, Bk M P S LA B RN 3R 5 TR o

A SCH T XS B {5 S R A A RN S IR 3 R
B R IEAE , Bk R B S SR S A5 S B R (ELAE
A AT . AT LAE I, B — R AR AELVE F i Bl
HL R AR Y I 550 HE Bl SR AL 1L 9606, PSO-SVM .
5 \BPNN B3k Al ELM 57 i 1 P50 1 ffy 25 U 9
91%~93%

W PR S B 1 REAEAE AR S A 7E A — 4
JETR B AL AR AR 08 SR 0 A 32 A0 L 5 — R AR (B A BT
T, H T 98.11% , 53 4 3 Fh A vk i 1L o A o
WA T .

38 3 R A5 AL AT A DN GIS (Y8 75 R R B 5
5 JF N TR R AN [ A6 D 5 ik AT R A AN AT LA
B GIS H 31 6 F s [R] AR 2 38 BE £ e il 1 12 )
M HER 2 1 H, 5 PSO-SVM # i . BPNN 4.7 I
ELM 835 A L, BEHL AR AR 20 GIS /Y 6 Ffiz A7k
09 PRGBS A B ORR B A S T o R 2R T R
BRI 0 25T L BE AL AR RS 2 1 PRI A B2 A BT
$E T, UE W R FH B AL AR RS 2 T DL 0 X GIS
1 6 Bz A RS #EAT R

RS R EAMEALE

Table 5 Algorithm accuracy and comparison

ik R %/ %
# K 1R SR R HE B4 5 GE
PSO-SVM 92.25 92.48 95.04
BPNN 92.93 92.89 94.97
ELM 91.07 91.62 93.66
RF 96.31 96.56 98.11
6 #iE

ARICHEFE T GIS A [R] 43 J flORL s L B AL A
A I P R IR 0 15 5 A R o B PO v g
W5 A 5B A R AIE B, S T X GIS SOk ik L 5 Bl
PR B9 . EEEBIT .



55 41 5 300 Se TR TR IR NG 5 1 GIS 4 8 WORE L 5 ML S %12 I )y 12 319

1) GIS TEIE & 3B AT Ok HL FAILAR S5 B B e
WA 5 e OE B0 A B M I Sl A 3R ORI e R
JEAFFEE S o IEH BRI, 768 Mk sh 5
SRR B . AR E S, etk
THORL 1) I8 201 000 %6 e v, ST RO 5 D AR e R . AE
P3N 55 v, BB R A Bl i B 1 U B R e s, B
B D R e K o

2)GIS WERTE (BRIE (B JE SOk il L I, 8 s A3
Bt AL F 50~60 kHz, F B 1R B B A9 48 A
55 W AP F 15~30 kHz, 7ERSN1E 5, foki ik
F, 0 4 B 2 B R T 4 kHz 2 N, 4R B oRE B9 T 45
G371 kHz i 3R0E fORLAE 1.0~1.5 kHz 3 Bt 23
A RAEAS 5 oA, YOB O 40 7E 3 kHz N, i JE
THORLATE 2~4 kHz 3B (915 5 IR {8, 1E 5 18 47 i)
(4 F2 45 R 100 Hz, 15 2% W2 A8 Sy B 451 R 3 B2 4 v
T 1kHzIN.

ERFBITIRE T, GISTE IE #1847 Ok ik
P FITATL ARG 550 B3 A, 7 A0 358 v A7 6 A TR) 00 B ] et {1 A8
AR BE (0 22 S, DA K FE 00 55 10 I 340 {1 A 2 B 1 22
5o TP OB AE B SRR B 5 5 A [ 0 B 3 (E
AR Ak it e K RS M55 BROE SIORL I Uk B ME
AH Lb 2 45 0 (B 22 b o5 K FE IR AR 5 B H s AT
AR A b B oK

4) KR H5 768 75 IR B0 5 5 8 B ek 5 4 R ) AN [
53 B GIS ZE A [Al iz 1R 28R B 345 5 19 1E /17
e Ji DA (L BL L IR 8 U BRORI R R R AR, (S S Y R
O B B AT 2R R L b R R D 2 B 8 R S RN R B
15 5 W REAEAELIE A, 1) FH Bl ML AR PR BAE 3, AT 5 3 %)
LI Y BRI R ORI R IE B IS AT Ok 2
PR A Bl 3 6 F iz TR A 1 A RO

S 3k

(1] e B0 UM 4 25 4 g A1 T DG 18048 A IR S M 55 e e
B i gE [D]. db et fedb i g1 K2, 2019.

Gao Yufeng. Research on condition monitoring and fault
diagnosis method of gas insulted switchgear[D]. Beijing:
North China Electric Power University, 2019.

[2]  WwEadk, KmW, #4723, % . & T SVD-IACMD i GIS

Wi 5 LM . il T4 R, 2024, 43(6):
163-172.
Tu Jiayi, Guan Xiangyu, Zhao Junyi, et al. GIS vibration
signal denoising algorithm based on SVD-IACMDI[J].
Electric Power Engineering Technology, 2024, 43(6):
163-172.

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

FE N, BRIk 53, 3850, AF L JE T RUE B LA AL
CNN ZEHy Y GIS Jo wi e i A AR [0, v T3 B2 5 4
AR2EHR, 2022, 37(2): 22-29.

Wang Yanbiao, Chen Zhenyong, Guo Wenping, et al. PD
pattern recognition for GIS based on CNN architecture
optimized by the double attention mechanism[J]. Journal
of Electric Power Science and Technology, 2022, 37(2):
22-29.

P JeitE, TR, FRAms, 4 . SFyN, IR & S b 42 i ok
TE T AL IR T 8 2 9 0 15 S8R 7 (0], s L R HOR,
2021, 47(2): 679-686.

Pang Xianhai, Wang Xiao, Qiao Songsong, et al
Simulation and experimental study on the motion of
metal particles in SF/N, mixed gas under power
frequency voltage[J]. High Voltage Engineering, 2021,
47(2): 679-686.

SN 785 B N P L 7 I b R 1 & e i LR L =
T e R SF6 [ A <2 Ja MORE R 35 T R UK R (D]
ey LR R 2022, 48(8): 3305-3315.

Shu Ting, Yang Yueping, Guo Ruochen, et al. Partial
discharge excitation characteristics of free metal
particles in SF6 gas under AC and negative lightning
impulse  superposition High  Voltage
Engineering, 2022, 48(8): 3305-3315.

Xz M, A5, BRUT I, 45 BURL 15 28 2% T RS B
[ia] T F 55 0 e % 7). HL R AR, 2022, 48(3): 809-819.
Liu Yunpeng, Huang Zhicheng, Geng Jianghai, et al.

voltage[J].

Selection of model for particle-insulator collision
adhesion problem[J]. High Voltage Engineering, 2022, 48
(3): 809-819.

Li X, Liu W D, Ding D W, et al. Metal particle
movement and induced insulator flashover under impact
vibration generated by switching operation in GIS[J].
IEEE Transactions on Power Delivery, 2023, 38(2):
757-766.

Zhao S J, Wang W, Qi Z Q, et al. Partial discharge
measurement of GIS with damped AC (DAC) voltage:
case study for the particle on 1IEEE
Transactions on Power Delivery, 2023, 38(3): 1665-
1673.

Zhong Y, Hao J, Lliu Q, et al. Novel diagnosis method

insulator[J].

for GIS mechanical defects based on an improved
lightweight CNN model with load adaptive matching[J].
IEEE Transactions on Industrial Informatics, 2023, 19
(11): 11041-11051.

HBEE, XGRS, AL, 55 . GIS = LA ¢ ML AL HL A e
B4 B AR AIE 22 S 40 B B B 1 (D). e TR R
2024, 50(6): 2567-2579.

Hao Jian,

Liu Qingsong, Peng Huadong, et al.

Characteristic difference analysis and identification



320 LN I .

L:j

E7d

PN 2 iR 2026 4F 5 H

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

method of typical mechanical defects for GIS three-
position switches[J]. High Voltage Engineering, 2024, 50
(6):2567-2579.

WeAs, M4, XU IE, 55 . LT 5 A REAE 1Y 1K A5 AL
AR B2 W7 5 1 BE T (D). v e BL TR A 4R, 2019, 39
(21): 6439-6452.

Yao Yang, Lin Jintao, Liu Hongzheng, et al. Research on
mechanical fault diagnosis of circuit breakers based on
hybrid features[J]. Proceedings of the CSEE, 2019, 39
(21): 6439-6452.

XUWK TR, B5R, BB, 45 GIS 5 i S Sl IR A R 1 2L
Bk 56 A3 T[], 5 R L2, 2024, 60(6): 19-26.

Liu Yongfei, Huang Qiang, Zhao Ke, et al. Simulation
and test analysis on looseness characteristics of GIS
shield[J]. High Voltage Apparatus, 2024, 60(6): 19-26.
XIER, AN, HEEW, % T S #k D-SVM
AlexNet # 11 f) GIS HLAR L 12 Wi 5 1560 70 r (9], 5
JEHE AR, 2021, 47(7): 2526-2538.

Liu Baowen, Tang Rongchuan, Ma Zhengzhou, et al.
GIS mechanical fault diagnosis and test analysis based
on S transform D-SVM AlexNet model[J]. High Voltage
Engineering, 2021, 47(7): 2526-2538.

Sahu K B M, Amarnath J. Effect of various parameters
on the movement of metallic particles in a single phase
gas insulated busduct with image charges and dielectric
coated electrodes[J]. ARPN Journal of Engineering and
Applied Sciences, 2010, 5(6): 52-60.

PR XA, I, 4 iR 30T GIS N 4 )8 Wik
By e F Y S W T DN 465 R P (0], b T R OBIL TR A R
2023, 43(7): 2838-2848.

Li Xing, Liu Weidong, Xu Yuan, et al. Movement
behavior of metal particles and its induced insulator
flashover characteristics under impact vibration in GIS
[J]. Proceedings of the CSEE, 2023, 43(7): 2838-2848.
UL FE, R, BRI, B . GIS TP R TE BURLE 26 B
B 5% M RO 0] b R AL TR 2R 4, 2017, 37(1):
301-313.

Ji Hongxin, Li Chengrong, Pang Zhikai, et al. Influence
factors of the lifting voltage of linear particle in GIS[J].
Proceedings of the CSEE, 2017, 37(1): 301-313.

ek, 22 s, PERE T, % . GIS vh [ iz sh Ak Bk
P Jeg 5 0 HL SRR AE [0, v ] M BL TR iz, 2017, 37(24):
7367-7376+7451.

Ji Hongxin, Li Chengrong, Pang Zhikai, et al. Partial
discharge characteristics of sheet free-movement particle
in GIS[J]. Proceedings of the CSEE, 2017, 37(24): 7367-
7376+7451.

Ut . S PIE AT HLUE T GIS 4 i ki iz s 7 &
JECRRL AR [D]. Jb st At iR, 2017: 35-37.

Ji Hongxin. Study on movement behavior and discharge

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

characterisitic of metal particle in GIS under AC
operating voltage[D]. Beijing: North China Electric
Power University, 2017: 35-37.

22 [ M, At X%, . GIS T A P AN 5% [ A 2 AL AR
B¢ B IR 3l R A X LG 43 BT A 5T (0], R R 4 2024, 60
(5): 12-19+30.

Li Guodong, Yu Hua, Liu Hong, et al. Comparative
analysis and research on vibration characteristics of
internal and external fastening loose mechanical defects
of GIS equipment[J]. High Voltage Apparatus, 2024, 60
(5): 12-19+30.

ML, RN, E A, A TR R GIS A 4 %
T3 22 AR A Bl W D 2 (0], R R LR, 2023, 59(10):
71-78.

Li Pengjiang, Song Jiancheng, Wang Wei, et al
Monitoring method of flange bolt looseness of GIS
insulating spacer based on ultrasonic method[J]. High
Voltage Apparatus, 2023, 59(10): 71-78.

Wk . BT AR 5 R GIS AL K % 12 W 7 i F R
[D]. Jo#h: VL FE K24, 2022: 24-25.

Yao Zhongyuan. Research on GIS mechanical fault
diagnosis method based on acoustic signal[D]. Wuxi:
Jiangnan University, 2022: 24-25.

QR U, P BE, 4 BT EMD-FFT 7 1iE $2 B
GIS HLAR Bk 12 W7 07 1L P52 0], LR 2 5 R 2 4R,
2023, 38(3): 216-223.

Liang Jichong, Jin Tao, Niu Shu, et al. Research on GIS
mechanical defect diagnosis method based on EMD-FFT
feature extraction[J]. Journal of Electric Power Science
and Technology, 2023, 38(3): 216-223.

Mukaiyama Y, Takagi I, Izumi K, et al. Contact failure
phenomena and their development in gas-insulated
switchgear[J]. IEEJ Transactions on Power and Energy,
1992, 112(8): 733-740.

XIUE, A 5E W, BT 00 0, 45 TR 2 R ALY GIS B s T
K i Sk 2 Ml AR S I R [0]. ML R 2019, 45
(5): 1591-1599.

Liu Yuan, Yang Jinggang, Jia Yongyong, et al.
Connection state diagnosis method of GIS disconnector
based vibration[J]. High Voltage
Engineering, 2019, 45(5): 1591-1599.

BhoE, MR, TUZHK, 2 . GIS & A& S ML B Bl B 10 I 2k
PEIRBAT Ty AL S 15k 43 7 AL KR B I 52 (0], op [ v
HL T AL 2440, 2022, 42(19): 7248-7259.

Zhong Yao, Hao Jian, Ding Yilin, et al. Nonlinear

on mechanical

vibration behavior characterization parameter analysis
and diagnosis model of typical mechanical defects of
GIS equipment[J]. Proceedings of the CSEE, 2022, 42
(19): 7248-7259.

S, B SR, AR, AR R RO P IR TE GIS i



B A1 EH 3

Se TR TR IR NG 5 1 GIS 4 8 WORE L 5 ML S %12 I )y 12

321

[27]

[28]

# A UGN T Y BT (D). R HLRR, 2019, 55(1): 54-58.
Zhou Bo, Hu Yufei, Yang Xinchun, et al. Application of
ultrahigh frequency and ultrasonic method in the live
detection of GIS equipment[J]. High Voltage Apparatus,
2019, 55(1): 54-58.

B, RO, A%, 45 3T AN b
T SF, 20T 4 R SORE JR A 0 L RIS B R PR (D). R
JEFE AR, 2024, 50(12): 5406-5414.

Han Xutao, Wu Xutao, Zhao Yingying, et al. Partial
discharge and motion characteristics of linear metal
in SF, under AC
impulse voltage[J]. High Voltage Engineering, 2024, 50
(12): 5406-5414.

N, R, BEDY, & IERIRENIM T GIS N A H
& Jm OB 1B 3 R D] L TR R 2B I, 2021, 36(21):
4580-4589+4597.

Li Jie, Li

particles superimposed lightning

Xiaoang, Lyu Yufang, et al. Motion
characteristics of free metal particles in GIS under
Transactions of China

36(21): 4580-4589+

sinusoidal  vibration[J].

Electrotechnical Society, 2021,

4597.

[29]

[30]

[31]

IRk, Ky, R, T REALAR MY K B HLE T
2 M Jey 0 A R BT R AR SR O s (0. R R OR
2024, 50(3): 1272-1280.

Hu Jianlin, Zhang Xi, Song Zhan, et al. Recognition
method of partial discharge spectrum feature in
generator stator bar based on random forest[J]. High
Voltage Engineering, 2024, 50(3): 1272-1280.

TIRME, EWE4, 45—, 45 B T IR B AR AR v 1 o i
i 5 AL AL R A IR [, TR H 2R, 2023, 59(2): 37-
43+51.

Yu Chenhui,

identification of spring operating mechanism for high

Wang Haoming, Li Yi, et al. State
voltage circuit breaker based on deep forest[J]. High
Voltage Apparatus, 2023, 59(2): 37-43+51.

RS, B, 450, 45 T RIAL PSR R AR Y w5
R H A SRy A H AR SR I [J]. i R L, 2022, 58(6):
165-170+177.

Liu Wenhao, Wu Yijiang, Li Wenze, et al. Partial
discharge pattern recognition of high-voltage cables

based on method[J].
Apparatus, 2022, 58(6): 165-170+177.

random forest High Voltage



