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Fig.1 Acoustic signal of circuit breaker closing

f/kHz
2 AEERESEEL

Fig.2 Power spectrum of closing acoustic signal
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157
1.0 p-
<t
0.5
0 -
150 100
Sosg I,

.....

30 100120 140

fi/ K

BloZMFASRLYEBTHARFRK
Wik o i = 4B
Fig.6 Three dimensional figure of bispectrum
analysis for closing acoustic signal
when buffer has extra invalid hit

50 60

0 20 40

1.0 bt
0.5+
=

150 100 "
Lok,

<

o 60 %0 100120140
0 20 f‘/\d"'L

7 AEREMEEREN SRS R
Wik o i = 4B
Fig.7 Three dimensional figure of bispectrum
analysis for closing acoustic signal when
closing spring has less energy storage



#2024 ZE G | B TN A R A1 R — B 7 40 14 BT 6 7 e 12 T O vk @
0.4 a. WAEE (o) FTA 105 T A 5 ) 3
02 oS — JIVE SR R FR = UORE £ 25 00 RSO A TR 1R
« oSS = BRI 1 F B2 5.
-02 b. 4% 1 FALAE LR M m, SR HY
0403 —01 0.1 03 hy=x(t) —m, (4)
f BT b, 2 755 L IMF BT B 2 A 0 B LB M5

B EEREEERRESHESHFEE
Fig.8 Plan of bispectrum analysis for normal
closing acoustic signal

0.6
sl mETT
< 0 @i @{cb}
-03 Ha=¥
~06 - - - :
-0.50 -0.25 0 0.25 0.50

Si
B9 ZnIAESATETHNABASEK
Xk 43 47 < T

Fig.9 Plan of bispectrum analysis for closing acoustic
signal when buffer has extra invalid hit

0.6

03 Q \QE'%Q

A
LN e S

=S
~ =S
S = Sy <>C>
2050 025 0 0.25 0.50
fi

B 10 &8GR R & | A KRG E
Fig.10 Plan of bispectrum analysis for closing acoustic
signal when closing spring has less energy storage

il i IUAR 22 e | 3 1 R AR AR R, WAL A i
H oo P ARZ A AR T RE O A ) AR A A —
FEJE L 3RAL T Wi ar ML &S 1022 1k

LIS 0T % e AL ARCIR 25 TR A IR 58 3 T T Bt
AR BILBRCIR 785 -5 R A 18 i 2 B A 7 52 2% PR A E 2 P A
KF X T A SAH LR LR 25 7 A5 5 XL Y
FELRPEARFAEAR B, 5 X T A 7] B AUARCIR 2 | X v 1k
B AR LAk R ARt AN A [R] A 0 By m] o PR
WT % 4 A 7 I A A A R BRI HG RS A S A
AP B RE R AL R RSO R A UL
PR B0 BE A A A BCER T B Ml IR, X
TR W AR S A R TR

3 HHT &#

HHT £ #4045 EMD Al Hilbert 28 4 B35 43

EMD J5 2% i) 7 J5 2 3 2 B3040 19 R AF B i) R
KA B AT D sl B IMF AR R S TAT A &2 24
{5 5 A0 2 B — BB R [R] /4 IMF 48 B MR, %o 42 2
{55 AT <0 57 2 24155 2 Hilbert 25400 )5 1Y BF
I AT R ELA ) PR S

EMD ERL BRI

DR F S A B G R 22 1A R
2] P Sl A KA RN R AR MBS B B R
B LI 0, WSR2 B4 by B2 2 (1)
%14 IMF ot
c. WIS hy ANWE R IMF 451 38 by VBN R IR 5K
I R a,
d. 53] b, b FEKLMNEIHE m,,, TR,
hn:h]—mn (5)
FIWE by, 2 75062 IMF BT B 251 I i 2 ) ) 5
TR kR, A53),
h1k=h1(k—1)_mlk (6)
R ZAETS hy R IMF B9 55, DIE A EER L hy,
H by, T RS SR A A my, AT T R AR A
B0 ¢ =hy, W o) FES x(0) 5 1 AR IMF 551
)53 1
e. B o) Mx (o) ok 1550,
r=x(t)—-c (7)
Horp r R GR BRI LS 1A IMF 40 2 1 B A7
B, ¥ BERGEHEIEES LB a—c HRHE 21
IMF 31, E G n A5 2] 2 () 1Y n D2 IMF
AR sy aE, XFERLA
r—Ccr=rn;
(8)
In_1—C,=rn,
M r, WA — A R RR B RE PN A B IO 2
IMF #5409 ik IR o, XA =X (7) F=X(8)
53,

x(t):é‘,cﬁr,l 9)

Hodr . RER AT RE IR RAS S a3 n M
) IMF 20 B850,
f. XTEA~ IMF 4352 4E Hilbert 284 .

%=%P Jm C;Ei:.)dr (10)
zi=ci+iy; (11)
N (12)
O;=arctan(y;/c;) (13)

Hobp HEEAHER B KL
E SCIBEI Ry

_de,
w;= di (14)



1] ® 0 8 & iR B

8335

LI EMD #15 Z #1019 Hilbert 28 #4341 77 2%
i PR A HHT,

BT AL 12 53590 Sk HE W 2% 2 5 ) 75 A5 55 Fn
IEEWE R () HHT 0 b7 IR EEIH— e ab B X He
P AT LLE 1 AR50 (500 Hz LA ) 20 i e A~ A 1
I RAEAE ,500~3000 Hz f5 % EFEETHE 1.0s £
A FREEI R 290 400 ms, #E4HF T F & BB AR S
{58, B4 (3000 Hz VA b)) 4l /N, i | 2
B 500 ~3 000 Hz #5 B N 75 A5 5 1 0 RS 5 ik
T JE 82 AT, vl LATE e KRR B M AR B3 A A S5 I 1
T L BRARAT A BT e G

0.5
0.4
0.3

0.2
0.1

ot oo )
1.5 20 25 30
t/s

B 11 fRFRESHRBEE-HL

Fig.11 Hilbert-Huang spectrum of closing acoustic signal

0.5

t/s
B 12 MERFESHREAF-HiL

Fig.12 Hilbert-Huang spectrum of environmental noise

4 1REVEPEHFAE

EMD M3 455 B e () vea(t) ves(t) o-oe, 5390l
S 5 P A AT PR R BRI
A A AT 4 5 5 MR B 4 | A 5 Ay B — b A
g4y bR AR G AR AR L0 Bl
B $E B e 75 0 A5 5 SRR AE 4B (500 ~ 3000 Hz) NS
S IMF BE B RVE A ik B2 MR AE 17 i 5T IMF BE
AR B BRI T

a. XF 4 A 75 A5 5 FR AR B 15 5 54T EMD,
TE AL 5 B 6 2% 2R (S B AT 0 A IMF 436,

b. K% IMF 7 &2 EE &= E,.

E=| et i=1,2,3,.n (15)
c. LA#5 IMF e oo R ik SR E.
E:i:ZlIE[, (16)
d. IMF ﬁ%ikﬁ%xﬁ
HEN:—i;lepilgpi (17)

H p=E/E, N i 4~ IMF = fgs i BAME S

RETE AU TT 20 L, Wi Ao IR 28 A 5 RS 7 15 5 g
oA kAR A RE 2 ARtk ARAERE LG | 12 I
¢ a—d 15 2 A9 BE 2 40 AE S S B> IMF 20 38 fiE
(73 A1 L

5 ZWoHMh

TE S8 = R LW3-12 #Y SF, W7 48 15
A IR A RE AN R R A 2 A ToAE & 3 Rk
BN 10 416 W75 0 B AR 28 4 99 B iR i ik
B BRI R O 25, VA AR B A &5 AR S R A9 IMF AE
BINEE 1 o, Hep 1 AIERIRES 2 A
FEREREAN LRAS 3 WA A SR TOAE TR,

xR 1 IMF BEE)
Tab.1 Energy entropy of intrinsic mode function

B NF R

! 0.9081 0.9695 0.9006 0.8986 0.9172 09342

0.9357 0.9404 09452 0.7983 0.9925

» 1.2240 1.2917 1.2004 1.2086 1.2153 1225 5
1.2158 1.3374 1.2390 1.2475 1.2536 ’

3 1.1843 1.0832 1.0524 1.1516 1.1458 L1279
1.1821 1.0750 1.2301 1.1647 1.1368 )

Wik s B I IR E 2% RS RS R PR
ZEN T S T SRS T R e R
PIL , Je X 4R 2S IMF RE B A1 T 20T, Fis i
Wi it 2RIz AR A . B/ 13 7 B BE B F R OE B
RERE R A BRI RE  1~10 MR HMKE =
10 A~ [ A B RE 00 . BIBR 2 A AH 5 de KM 2L
Wi, TR 4y 8 AL s - Bl S A ME A AR
MEEEAM A, AWEEREAE ZHREA 2
A TCRE SRS T RV T R AL B SRR 2 4>
R RS ARIE T Ab BRAE BB TCAYE . AN IE
FORATREREM 1.2153 P —38 MEFHERK, B4
PSR , L ANA BIBE T RE R 1.208 6, A I 5 5% fi%
AE AN LIRS T AR 1.2917 A1 1.3374 % 2 S fE &
T, A 2R IR GRS T A 1.2301 Al
1.0524 iX 2 MHEE

0.100

0.075 +
0.050 -

1 23 45 6 7 8 910
e I

AR

B 13 EERGHEHRESN
Fig.13 Clustering analysis of energy
entropy for normal state

EARECREREEM PO EINE 1 s, L
B S PO (B R bR v TSR v 1 B8 i A )
A5 RS v A A B B AR A B R 4 3 R R AL T O I
PR ARSI T LW3-12 B SF, W



%28

NG | A5 B T UL A A %A — B BB 1 T B A2 W 7 @

(1 Lk 3 AR HEST T 20l W REMER X 7, T
I e JFC A 288 R A Il T SR AR SCHR Y 9 T R
RESE 0 FF O EL K L R OB AR ME TR RIRE | i
1L R GEA RS W BT % A5 B

6 it

W [H 28 45 20 o 1) 7R A S e A BT B R R As AT
RO, FIHRGE 5 M T W7 4% 2 4 IR 75 30 ) B o 0 A
FEPE R BAPLR SRR AT B 500 ~ 3000 Hz 1 Bl A 75 %
55 X4, FIFH HHT 28T 14 17 75 35 A s 431 43 41
PE K IMF BB 28 R 28007 | SR IO 0B 12 WG 8 it
AR P Y S — PR S R T W R SR 2
Wi+ E 2% R A fE TRE R T AR EE L
BB 37 08 78 SRR TP B PR B o | R4 A 2 )
2% WM S ML R R G G — 2 R IF RS T AR,

SE .

(1] Wses8 AW, TR, 5T A5 5 0007 i i B e is
W52 ()], W0 H 3 ki, 2009,29(8) :87-90.
PAN Liangliang,ZHAO Shutao, LI Baoshu. Electrical equipment
fault diagnosis based on acoustic wave signal analysis[J]. Elec-
tric Power Automation Equipment,2009,29(8):87-90.
(2] 3G SO AV, TT AR S R b 75 i e 2 N B AR A LT[ ].
WL S HR 12010,29(6) :26-27.
WANG Peiyi,ZHU Botao. Application of partial discharge ultra-
sonic on-line detection technology for switchgear[J]. Hebei
Electric Power,2010,29(6) :26-27.
(3] A8, OGRS ST A, 75 00 92 R 2 6 A2 G it A Al R SRR 2
R T[], T E AL TR 4R ,2006,26(15) :124-128.
LI Hui,ZHENG Haiqi, TANG Liwei. Application acoustic emis-
sion and empirical mode decomposition to faults diagnosis of
bearing[J ]. Proceedings of the CSEE,2006,26(15):124-128.
R BT IREE S 4T 0 R T 2 LARCR A 0 Y i 5
[D]. L, bisgiE k% 2006.
MENG Qingxue. Application of fault diagnosis for high voltage

[4

[

circuit breakers based on vibration signals[D]. Shanghai:Shang-
hai Jiao Tong University,2006.

[5] PVRZE WML, 28 88 45, /NI AT — R AR 1 e T [ 2 i it
W R )], B3RS A 811k ,2006,30(14 ) :62-65.
SUN Laijun,HU Xiaoguang,JI Yanchao,et al. Fault diagnosis
for HV circuit breakers with characteristic entropy of wavelet
packet[J]. Automation of Electric Power Systems,2006,30(14):
62-65.

[6] M™nl (& WigREe  #u 45 JEF B0 2 B i KA AR HLIR 8l ik e
FEVESRECT). P EHR LT R4 ,2010,30(2) :98-103.
YAN Keguo,LIU Yibing,XU Hong,et al. Fault feature extraction
of large steam turbine based on bispectra analysis of vibration
signal[J]. Proceedings of the CSEE,2010,30(2):98-103.

[7] Hiil. SF, = e B 25 A6 2k W B iR 2h (5 5 1 40 A (D], i, 1

A KA, 2008.

DONG Yue. SFs high voltage breaker on-line monitoring and

vibration signal analysis[D]. Shanghai:Shanghai Jiao Tong Univer-

sity,2008.

TS B T LR 2 819 Hilbert-Huang 45 e 77 %

[M]. dba . B2 At 2006 :23-38.

(9] 2% wht, /NP AL-BUE 53 BT Al Hilbert— B0 23 BT 1Y 78 3 il

[8

s

JRE RS W7 g X BT FE ()], h AL A4, 2005,3(3) :
297-301.
LI Junwei,HAN Jie. Contrast research of the method for the
fault diagnosis of rolling bearing based on wavelet packet-bi-
spectrum analysis and Hibert-bispectrum analysis[J]. Sponsored
by China Construction Machinery,2005,3(3):297-301.
[10] Bk, s a3 WRAEAL 55, JR I8 3% 48 B AE Ik 3 5 5 Ak B A —
FOEiT L )], TR BERT AR [ 2002,21(3):57-61.
YANG Wu,RONG Mingzhe,CHEN Degui,et al. Electromagnetic
compatibility design for photovoltaic pumping systems|[]J]. Ad-
vanced Technology of Electrical Engineering and Energy,2002,
21(3):57-61.
[11] BRARAR Ui b 000, 45, kT /N RE B 55 1 28 T3 2 (7 W i
RSN UL ()], W1 A Sk &, 2008,28(2) :29-32.
CHEN Weigen,FAN Hailu, WANG Youyuan,et al.

breaker vibration signal recognition based on wavelet energy

Circuit

and neural network[]J]. Electric Power Automation Equipment,
2008,28(2):29-32.
[12] B, £55 IO, /N 40— B 1 315 7 5 He U8 2% 45 1L B i
W R R[], B ER ,2004,28(6) :46-48.
ZHAO Hailong, WANG Fang,HU Xiaoguang. Application of
wavelet packet-energy spectrum in mechanical fault diagnosis
of high voltage circuit breakers[J]. Power System Technology,
2004,28(6) :46-48.
BRAGAR XS5 € b, 3L THRBIME 5 2 W B I3k S i B 1)
S A RS LR [T ], 5 1 A, 2009,45(2) :90-94.
CHEN Weigen,DENG Bangfei, YANG Bin. Fault recognition

for high voltage circuit breaker based on EMD of vibration

[13

[}

signal and energy entropy characteristic[J]. High Voltage Appa-
ratus,2009,45(2) :90-94.

WO IO DU, BE TR U A A A R 11 i T ML R
Bz Wi ik ()], P ERAL TR, 2011,31(12):108-113.
HUANG Jian,HU Xiaoguang, GONG Yunan. Machinery fault
diagnosis of high voltage circuit breaker based on empirical
mode decomposition[J]. Proceedings of the CSEE,2011,31(12):
108-113.

AR BhSbR BT ROV IR B 55 43 BT T vk B A B AR B
W R[], R TR, 2000, 13(2) :400-405.

ZHU Limin,ZHONG Binglin,JIA Minping. Short-time pro-

cessing of vibration signal and its application in machine fault

[14

—

[15

—

diagnosis[J ]. Journal of Vibration Engineering,2000,13(2) :
400-405.

[16] sKEM, T2 M, 4. HT EMD J7 ik 89 5 1 BT A R AL
FPR S5 73 HT [J]. W R AR 2008 ,44(3) :193-197.
ZHANG Guogang, WANG Hongwei, TANG Xiang,et al. Vibra-
tion signal analysis of hydraulic operating mechanism for high
voltage circuit breaker based on EMD method[]J]. High Vol-
tage Apparatus,2008,44(3):193-197.

EZE® T

FEM(1985-),F M B R EA MM E LG
w4 8 AR & A& BN 5 3 4 W (E-mail ; lijianpeng0311
@126.com) ;

R B F(1968-), F , M RA  #HiZ Bt F @ HdEA
P8 a8 IR &

B HEEF(1985-), % it ®m LA MEHRRAE AT @
HIFE B3

(T #% 125 W continued on page 125)



%28 o, % . 3 VLI I e R0 3 A 00 9 O o (125)

Practical dynamic equivalence of AC-DC interconnected power network

ZHANG Yidi,GUAN Lin
(School of Electric Power,South China University of Technology,Guangzhou 510640, China)

Abstract: Corresponding practical methods are proposed to solve the problems existing in different
procedures of coherency-based equivalence. Correlation analysis is carried out for the bus voltage curves and
the external nodes to be preserved are identified according to the bus voltage coherency. Different
countermeasures may be applied to treat the unreasonable network parameters appeared during the process
of network simplification:delete manually the branch with high impedance and fine-tune appropriately the
load parameters of nearby nodes;adjust the negative resistance parameters to 0,distribute the reactive power
provided by the negative resistors to both nodes of the line and adjust their active loads appropriately to
improve the accuracy of dynamic equivalence. The time-division quantitative evaluation is proposed to assess
the dynamic performance after equivalence. The practical example of South China Power Grid verifies the
efficiency of the proposed methods.

Key words: dynamic equivalence; node preservation principle; dynamic performance evaluation; AC-DC
system; electric power systems
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Fault diagnosis based on bispectrum and Hilbert-Huang

transform for circuit breaker
LI Jianpeng,ZHAO Shutao,XIA Yanqing
(North China Electric Power University,Baoding 071003, China)

Abstract: The bispectrum analysis of acoustic waves is carried for the normal and abnormal closing of
circuit breaker,which shows that the energy distribution of its high frequency components may reflect the
operational state of the circuit breaker. Hilbert-Huang transform analysis shows that,the high frequency
components of acoustic signals last only for a short period. According to the energy distribution of high
frequency components extracted from the empirical mode decomposition,a method of fault feature extraction
based on the energy entropy of intrinsic mode functions is proposed. The energy entropy of 500~3 000 Hz
intrinsic mode functions is taken as the criterion in the simulative experiments of circuit breaker fault
diagnosis,which is immune to the influence of environmental noise of low frequency. Experimental results
show the effectiveness of circuit breaker fault diagnosis based on the bispectrum analysis and Hilbert-Huang
transform of acoustic signals.

Key words: electric circuit breakers; acoustic wave; noise; bispectrum; Hilbert-Huang transform; energy

entropy; failure analysis
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