U ER TR

2023 4F9 H

Electric Power Engineering Technology

L FHSHW 232

DOI:10.12158/7.2096-3203.2023.05.026

TE SRR i) FOCT 78] il [ jef il J o 8000 s iy o 5 1 52 Wi

SARE, RARE, ek, F8%, ah', =18
(1. [ T304 o 1A BN B8 78 R4/ ), VT30 I 5T 211102,
2. [ R YE A4S HL A LA 7 L A RSB SE B, TR F 5 211103)

W E. AR R AL R A B E(fiber optical current transformer, FOCT) 78 44| = 3434 [ 2735 ] 52 4 3112 5 % vl , {2
THEFRR 5 HEL 0, P 4 hid 5 6400 & w34 Aa s 2 iR 9 oF 72k B ) FOCT 4y h 43 5 3 AL AL, 4 A )
AL IR b R =R R R AR X R X, 2 B AR AR B A IR e R R i, e sk
k3 3t g s RS AR AL AT R R IR AT AR B A sk R AR P 3 RIR ORI  WORIE IR A e, IR B A A
) 0 I B ) R KR BRI B AT O ) KA AR B4 R 3 R RIE K w9 R K

SR/ 08RG VOARLIG o A Ay R ] ) AT G S RLAAE
RKAIA 4 kA IR E B (FOCT) 5 E 32 0 8 41 5 840 IR 2

HESES TM721 SRR S D A

0 5§

2G4 | 3 B R 2% (fiber optical current trans-
former, FOCT) gy T HARBUN IR F I p& %4z 48 %%
PERESS AN Sy AN | 3 2590 HE R S5O0 A, TR = SR 4
PR E] T REE Y {H FOCT 8 F7 3230 J% |
PRl Mg S A B 2R R e, HG R AR TR A
WL TR L R

SCHRLO T BFFEIA A, FOCT ik [543 Ay v A4 e il s
TN AR IR, SR FH A4 i B 12 W 7 v 2 A 45 5L T
BT B2 W 5 v B TR 5 AL B 12 W 7 25
FETHRIRAIIWTT 1555 . SCERL 10 ] 48 BEX0 7%
AT A e I, 7 PR B A o S oM D7 1 ) R AL E
LR G5 25 5, 8 3k T 3 D6 o e A 1A S5 ke
th FOCT S 8% e bl it 412 285 45 4 | 58 SR W L Sl Bt
SCHRE UL T8 R 7 7208 P 3 7 s 400 2 30 )
WS P T — R B T AR AN S SR B ) FOCT
LR BIZ W T % , T8 20 B S B AH AL 22 1 722 A 02
AT S, SO B s i Wy . SRR 12 ] i
JE R HT FOCT {5 5 I RUEURF IE 2 850 1 25 R B
FE AR A (B AE 2 OV Dl o e i 28 il s 34 1
MESHUE IR I T# 2 FOCT 748 Wi B 455 13t
DAY | T AER AR B FOCT A9 387 28 1 e o R 25
AIEFFBEAT BBt . SCHR[ 13 il 57, FOCT #i A8
PESCRES WA A, B AR AE ] & AR I 5, Ml Bk T
SRR LAY FOCT 748 B 12 Wi 84, 1] ] 22 9

MAG B #:2023-03-14; 45 =1 B #:2023-05-10
AW A EH R A RS HAER B BREAF AR
RERE T RIS L S FREBARFRL”

B J5 TR 52 TR FOCT BE4 X B0 4E 9 22 6 5T 50 69 7 2 e
T3 RIR ok ;v Rk
3 E 43S :2096-3203 (2023 ) 05-0232-08

WS TP S BT LA, 32 T R 12 Wi
HERPE

SCHRL 14 ] 45 H, FOCT g B vk £ 24 o H B JRK
kG A YR B 91.64% , 1F 3% U JE ) FOCT 2 4
FOCT S 5081 32% , 2020 4£—2021 4, W22 i
St TS0 AL 0 | 4 e A0 A Sl R 4 TR A 9 S e s
R ER Y5 W 8 =N YaR 115815 & rd 2 A LU P A D B o A
I, B BIF ST i A A ST B A B A R 5 I ) [
PSR #5  HAE T s . 48T, S
Ht A TE B2 % JE ] FOCT T 4E B, 44 1 FOCT
s B AR R 5 A I Rl b 3 e DU ZE R R AL
B R T [ 6 e o o AR AUE B4, It — 2 4 i A
R B T R I 25 i 1R A5 5 v RS I L D VR i D
TS558 1 52 ) 5 A e 4 T 0658 3 L Ok
TR AIG W/ WU W U L (L 185 T I A kg 8 i ]
A e ) LR RS AIE 5 5 3 RV 37 W e 8 49 56000 T
FE R IR SO A9 30 1A D& 4538 % TR IE
SZ R ) FOCT PR Wi 7K - Lk K S B4 s 7l 2L
A—ERTE L,

1 EZEIAH FOCT Mt FSREZE

1.1 ERR AN & 25 & R E

T 35 FOCT /)N FL I A4 A 20 LA K e 1)
HOT7 ) e, W6 255 ) AR AL VR 1 A o T VR P K Bl
(piezoeletric , PZT ) AV il iy ik 300 s L 00 A1
SASONE , 2RI N ANt I 3R gl s s I, PZT 45 Y S
JAR e KA, Gl PZT &I JELF KR BE A i
BRI oAbt 2 e A= 84, T S 2T 1A % i
ARG L K e A o R i Ik DG 28 45° 6 1 A



233 A AR S IESXBOIA T FOCT i i [m] Sl oy 8 000 8 i 45 E R i

J& o P ARG, i Xk (120 ) LY PR
et , WSRO T 06 2 0 ] & A% R R, TR IR
I [ ] B 25 P AR A, S AR PR R AR RS . B S
PEARROLAR B PR R I 06 78 6 41 2 I i Ak e 2E
T IFHE A LRI A5 o HE A H R o i
TR AR 28 p A S0 25 0] ) % 91 il A AH 467, e
A3 AR R T (R RS A RS, 4 N 8 3 3 e R L
P ARRS IR EI H S2Pr— UG H A

Bl 1 S 5% FOCT ) o] B% 2 a5l i o &1 v
C N2k 45 %% ¥ & ( cable manage box, CMB) , H 5 JF
B 75 ;C R, Ly (C 0350k PZT R R HL 2 55K
I BH  SE RO SEROR AT . AT, PZT A By ] 552
N RLC Joff, KRR N o, K T REYKS) PZT
TR AR, SEBURR 7 IR, b B 250 DA L - BT
bR U, THRFE R 0,0 %0, "

77777777 ol R]]
e ¥ 3
Z V) =C L~ :
e ?Y ,,,,,,, cmsi | 3k
c,_|_

PZT |

,,,,,,,,,,,,

1 AFIE RSB
Fig.1 Equivalent circuit of modulation loop
Fhy T T A []fef Shg e 1m] e 45 A, 3080 o 55 9
PFDGIE & ZIAAFAEARNLIER 6, , 47 PZT 1] &% b it
IEZPEHE U(t) = U, sin(wt+6,) , Hrh U, R ohit H
FEWEAE ¢ S IfTa], D) PZT 7 A 1 fiw ARG o (¢) AT
Tl
é(1) =, sin(wt + 0,) (1)
- o, Sy I AH L I
ARSI o5 2 S SR A B hy 1 AR 3y v
(B 2x 10" m/s) , MBS 2 3d PZT 7= A= (SR 7
LIV F
-2 2)
War=0( 1) F(2) , ] 15 PZT SEBLRARALI
il > -
Ap = ¢, sin(wt + 0,) — b, sin(w(t—71) +6,)
(3)
XTI &R0 S, W R o GER EEF KR
HRIEAE 1, IR b0 SIS o, EHAK,
b ALY 25 VR T I 7 AR RS O MR BE L 2 ba N -

b = 205007 (4)

T

R &5 7= AEAHRS A s
A = ¢, cos(wt’ + 6,) (5)
Ko’ =1-(7/2)
1.2 T RABBMERIEZFAS FOCT Rl
ERHESHEHS
FEFR AL S BRSO F , FOCT 1 5 AH T 41t o
FLERIN 25 0 1% FE RS A B 32 1 50 A 8% LA B R o 25
A RS o ARl L 15 B B B LA S FOCT AR
B AL R A RLER AR RS i (1) AT RN N
¢p(1) = 4NVI(1) (6)
Ko (1) LTI EBARRS | AR PR 0GR
TEARIBOGEF NP A DAL 15 N AR IEOGET 58
TIREE V L 4E /R B R EG T (o) IR — 3K
LI o
FOCT 8 &k th 55 P (1) TR N .
P(t) = %KLPO(l + cos(p(t) + b gcos(wt’ +6,)))

(7

K O E L 3 B L G B ™ AR e Py Ay
LT B IR™ HED

A7) AT ILIEIR SR SR IE AT AR $

P(t) :;KLPO{l + [ Jo(Doa) +
22 (= 1)"],,(b,q)cos(2nwt’ + 6,) Jcos pp(t) +
22 (_ 1>”J2n—1(¢md) X

cos((2n — 1)wt" + 0,)sin qbr(t)} (8)

R R REOY 1, ()= 5. (oD
I\H ULARIN PR RS = S (n+k) !

n=0,1,2,--3;k=0,
WA () RS R E S PSS ¢,k
B TCGT RV 43 i AZ IR IE R S5 A RS Ot v ] %
AHBLIEIR DGR AR A, 7SR B I(1) BL M
b FOA VT, 06 2B DG I 23, % 1 5% B T o]
FOCT, Bt . W LA B PO U i Hh AN A 5
DR VR DL 28 AR S e, 0 A0 55 TR 1 85 SE B o
SIS 1(1) B g IR/ IBOHEBE O3 1 Py UG
g3 Py DUYGE I i Py RAE 008 -
P, =KLP,J,(d,,)sin pp(t)
P, =KLPyJ,(.q)cos pp(t) (9)
P, =KLPyJ,(,q)cos pp(t)
MRAECO) TR s 1() F



& AH) ALK 234

)= by L0 o
o=t )= )

K F S Py Py b, R

A (10) 246 T IE X PR ) FOCT W i fig 3 J7
XTI AR, b T3 (10) H T, (bua) /(D)
AR, —H. b, U PR 22, IR 0 F, Y D) K
o X TIEZ RS FOCT, Hor 7~ 8 o] Ik & 48
HER b > 111 g DML Py PARK, BT ¢, 7 A
K, Al ear (1) X(4) S (10) 47

b (1) =o¢,sin(wt + 6,)

s = 2b.sinf 05 (1)

Jz(d)md) PZ

b= ) =¥l

R FOCT 7252 f 32 S5 12
SR AL b4 LR, TR ] FOCT 3125
L 2 B KB § R, e 7 AR, T
B A5 R U4 ) A 2 B,
FOCT JHHIES b, AT PZT SEIRBEUCEIRY b, i
SRR P, PSS TESENE o JEETKRE |
R AT L S 2 S 4
FE UC0) SE30F  BFAREE .

2 FAHEEEESIERNFSHHESRE
MBS H

21 IESZBEAS FOCT # Ml B it # 8 7o e
M3

FLR RS A A IE 5% FOCT Bl v i iR 22
RS PRUEAE 0.2% A, 120 (10) (1) AL
FIFIING L E 22 PPy b FZHOE , 0
FEZ Py P, T LA AT LLIA O H O AR JE 5
PP, PR Ai(9) 2R P ORI A
¥ e IETLREL, Py (P ORIERIEANRS &p HIARTZ R
B, AR AN b BN, PR/ Py Py TR
I A b, SR e YRR A R ) L
TR R B i, SRS S, Py Pk
TAsAT I BUEBOR, Z WSS S RN NI,
T WG RE , A B, e P, P
WL R — T R 2ER , 7 B B i (R
S S S (5 EEAN R, B 5 e (5 3R s I
A REFEAE SR

HIEC(9) Al Py (P, EEZ i (1) (g KASOE
SRUEE KLP, SE52 0 o g Al KLP 1F 2 1 15 3 1t

TR ZER B, Y H 0 e 22 I, 2 52 ) 40 HRL
AR . DRI, ZEHI B FOCT TARARZS T, 5 ARAE
JEI B AR OGRS KLP, 4 ] [0 g% 1z 17
RS W B8 P, , P, RAE I N OGE S
VEBNWRRE o W ANl 1 (B SR, [ & 45
EAF PRI AR

i BT, O T RS S 5S
P, P, KLP, %5852 W i Z (B YOG R, i 7 B0
PR B Sl KLP,=1.7 V ¢, =1.8 rad 0w =
5.23x10°rad/s I (t)=5 000 A N=20.¢,(t)=
0.48 rad,
2.2 JEH EESEIERNERHES

MG SCHRL 22 ] w0, DI 26 R R %0 J, 75 ¢, = 1.8
rad #l ¢, =3.1 rad I}, P, P, AT I R fH O Rl
b, N 1.8 rad 2.33 rad 3.1 rad, A [a] P il BB £
gt 5 S OB 2 B, I 2 ATRLE
M ¢,a M 1.8 rad 2.33 rad 3.1 rad B}, i1 F KLP, W iE
{H, 855 50(7) , T+cos (dp() +¢,4c08 (wt'+0,) ) TEH
LS A N 28 AT IRAS AR ORAE 2, Bir AT @, T DGR I
{H KLP, 40 1.7V, 24 ¢, 505~ 1.8 rad 2.33 rad |
3.1 rad IF, B FA S P, RN 25 LD 15 S I S 2R
—E R 1.06 V.,0.61 V.0.11 V, 4 ¢ &
PTG, R % 1 o B L AR |
SER VA LA AR A 5 A AR AR A R 2 R

R
Y

1.6+
1.4+
0 A . . . A A . .
0 10 20 30 40 50 60 70 80
t/us
— ¢=1.8rad — ¢,~2.33 rad

$ma=3.11ad

B2 RilsmHEERERRESWK
Fig.2 Variation of detector output voltage
with modulation depths

2.3 ¢ XTERINSEH H TR P, MR
P TR0 i L 15 A R 0T R A A L S
T, AEL (n=1) T, nT1IX AN, P, (1) AT RN N
P (1) =

aT
f 0.5KLPy(1 + cos( (1) + Ppoacos(wt’ +6,)))de
(n-D)T

T
(12)
AN g (BI O ~5 rad) TR ek i 658



235 A AR S IESXBOIA T FOCT i i [m] Sl oy 8 000 8 i 45 E R i

mE 3 i, HE3 TR, Y b, fE 0~5 rad 48
I, P SEI/NE N, 2§, =4 rad 1), P, JRAG
We/IMEL 0.5 V., T PZT Wil 5 92 PR 0 LAETE 0~ 4
vad 22 8], PRI A] A K £ G DX TR) A, S99 45 A i ~F- 44
JCIRBEE o, PIIGINTII/N . G55 B 2, ¢,,50 50
1.8 rad .2.33 rad 3.1 rad, #0255y H OGm A W 2
—E, TR b, FIIBIN , P 2000 Y T 2
S T, B, A FOCT 2358 i s il
- B85 AR Ak R S R 45 5 1 A O, 7R
B 22 E K T A )G, % 0 s i il 55 th 3
TR, B FOCT M 45 8 (5 5 3 M i A7 7E

[N
T o

>

S
Qf 1.0+

Pma/rad

B3 AREGRE TR H F5E
Fig.3 Output average light intensity of detector
under different modulation depths

2.4 ¢ XHERNERHEE P, PRI
H(10) "I, Py 5 1 (o) ff IR b R T2
K, P & A K, AR ¢, TGS P,
P EEINE 4 iR
0.8

0.6 +
0.4+

WM/ V

01 23 456 7 8 910
@/rad
B4 FENESRE THRMNEE H 2R MR R
Fig.4 Second and fourth harmonic of detector output
under different modulation depths

HIE 4 70, Y ¢, 09 0 1F, P, P340 0, 2
b TE 0~4 rad ZEAKET, P, Jesl /N, 24 ¢, h
3.06 rad i}, P,HUASH KAE 0.73 V, P, BlE ¢, H1HE
FUTHG N o DRI, 224 81 ] 32t LMY 2 T, P00
sSSP, PV 0, T ¢, IS TP,
WA, 20 1 (o) AT b, RO, BT A2 &, B
RS PR T E B, FOCT H4 4 45 & (5 5 3R
WS AFAE S

Y b h 1~3.5 vad W, PRI F A BORAR

{8, BRI P, BEARAS AR R b, AR ME—Z2 IR, I
AT A IR/ UG L &, 4
S ()

T Do) (13)

WES R, 2 ¢ FE 1~3 rad B FLET, PRI 5

TR/ DUV B L AR R B I Y, IE R s TR A

T, B AR EL A g U/ VO R I B A2 A X

TESE ), 25 O AE T s B, % 0 sz e ) ol s S s 422
WCH b, B AR o

50r

101
0 \ \ \ \ )
1.0 1.4 1.8 22 2.6 3.0
P na/rad

B5 AEEHRET R/ MR E
Fig.5 Second/fourth harmonic ratio under
different modulation depths

3 HFZAIIE

MR H GE 24 /A 77 1) FOCT, i% FOCT
JEH e R TN X A H, I RAIE N A FE A SR
[l BE T FOCT FRIN 25 i 2 5o 1 1456 K i
TR BE SR — s (LIS 98 1 [ % 5 i FOCTT 45000 43¢ o o
SR o R
3.1 FOCT RMFHMHESHE ¢ THKXFR

MG A& FOCT M2tk ¢, HARE K
RIE FOCT 580 2 i 1315 5 B o, B MEOC R
6 7, PR 25 i 3R 2 fL R ¢, 22 IEAHOE, 2
oo fE 1.1~2.6 rad AZ{LEL, JE 6 45 99 it 3K 2l L e DA
1.48 Vim# 3.78 V, Z55 (1) M= (4) , i8]
AR o JEHT 7 OGH [ AR TR 6, 1 7 I, 76
[Fl—mtZ] ¢, [RA sin(wr/2) \sin(wt+6,) K EME, Fr
PIBER o380, VHIAH DL o, BT, R T ik H|
TR AR LR T B R g P AR Sl L R U () B
B

AR g T HEI 25 4 AR 0/ I U I N
B 7 fis o

HE 7 A UEE, Y ¢,.7E 0.80~2.54 rad 424k,
B, BEE o, 30, BRI ER 5 P, PR (DR
fe ) AN, 5 F SO ¢, MK F 3.06 rad
B, P, PG o, [F20 0005 L5 R — 3 )
I, FELE b, T, BEE o, BRI, 0/ DU
W LB RN

PRI 25 i HE G B IR R B AR A e R A&l 8



2 HEHEAR 236

407
350
Z 30}
>
=25k
=
B ool
=
151

oL
10 12 14 1.6 1.8 2.0 22 24 26

Pna/rad

E6 AREiEAHRET FOCT BFRATHHIRSHEE
Fig.6 Driving voltage of FOCT electronic unit output
under different modulation depths

1.6
1.4
1.2
1.0
0.8
0.6
0.4

P,/V

0. n n n n n n n n )
0810121416 1820222426
dna/rad

() PRUNESHA HH U B VR ) VR AR A
2.0
L6
1.2
0.8
0.4

P,/V

0 1 I I I I I I I
08 10121416 1820222426

@ nq/rad
(b) BRI 24 DU 18 U ) 8 A8 A
10
8
6
<
4
2
0 .

0.8 10121416 1820222426
@../rad

(c) PRUUARAR tH /DU Vit b i ) 2R 28 1
B 7 EE SR E TR SR R

Fig.7 Variation of detector output harmonic
under different modulation depths

TRo JEURT YA 25 FEAE 1Y 2 R L JE A PN AR DU A
WAL ST s Y it SV 22 {1 i 125 i v AL P W 88, LB RIS O T
OV WS, mE 8 AILIEW, Y ¢4 0.80~
2.54 vad B}, Y60 F 2 B 0.213 8 V L E
~0.213 8 V, eI 7E 1.701 ~ 1.719 V 6] 154k,
S55 8 3 T EBIE  BEE &, EE I, 20658 52 bR
BN, T FRAR o, B P YR E o fE E {H.(0.213 8
V), dE i i BT 24 R A 22 (BRI . F T80 28
Bt 25 T IRIEN-0.213 8 VT LAY ¢, 38
JINZE 1.90 rad B}, - 35 5456 f 25 (8 5 58 21 F FRAE
S

0.25

e
=
O

0.05
-0.05
-0.15

¥ i 2 /v

0.25 I
0.8 10121416 1820222426
#../rad

(a) PRI ESHay T2 5 s 2 I 18 o o8 P AR A
1.720

> 1716

m 1712

iy

&5 1.708

R 1.704

1.700 T
08 1.0 121416 1.8 20222426
Pna/rad

(b) PRI 25 s i e L I VR VR EE AR A

B8 HRZEE N RMERASIRETL
Fig.8 Light intensity of detector output
under different modulation depths

3.2 FOCT Rl 25 % t 15 S Ba V& Fl [2] 2% 5p [ B &2
x®

P73 28 8 ] [0 2 B 3G H O >fe A5E H0L 97 ) [ i
FEHAR B THIT ¢, HIREAZE, WK 9 Fis,
AR 20 Q FERHES, PRI 2SR S LR L 4.72 V
BN 6.19 V., i R/ DU U HCAEL T R T LA
Fib, i TAMER AR R, PZT SERREIRENT b,
SEH/INRY DRI T 3G SR Bl HE R O TIE PZT $21K
G TEE o [A]IF 7EPR ik R rp, P, P JEIR N
hne —J5 T8, BT A H B 43 He, 9 s S5 PR 4%
W) a1, B R PSS Ik /)N 5 o — T T
BT HL oAb R E A il HAREE — & 1, 246
DUE) YR/ DY YRR e L AR I ey, 8 i) e 38 4 355
KB R AR UE &, BOTE E o R, Bl 9K 30 L s
ARG I, S48 42 WS L DU VS A AE 3 n, —
U/ VAU i LUAR B 2K 52 3] 2.70 [ 3k, 5 B i
i, BEAE PZT UK &, I8/0N, P26 fi 22
E3EIN, N -0.222 0 V 3% -0.013 9 V, 45
EE-0.023 1V,

& 10 AT, XY APERHIEK 40 Q HLBELES, 34 ] #s
ORE RN 4.72 V BN ZE 8.21 V, kI P, P, 435
$90.617 7 V.0.163 1 V iR A SN FARSMH . H
TUK S H Fe i85 A BRAE D fE , 769K 3l i ik 3] R
i, PZT 200 BN &, KT HARMES , v 5okl
A, AR R B A, AR BEAR Y oo
Fir Lk, SR sl i AR B PR (A f5 , 7 3.0~8.5 V [ [ &
A TEIR B HL I8 5 3k A v, S 34 5t 0 e 22 fH K
TR , i Boc a7 B e, 1B S AR R OR3P



237 A AR S IESXBOIA T FOCT i i [m] Sl oy 8 000 8 i 45 E R i

KB HLE/V
BB UL O Oy
NN NOON

é 1.0 1.2 1.4 1.6 1.8
t/s
(a) I [0 6 Bx 2y F s i N i) 2 £

0 02 4 6

'10 2 4 6 8 10 12 14 16 18
t/s
(b) BRIMZRAH ks DU BE I (] 281k
381
361
34¢
~= 32t
3.0
2.8
2.6

8§ 10 12 14 16 18
t/s
(c) RN Z 4 HS %/ WU Vit LA B e 1) A
0.051
0.
N 0.05f
= -0.10}
R -0.15}
2 020
-0.25

0 2 4 6

i 22/ V

FeH )

%

é 1.0 1.2 1.4 1.6 1.8
t/s
(d) PRI FA T3 6 58 0 72 BB A ) 22 £

B9 =B 20 Q BFE FOCT RS HTH
Fig.9 Change of FOCT state parameters
with 20 Q resistance in series

3.3 FOCT il [ i i B ) i 32 1

D[ g% 5 R R A A [ B R 2 PR A
FOCT SRl o D lnl Bl a2 S EOLIR I (B KLP,
WIS R A SRR 2 B, () Ju(dy) TBD,
JIr A 2 BN RIS Y s e A 3 22 S 8K P, P oy B
AR, RIS A 0 O 5 AN 2 S W A [ o 218 7 £
ZRHERE

M T RS FECFEDLIR P, JHE, TG
(1] S BREIN , KLP I/ N B P, FEAR, T DL d i )
P2 P, 28 A A W el il [ g% e s s o]
S o ) 22 S PR R R o

BEAN, 1T g FEAR 2 3 B0/ U HU(E
KRR, BT LAGE 28 A U/ DO U U B R LA
FSWE ¢, e AR AR T2 T OUR T E
FUAR BRI, SEPR b, FAEARRES , a0 R 308 1 452 oy 4
HL PR3 R 08 L b, S B b, O PATER 534, PRL 7 318

0 2 4 6

X/ V
WA L 0 O

5‘5 10 1.2 1.4 1.6 1‘8
t/s
(a) A [ P 9K ) FEL B ()84,

2 4 6

(=

WL/ vV
coocoooo
OS—NWEhAWUVA I

0 2 4 6 8 10 12 14 16 18
t/s

(b) BRI ARG R POV Bl Bt ) AR Ak
0.25
0.20
0.15
0.10
0.05
0

-0.05
0

¥ 2 /v

é 1.0 ].2 1.4 1.6 1.8
t/s
() HRWUZS i S35 ' 5t s 22 i P[] 424,

E 10 =HEX40 Q BPH FOCT R&ESHEK

Fig.10 Change of FOCT state parameters
with 40 Q resistance in series

Eol LN S AT I (ESRIE N CI 0 e S e =

4 #hig

SCHE A PRI FOCT $R0 25 i th 554X
SRR, o3 B VR I [ g AT A LB AR I il |
3BT ) 15 g 8O0 2R i HE A O R, A5 HH 2
W

(1) R [ AR T , b AU 2 2 S AE 52 A
il FOCT R &5 4 3 15 5 5 o AR AL . 0 B
MR P 18R, Py, 00/ DY U I LG
NS

(2) b, o0 08 557 AH 5, T 9 it Wk 2 ) ek 28
SR PR B B H R S B R R o [ g% A A
HC BRI, SR L AR A AR R b0 K A2 72 A 1Y) T 22
S

=i\ o

(3) SRSl riL i P2 i i 2 2 LS B 0 19
ARA A ) 5 S s e K Sl S T 2400 5
ZEAA S B R TS
S 3 :
(U] B, BT R, . v T o I R R M %
RASTI I 111 ) TARHEAR ,2020,39(4) £ 187-193.
HU Chen,ZHANG Zhu, YANG Aichao, et al. Error model and

2 4 6



2 HEHEAR 238

[2

[}

—
W
[

(5]

[6]

[7]

—
[ee]
[

[9]

[10]

[11]

forecasting method for electronic current transformers [ J ].
Electric Power Engineering Technology,2020,39(4) :187-193.
X EE. AGET AL I AR DR ZE R o AT 5 100 A s B 5
[D]. dExnt: At Jy k2 ,2019.

LIU Xinying. Error characteristic analysis and optimization stra-
tegy research on fiber optic current transformers[ D]. Beijing:
North China Electric Power University ,2019.

SIMA W X,ZENG L,YANG M, et al. Improving the temperature
and vibration robustness of fiber optic current transformer using
fiber polarization rotator[ J]. IEEE Transactions on Instrumenta-

tion and Measurement,2022,71.1-12.

LENNER M,FRANK A,YANG L, et al. Long-term reliability of

fiber-optic current sensors[ J]. IEEE Sensors Journal, 2020, 20
(2):823-832.

BHERS, R R A e LT L i LR A L A ) A
[J]. HEEHL TR ,2016,36(23) :6560-6569 ,6624.

LI Yansong,LI Xia,LIU Jun. Mechanism analysis and modeling
on the sensing of fiber-optical current transformers[ J]. Proceed-
ings of the CSEE,2016,36(23) :6560-6569 ,6624.

BOHNERT K, HSU C P, YANG L, et al. Fiber-optic current
sensor tolerant to imperfections of polarization-maintaining fiber
connectors [ J ]. Journal of Lightwave Technology, 2018, 36
(11) :2161-2165.

GEORG M Miiller, FRANK A, YANG L, et al. Temperature

compensation of interferometric and polarimetric fiber-optic cur-

rent sensors with spun highly birefringent fiber[ J]. Journal of

Lightwave Technology,2019,37(18) :4507-4513.
BEY, 5 XE A a1 R A 1L
ITEEEPIAT]. B LR R 4R, 2018,33 (17) : 4146-
4153.
LI Yansong, WANG Bing, LIU Jun, et al. Optimization analysis
and experiment study on measurement performance of all-fiber
optical current transformer [ J]. Transactions of China Electro-
technical Society,2018,33(17) :4146-4153.
BROCwe, RN, Al A5 LT i R B 2 W T
FERR[)]. WEHE,2020,56(8) :43-51.
QIAN Wenxiao,JIN Junjie, SI Lei, et al. Review of fault diag-
nosis methods for fiber optical current transformer [ J ]. High
Voltage Apparatus,2020,56(8) :43-51.
AN, A&, B AR, 5. LA BRSO L IR R A 2
W ERELT]. B RG AL, 2018,42(21) :172-177.
GUO Jingang, SI Lei, YUAN Zhijun, et al. Self-diagnosing
alarm algorithm for optical path fault of fiber optical current
transformer[ J ]. Automation of Electric Power Systems,2018,
42(21) :172-1717.
X TT, AR, IRAL, 45, — i o2 r il L S T
BESW B (], W DB R 8K, 2019,38 (11)
10-16.
LIU Zhanyuan, NIU Xiaochen, SU Hong, et al. Research on
early fault diagnosis method for all optical fiber current trans-
formers[ J ]. Advanced Technology of Electrical Engineering

and Energy,2019,38(11) :10-16.

(12] FSrhE, B0, KR35, 5. GEF v i TR i A8 Pk B s
BURFEBRRLT]. W) TREOAR ,2022,41(5) :227-232.
WANG Lihui, LUO Tuo,SONG Liangliang, et al. Identification
of gradual failure time-frequency feature in fiber optical current
transformer[ J]. Electric Power Engineering Technology,2022,
41(5) :227-232.

[13] Bl SLET v I B SR i T 728 2 W O A A1 T2 12 W SR VR T
[D]. HiAt: A R, 2020.

ZHAO Kai. Research on signal characteristics and fault diag-
nosis method of gradual failure for fiber optic current trans-
former[ D]. Nanjing: Southeast University,2020.

[14] B, ERbk, TREL, . B s 2 40 i 1 e O LK
TG IAT L], A ,2018,42(10) :3170-3175.
RUAN Siye, WANG Delin, XU Kai, et al. ECT fault statistical
analysis of DC transmission system[ J ]. Power System Techno-
logy,2018,42(10) :3170-3175.

[15] 288, Jeer T UL R g b PZT W SRR 5E [ D).
M 7RI MR /R I AR R, 2012,

XI Chao. Study on the PZT phase modulator of the interfero-
metric fiber optic sensor system[ D ]. Harbin:Harbin Engineer-
ing University ,2012.

[16] FRILEE. FT PZT HHLYR Hl 52 A2 i 2B LT 4 R I AL
JCIE S BT [D]. K KHER,2018.

CHENG Qinrui. All-fiber Fourier transform spectrometer mo-
deling and design with PZT phase modulation real-time com-
pensation[ D ]. Tianjin; Tianjin University ,2018.

[17] JAZ4%. 2T Michelson JGET 1548 14 o) & v A 7 A6 00

FARWSE[D]. dbat.Aedbrs Tk, 2020.

ZHOU Hongyang. Research on partial discharge ultrasonic de-

tection technology based on Michelson optical fiber interfero-

meter[ D ]. Beijing: North China Electric Power University,

2020.

JiAE A £V, 2205, 4E IE SRR IR T AL 4T A5 s

BI—F g R 7T S 0T ], JE AU BE TR 4224k, 1993, 13 (1)

49-54.

GU Shenghua, KONG Xiaojian, LI Naiji, et al. Real time de-

—
—_
[ele]

s

modulation process applied to optical fiber displacement sensor
for non-contact measurements| J]. Journal of Beijing Institute
of Technology,1993,13(1) :49-54.

[19] skfalig, #E 7K, VR, FET B AMR > A Y PGC-Arctan

ARCLAR IR A S L ] WV EE R 222 4R ( H AR
2022,47(1) :51-59.
ZHANG Peihan, LOU Yingtian, YAN Liping. Improved PGC-
Arctan phase demodulation algorithm based on complementary
differential multiplication[ J]. Journal of Zhejiang Sci-Tech U-
niversity ( Natural Sciences Edition) ,2022,47(1) :51-59.

[20] LI'Y S,WANG B,LIU J. Modeling and analysis on the sensing
characteristic of fiber optical current transformer[ C]//TECON
2017-43rd Annual Conference of the IEEE Industrial Electro-
nics Society. Beijing,China. IEEE ;2017 .:333-338.

[21] Petmis, 2Ms, B, 4. TE 5% Bl ) i 4207 v T LA
WAL M (T]. B &S A 81k, 2020,44 (17)  153-



239 AR A5 IE BRI FOCT i8] [m] e e T PRI gh iy 3 4 P2 T
160. [25] PANG F B,LIU Y,YUAN Y B, et al. Influencing factors analy-
PANG Fubin, LI Peng, WEI Xu,et al. Analysis on fault mech- sis on the detector output signal of fiber optic current trans-
anism of fiber-optical current transformers with sine wave mo- former with sine modulation [ J ]. Measurement, 2020, 151;
dulation[ J]. Automation of Electric Power Systems, 2020, 44 107151.
(17) :153-160. [26] AARZ, S0, IKAL, 55, IESX 0 ) 2B 4F i i I

[22] #7imilt, st , BUL . TFER FOG Hf PZT i i i i) 75 £ bF Sl RS TE k[T ]. )T AR T,2023,36(7) :50-59.
FET]. LIS LR K244 ,1999,25(6) :735-738. GU Xianghong, GUO Zihan,ZHANG Cheng, et al. Fault early
YANG Yuanhong, ZHANG Wei, XU Majing. In situ study on warning method for FOCT optical circuit of sine wave modula-
PZT modulator in open-loop FOG[ J]. Journal of Beijing Uni- tion[ J]. Guangdong Electric Power,2023,36(7) :50-59.
versity of Aeronautics and Astronautics,1999,25(6) ;735-738.

(23] £48, R4eT, 245 WHE T R EOHEL iR G [Ephe

[24

MEERTEE R E R [T]. s R 58 A 1k, 2012, 36 (24) .

64-68.

WANG Wei, WU Weining, WANG Xuefeng. Effect of modula- @ qq.com) ;
tor modulation coefficient on measuring accuracy of fiber optic
current sensor [ J |. Automation of Electric Power Systems,
2012,36(24) :64-68.

] WANG L H,ZHANG W P,PANG F B. Error characteristic a-
nalysis of fiber optic current transformer with sine modulation HHRMES R E AN TR,
[J]. Optical Fiber Technology,2021,65:102620.

TAE;

Influence of sine wave modulation FOCT modulation loop

fault on detector output characteristics
GU Xianghong' , PANG Fubin®, SHI Jidong', XU Jin', LYU Li', LI Tianhui'
(1. State Grid Jiangsu Electric Power Co.,Ltd. Extra-high Voltage Branch Company, Nanjing 211102, China;
2. State Grid Jiangsu Electric Power Co.,Ltd. Research Institute,Nanjing 211103, China)

Abstract ; In order to explore the influence of the modulation circuit fault of the fiber optical current transformer (FOCT) on the
output signal of the detector,and facilitate fault prediction and fault diagnosis,the mathematical model of sine wave modulation
FOCT output signal which includes the phase delay between the optical circuit and the electrical circuit is firstly established in
this paper. The mathematical expressions of modulation depth, driving voltage, second and fourth harmonic are given,and the
basic methods of closed-loop modulation and demodulation of the target value modulator are analyzed. On this basis, a
mathematical model is established to analyze the influence of modulation depth on the peak of the detector output light
intensity , average light intensity ,second and fourth harmonic. Therefore, it is proposed that the modulation depth decrease is the
key factor leading to the abnormal output signal of the detector when the modulation loop fault occurs,and the increase of the
average light intensity of the detector output,the decrease of the fourth harmonic and the increase of the second/fourth harmonic
ratio should be the typical characteristics of the modulation loop fault. Finally,the practical FOCT simulation test is carried out
to prove the validity of the theory.

Keywords : fiber optical current transformer ( FOCT) ;sine wave modulation ; modulation depth;average light intensity ; second

harmonic ; fourth harmonic
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