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Abstract: To address the restricted frequency band of existing electromagnetic potential transformers in transmitting
fault traveling wave signals and the susceptibility of fault traveling wavefront calibration to noise interference, a fault
traveling wavefront calibration method based on an improved optical voltage transformer is proposed. Firstly, the
demodulation and conditioning circuits of the optical voltage transformer are improved to amplify fault traveling wave
signals while reducing the influence of birefringence interference signals, thereby enhancing the transmission accuracy
of traveling wave signals. Subsequently, the improved complete ensemble empirical mode decomposition with adaptive
noise (ICEEMDAN) is introduced to decompose the transmitted fault traveling wave signals, reducing noise
interference in the fault traveling wave signals. Combined with the minimum entropy deconvolution (MED) algorithm,
the decomposed fault traveling wave signals are enhanced to sharpen the fault pulse steepness, highlighting the

characteristics of the fault traveling wavefront and achieving its calibration. Finally, simulation and experiment are
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conducted. The results show that the improved optical voltage transformer circuit can transmit signals in the frequency

band from 10 kHz to 1 MHz, meeting the requirements for the transmission accuracy of fault traveling wave signals.

The proposed method for fault traveling wavefront calibration is not affected by strong noise and can accurately calibrate

the traveling wavefront.
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> TC H O 4 B A A R I T AT I 1 R
Pk BA AR Z N R G SH RS R A
X AR AE R W L A AR B T A BT
15 & Wiy 3 Bl 96 — B 10 kHz~1 MHz " 1E R
Fic Fh X 30 I A O 4 R AR s 4 22— i 2 R
TR A5 0 A 728 R P o) 4 I A A AR S B R A A
G ESINS S 4 R 25 s S

itk R AT AT S Y A% AR A0 AR 8 vl K R
&A% (phase voltage transformers, PT) & % /7 7£ %
AR TEMAT AR A YRR AL 22 St TR R s X
3R, i A B BT F A% S g X e Rk
g ) 1y 2R T RN, A BT R T AT
i, JB TR LR S, A AR F A 2% 4 A T B
B 551 A H % %N Y 52, AT SEPEAIG, i o A
FE o, LA v s 00 o T O T I 4G 2% R KR SR
FERE , AT BEXT N B 2 4 1 U 7 3 T AR A A% AR
PERE M 7, 0 X R LR A A H AR SR I ot AR
o HER R IR 5 i L H R B G B S R
SR T HBEE, HESERK AL AR
RE M P TR AL AR A
A5 % BN M 52 2 PR BT T LG S 1 T S Bt
ARG BE AR PR, A% G i R 2R R TR R
AN B W A% A S AR A AT AR S B R . B
27 HL AR (optical voltage transformer, OV'T)
IV FH A A B ' R 2800 A S PR R A 00 6 3 O £F
55, S BB R AT AR 5 S i A6 72, R A K
FUN 4 G Ve AR 7B R VRO 5 50T 00 551 20
SRR T H R 2 R R JER AR B B L A R TR
FL, DO 50 A T 0 A 5 A% A B T R A L R

B X S R AT D W Sk A TR A, 22 2% NI
FUAR B 7 T S IE T R AT . SCRER [ 14 TR Y
BRUE 53T 22500k 5, DU s K A5 5 1 2 A8
fE, H BT B, 7 s oy T AT L A 5 VR R R R R
UK AR SE PR AR N ORI R B L /N
7 i B R I AR G A3 A R RO AE R AR
SRR T K E Y BAR/NE AR B B
— WP RE 7, 38 5 /N B o3 BT IS AR R A Y Bk
B RT 8 2 AT I Sk H 40 i RUEE TR G P 1Y 6 R BSOA

(7] 08 2 X A7 I 8 S 10 G 00 2 i R B ), S5 S Ty
[r S & BT e

T IRIAR 2 (Hilbert-Huang transform ,
HHT) 1 — R 155 4 35 3 MR A5 B
A E IEE B AT AR T 3T AT U Sk 1
FroE o X KT IEAT AR 5 e e iU =, 1
X A8 35 v 1) AT S AT ARG I, DA ok S 3 s A A
W e Sk b e o HIZ T 1k 4 B LA 43 f# (empirical
mode decomposition, EMD) 5 1 5| 2 oY £ 25 4 =
R & M5 23 X AT U I Sk 19 AR 2 Al ok ™ R A 52
M, H EMD 75 5 M2 5 PR B F B 4 BOSOR A . 3
Wik [ 17-20 1 %) EMD 5 3% #4911 2 80 4 i 47 e it 42
T A LKA 4 % (ensemble empirical mode
decomposition, EEMD) 1 & & J& 8% ¥ {8 55 it
(ensemble local mean decomposition, ELMD ) 5 7% ,
A T — % MR ABZ T7 ¥R AT SR RE VD IS T BR
A EEENS . CH[21]# — X2 EMD
Bk TS R T AEN R A SR ES AR
1 25 41 ff (complementary ensemble empirical mode
decomposition, CEEMD) 8.3 , % J7 ¥ 76 R &
SR A0 A D T U T R AR RCR
AP A7 AE W 7S T AN O RS B[R], SCER[ 22 ] 5% H
T 3 F AR BLES 4 f# (variational mode decomposition,,
VMD) 5k S 78 4 (1945 5 $2 U5 vk R AR T 7E 5
W75 R EMD Jr ik (4 £ ) &, I R S e i 22 /)
P AR e 1y S AR 4, 45 5 B A ST 43 BT 1Y) T 1
AR 4G B T AT R T AR A B TR R BT Y
A 3 A5 L, AT RS 8 b A 2 ISk (HZ O I AT A7 TE
VMD 55 2 2 50 2% 2 30 e 91 3 o3 1) e BB I) 2t
SCHR [23] DNl B A5 5 AE & 0 R B2 L R TR
Teager fit 5 5. F ( Teager energy operation, TEO) —.
YR 5 /N B AR H J B AR AR Y 7 15 L 1 YR N AT
WSk B bR 2 ROR B4, {H Teager g 5 F KSR XF
i P A5 AR

B X 3 S ] A, A SR M — A T A
T HL R A AR AT I I Sk AR g O 1 Se ek TG
2 HL R L AR A VR R ORI O R B R K R
175 = By Rl 0D 7 3T 9 T A = B 52



40 LN I .

P AT D AF T A AL RS B s PR L R T 0t A i
JO7 W 58 £ AR S A 0 B S 73 % (improved complete
ensemble empirical mode decomposition with adaptive
noise, ICEEMDAN-MED ) f) #¢ Bt A7 5 3 3k 45 5E 77
5 BEAR SRR AT DA 5 B R S 5 B, 98 Hh SRR AT I
WSk AL s e, EAT O EOA SR S0 o 47 FLANK B
SEIRBIFRE, I $2 A0 S0 Ol 2 i TR L R A AR
T A R A AT B A AR R e Y
1A L, HAZ 07 1 e s e A, 76 e 75 T 9 T AT fig
REbR 2 ATk

| k¥mEEBEGTTRIE

1.1 RFBEERFETHEE

BT S8 A SRR AT AR T G LR BR AR AN
AT A e Y RO, LA DR 2 732 i A7 I AR
v AT {5 2 T LA B B B SR R R
8 3 BB N Pockels HL BRI 2, H AL 78 5 A
WE 1S .

7
B2 451:47)3# 00» s
() .igﬁﬁlﬁ%mgyﬁﬁég
e =

Bl1 & T Pockels & 5t 20 o 0945 4 id 42
Figure 1 Transmission process based on Pockels effect

TE T rp , A A2 SO 21 7E GRS D % )
AR Ry R A ARG L A G G TE R R B AR (BLG e, O,
i FR BGO ) 2 T 73 24 B AR AR [R] 9% 3 J7 18] A1 . 2
HL 2006 3X 2 O TE A B3R 15 Y A A AT
FONE, S HOLALE S BGO O dh R B ™= 28 T 41
1 2% o SO AR AL 22 5 A0 e 37 0 58 R CLE B, S e
HOLSRBE SR P Jr R R0 e, al A d kiR
LA NN S

I.=1 sinz(g)li sin2( U ) (1)

20U,
A, 1, Ry d G SR LT 5 I A OGS LT 5 0 R
SCERARNL 25 U R d ik LR w5 UL
AR N S 2SN
MR RSN IR U= U, sin wt B}, i 6
548 LU N

nU,,

50 Smwz‘) (2)

I.=1I sin2<

A, U, o AN e s B W1
H 3 (2) AT A, it O'e o Bl A0 i e TR AR T it 46

E5a PN % Eild 2025 4F 7 H
i E 2 Fr s .
i 65
1.0
0.5
0.0 . . >
Uzp U, e

B2 iyt KR S e R T AL wh £
Figure 2 Variation curve of output light intensity with

applied voltage

M 2 vl DLFE a6 58 Bl A1 A e /9
7 Al AT FRAG AT LR 1 BV
1.2 Bt St 5 FE JE R 2R % ) R 0 ) 3 PR R

fifk VR A5 R A A PSR K Ol 2 ri T T TR Y
G A5 5 e e O R B IS L AR T 1 TS Sk 2k
O BEAT AR T o BORRRAT AR S A B
AR SO X e R AT A S P o R T AR A R
A A i R R B R TP 3 TR

f i
L$ j{“7bka)raﬁw

(E2

AP BGORMA SCrifeiiias BRI A: —HUloRes
B3 wmatayiAe &

Figure 3 Schematic diagram of improved demodulation circuit
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Figure 4 Improved conditioning circuit



5540 5 4 1)

X R, A B R 2 i T RS A PR AT I O Sk A T 1 41

TEE A B R A BRI HL B, R, 43 R HL R,
R, Ry 0 B BH , Ry 4 St B BHL L R, o BR A L BHL
R Wi AW, C. AFE A, C WIEB A,
LA AL, Uy HECR SRS R, V., R
& e E R B R R . L, ROVR VR,
R R R B A EMH . AR, R, % C,,
2 — P8 D 4%, B R I 3R A A2 Y B
g wivi . s fE 55 HiE S EARBET
XoF L P 45 R H A () SRR S BOR B BB AN ]
PRI I 12 908 B, 8% A K 3 i A5 5 1Y R] I 58 AT A
R B A 5 i & ko ORI s B B B R R
MfE Y. 2 HIE S LB 4 PR E ., W
JE U (50 HEH R Vo MIZE R E V) K

R,+ R.; + R.
Vi=—LR|1+—————%]  (3)
R,
VE\C:IinRZ(l+RCL]f/RC(13> (4>

1 (3) L (4) T, O i s 52 A 5 19 2% 4 A
A A 72 RS B, AT 36 e K a2 ST 4 AN [R] OF
VT AL BH R s 2 55 28 L LR BEAN AL 5 7 o

M R,

Sz RZ
O-

S3 Rs

B5 Fxdamss

Figure 5 Schematic diagram of equivalent resistance
1.3 AFBEEERREINETRHESHT

G2 H LR AR S5 4 A OGAR I & F
SR G R, A/D B A AL R SRR . O
L R R AL S S R AN KT 6 T

MIEL6 R LA H 32 1 728 5 e i [0] 3 18 = 22
OGRS AF TR AE S L A/D Fe e Ol

LS

Pockels Yt HL & b7

A/D | A R
| TiEY

e
TR &

Be6 AFLEIBRHETIR
Figure 6 Transmission process of optical voltage

transformer

FL 4 T 4% 2 80k EE B BT G I BT 1) L 191 R B K
HE IR D) R ADE R P e L W Y o AT iz B 4
DAL i e £4F 2B 3R i SR IR T RO 5 S A
XHE S P — A EIR R — R T e
L ZEAAR Z=e" s R R AR, TN
KAEEW . 5T G al s AT — B A ]
MENBRAES . EM ISR 57 B HUE N KA
KA D()=K,(1—=2 ") 55 BT 1E H 2K
KIGPEE AT  Z Y TR . ZES
PH R ) R B Ko TR S B RAT MR 5 &
it A/D A BRI R R SRR L B
RBCN KB AT K5 A/D B 28 0 80 5
AR 5E

J 1538 18 32 2 D/ A e e 38 A5 b B A Y
Az I BB BT S A Ak S B L A Dk ok 3K )
FHAE PR 28, 7 A R B AME A RS . TR — B
R[] B2 A5t — UK, i D/ A e 46 1) i s 3 OB 8 P —
ASFER IR 2o AR AL I T ER T A B 25 o s i &R
K.

B ) 3 25 K=K KKK, B2 5t 0] i 19 35 K=
Ko PRI, 2 i e B RS P 3R 95 11 3R 40 1) 8 A%

K: K,
G<Z>:z2—z+KBKF (5)

R 45 1% 338 oA 2, 15 )6 2 W R 48 1% A8 1Y 17 78

L2 R 7 BioR .

10
m
=
m 0
= (6.62X107,T)-\
710 Laaaa Lt L iaaa
10? 10* 10° 108
i /Hz
(a) W {H
~15¢t 6.62x107,-5.3)
& 30
junng
=
745 RN IR aEEl 1aaaal L1
10? 10 10° 10*
B % /Hz
(b) JiiR

7 ARFEERELOMEE
Figure 7 Bode plot of optical voltage transformer
M7 T RUR S5 5 8RR T 107 Hz i
O F s L A A% A8 3 B vh L AN A A R (E R



42 LN I .

FADL 22 5 445 S AR E T 10T Hz i), 24 R s
FEAG AR 2L AR vh 2 B 25 AL 25 0 DR, B 4T
XA R F A 10 kHz~1 MHz B 7 35 5, ik
HEG A H R AR A R
2 E F ICEEMDAN-MED # & 17 i
B SLARE ik
2.1 EFICEEMDANHBETRESHMBA X
L I A W R IS B A T U A S DA R A AR R
B P o A B o L b R AT U U Sk B 3% B MR T
P, AT I8k D Sk TV A M A S R R BN R AT U8
W Sk To kAR B bR M RS A S I R RE 2 Bk
S B i A AT AR 19 0, 3 B0 R I g S i A 1R 25
Wt 75 TR /NI A3 i B R AT AR S A 8 R .
FE & 8 R FLBH R 500 Q.

0'1 j/\/\/\N\A/WWM

0 2 4 6 8 10

{E/kV
(=)

i

-0.1
i ] /ms
B8 i wEITHAS

Figure 8 Original voltage traveling wave signal

AN [ M 75 05 5 T /NI A0 ik 1 v AR 5 o it
9. M9 aT LIE H AT A5 5 o e A 43 i
AEME S BRRAT AR S SR E S IR G AT
e e LUK B A2 5

ICEEMDAN 535 & —Ff )12 1 HT 3 BIL Al e
2 W 405 b i R R A3 T A B R RO HOR
ICEEMDAN 5.3 43 fift S0 B A7 D A5 5, 80 Ok o0 i Js
1) T B A T 10 155 5 7 e OB O B8 A 2 1) [T B
Fo B FL A 7 T, DT P i B AT I A S o A AR
e AE T 5 SRR AT I I Sk RS AR A

ICEEMDAN 8.3 7 fif il B 47 0% A% 5 1 20 R 3t
Iy 64,

1) AR 15 15 5 4 EMD 43 it J5 A 7 59 IME
WA 1 38 RO SR W VAN o g 7 1 T

X"'"=zx+ e, E(w) i=1,2,3,--,n  (6)

XL X R —IRZ EMD 4 g i3 21 AT 5 5 o
REBRAE T e WAEMEH S E (w') 2 EMD 43 fif J5
Y 58 — > AS IR #5525 PR %X (intrinsic mode functions,
IMF) ,w'” R 55 i YIS N &5 357 F1 75 5 S 1555 XA
R R

E5a PN % Eild 2025 4F 7 H
@~ 6
E 2
s 2
72— 2
| | | 1
0 2 4 6 8 10
i ] /ms
(a) 40 dB
!
=
He 0
#? - -4 | L | L
0 2 4 6 8 10
i 8] /ms
(b) 30 dB

i P IR ALV
S e
2 o 2

0 2 4 6 8 10
I} 18] /ms
(c) 20 dB

B9 RERETDESBAHRITEEST 2E
Figure 9 High frequency traveling wave signal component

decomposed by wavelet under different noises
2) WRESE R oMk
r=(X{"—E(x1")) (7)
R, R RS R i E( X)) N
EMD 43 fif X177 2 () IMF 43 4 .
3) TR — M i L, B

ILyg,=—ax—r (8)
4) TR RS A B Lo, BD
I, =x— 1, (9)
L, N R R AR 25 1 . AR
ro=( X" — E(X.")) (10)
5) [RJBE, AT TS5 B AS 4 8 Tnge o, B
Ie = x — 1y (11)

Aot = (X — E(X1")).

6) ELETFE BT IMF 43t S X R () 5% 2% .

23l X 64 IR B A IME 4r & . 45 &
MR A5 I B 40 %6 R 2 /N ORHE B g BT S8 1)
WEES A3 L RS o R R R AR 5 10— R
#4y iEANT] EA JRAR (R S
2.2 EF MED W FEITIR K LR E %

XoF AT % I Sk bR 2 T T, ICEEMDAN 43 it Ji5
IMF 43 55 ¥ 605 A4 S0 iR 45 2L {H X 28 IMF 43 &
BRI HICHR 2 7E B AT 1 R 35 R Y JE T B RS AT
WSk T N B ] PR 51 B N A R



5540 5 4 1)

X R, A B R 2 i T RS A PR AT I O Sk A T 1 43

(minimum entropy deconvo-lution, MED) & ¥ , 5 fk
IME J 5 v A i B A7 30 304 Sk R E 8 7 A 0 O 2k 2
SN R

MED J& — Fi il b 5 fe A0 U8 D 45 2 85 el
AW IMF Jp {5 5 5k . s 1Y IMF 7032 {5
SRR R A O AT i A R T S
(0 BE A AR . TR MRS SRR ES 2
[B] A7 70 0 B2 22, 98 M 7 AR R A T DAIZORL 1k AT S
IR WA AT I BB Sk B o

MED Bk 5 A5 5 IMF 7> & 23 ek R 50
ERNESTAEEE )

z(n)=ax(n)*h(n) (12)
X,z (n) WEMER G b Y IMF 43 215 5 52 (n)
N AR IME 3 (555 h(n) WEM RS« BB
MiZBAF5 .

KR L BN w () B350 8%,
PR i A5 5, IR AR 000 D 48 i ) IMIF 233 15
5y () I 75 i, DA J5 K b HL I ok o R AE
e /MESRE . R Varimax norm 85 80 KAk 5 85,
i e FLAR AR, BD

y(n)zzw(i)z(n—i) (13)

1E 5 A IMF 2355 2 () B9 3948 9 0 1 15
R A (n) i B

iy(m )y
|:zy<777)2:|

KA, 0,(w(n)) o r B9 BB M WG5S 2 (n) Y
BAEEGm MES 2 (n) A S sy(m ) HIES 2 (n)
KA AR IR
WAL, 4 r=4. F4 0w(n)) W%
S 0., T 54 1 Bt /M, B
8(O4<w(n)))
e (14) ((15), 04

[Z”lym/y4<n>}-(”‘ﬁy3<n>.z<n_ 1>'r)_wA
(16)

P, v S 300 I8 O A 1 2 B B 5 A S 30 s i e AR
S (n) WY H A SCHE [

O(w(n)) (14)

=0 (15)

8 28 3o 33 08k Ak B 1 IME 4 05 5, 3L
BE B fi A Kb B A R F e BH S, R SA i B A 0k Dk
S, B e A Ak Xt 1 BR8] B A R A I I8 Sk B3k
BFI) o BB A7 O8O S v o T AR A &1 10 i s o

| VAR IMF 2 i
B ) G
o R R TSR
W AR AT 0 £ i
L A
AT
e T T Lt ]
I 5 2 1 W i
v T (16) 78 537
BT e i 26 5
5 YA 05 2 e UL

AR S it IMF,

HE LA
A IME 43 {5 5

ULV Y
IMF /3 {5 5

!

it IMF 234 {55 v BE 32
TR Iy Bl A T g Sk

B 10 AT I I Sk AR TR AR

Figure 10 Flowchart for fault traveling wavefront calibration

3 ESKKREIE

31 AFEEEERETHEGESIKINKIE

AR SCER R E A SRR AT I A T T R
105 8 A 2 o e T s, e R ol i R
SRS = AL IRk AT R OR A AR AR .
Ot R W 11 R .

B 11BN IO A R R A% AR B L
WG, SEATE M B s o) 7 At 45 S SE AR 3
WA 285 3 43 5 an el 12~ 14 iR

— MR UL, SR TG R R O AR R A
AL S b i . TR 12 P AT LUR O R
TR I i 5 SRR P AR A

B 13 Rl DLt Sy i B 1) T 3 4

11 kFEdsEz AR

Figure 11 Optical voltage transformer



44 oo B % 5 R E R 2025 42 7 A
3000 ) {5 BT LY o
= w S o PR IR i -
2500 M BRI L B Ak A L
_:’% — A 3.2.1 mBiJJh')\fI:"J‘IﬁXTtK
& 2000 4 O 2 L R L JEk 2 A AR R R 0 o e e R
oNT
EJ 1500} ALY (A% 33 pR R, PR R X T JER RS 5 O A L R R
5 1000} AR A 15 R .
Elg L
5o s00 10
0 ‘ ‘ ‘ ‘ ‘ T N
0 500 1000 15002000 25003000 3500 0
GE A g 10t
o
B12 SMEnEsR = 20
Figure 12 Linearity measurement results _30b LR AR
— 1% 4t A X R
4000 3600 = e
35000 13150 E 10° 10' 10* 10° 10* 10° 10° 107 10
E 3000F 12700 % i 2% /Hz
= 2500f 12250 .
§ 2000t 11800 = (a) M B0 1 oy 2
£ 1s00f 11350 %ﬁ 0
§ 1000 1900
o 500t 1450 sl
b T A B 05
E:] Eiil] U E
*”Og—m%mrﬁm%m il ]P0 5 5 30
-1 000 900 s
0 2 4 6 8 10 = _45)
i [/ 10*
I [E]/(10* us) ol fgﬁf%ﬁ%}i@%ﬁ »
E 13 # ko oK 2 R i — {5 g i i 3 R R
Figure 13 Output response test results 10 10" 10* 10° 10* 10° 10° 107 10°
4% /Hz
o 0B H S T i A2 2L g A F5L R £ A
05 A K R S ) G R R AT, T AR (o) A1 25

B b e 1 7 HL MK . DAL 14 Rl DR L Ot eE
JEH &g i 55 5 W BRSS9 & R
U, i [R]ZE R A T 100 ns, X A ] 28 3R A A0 % T 15
ST G A% i s A AT HE R

4000
3500 %
> 3000p i
i InE
= 2500 =
] B
EE 2000f | g
Z 15001 | %@
= L 4
= 1000f ] =
'E] 500 | ]ﬁ
B ohd i
By
=500+ 2
-1 000 . . -100
0 10 20 30 40 50
Fif ] /s
B 14 b R 4 R
Figure 14 Output delay test results

32 AFHEFEERSSHEABEERBETH
X3 e A B o4

ARICHE PSCAD 5 g el i T %24 i e B R R
A0 A F o 2R P B R A R R AT AL AR R

Bl15 e ZAESLFEELEBMENR
Figure 15 Frequency characteristics of electromagnetic

transformer and optical voltage transformer

M 1S Hal DL S {5 5 R KT 10 kHz
B, G 2% R B R A fE i X P R L SRR A A% AR
b R 8 TC R 22 AR 2 M E SRR A T
10 kHz B, 1 5K F e B JER 28 76 4% 28 b (%) i (i
A A H B0 X R B R U R B AR E R
Al AR I 4 B LA R AE 10 kHz BL b B4 w5 950 4R 1F {5
BT 2 R R R A R A Y PR RE B B AL T
% gt F g 20 R R Y, O R R AR R
WEE {EL 2 00 AH 067 22 A% 72 15 3k 1 MHz B9 {5 %, H 7R
Xof 5 B 2 I e AT A S 0 BRI B B Y
.

3.2.2 WCBEAT I TR A% A X LG 43 B

N TR) SRR 0 1 A X L g5 SR A 16 Fros . &
16 43 Sl 7 1 3 2o i i 1 O 2 H R R JER S R fRL
2 e B R A% R R R 5 R A LA S i AR
RCR S



55 40 55 4 00 X R, A B R 2 i T RS A PR AT I O Sk A T 1 45

EENENINY

— — UL R %P
S LR A AL AR 45 2
LY SN o LR S

04 05 06 07 08
I} 8] /ms

0 01 02 03

16 FRAZEBZHOHETTIER
Figure 16 Comparison of transmission results of

different transformers

JNE 16 H Al LA Y, 1E & 8 17, O 22 U R B
JER 5 R R R 2 PR TR B JER AR AL S L TR S I BEIE AR
G- b, v 87— UK FL A 5 5 (H R AR B I R
205 48 W A5 5 v A B v A A3 o R X R B R
() A8 A7 AE JE IR, HL O e 43015 5 3 el ™ i, X O Sk
B 7 A AR R R 25 5 b 2 H TR B JER S R E 0 b
M) o7 50 e 7™ A B o A 5 T R T AT U U Sk Y
FRiE o
3.3 MBEITHIESKARE A LW IIE

FE PSCAD Hr , #5 #2240 &1 17 iR 19 10 kV it

B F

M

e |3km kMg
i ! &
@ @ B | g8 25km 2km
2 km A 2.5km|C E 2km G
2.5 km
D

17 10kVE W L% A%
Figure 17 10 kV distribution line system

M 17 Fa] DL R A R 2R A Sy A
AH 2 b R, R F BH R 500 Q152 R R EE S
M B B 3 kmo MR & A R AERE, G sE
T RS By A M AN S Y A7 O IR dn 1A 18
FIiR o

FIH ICEEMDAN 43 5 43 fif% M i F1 N i 1) £&
ML o, B8 A 7 J5 1 Toge, 0 5 SR AT AT 0 0 3k 19
b, 20 3% TEO F1 MED 8 v: 45 58 47 3k %
M N 3 B &5 5 & 19~20 fir s . 7E18 19,20 v,
MED 53 v v B8 5 & 1< B2 2 1000, 6 PRk B ik &
30, Wi 22 4 0.01,

MEL19 .20 ] LU i, 2k ICEEMDAN-

0.3 ——
o2t 921 l4=2.62ms
“ % U‘ M
-
@ o1 O WAV
= 2.62 2.64 2.66
0.0
-0.1 1 N .
0 1 2 3 4 5
i /(107 ms)
(a) M ity 2 v R B JER A0 i o 47 0 B
0.3 T T T T T T T
L 02
021 o7 _j\ £=3.305 ms
A A
Z o 0
o 3.30 3.353.40 3.45
= 0.0
0.1
,02 1
0 1 2 3 4 5

Il /(107 ms)
(b) N i g 2% vy HRR B 1 A7 DR
Bl 18 i R & B b 69 Mk A Nk o9 47 008 0
Figure 18 M-terminal and N-terminal traveling waveforms

of optical voltage transformer

o6
>
-~
% X:2.641
Y ¥:0.003
o
i Y
2 i
F 0 L L 1l L
0 1 2 3 4 5
Ay 8] /ms

(a) ICEEMDAN-TEO ¥ 3k b5 5 45

= 6

-~

1 X:2.635

i L

= 4 ¥:0.003

o

E 27

o

s3]

=0 ; . : :
0 1 2 3 4 5

fif 6] /ms

(b) ICEEMDAN-MED i 3k b5 &2 45 5

Bl19 Mk ey R ek 5 o) R R JE ik An 2 25 R
Figure 19 Calibration results of different algorithms

without noise at terminal M

TEO J5 & B, 47 9% 2 38 0 Z1 1,°82.641 ms, 1, B
3.329 ms, bR E iR 22 A, 4 0.021 ms, Az, 4 0.024 ms;
2R H ICEEMDAN-MED J7 30, 47 % 23k i 20 o4
1,0 2.635 ms, 2,4 3.322 ms, bR iR 22 Az, 4 0.015 ms,
A2, 25 0.017 ms.



46 H il # 2% 5 Eid A% M 2025 4 7 A
s 01 ' ' X:3.295
)
L X:3.329 Z Y:0.077
= 107 Y:0.008 ca|
@ =
w5t a
= =
8 0 \ \ | L L ~0.1 ‘ . ‘ .
= 1 2 3 4 5 0 1 2 3 4 5
I 1] /ms fif ] /ms
(a) ICEEMDAN-TEO J% 3k A5 iE 45 S (a) EEMD-MED
> 6 0.2 :
X:3.322
5 X:3.322 000 Z
S 4r ¥:0.004 384 o
< E 0.1
z, a
ey m
g o . g 0.0
s ; ; \ : : g
0 1 2 3 4 5 0 1 2 3 4 5
I} 8] /ms i ] /ms

(b) ICEEMDAN-MED i 3k #5 1 45 5
B 20 NogoyRekpEe) TR EimELER
Figure 20 Calibration results of different algorithms

without noise at terminal N

MR 75 X AT B 1T 3R 3R Sk 4G 7 3k B i

Pt Hh 8 fH 32 17 S B I 90 02 A% L 4% ) 5% A% P g
SO L Ry IR SR O, 380 20 dB Y M S S
045 ol 7 118 1 0, % 5 I 1 ML ot RN it 47 38 49 )
# 3 EEMD-MED #il ICEEMDAN-MED % ¥ #5 &
AT Sk, VLN i (R A7 10 D S s 485 SR 3 ol a1 21
2278 o

34

0.15
. X:2.639 TC b
Z 010 Y:0.102 o
=
E:LE
2 0.00
=
7010 1 1 1
0 1 2 3 4 5
I ] /ms
(a) EEMD-MED
0.06
. X:2.635
Z 004 Y:0.048
g
g
a
m
=

fif 8] /ms

(b) ICEEMDAN-MED

E21 MamwgrREFxirgsR
Figure 21 Calibration results of different algorithms

at terminal M

(b) ICEEMDAN-MED

B 22 Nty RRHEmEER
Figure 22 Calibration results of different algorithms at

terminal N

ME 21 22 /] L&t ZE A H RS S,
EEMD-MED 5 3k A g 2 B W8 75 38 5 i 52 ), 23 1
IR S 4 A ok o 25 A9 A O, S BOT0 A 1 AT B
ek P47 E Ao 1 ICEEMDAN-MED 8 ¥ N 7775
A Ak o A 0, SR S R R Bk o, O el
HoUE ¥ 2 3 R 81 R 7, H ICEEMDAN-MED
TE 1 MR S T 8 AL 45 R 5 R A R R ) A A7
g5, 5 EEMD-MED & %A b, ik ik o
G A AE L PR LT AT AT I Sk AT E

4 i

AR SCER R B AT I A5 5 A% AR A A2 B AR AR A
JE S e A AT D8 0 S A A T ) R B T —
Foft 5 - 0 O 2 R L JER R A 0 AT 0 0 Sk
Tk A LU T 48

1) I8 05 ¥ it T O 2 W LR i A H
R B L B AR R AT I A A [ B e b T O
ST AT 5 0 52 DT 4R 5 AT U AR S 0 A% A8 R
JE L BRAR T A RO AT = U S Bk .

2) Fi$ 77 51 A ICEEMDAN &1 % HE 725 5 1Y
OB AT A5 5 R AT o il , DR/ IR A T I AR v i I
72 i FF MED 53 38 38 47 I W e 15 5 0 Bk
W BE g5 ROAL bR o Sk R AT Bk Sk o AH LT
ICEEMDAN-TEO #5 5& J5 ¥ , %k HA 5 6 19 %
bR 459 .



540 E 5 4 ) X1

R, A« T W o 2 v T LR P B A T I Sk bR U vk 47

3) D5 FARE A W, A T A A R LR A

AR SO B 06 o7 F s L TR T R AT A 7 A
L AR AR K JE J7 1 B AT T U i R B, AN 3% MRS Y 5
W, A A 90 90 K b E 4 X R 22 ANl 0.017 ms,
6 2 TE FEL OO 0 B AT D2 U8 Sk A 5K

S E Wk
(1] B2, R i A B TS T I 4 B 1

[2]

3]

[4]

(5]

(6]

5T B ) B 2 32 5 % [J/OL]. I 1 32 38 K % 4= 4R
2024: 1-23.(2024-05-07) [2024-12-07]. https://link. cnki.
net/doi/10.16183/j.cnki.jsjtu.2024.063.

ZENG Jupeng, ZENG Xiangjun, BAI Hao, et al. Fault
location method for active distributionnetworks based on
holographic-mapping oftime-frequency traveling waves
[J/JOL].Journal of Shanghai Jiao Tong University, 2024:
1-23.(2024-05-07)[2024-12-07]. https://link. cnki.net/doi/
10.16183/j.cnki.jsjtu.2024.063.

Z ot AR 2R BT AR TR G 2 DR A A T i T
R IR R D T (U], R D R SR S 1 1, 2024,52
(12):58-68.

JI Liang,YIN Jiaming,JIANG Enyu,et al. A fault location
method based on hybrid measurement state estimation
for a distribution network[J]. Power System Protection
and Control,2024,52(12):58-68.

A AR L O, Ak T AT I A OE R 23 A R AR
V14 ey BEL 422 il 55 s G 0 75 [0, v e L AR 25 40,2022,
42(22): 8177-8190.

DENG Feng,XU Fan,FENG Sixu,et al.Research on high
impedance fault detection method based on energy
distribution characteristics
waveform[J]. Proceedings of the CSEE, 2022, 42(22):
8177-8190.

VESE AR 2R 8, 25 (A1 5 28 TR A 38 0 i A i Y
Tic FLL 6 B 2 b 5 e £ 7 5k (0. L T 5 3 7 e U
2023,39(9): 140-150.

XU Shoudong, PAN Xinyu, LI Shiwei, et al. A single

of traveling wave full

phase grounding fault protection method for distribution
networks based on photovoltaic adaptive injection
amount[J].Power System and Clean Energy,2023,39(9):
140-150.

HR R XPEESE TR RSNy
e A2 45 5 B2 BT (D). 10 7R 8 B R ,2022,49(10):
44-52.

LI Qiying,YIN Dong,LIU Xiangguo,et al. Modeling and
transfer characteristics simulation analysis of electronic
voltage transformer[J].Shandong Electric Power,2022,49
(10): 44-52.

2t S0 BRI R T A R e ) R TR L e

(7]

(8]

9]

[10]

[11]

[12]

[13]

W2 g8 A pE A B 5 (D). T R 27 41,2020, 35
(S2): 569-576.

LI Yan, LIU Shulin, WANG Ying. Research on self-
powered power supply of short-circuit faultmonitoring
system applied in grid based on supercapacitor[J].
Transactions of China Electrotechnical Society,2020,35
(S2): 569-576.

E RS B Ly AR G AR T T A AR A R I e R
TUC HlL 2R G AT I e s L 0 ELBF AT (9] 4 HL,2023,40
(9): 43-49.

WANG Kailiang, ZENG Yuanfang, LI Jiaqi, et al.
Simulation study on traveling wave fault location of new
distribution network system based on Hilbert-Huang
transform[J]. Distribution & Utilization, 2023, 40(9):
43-49.

T i B R AR R i R T R R O IR A T 0
T[], B T4 AR ,2023(18): 192-194.

DING Rui, XU Nan, ZHU Jiajia. Harmonic elimination
measures for ferromagnetic resonance of electromagnetic
voltage transformers[J]. Electric Engineering, 2023(18):
192-194.

BRI, PR AR 2 1A T A I I R A 0O
2 AT A (D). WL T B2 5 R 24 41, 2020,35
(4): 27-32.

HU Yibo,LV lJiajia, PENG Hanchuan,et al.Fault detection
of transmission line based on space electric field probes
[J]. Journal of Electric Power Science and Technology,
2020,35(4): 27-32.

R BN 5L R ER AR /) i BH 2 R 5 e B b
IS ARG ) 2 AR 2 3R [0, L T 54 56,2023,60(6): 10-18+51.
LI Jingli, YUAN Hao, XU Mingming,et al. Overview of
high impedance fault detection technology in small
resistance grounding system[J]. Electrical Measurement
& Instrumentation,2023,60(6): 10-18+51.

TR S8 VR4 W, 3, A5 . — R B T RO A T A Y
i 3 H T R i B A I R e R O R D]
T AR #4,2023,38(8): 2211-2221.

SHEN Zeliang, WANG Jingang, WANG Qian, et al. A
method for stray capacitance measuring and refined
modeling of potential transformer based on low
frequency and narrow band scanning[J]. Transactions of
China Electrotechnical Society,2023,38(8): 2211-2221.
VWA E4 e R — % NLHE ML=k
R A2 W TR 9 R [0 A R G L A B ke
12,2018,30(6): 134-139.

JIANG Yuyong, WANG Junlong, LI Junyi, et al
Application of artificial neural network to fault
diagnosis for optical voltage transformer[J]. Proceedings

of the CSU-EPSA,2018,30(6): 134-139.
BB AR PR RUR BRI AR Tl S B ek i



48 LN = B+ S NI SR 2025 4F 7 H
YOLOVSs 12 (14 % H, 2k 6 e B S B A 00 5 3 0], W 0 [20] R IEHT,HE 700, pRde 55 B IR i H B B 2 B R i
A% ,2023,44(1): 91-99. B 3 B 6 B AFFE[T]. 1 e L 4,2024,60(11): 116-122.
HUANG Yuehua, CHEN Zhaoyuan, CHEN Qing, et al. ZHANG Xiaoxin, DONG Lingbin, LIN Feng, et al.
Real-time detection method for transmission line faults Research on fault types and fault segment location of
applying edge computing and improved YOLOvSs self-feeding cable[J]. High Voltage Apparatus, 2024, 60
algorithm([J]. Electric Power Construction, 2023, 44(1): (11): 116-122.

91-99. [21] ik5e, v a4 R 45 3L F et if CEEMDAN J7 2

[14] XRF= A= M9,0 4FH 5F . JE T D-PMU [ JiC o 199 5 e 1 2% JE 2% 4B M S B SE Y ][9], R 3 5 e f,2020,39
FE AL T 2k (0], F 0 &R 48 A 3l4K,2020,44(19): 160-167. (20): 274-280.

DENG Feng, L1 Peng, ZENG Xiangjun, et al. Fault line ZHANG Liang, LING Tonghua, CHEN Zenghui, et al.
selection and location method based on synchrophasor Identification of the real delay time of millisecond
measurement unit  for  distribution  network[J]. blasting based on an improved CEEMDAN method[J].
Automation of Electric Power Systems, 2020, 44(19): Journal of Vibration and Shock,2020,39(20): 274-280.

160-167. [22] 2 MG E, W HE R AE BT VMD RIS 8 4 11 £ i

[15] =2 O 075 A6 6 T3 5 A3 R Ak 1y 7 v IR0 i S v S LT, T D AR e B L A A2 iR, 2019,
W A7 A I 7 3 (0] B T3 R GE ORI S 45 ,2024,52(9): 31(2): 126-134.

59-69. XIE Liwei, LIU Yixuan, ZENG Xiangjun, et al. Fault
LIU Feng, XIE Liwei, CAI Jun, et al. A fault traveling location of multi-terminal transmission lines based on
wave detection method based on signal spectral VMD and S transform[J].Proceedings of the CSU-EPSA,
characteristics for a distribution network[J]. Power 2019,31(2): 126-134.

System Protection and Control,2024,52(9): 59-69. [23] ZEVE 30,5k — 9 5 0l A5 L T B 2SR L B AT U 2

[16] Thibede 2%, w5k %5 . & T CEEMDAN Fl TEO (i it A i B A TC R R 5 R o 2 DAL D (0], B T R B

FE PR 98 I S 7k [9). H T B 2R 5 R R 2R 47,2023, KA 3 k2% 41,2025,37(3): 129-138.
38(6): 87-95. LI Zewen,ZHANG Yiming, XIA Yixiang, et al. Optimal
MA Xiaofeng, AN Jun,GAO Zhiqiang,et al. A traveling- configuration of distribution network fault localization
wave fault location method based on CEEMDAN and devices based on principle of dynamic virtual travelling
NTEO for distribution networks[J]. Journal of Electric wave-based fault localization[J].Proceedings of the CSU-
Power Science and Technology,2023,38(6): 87-95. EPSA,2025,37(3): 129-138.

[17] Sz, FHF 98 3T VMD-TEO 5415 5 R4 il [24] ZHANG Y, ZENG J C, JIANG Z, et al. Research on
PRI 422 b e 0 B D 3 [0 M JR U B TR 222 47,2023, traveling wave detection performance based on optical
28(6): 57-66. voltage transformer[J]. Journal of Physics: Conference
GUO Liang, WANG Jianping, GUO Xin. Distribution Series,2023,2479(1): 012049.
network ground fault location method based on VMD- [25] BRIE. 2R —, EZEI % kG G 2F T R E R
TEO and full signal acquisition[J]. Journal of Harbin DR [0 5 5 3 RE VR, 2017,33(6): 7-13.
University of Science and Technology,2023,28(6): 57-66. CHEN Bo, LI Junyi, WANG Junlong, et al. Technology

[8]  XIJE AWERVE 2R BT R AR MM 5 3 4y 4 B 1 and its application of high precision optical voltage
T A BT JE 1 28 X 285 RIS 12 W 7 i (0], R L B R transformer[J].Power System and Clean Energy,2017,33
2023,44(6): 824-832. (6): 7-13.
LIU Zhan, BAO Yanyang, LI Dazi. Fault diagnosis [26] 5K Pockels &N HL O A% AL L@ 45 5 5T 36 BF 5% [D].
method of wind turbines based on wide deep dba: fedb i 1R 22,2017.
convolutional neural network with resampling and ZHANG Bin. Modeling of Pockels effect electro-optic
principal component analysis[J]. Power Generation sensor mechnism and experimental study[D]. Beijing:
Technology,2023,44(6): 824-832. North China Electric Power University,2017.

[19] 5 Jm W, B 28 B AR 55 L 6 T 4500 40 4 I e 41 DL Al 52 [27] A5 0008 Ve AR, A% . — R b o L TR LR AR

BB ZE PG 2 U TR B (T]. Th R AL E AR 2 41,2021,
41(7): 2556-2565.

XU Qifeng, HUANG Yifan,XIE Nan,et al.Linear optical
based
polarization grating[J].Proceedings of the CSEE,2021,41
(7): 2556-2565.

voltage transformer on strip aluminum

O AR A N B3 43 A 1 Tk D] B ) R 4 A B 16,2016,40
(6): 91-95+147.

XIE Rongfang, XU Qifeng, XIE Nan,et al. A method for
improving electric field distribution of OVT's electro-
optical crystal[J]. Automation of Electric Power Systems,
2016,40(6): 91-95+147.



A0 EH 4 W) X R, A5 I O 2 e R 1 AR AT O I Sk bR ik 49
[28] F AR, ZH = XIHEE LS LT i AR BRI WU Yongen, WANG Bin. Direct current series arc fault

[29]

[30]

[31]

[32]

A OGS D7 IR BT 9] LR TR 2023,50
(2): 58-64.

YIN Dong, LI Qiying, LIU Xiangguo, et al. Study on
optical monitoring method of transient overvoltage
based on capacitive voltage transformer[J]. Shandong
Electric Power,2023,50(2): 58-64.

2 AR X R, A L RE T AT 1) T T e £
W E A 7 15 (0], WD B A 5 R 4 4, 2023,38(2):
179-185.

LI Chengxin, LIU Guowei, YU Cong, et al. A fault
location method for high-voltage transmission lines
based on traveling wave[J]. Journal of Electric Power
Science and Technology,2023,38(2): 179-185.

2% WK AE . 3£ T ICEEMDAN B3R 3l il & 75 15 5 ik
Wi 12 Wi 7 3k (0], 1k BH Tl oK 2 2 i, 2023, 45(6):
672-679.

LI Chi, CHEN Changzheng. Acoustic signal diagnosis
method based on ICEEMDAN for rolling bearing fault
[J].Journal of Shenyang University of Technology,2023,
45(6): 672-679.

HOXEE L2 25,0 #E 4% % ICEEMDAN Fl GS-SVM 5. %
TE TR Sl AR 75 0 5 B2 W v B 1 TS (0] e R S
R shF1H1,2022,42(6): 92-97+129.

LYU Fengxia,MIAO Yi,BIE Fengfeng,et al. Application
of ICEEMDAN and GS-SVM algorithms
diagnosis of rolling bearings based on acoustic emission
[J]1.Noise and Vibration Control,2022,42(6): 92-97+129.
SR SBT3 A 14 U R TR L TR
WA ARG T [3]. 5% A K 2% 2E (A SR B 24 iR),2024,38(1):
106-114.

for fault

[33]

[34]

[35]

[36]

detection based on improved empirical mode
decomposition[J].Journal of University of Jinan (Science
and Technology),2024,38(1): 106-114.

B — R, 35 GRS . 36 T ICEEMDAN J 3k U 5% fi
A AT B R R A e H VAR S AR A BT (0], AR 3 5
#,2019,38(24): 41-47.

GUAN Yichen, TONG Pan, FENG Zhipeng. Planetary
gearbox fault diagnosis via current signature analysis
based on ICEEMDAN and frequency demodulation[J].
Journal of Vibration and Shock,2019,38(24): 41-47.
TN, B 55 A4 T Bt ACCUGRAM 7R
2y Tl 7R 8RR 12 I8 07 8 (D). LK 5 WK, 2020,48(22):
172-1717.

YU Lipeng, LV Yong, YI Cancan, et al. Rolling bearing
fault diagnosis method based on improved ACCUGRAM
[J].Machine Tool & Hydraulics,2020,48(22): 172-177.
LR B AIER 5 ) SOR B i A5 3Rk oY M
b 7R 52 W I (9] R 0 5 AR 2 412, 2018,32
(5): 182-187.

CHENG Xu, JJIANG Xingxing, SHI Juanjuan, et al.
Generalized sparse deconvolution algorithm and its
application of bearing fault diagnosis[J]. Journal of
Electronic Measurement and Instrumentation, 2018, 32
(5): 182-187.

XU AT o S A A DG U B A A BRUAT R A R AR L
S5 4 B2 T (7). MR 5 IR B 45 14,2022,42(5): 154-158.
LIU Feng,REN Lijia. Weak fault diagnosis of planetary
gearboxes based on maximum correlation kurtosis

deconvolution[J]. Noise and Vibration Control, 2022, 42
(5): 154-158.



