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Table 1 Time-domain and frequency
features of PD waveforms

FHIE &L W]
Jok b b Tt A e BRI E AN FL R 10%

TR o, % 90% 2 IR D 1y — 1, )
I ¢, g siless aﬁﬁﬁﬂﬁfﬁ(’)@
e
R L, oo v o Eﬁg <th *—fiﬂi
TR £ ﬂﬁ\@ﬁﬁfﬁﬁ)ﬂtﬂ?&mﬁﬁﬁ@ 50% %]

" TR Y 50% 285 AR TR ( L =ty )
BWENELN,, ok e i S35 0 T A A A B
WHTBA, BRI 5 1 ) L B 4
S ME e, Jok S S T 45 SRA: a5 40 X (L 1 SF- 241
By 2% o2 Ik S S B SR R R 1 U 22
FEAE(H p, AT P e 45 4 S R R A e R
EHE /, AU AR AR
TEWEAEL N, B P A R A AN 5
A YA T 57 ot MR L 1) - S5
T2 of T A5 A 5 S R 1 T 22

100% [~ ———
90% [

50% 1

10%

INSXARA? 6, 4t
(a) IIRFES L

20p]
P ——

- — — —=
~

(b) FUHRIESEL

6 PD RIS
Fig.6 Features of PD waveforms

3 XWERSSM

FIFSS 2 T RBLLSL 56 T A3k AR PD Y PRPD %
BRI R 5 B, R Schal G ELM Bk 2 A4
TR R 400 41 PD {55 REAR, ARl 26
BRI 100 2], $2ICHI R 1 PRPD 33 [ 18 T i 43
FRIE(E , WA R AL R BT R 80 41 311 320 4
VERINGRREAS 45 F 3L 80 41 BE A Jy e A, A
MSCrh Ry RG ELM 583k 258 ELM 595 F0 BP ffi
P 2 Sk AT AR SR, 4065 i Matlab R2018a 55
B b fhA ELM B 2 7 888 B2y
RUBS 15 4558 ELM 53k i BRUZ 5 5500k 20, BP
2% 50, 25 83 B UGl B A AR, XT3
P52 43 BIHEAT 10 Yiliat, T3 I (A A =R
FITERR 3 25 R W3 2 PR,

2 FREEHAIABE

Table 2 Recognition accuracy of different algorithms

N SR %

T Tahon masion &RE ol
B4 ELM 92.5 82.5 87.5 95.0
ELM 92.5 77.5 72.5 92.5
BP M p 2% 80.0 67.5 65.0 82.5

M2 2 aTUA Y Rile ELM 53R s R
AR GER ELM 55N A $1 8, R 01 2 P Il i A
A TE O 2 MR R TR S R AT B X 2 I R 38
T HAT — 5 BIAHRIE , ELM B 5K S8 OB R IE S 80
ATREAFAELRA, TG ELM RERSfE D SR Rl I F IS
o7 ML A% T Sk B, B AR X BT 0 26 45
A EAF L, B 2 AR EE S B B A A Wy [R]
filE ELM Bk A UM R b i F BP fize s

ELM B35 A5 U G A i [a] b o BoAy I 2 4R
.3 BT LRI R ] 2050 0.318 5,0.231 s
F112.671 s, HorfEgs ELM 53k Al ik, S04
HAYRES ELM 2, (H22 B A B ., 2 AT
RN FEAEAE 2 BRI B A B Be o BP 2R R



46 2 HEHEAR

SFEI BRI, R AE T BP M2 9 2% 3l o J &2 154
EIE AU ELAN R (L, T ELM i AJZ 32 A AUE
L REAIL A, G SR )™ SO B AR AT U2 21 i
WIZH SR, ol IR B S, 3 FrikrF
YR R] 435 4 0.033 5,0.042 s F1 0.057 s, ELM
SR PN BRUZE Y B, B ALE AT OB AR A
BRI I i L BP fi 2 R 250N 12 S [l 15

il ELM BAT B I RA R E 1 I SRR A 2K
BRI, 3 FRE B HER R AN 7 s . Rl
A ELM B35 1 v R i 28 DR i de i, ELML B3390
Z (BRI REA R A, R R T BN, B
IRAEA K 100 i, AR HERG R A 68.75%,
M7 BP 2 0 46 i R — HER. Fil ELM 83k
TEREABICR N 100 I, HERG AL RERE IR EFAE 77.5%
iy, R R riz et ge

[ A ELM = ELM = BPAIZ [ 4

90 | |

80
701
60
100 200 300 400
FEARH R
B7 ARXMIGHAET IR EHE
Fig.7 Recognition accuracy of different
size training sample sets

P RIETRZE /%
3

4 H5iE

fil G ELM 4k 1 f£ 48 ELM S35 I 2R B ()
2] AL, 7 PD BN 9 I A 3R B
BT RIFMMERE. SCHEF XA R ZE B PD R,
I R 45T FEL P T A5 6 1 1 PRPD 3% ] RT3 FL Jok o
WOV, BEHCEIE W AR AR AR U ZRAEAs . M2 R
FHY AT B 3 AR 73 FiC Y D SR Rl vk, Rl A
ELM Sk i U e i R0 T A2 40 i ELM 53k, i
R L) BP 22 4%, RIS 1 G A 2007 )N
B, Rl ELM Bk A et AT BRIz Lre 1. A
B, fil A ELM 703 288 b S 504 1 s/ ) 945
AL AR N AE D, B 5 Bl 1) S e il 152
& ESEBN

AKX AR B E R ST K b A AT PR ) AT R
(J2018008 ) % B , 3% . 5 i !

S STk -
[1] FOX G H,SUTHERLAND P E. A new standard for electrical

apparatus applications in industry[ J]. IEEE Transactions on In-
dustry Applications,2014,50(2) :1266-1273.
(2] EBK, e, mEA. o7 BcA R 7ELR W 5 50 12 18
(M. bt AR AL, 2006.
WANG Changchang, LI Fuqi, GAO Shengyou. On-line monitori-
ng and diagnosis for power equipments|[ M ]. Beijing: Tsinghua
University Press,2006.
RH BRI TR IB AT TOU R B B ) B A A8 B 3 A
[J]. A RGEG 51 ,2017,45(1) :74-80.
ZHANG Xu,ZHANG Xiangwu. Comparative analysis on power

—
w
[

equipment maintenance strategies considering the effect of oper-
ating conditions [ J ]. Power System Protection and Control,
2017,45(1) :74-80.

(4] S0, B2 05, i 70, 45, RORFCHE R GRS ok e a3
(1. HUBL TR 241, 2015,35(6) 1 1289-1298.

MA Zhao,ZHOU Xiaoxin, SHANG Yuwei, et al. Form and de-
velopment trend of future distribution system[ J]. Proceedings of
the CSEE,2015,35(6) :1289-1298.

(5] %530 o XU, 5. Wit sl Rl e A T e A 3
PELT]. R4 A ,2015,41(8) :2583-2601.

LI Junhao,HAN Xutao,LIU Zehui, et al. Review on partial dis-
charge measurement technology of electrical equipment [ J].
High Voltage,2015,41(8) :2583-2601.

(6] th¥tidy, TR, BREIN, 5. T2 H A5 572 (MUSIC) Hik

FA 8 P gt SR A L E LI SE L T ] HL R S5 3 T R IR, 2017, 33
(3):35-42.
XU Yanchun, WANG Quan, CHEN Guoxun, et al. Research
on partial discharge location of transformers based on multiple
signal classification algorithm [ J]. Power System and Clean En-
ergy,2017,33(3) :35-42.

(7] RIERE etk , W16, 45, B T4 B0 28 0 45 ) JF DG AE SR
I LT ], R ST AR, 2017,33(3) < 17-23.

ZHU ZhengGuo ,HE Binbin, HU Ran, et al. Switch-gear partial
discharge detection based on convolutional neural network [J].
Power System and Clean Energy,2017,33(3) :17-23.

(8] RHJE, 22718, 2546, 55, miE3CIEER 0 G5 B 1 SR i v
FPEHTT]. PRS2, 2009,32(5) :528-534.

TANG Ju,GONG Ningtao, LI Wei, et al. Characteristic analysis
of partial discharge in high-voltage XLPE cable accessories[ J].
Journal of Chongqing University,2009,32(5) :528-534.

(9] BIRE, AW XDF, 4% e UK T 4R 4R o s

SRR S BRIFRZS 2 [T ]. i AR, 2013,39(5)
1061-1068.
CHENG Yangchun,DIAO Changjin, LIU Shaoyu, et al. Develo-
ping laws and severity diagnosis of partial discharge defects on
oil-paper insulation [ J ]. High Voltage, 2013, 39 (5):
1061-1068.

[10] High-voltage test techniques: partial discharge measurements:
IEC 60270 [ S]. Geneva, Switzerland ; International Electro-
technical Commission,2015.

[11] 2], BRER 5, 2. S TAITHRAE S M A 2 M 45 19
AR g R B B H [T ] B ) R G AR S 1 o



EH 55 TR SRR S LY SR R G 47

2018,46(13) :55-60.
LI Zhengming, QIAN Luxian, LI Jiabin. Type recognition of
partial discharge in power transformer based on statistical char-
acteristics and PNN[ J ]. Power System Protection and Control
2018,46(13) :55-60.
(12 WRARBR i, ok S0, 45 6 TR 13 S A 0 9 0 R AIE 7Y
SRRSO AR R [T]. H o R GRS, 2018, 46
(5) :25-30.
CHEN Huanxu, XIE Hao,ZHANG Jianwen, et al. Partial dis-
charge pattern recognition based on texture feature of gray level
co-occurrence matrix| J |. Power System Protection and Contr-
0l,2018,46(5) :25-30.
XL, 5KI, W, 45, BT K ARSI A i 28 FE SR
AR AU T]. B B 3 fkisis ,2013,33(5) :89-93.
LIU Fan, ZHANG Yun, YAO Xiao, et al. Recognition of PD

—
—
W

—

mode based on KNN algorithm for converter transformer[ J].
Electric Power Automation Equipment,2013,33(5) :89-93.
YN NS B, . T K-means RIS L A 3IE
TERBITE TR AT TR L MR R G b RO [T ], e
JEFEA ,2012,38(9) :2437-2446.

JING Xiaoping,PENG Xiaosheng, JIANG Wei,et al. Phase re-

[ 14

s

solved partial discharge pattern recognition method for on-line
cable condition monitoring system based on K-means clustering
[J]. High Voltage,2012,38(9) :2437-2446.

[15] #ofe, B4, W gk, 4. 6T BP AN L2 R 2% 1Y

XLPE s 25 R il B i AR B [T ] e e Ha 8% , 2003
(4).:35-37.
YANG Xiaohua, LIAO Ruijin, HU Jianlin, et al. Partial dis-
charge pattern recognition for XLPE power cable based on
back-propagation artificial neural network [ J]. High Voltage
Apparatus,2003(4) :35-37.

[16] PATTANADECH N, NIMSANONG P , POTIBEJKUL S , et

al. Partial discharge classification using probabilistic neural

network model[ C] //2015 18th IEEE International Conference

on Electrical Machines & Systems. Pattaya, Thailand, 2015

1176-1180.

WML, %, N, . AT A BRI 28 R 46 1) v T R

RO RN [T ], W1 B s ik i 4, 2018, 38(5) :

123-128.

YAN Fan, WANG Ganjun,PENG Xiaosheng, et al. Partial dis-

—
—_
~

[

charge pattern recognition of high-voltage cables based on con-
volutional neural network [ J]. Electric Power Automation E-
quipment,2018,38(5) :123-128.

[18] Kii[EMR , i8R, 200%, 4. JRGUOIIE T XLPE HL5JR ik
AR BIRFZE[ T]. 5 AR ,2017,53(2) :95-100, 107.
LU Guojun, XIONG Jun, LI Guangmao, et al. Pattern
recognition of XLPE cable partial discharge under oscillating
voltage [ J ]. High Voltage Apparatus, 2017, 53 (2) . 95-
100,107.

[19] WigR SUHSE, £3, 5. 20 EMK M L7E2 R
SRR R R B R RO R [ T]. M AR 24, 2014,
29(11):221-228.

SHANG Haikun, YUAN Jinsha, WANG Yu, et al. Partial dis-
charge pattern recognition in power transformer based on multi-
kernel multi-class relevance vector machine[ J ]. Transactions
of China Electrotechnical Society,2014,29(11) ;221-228.

[20] BHASKAR K,SINGH S N. AWNN-assisted wind Power fore-
casting using feed-forward neural network[ J]. IEEE Transact-
ions on Sustainable Energy,2012,3(2) :306-315.

[21] SUNITHA R,KUMAR S K,MATHEW A T. Online static secu-
rity assessment module using artificial neural networks [ J].
IEEE Transactions on Power Systems, 2013, 28 (4 ).
4328-4335.

[22] FERk, BoHE, Z20k. JET OSELM B9JC il U i LGz B 1%
TSR [T]. LS #2244, 2018 (11) - 82-88.

WANG Xin, LIANG Hui, QIN Bin. Sensorless control for
brushless DC motors based on OSELM[ J ]. Electric Machines
and Control ,2018(11) :82-88.

(23] &RUT, XR I, R 55, & XU R GEWT I TTC G247 KL

BB RR - I HLERIROr 1 (] W1 RGP 545, 2018,
46(23) :135-142.
XU Weiting, LIU Junyong, TANG Quan, et al. Extreme learning
machine-based estimation of total transfer capability of trans-
mission corridors in wind-integrated power systems|[ J]. Power
System Protection and Control,2018,46(23) .135-142.

[24] MRBLHE, TRk, VFai, 55 56T H P U R R DL 5 &

RERR BR 2 ST BRI P S 0T e e T [0 ] 2 g, 2018,
46(11) .76-82.
LIN Ruitao,PAN Keda, XU Hanbin, et al. Short-term electrici-
ty consumption forecasting for power consumers based on
outlier robust extreme learning machine and electricity con-
sumption characteristics of similarity customers [ J]. Smart
Power,2018,46( 11) ;76-82.

[25] HUANG G B,ZHU Q Y, SIEW C K. Extreme learning ma-
chine:a new learning scheme of feedforward neural networks
[C] /2004 IEEE International Joint Conference on Neural
Networks. Budapest, Hungary ,2004 :985-990.

[26] HUANG G B,CHEN L,SIEW C K. Universal approximation u-
sing incremental constructive feedforward networks with random
hidden nodes [ J ]. IEEE Transactions on Neural Network,
2006,17(4) :879-892.

[27] YANG J,YANG J Y,ZHANG D, et al. Feature fusion; parallel
strategy vs. serial strategy [ J]. Pattern Recognition, 2003, 36
(6) :1369-1381.

(28] 2R, T, 00, 45 T 2 PR R SRR L ) A8

FEAS R IR 2 W 2 [T]. W1 B gk Bt 4%, 2017, 37
(11):138-144.
LI Gang, YU Changhai, FAN Hui, et al. Deep fault diagnosis of
power transformer based on multilevel decision fusion model
[J]. Electric Power Automation Equipment,2017,37 (11):
138-144.

(29] X, A=dk it , HAENR 55, XLPE Hi Jy i 45 S L i e J=) 3 i
HL e 534 (0], = LR, 2015,51(2) :44-50.

LIU Rong, LI Jisheng, TIAN Weijian, et al. Measurement and



A LBRA

48
analysis of partial discharge on typical defects in XPLE power WFotsER[T]. SRR A ,2017,43(7) : 2263-2277.
cable[ J]. High Voltage Apparatus,2015,51(2) ;44-50. TANG Zhiguo, TANG Mingze, LI Jinzhong, et al. Review on
[30] B4R, ko, 55k, 25, 15 5 JT S A0 i 0 B [ )= 30 ik iy, TEV partial discharge pattern recognition of electrical equipment
FHERIBISE 0T ]. TR 52,2014 ,50(2) 160-67. [J]. High Voltage,2017,43(7) ; 2263-2277.
WEI Zhen, ZHANG Qiang, QI Bo, et al. Analysis of TEV
caused by partial discharge of typical faults in HV switchgear
[J]. High Voltage Apparatus,2014,50(2) :60-67. W (1974) , B 24 S LRI,
[31] SRl , 5K, £k 55 , 5. XLPE g Jy o 45 v Jm e el A 0 B FRCH A i 4E A 18 T AE (E-mail: pax_1@
FENF ARSI T]. & R HLEE ,2009,45(3) :56-60. sina.com)
GUO Canxin,ZHANG Li, QIAN Yong,et al. Current status of XIFIE (1983) , 55, 24, S 9 AR, A
partial discharge detection and location techniques in XLPE B IR A B iR 18 TAE;
power cable[ J|. High Voltage Apparatus,2009,45(3) :56-60. R (1995) , 55 A3, WF5E 5 In] R e
[32] JHAERE, R, 240, 5. BARA R AR i & LB KB KR Eis 4 .

Pattern recognition of partial discharge based on fusion extreme learning machine
PAN Zhixin', LIU Liguo', QIAN Cheng’, WANG Zhen®, YUAN Dong'
(1. State Grid Jiangsu Electric Power Co., Ltd.,Nanjing 210024, China;
2. School of Electrical Engineering,Southeast University , Nanjing 210096, China;
3. Wuxi Power Supply Company of State Grid Jiangsu Electric Power Co., Ltd., Wuxi 214012, China)

Abstract ; Partial discharge is the main form of early insulation failure of electrical equipment. Pattern recognition of discharge

type is of great significance for the estimation of equipment insulation performance. Considering that the extreme learning

machine (ELM) method has the advantages of simple structure and fast training speed, yet the initial parameter selection is

random and the algorithm is unstable. A pattern recognition method based on fusion ELM algorithm for partial discharge is

proposed. Considering the different judgement precisions based on variable features, the adaptive weight assignment is used to

achieve the decision-level fusion of the output. In this paper, four physic discharge models are designed to simulate typical

partial discharge defects. Discharge signal waveform and phase-amplitude spectrum is collected by high-frequency current

transformer method, sufficient samples of experiment data are obtained to extract time-frequency domain and statistical features

for classification. The result shows that the fusion ELM algorithm is superior to the traditional ELM algorithm and BP neural

network in the recognition accuracy and stability without sacrificing training speed.

Keywords : partial discharge ; pattern recognition ; extreme learning machine ;data fusion ; distribution equipment
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