E3UEESH
2014 £ 8 A

NS 2 BRI P RYIRSNS SRR

O AAA 2 REA
(1. kb A KF EHSFAMTEER T £ 071003;
2. 8B AKE HRBRLALZLABREELLHE LT 102206)

Vol.34 No.8
Aug. 2014

% 2 & % iR S

Electric Power Automation Equipment

WE., AN ETEERAEHBUEFAG TN AN TEZRAKDINBOERME RE—FATLELEE
X o B (EEMD) 893k 3013 5 45 AE42 B 75 ik . SR EEMD 7 sk AF K R 38 e 04k 345 5 247 0 A7 3 S B K
AEAEFH(IMF) , A1 A IMF 6 240 2 ERMBHIE LT B EFEEXTEATESZARERANGHE A
J Fisher $I A1 ik 2 Pr 32 7 09 A 2O AT IRGE RIS Z R AR A AR T ERRGEREFELER H A
25 ik G 2ot T M (FFT) A A0 TR G B TAA RN E T ERLMAGRSBFRE,

KA . }EE—%, é}%éﬂ#ﬂ%; %irﬁﬁ\#ﬁ'; R A %&f}bﬁ\#ﬁ‘, 1'?;%%@; %é\éig/i?fﬁi\éy\fﬂ%’-, Z]&/fﬂ:_%;@:@ii’

LK F
FESES. TM 407 XERERIAS . A

0 3l=s

ISR R i R G aia T —
R WRGETH SR e 3h /R T R A HURAE B
-5 B0 7 R o SR B R 709 R E
ETEIEAL, FAT, 22 S 4 AR 12 T vk
SRR bR nhik S BHPTIE R B 3 AR B
Rk 2 Horp 728 T A5 Ik 2l i) 2R 400 4 0 g o
IR A 2 AT RE TR LR MR DI IR RS I R e S
J1 ARG TC R e 7 M I T 45 S8 A AR AR
AR RAFRITERES, Rl &1 X —LE 10K
T HL 3738 s A DU 5 7 BRI P T 2R G0 e P
B DNTPCIR AR IR X787 N 0 G PR /T /N
5 A LAAE B L2 W A TR A e AL | B T A A
£ s S8 A A e | DR b 30 A S 2 T R IR B0 5 20 BT 2
W T A AMITSE B R

20 22 80 AFAUHFIHIITAR 4% [ 2 2 2l A IR
S SR SE KOS RARES R T T B |
UESE T IRBNAE SR I 1A R, Hd I T 4%
RUAR A0 AR VR 25 3 B IR 3 7 ik 7
AR AR RA Bl SR AT AR W I HAR I IR TR
AP S TARZECR , HR XL T
AR 2 R B X B e R A R A i IR i e U Oy
%, EHETNNLRBIRNG TR T
WL B AL 5 A% SR 2 AT 2 P RO & RO 22401, ol s
JE #3847 v 8 A2 4% b 9% R P L B P O b i B
24 Vel #0256 O R A2 1 g i i g SR R A 7 R
RN, B A IR S8 2 nT . [ I S A= il 1 1A% 1)

Wi B H#A.2013-08-20; & E H #1.2014-06-29

EETIB . P B AFH L& +AAL KA B (13XS-
30,13MS88)

Project supported by the Fundamental Research Funds for the
Central Universities (13XS30, 13MS88)

DOI: 10.3969/j.issn.1006-6047.2014.08.024

AR AR SO I A TOLFR S Sk HEIR & ks, %8
kA 2 PR I SR 7 AR AR Bl D R A
SEREAE RNV A A% 126 ) AR RE 9 1 7 b 2 A EL 2 R
TV R B HR B 15 5 AR 5 A R R B
AEARL, {E 3 B 9 3 I8 = 18] 1) B AR 52 ) 3 SO IR 3 5 5
BETEMEE A2 MR ES R RS
I, 33X A A5 58 41 W0 2 W [ A A e ORI X, T
¥ 0 AH 2 Sk AR A% Se 2l BTR A R R AR Y
W5 5 AT ORI, Anfe] IS 2% 1) 3 25 3R 3 1
5 v B MR A 800 R R AR AR R, DX 40 8 2 il 1)
B AR o) i DA SR R A E AR BT i )

H A0S e 284 25 55 5 B 98 7 A
U B AR FFT (Fast Fourier Transform) M0 /)
WAL 3 By 11s1e) 5 IR AR R — o A 4 02T AR SR
(10X 4 2 15 5 A7 48 FEL i A8 3 88 ol o R A0 4 £
Hh,FIHT 50 Hz 43 S HAS A3 53 5 HEA00 14 435 43 )
M RE I, M3 3 AL AR I A2 Wisd AU K a2 Wiy i | i
J5iER 5 7 e 50 Hz B ARG 331 4 5 10 28 28 il ) g e
PR 5 (A Lab il i ke B Y SR Ak A A% ) AR
TE B FINR A W B | 12207 V6 T FHRRAIE AR AU AN B 4 |
G ek, 53— 5 FRT Had S A FERRAE 5
ANBEA R SN A AR AR AF 5 B RRAE | 1078 TR 4 4R
ME T — e BT EEA AP RARRAE ) Bl
FET 73 B2 A5 5 A BE 23 U A | 2 952 ) 4 26 i s 1
L T DA — 26 22 35 Bl 5 R /N T 43 T RN U A 53 B
SAEIRIRBNAE S . SCHR [ 11 R /N AL 43 B 742 e 2% B
O SCGRAPIRIE | 4 BB i e a2 WS =GR )
B8 3 2 /N S5 il JS A A I B e S Y 3 IR
Wl R 92 T T 1 R T O R R A o 2 00 B
YEZ2% X TSI A8 e g it 5 Had v 25 o 34k,
AN RN LA M AR AT T o AT AR R R R S E
SR I B 5 e TR /0N Y R ) o R (R ST O B g



E 8 H O AR R SR 2B AR AR B0 5 S AR AR S @

FUE e, Xh i, SCHR [ 12 182 A 4R 3 5 = 19 A
IR AR 5 RE S 1% e i S 1) 20 A R AT R D B R RS R
T R I g e i AR R HC 4 0 4 T BT 4B g
B M I 005 R T A0 B X (H 32 SRR I
ARG AR g 4 i B AR S TR S8

52K % EEMD (Ensemble Empirical
Mode Decomposition ) "' 77 % J& H1 Flandrin A28 56 5
K5 % (EMD ) 5 3 /N 21 R Huang 19 BF 55 /)N 40 5
X EMD 5 ik BRI 3 B — IR R A B BdE o
Br 75 . EEMD Jrik eS80 RERIEE 5 A IS
3 fifp HH ELAT R L B0 I B AR 1 B A A R K (IMF)
Hor s RASE AR i F T 1 A il e s {5
TN BT AR BE 3K A A AR T A 58 2 22 Bl B 2% 4
T B R 3 {5 5 R A £ R R) R B A T A Y S8
Fisher F1 5 32 A B 77 22 73 A 9 8 AR w9 — e {0
AR B ) B A 455 B AR 48 25 ) B R AS Kot B A
BAF R AT 3 B | BEAR G M IX 73 28 N BE B /N T 2
1) B 65 R AR AIE AT 3 8 0 A AR 48 50T %
AT (GIS) T IR | 4 % 28 A 0] 25 0 T

ARSCHE Y —Fh LT EEMD 77 12 1972 e i 2 b
FAETAIRNE TR AR SR U7 1 | IF X 52 56 % 0 A5 7Y
AR AR SR IR T T 00 il 1A AR A 1) e R AR 45
B 4 M CTO0T BPRSIE 5 2547 T RIE R BRI, B
Fisher F1 5 3% 0 F] T 48 TR 4% Ik sl 5 5 Bl e o 25 ) 46
TEASCHE U R AR R BV fE  SE R TR SR SR IR &
Wi B 5 B Y 8 B2 2R U

1 TERFZARDNERSHRAESHXE

H, i e A T g I, 8 2 ] L 7 A T g 37, v
SR EAE T TS TESR N R d g g,
FHbE A T AL AL AR AL SR 4H IR Bl L) e
BTG5 R

Foci? (1)
Hob F, hGed bl i g DR A R B J1 50
TR, PRI W S 2 A AR D e 2025 97 480 P TR
R R/ A ) 2 L B P 3 6 o ol A ST

Wt 5 P ) 250 ) AN DRI O 2 T i 1 el DX
JEf% 32 ) A R e ol g Ok 8 2 R BT AR R A BB
o ) e — BB R TH R R v A8 T | 4n 2R WL Bl g i
TR GEHURZ 1 TS L, # 2 5 BUE R SR
KA . BIRAEIE 32 vhvidi 5 728 TR AR TS BE i " is
Fr—Buia] (5 i T o4 BAT 2B, 2B
SR E — 5 TR I 23 7 AR 58 A1 B4 AL B 3l AR 2
P | [ i 58 20 A8 o 2% [ IR OHC 46 1 9 5 | 40 7 T
BATHRARZ AR R 2

A IR A s AT G4 32 B A L 3 0 A L — A
SR B A R P, R AR 1 B Sy Bl e H Bl

LA Jl ey e sl AR T A 1w H Bl e T G 3 4
L% =S LT R (3 Ve SO (B3 S S R e SRS |
S 5 Ve oV b RSTE A AV IR e 0 R k=i DA N DS
(PL) I T3 R T G4 A BE 45 45 SO 00 45 i B2 g ), 58
K LR | B SELE AL R 1 R X R AR TE 1) 3R AR
WU 0 2 2% | fe 2 T BUR IR A K AR B, 2R 417K
32 (1% b 1) L Bh 7 2 A 1) A T 1 b D B S A
Bl N ) R4 NN GE A | HLIT e R AN Y 5 A
Sty ey A1 3 A S AN X PR R A e % ) A
MG 2 B — R BT AR BN
3024 22 A FL U O AT O e R e e T SR SE A B
Kb 17 o g 2 T TN, 5 R 1 R Bl g DAL

SCHR[7 13530 1 S8 28 b 18] I 30 J7 7 1) 30 285 g
R IR AR SR AR B 15 5 S sedlis R il 2
I SC AR, 1R R i ia 17 i A b | SR 20 )= IR AR
AT TR BRET IR AL R B ) 78 Ml B8 2 A8 T 45 ik o
FBRT LA o S 21 1 4R B o e A A Al Bk R
i 01 2 24 28 2 0 30 iR B R T [ A RN i
JERMESENN PRl DL s I 58 4 i ik s 15 5,
WOHAR SRS AE | LUV IR S8 4L 24 AR S

TERKRNESHERDNR I ETIE

2.1 A EEMD AiERISTEXE

Huang #2& tH 9 EEMD J7 AR 4 3 fi# o T EMD
J7 35 TR 5 MR A5 A3 A AR E ST T B AR A TR
), A A B B E R EEMD U7
AT A5 5 PN AR J5 54T EMD , 20 i 45
R Z WAV )5 | WK A E R | B R (E 1 4
RAE R ELH IMF 2,

X R AR TR 25 SRR s A5 5 Bl AT i | 2
KR EEMD 75 21 /9 IMF f8 1R 47 M {4 B AZ 2% 48
AR SRR T A B RE  AER AR S
55 T SR A BRSO ) AR AR AE A BY IMF
Wk st A1 2R 5 i i T AR RE A ME R AT RO R B Ok A
U B AR TR 28R 20 5 5 21T EEMD , 2% £ 8 A 250 i
A AR R N5 B IMF 358 80 5[5 5 1 R R
Koi AT LUE b SRR AR RS SR A S HIR A, Bk
SUR 3/

a. PILA1L EMD YEL M, BE£E (M 7S 19 i (E 3R 8
A AR SOk 12 ] S 2 RS o BT, 7R X AR
JE#% GE L ¥k s 5 5 54T EEMD B, M B 100~300 1Y
TEWT A PG S PR MR 21 10%~30% 8 h
STINE N

b. MEHES x () ImA MK M>1)¥1E R
0. IE(EFRUEZE N C =T SR8 ny(0) (i=1,2,
e M) BRI

Xi(t)=x(t)+Cyni(t) (2)



(14)) ® 0 8 & iR B

F34 %

c. X X, ()5 MPEAT EMD, 15 2 44 IMF 43 1=
g, B,

Xi(t):iciﬂ'rm (3)
=1

Horb ey B L BOMA R 0 VMRS 5 6 X () #EAT 43
AT RIS § A IMF 235 5, 56§ OO = 357 1 1R
PG R X () BT 5 8 5 B AT n R o 2R

d. R v 4 R R A A R R SR B R LA
A WX R IMF 43 £ AT AR 058 5 B v
P M 75 1 Ay B 35 20 A 525 65 A0l R 1) 52 ) | e 4445
FIH) EEMD J& #9 IMF 4354 .

Cj(t):]bi:gw;,cij (4)
Ho e (0) A RER (55 #E4T EEMD J5 Fr s 2 9%

A IMF 434

e. %X (5)IHHE B HA IMF /- =GR £, 3K
BEAT N AN IMF 433, Hogg B 5 JFAR 15 5 iE
1 85% VA I (BRI 4o miem I ),

B=5 43i) (5)
;H:‘EF ,AJ(L)j‘j;ﬁ] /I\ IMF ﬁ%ﬁ@%mg N y‘j/l\
IMF WK,
f. XA PR M5 S i F A T EE AT N A IMF 0
19 2 YR v, O RFE R i Ve

V: [1}191)2’.“31]/\“] (6)
v;=VE
AR B V BESE B RAL TR A ZEH AR &

SN

2.2 ETF Fisher HIGIZENIRNESHET R

F 53 Bt 4 22 e gt B v H AR AR i s 2 0]
By — 2k HEAUE R — A (38— 41
Bl A AR FE AT 5 112 25 (8] 5 B AE PR UE T 22 fe /N
TEOLE A R WA AAR GF 153 HF . M ERAiE 2.1 719
BRI R B 15 5 RRAE R 8 0 AR R 2 SR AR A B
PUN B9 A R R B EE T Fisher H) 5015 09 4% 25 {5
SORLEMT

a. 7% 2.1 1T TR B R AR R B E S R IE
H A BORE AR ) R R A R 4 R OO R
TERE V=[v,,0s, - ,on]o EFXF 4 PP T8 3L m 4AE
HABHEAR AFB)—A dmx N BIIZHERE R 45 3% k
AR RAEEAR AFH]— 4k x N B AE R'

b. X UNZRAEBE R R4 2K (7) 4% 504505 — fb A 31
FRHE I X =[w;],

xlj: (ynmx_ymin>(rii_rimin) +ymin (7)
rjmax_rjmin

Hor oy R PR R I — A5 BB 5y Ty 23
B 0 3 — A B BTG L, 23 30K 1 R=157,, F

o S IATHEIE R VSRS 900 KRR M
c. FUMIA—TLR RO UISRAEHE X 3155 4 Fh TR T
{5 Y BT RE I S, RS ITBOATER S,

sw=41—i S (X, -m;) (X;—m)" 8)
m =1 =1
&;§k§wmri>0m—xf )

Forb X, 8 R PES i IR PR j N EEAR s m,
(i=1,2,3,4) 8% i KUNGRHEA B2 x v SR
A B E{E 1] 4
d. AT b A5 WU 2R3 A 3 Fisher 1
DU BRI, AT SR KABL SR A, BT 2 > AR 2R Rp AR L0
AL 1) i [y @, A B TT 1],
a=[a; ap oyl
a,=[ay ap -+ ooy
e. X X #H17X (10) iR B [, a,] 77 1 #4552
Bt AN ZRAEA I e 502 14
Y, o,
Yz]:le
by, Y, 0 5k T HE RS I B DR
£ AR R E AP TR b—e, 15 B IR A
1) Y% 52

TERIREIXLE 2

REIE iR 3T EEMD YA R 2 B IR0 55
SR U B H R L A w R — &
SAHAR FEARXT 4 Fp T O T 2R B IR sh s 2T T 4
M5t .

3.1 RIEIEMEG

T LI 2% = AN G4 AR IR A UE AT T 0 A IR
M Bk, R B 10 om# 25
25 T RE N 3% A B KL 25 2k P LR S 8 IR
TN AE% EN AR R 4 45 5 LR 35 kV, FEA R A&
PR T L84 4 Fh TR BRSO

RENME RIS B S % T k[ 23 1 i 8ie 1%
6 > 1CP B fin 2 Ji 41 ) 4% s (R BUE A 100 mV/g)
PAACREAR T 3K | 43 S0 e A 2 AR = AH 28 28 %
o7 R | R SR LE X IO %) R R RS SR A7 45 A
B, BRE 6 - AR BRI 4R sh Bl R R
RN 10240 Hz,

32 SGANMEBEEBFEE

PRI Bk AR A JE 2 1 HORE IR 5 4h
WAL T AR FE AR G841 RY 3 FlBC R RS | B 28 41 5l )
AR TE B SR 2 A% ) AR T R A S 2 TR B e

R 24 S N R e Horp | 28 2 il AR T R
S BUIG R ZE 4L TS 2 )2 SR 4 4 b 4540 8 4 H ke
J V% 5 BE AL AR ] A8 T I 2 4 AIK e Se 4 I vy 17 ) %

[111 Uy UN]T (10)




E 8 H O AR R SR 2B AR AR B0 5 S AR AR S @

TR HE N MV HE A 1) A8 T B AN 1 em; SEALIR &
AR SR i3 S8 4 [ ) e A 9 TV T B e g 21 s B I
LR, PR 1 SR B B R B P A AR
BRI 7 e R R Tl ) AR Y S B i Ab SR AL A
WIS

B SAHEEETEE
Fig.1 Schematic diagram of winding faults

3.3 B—iESH

F 00 5 A 7 A T AR AR AN (] U v 455
TR S5 2 0 (A5 AN AR [R] o 157 05 R ) A — ek
PR 22 /N A5 B IR LU A ) AR S T
LG 5 6 I R R R S T 8 4 R R A S
AR A BB | AR S IR sh IR (oK, RE ALy Hb S ik
GRALHCRARAE . LUR XF 4 Fh T80T BrAr 15 5 A AR
S O 23 M B BR] — AU s RO R B R
33.1 AT &R

FH FET 7387 S8 20 H B — 5 R i R ik, 1]
2 SRR AR IERORS S 3 Rk B T 00T A5 1 4k 3h
FT B FRT S35 &, O T %8 H IR (B B AR A A
XA 2 B PARBRFEAT T R A bR A

M 2 AT RUE 2 TR &R IE W I8 4T TOUT | HE
734 (100 Hz) W8 {H e K, O 32 BRI 4 EIE 17228
Js 2 S8 RV U IR 3 AT FL AR 9 2 4

Xof L7 T 5 8 4 A A il 1) 22 R B R A T

10° 1 T

-5 | e L "
10 W ey % sty Lt w
107
10° il ) A2 TR Wl

-10

E 10 ¢ 12 1] 22 I e B
10 W et vruirenrors |
Ll A it B b it el e pbimneg
10—10

107 TR A b

- , - e
10 va v Yot N‘Hlllv iy nvw'v'l
107 : -

0 100 200 300 400 500 600
B /He,

B2 TEREARNESH FIT 5L E

Fig.2 FFT spectrums of transformer winding vibration signal

T FET S5 v 0 & A il ) AR T B JS | SE 4 Ak
g5 5 " BR 100 Hz 4 & & 448 B 4F 50,150,200,
300 Hz 5570 s W R Y & A4E T 284k Q] v S 2R A vp
W B s H5 16 v LB S X 4328 HR 4% 28 20 1 1E 1R
A5 5 1) AR T IR S

EL 7 FH 56 SC Rk P G 28 448 1) B A B A A | &
A B B AR SR B8 2R AR 1A B BE R AT T A BT E ST
X FUAR FE 28 S8 4 2 A A2 ) A8 T OB RN OE B 00 F 19
FET %3 ol A1, P& 19 FET SRR e 15 S A 22 6L,
AL WLACRF FRT {5 8, 55 B ASRE & 304 R 2%
LR T LT AR ) AR T R
3.3.2 A F EEMD #94F 4k & 23 BGX 1

R T RE L) M AR A 28 4 Bl ) AR T B AR )
TG WUBE A SCK EEMD 77 32 b 48 4 38 s 5
AT 3 R AR RAR IE R AL 9 EEMD 455 &
4 J& 7R R 42 10 AR B B RE T80 R (1) EEMD 45
EEMD 77 k43 th 7 A~ T2 IMF 4312 3 F 38 D7 4%
52 B0 N Y A3 %25 8] (0~ 5000 Hz BB 2K ), & 3
A 43— es IIBERHIEAE 100 ~ 800 Hz Z 1],
RE S WL Sedl ¥k sh etk LR She 4R

HLHC I 3 FIEL 4 FRXT R 454 IMF, 7T LR BLE
A RX S, FlanE 3 hiRshfe e EFEEPTE ¢
Hl ey, TTED 4 PRSI BE I 0 T2 ¢5.04 T cs,

21 EFIA 2.1 19 A 5 TR R U AR R A% R

107 ¢

-102
107

s e L Y
$ 0 /\/\/\P—*\f\/\/"\f\/\/\/\/\/\
s o;/\vrﬁ\r—ﬂngf\
0 051 052 O.l3 0.I4 O.‘S

t/s

3EERKAEERSTRAMNESH IMF A E
Fig.3 Vibration signal IMFs of transformer winding

in normal state



(144] R R 345

102
B o WA MMM

Jz
-107

5x107*

-5x107*
5x10™

Cy
=]

Ca
o
1
Co
o
i

-5x10™
107

-1073
5x1073

Cy
o
%

-5x107*
2x107?

Cs
(e
%

-2x1073
2x107*

-2x10™*

2x107 |

1 1 L L )

0 0.1 0.2 0.3 0.4 0.5
t/s

B4 TERGEEAREAEREERET
REESH IMF 2 &
Fig.4 Vibration signal IMFs of transformer winding

Ce
o

Cc7
o

-2x10™

in radial deformation state

R EEREAETEMIMEAKEIRLTHIERE
Tab.1 Feature vectors of transformer winding vibration
signal for normal and three faulty states

T8 \4

EH [0.012 4,0.006 5,0.018 4,0.228 7,0.004 7,0.002 0
e 2% [0.016 1,0.019 0,0.043 2,0.071 0,0.121 3,0.007 3]
mAZJE  [0.0103,0.004 9,0.008 8,0.127 2,0.033 8,0.003 6 ]
RAHEE  [0.014 4,0.006 0,0.005 0,0.024 3,0.085 8,0.007 1]

TR 3 Fh SR s T 00 T IR 3015 5 B9 — AR AR 2K
V= [1)1,112,113,1/4,115,11st

B OIS A T 7 N i 7 0 = S O B 1
BOHE AR AL AR H A B & ) DA nT 38 51 S 41 1) g 1) B8 A%
Tia] WAL B
3.4 REWESH

2 GE A R I e A PN T AR T I e % 58 21 SR B it V%
WA | Se g RS e b 1) FLAR [ BB & AR T AR AL LT
7 FET kb A, i 2 i LUE TR A s
FIER TOUT | B4 i i R fEAE 5 AH 0L, AS BB AH B
]Z/\O

ARSI EEMD 773 53 fif Ge 4R A 5 e BT 1 4
e i s Fros, ¥E s 5E 2 4 47 A AT
PIEIILEHE S MRE R E 2T 8B T cy0s 1, 5%
2H S A A R i AR R TR BF LA EEMD 45 SR fiE
etk SR R SRR 1 AR AL AR SEALIR A R S S
S AR AS B RRAE A5 R 0L 1, e gl vl

5x107
o WA

Bl
-5x10"
1073

-1073
5x107*

-5x107*
5x107*

C3
o

-5x10*
2x1073

Cy
o
g

-2x1073
2x107°

Cs
o

-2x1073
5x107*

L WWMMWMWW

5x107*
r/\_'—"\\_w/\f\/\f\/‘“uf\.r——'ﬂf‘-\/
0 0.1 0.2 0.3 0.4 0.5
t/s
B S TERSARGHMERESTRAESH IMFHE
Fig.5 Vibration signal IMFs of transformer winding

Ceo
o

C7
o

-5x107*

in multi-fault state

TR Tl B R 285 R Al bR A A SRR AR O DX B A

g ¥ P IAERR 1 PR IBURRIE Ok B A ROPE
AT H BT B T 00T Al g0 HE AR B A AR SR
H Fisher HI5103% %28 28 9% sh 5 5 #4740 2R 56 0E
AR 2275, T 24 HAYKHE A Fisher #
PR, A5 AR AR ] 19 2 A4S 000 pR B, XoF
96 ZHARFIREAMA MBI RIS 45 R E 6 Fis

200
ost 77 ' o,
K . -
-1.0 // + \\
. *og?t /,
-2.5 L
-1.5-1.0 -05 O 05 1.0 1.5 20
Y,
w FRIREAS | o 452 | ——— L4l il 1) AR T2
------ LR R A RS, e SRR | e IE R T 0L

B o MikEEAREHE
Fig.6 Projection of test samples
i1 6 AT UL 4 Fl 2 e 2 58 20 U 00 A R0 IX
I3IPkK  HZEW I RELCR IR BT DAA SCHE I 22
JE AR S5 5 4R < it REAR 4 4 IX 73 B8 1Y 1E 3 T
UL 3 FhGEL R T00 5 A EEAR L, JEHREAR B
DX 4378 Hs i 8 20 1 428 1) A2 T8 5 TR A5 Bl s T80



E 8 H O AR R SR 2 B AR AR B0 5 S AR AR S @

4 Hig

AICHT EEMD Bie | XL A8 F 4% Se 4 4% )
A A 1) AR T LA K 58 2H TR A I 45 2 bk R T 0
T RIR NS S BT AT R AE SR, e T A
JE R e AL IR S HLFE K2 5 R s (5 5 1 2 & FE L 3
il b RS EEMD X A8 R % S 4 IR A s
W3R 2 A5 5 HEAT 0 b, 3 B — B 3 T EEMD 948 &
LA SRR SR AR IE S O 15 WK ¥ Fisher
S N T AR s IR A5 IR A i 2 e
Xof S 6 22 0 A5 A AR TR A SR AL IE H RS 58 4 il i
W L4145 1) M N SE4LIR A B 4 AP T 00 R AR
i S AT T FRAE K & $2 BURT Fisher F 510 5041, 45
TRBGAIE T AR SCHEBUR R AE K 1 B AR I b B 2878 K %
AR NG5S | SLINAL R AR LE A A KR S5 TR A s
1 8 B3 2SR AT A DG SCHR i At ) REAE 2R
PR Ty ¥ | A SCT7 1L R T 47 b IX 43 7% T 4% Ge 2 i 42
2T SR A SR S B T & B MR fE T —
A T AR ¥ 2% R 2238 8 P o B R AE 1R R
ZEA FE | I — A0 4R SRS T A R

SEH .

[1] BB, A2 A 7R Wil 5 B2 W (M. dbat . P E ) i
Jitkt,2010:9.

s R 2 YA L R T A R AR 14 7 T S8 20 78 O i
HARBUIR G RE[]]. 81 A4 ,2006,26(2) :28-32.

LI Peng,ZHANG Baohui,HAO Zhiguo. Actuality and prospect of

transformer winding deformation monitoring based on electric

[2

[}

characteristic[J]. Electric Power Automation Equipment,2006,26
(2):28-32.

FRER AR AE VR R B IR 200 A 4R W R A B8 4 Rk AR T
[J]. @ ERAR 2005,31(4) :43-45.

CHENG Jin,LI Yanmu,JI Shengchang. Application of vibration

—
w
—

method on monitoring the winding and core condition of trans-
former[J]. High Voltage Engineering,2005,31(4):43-45.
[4] GARCIA B,BURGOS J C,ALONSO A M. Transformer tank vib-
ration modeling as a method of detecting winding deformations—
part I :theoretical foundation[]]. IEEE Transactions on Power
Delivery,2006,21(1):157-163.
GARCIA B,BURGOS J C,ALONSO A M. Winding deformations
detection in power transformers by tank vibrations monitoring
[J]. Electric Power Systems Research,2005,74(1):129-138.
GARCIA B,BURGOS J C,ALONSO A M. Transformer tank vib-

ration modeling as a method of detection winding deformations—

—
W
—

—
=)}
[}

part Il :experimental verification[J]. IEEE Transactions on Power
Delivery,2006,21(1):164-169.

R IR S 20 B i T HL ) A S A8 8 2 R M Y 8 P F 5
[D]. L. 323 K% 2008.

XIE Po’an. Study on application of vibration analysis to the

—
~
[

condition monitoring of power transformers windings[D]. Shanghai:
Shanghai Jiao Tong University,2008.
[8] BAZ 6 B i 2500, A Al J A A T A A AR ) i B H R

WAy BT [I]. W0 A S ki 4 ,2013,33(11) :165-168.
ZHAO Hongfei,MA Hongzhong,L.I Kai,et al. Test and analysis
of inherent frequency of power transformer tank[J]. Electric Power
Automation Equipment,2013,33(11):165-168.
(9] RETLAE. 2 U050 3 43 Mk J7 1 B UAE A8 R 85 R 24 Wi o g 7 T
FE[D]. BT LKA, 2006.
XIONG Weihua. Empirical mode decomposition method and its
application research on transformer’s condition monitoring [D ].
Hangzhou : Zhejiang University, 2006.
[10] DL Bk 2 BRI 55 55 T PR3l iy J) 28 5 4 SE 41 78 I8
BES R 7 (7). 1 RS 3h1k,2013,37(8) :89-95.
MA Hongzhong, GENG Zhihui,CHEN Kai,et al. A new fault
diagnosis method for power transformer winding deformation
based on vibration[J]. Automation of Electric Power Systems,
2013,37(8):89-95.
WWEE  XVBRSE B S5 /N AL 53 A 78 i 3 1k M 00 28 T 2% Bk
AR GEAUIR B B ()], T UL TR 42,2001 ,21(12) :
24-27,49.
JI' Shengchang, LIU Weiguo,SHAN Ping,et al. The application
of the wavelet packet to the monitoring of the core and winding
condition of transformer[J]. Proceedings of the CSEE,2001,21
(12):24-27,49.
RE LA RO, E T A R A A — B R 40 10 28 S 2 B0 AR 3l R
M), B LHAR =, 2006,21(8):9-13.
XIONG Weihua,ZHAO Guangzhou. Analysis of transformer core
vibration characteristics using Hilbert-Huang transformation [J ].
Transactions of China Electrotechnical Society,2006,21(8):9-13.
BARTOLETTI C,DESIDERIO M,di CARLO D,et al. Vibroa-
coustic techniques to diagnose power transformers [J]. IEEE
Transactions on Power Delivery,2004,19(1):221-229.
[14] JI Shengchang,LUO Yongfen,L.I Yanming. Research on extraction

[11

[

[12

[

[13

[

technique of transformer core fundamental frequency vibration
based on OLCM[]J]. IEEE Transactions on Power Delivery,2006,
21(4):1981-1988.
[15] YEN G G,LIN K C. Wavelet packet feature extraction for
vibration monitoring[J]. IEEE Transactions on Industrial Elec-
tronics,2000,47(3) :650-667.
WU S,HUANG W,KONG F,et al. Extracting power transformer

vibration features by a time-scale-frequency analysis method[J].

[16

[t}

Journal of Electromagnetic Analysis & Applications,2010,2(1):

31-38.

WU S,HUANG W,KONG F,et al. Vibration features extraction

of power transformer using an time-scale-frequency analysis

method based on WPT and HHT[C]//IEEE 6th International

Power Electronics and Motion Control Conference,2009. [S.L.]:

IEEE,2009.:2577-2581.

B A AR IOR], I A 2 Tk e VAR AE I RN e (T,

L T 4 ,2012(6) : 14-18,25.

HUANG Jiancai,ZHU Yongli. Mother wavelet selection for

feature extraction of insulator leakage current[J]. Insulators and

Surge Arresters,2012(6):14-18,25.

[19] WU Z,HUANG N E. Ensemble empirical mode decomposition :
a noise-assisted data analysis method[]J]. Advances in Adaptive
Data Analysis,2009,1(1):1-41.

[20] WEE  Ris, 22 2 W iR =X ) A AR Se 2 5 B0 Bk 2l e
WL ()], PO 2230 K741k ,2005,39(6) :616-619,658.

—
—
~

[

—
o0
[}



O R R 4%

JI Shengchang, CHENG Jin,LI Yanming. Research on vibration XU Fang,SHAO Yuying,JIN Zhijian,et al. Experimental study
characteristics of windings and core of oil-filled transformer[] ]. of measuring point selection for transformer vibration detection
Journal of Xi’an Jiaotong University,2005,39(6):616-619,658. [J]. East China Electric Power,2012,40(2):274-277.

[21] HRSE R Berk a5, % o B AR TR a e 4IRS AE L 12
WiT)]. #Rah 5 s 2011,30(2) :173-176. EE BT,
SHAO Yuying,XU Jian,RAO Zhushi,et al. On-line diagnosis % #(1980-), %, FRA BHIF LA

A EZHR T @A AR ST LT EAE
W) R GHE S oy @ 49 8 A (E-mail ;
haolily12@163.com) ;

KA (1963 -), B, mMAIEMA Hix,
WEHRAEFIT HE ARFRELL A
AT B AL 2 Oy | e AT S AR

for a transformer winding’s state under short-circuit shock[]].
Journal of Vibration and Shock,2011,30(2):173-176.

[22] TR HIEH AR B gH ZE A2, BRGNS E T (M.
At MU Tl 3 At | 1999.

(23] TRT5 BRI | 2 A0 A5, 18 A 4R 3 I A7 B e PR il 4R AT 5
[J]. #4 M J1,2012,40(2) :274-277. F A

Feature extraction for vibration signal of transformer winding
with multiple faults
LI Li',ZHU Yongli*,SONG Yaqi'
(1. School of Control and Computer Engineering,North China Electric Power University , Baoding 071003, China;
2. State Key Laboratory of Alternate Electrical Power System with Renewable Energy Sources,
North China Electric Power University, Beijing 102206, China)
Abstract: The mechanism of transformer winding vibration is analyzed and a feature extraction method
based on EEMD ( Ensemble Empirical Mode Decomposition) is proposed for the vibration signal of the
transformer winding with multiple faults. The vibration signal is decomposed by EEMD method to get the
IMF (Intrinsic Mode Function) of each order and the feature vector is constructed with the IMF energy
and 2-norm,which is then used as a criterion for the transformer winding state identification. Fisher
discriminant is applied to verify the effectiveness of the proposed method. Experimental results show that,
the feature vector extracted by the proposed method is significantly different among different transformer
winding states and,compared with the FFT (Fast Fourier Transformation) method,the proposed method can
properly identify the multi-fault state of transformer winding.
Key words: electric transformers; winding fault; failure analysis; identification; vibration analysis; signal

processing; ensemble empirical mode decomposition; intrinsic mode function; feature vector
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Time-domain parameter identification based on measurable variables

for synchronous generator
TANG Kunming',KANG Lihong', YIN Jiamin?, FENG Shuhui'*

(1. State Key Laboratory of Power Transmission Equipments & System Security and New Technology,Chongqing
University , Chongqing 400030, China;2. Changshou Power Supply Bureau,Chongging Electric Power Corporation,
Chongqing 401220, China;3. Weifang Power Supply Company,Weifang 261021, China)

Abstract: The immeasurable variables of synchronous generator model make its parameter identification
difficult. Based on Park model,a parameter identification model only with measurable state variables is
derived for synchronous generator,based on which and according to the two-step strategy,the generator
parameters are identified by applying the direct integral least square principle. With the proposed model
and algorithm,all state variables are directly obtained by integration and the complex differential equations
are avoided,which simplifies the parameter identification,improves the identification efficiency and decreases
the impact of noise on identification results. Case simulation is carried out on MATLAB and the comparison
among the proposed model,Park model and a reference model shows that,the proposed model and algorithm

are correct,simple and more accurate.
Key words: synchronous generators; parameter identification; measurable variables; direct integral least
square algorithm; time domain analysis; models





