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Characteristics and Signal Analysis of Fiber—optic Sensor
for Detecting Ultrasonic Waves Generated by Discharge in Insulation Oil

zHB KRB E - ZEET-& 2 H
(Sanghun Lee - Kwangsik Lee - Dalwoo Kim)

Abstract - It is well known that a discharge in oil is the source of various physical phenomena. Ultrasonic-wave
detection is a useful method to the diagnosis of the transformer-insulation condition. Conventionally, ultrasonic waves
are detected by Piezo-electric transducer, and we use optical method that has many advantages. In this paper, we
constructed a Mach-Zehnder interferometer with optical fiber and investigated the principle of operation. Test
arrangement is based on the needle-plane electrode system in oil and applied AC high voltage. Ultrasonic waves were
detected and analyzed with wavelet transform.
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2.1 Mach-Zehnder ZH4 A

Mach-Zehnder 74 7= Michelson 7 A9 Bl &
9 A F dEFEe ez FAR WEE Avus de
TAAA e FXNEAN FZ7t ofF Hold Roez LA
now, A7|H o2 qhHsty, Aola, AAV|H FdFo] A
om o &)X (multiplexing)= 7}a 3ttt T3, AN FA
Aol 7istatR oz Lolsty, EAYHI W, ZEI H
vtk Ze] 30 me 2&T £AHEL AAME °ﬂi 9, A7
6lcm] =719 F21%4 hydrophone FA ol 7h53tH, 744 E
AME TRE 3¢, 10-13~10-15¥ E2] straindl= E&
=g AR AN FA el shesith. 29 19 FHFE o
438 F4% Mach-Zehnder TWHAHAIY AEYEE el
t}.06,13]

373 Mach-Zehnder H4A9] 718 TR YeE 23
e Z2d FAEHF AAE FAE7] #48 Ad 8 &
2} couplerdd), T/ Zole &S Zal4(polishing)
;A F HE F83) 7irto] dE Wol & BAHARFAAN o
g Z BAHAFE Ho] Fr}[14] Mach-Zehnder 2+ Aol =
5 19 coupler’t A& EHEH, o)A HWo] EojoE HE
H8 Cy, G2} &AL e, C; % CeollX 9 power coupling
coefficient® k;, k,e}3}3, sensing arm¥} reference arm

o

o

2 |

481
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dHel €de A7 a,

sensing arm& AX U4-&

a,°12t3 33, reference arm¥

optical fielde

E,=Ey akk, cos(wyt+9,), )

E,=E\ a,(1—k)(1—ky) cos(wpt+d,).

DAAE 5 299 Are g T 9 2ok

I=(E2+({EXY+2<E,Ep. 2)

G714, < >EAE 2r/w,BT 2 F7) T4 AEE
& oujgch 4 ()& 4 2 sy,

I=Ilakikytall—k)1—k) (3)

+2V a,a,k k(1= k )(1—ky) cos(p,—¢,)].

d71M, e A )% 8 58 Rez z27] AFAE
ebdich vhel A9 complementary % n# 3

I =1L,k (1= k) +a,(1—k)k, @

+2V a,a,k k(1= (1 — ky) cos(,—¢,)].

qAX,  a,=a,=a  k =k =058 JIAEI,
ag=(4, —~¢,)2 ¥4,

[=-22 (14 cosng),

9 cos (5)

I'=—1—%—— (1—cosAag).

A AR YAt 2r ¢, Aad F dg F
o4 o, =@A #Hatste JAAE ¢, TFAEY AT
AAsa g &y 98 4 G)ek A A 28-S
o] &34,

Ly .

I =—9 [1+cos(¢,+ ¢ sinwt)], )

1-=—I%— [1—cos($,+ ¢ sinwt)].

olalg P& BPEV A o FH= AHdd FHF
£ o] %% (differential combination)¥ £¥ i=

i=elja cos($,+ @ sinwt). (N

714, e& FHAE7Y $€Eclth 4 (7)€ Bessel &

F[1518 o188 HA3}E,

i eloa[cos¢d[]0(¢s)+2 zljzn(qﬁs)cosZna)t} ®
+5inga(2 3 Jonri ()5 (2n+ 1) wb]].

482

q71M, J () BT ¢, n% Bessel Froltt. o]
GAA g mE Fe& A9 BesselgF] Azt w3
A aded 29 29 2 a4 @ F giRel,
Bessel3t& ¢, 4 F71Heln, ¢7F F7HE) et WA
H9l Besseldt 9 27l Zadth o @) & ¥
(8 59, gD Wi, J=1, Ji(¢)=¢/2°12
2] (8)9] Alztol wE Wse] AT mEY, & A
9% 2ot

di= elya sin ¢ ,¢,sin ot 9

AeA B, A2 e F A2E AuL oA W
A2} dpe) A7)E sin g, Fol AEHIL & £ U
2883, AL E(thermal driftydl 98 ¢,7F WEHE
et o3 2 W3y dojdrl

1) ¢,=nr(AEE,sing, =04 W, V3 2FIH.

2) wH, =2r+Dr/2(AEE,sing,=1)Y H,

Aze Agzdadd. (4714, 0=0,1.2, - - )
olRe] Yutzoz Wit TAAT AAdAY
problem”°] o},

“fading

a3 1 2M T Mach-Zehnder ZHE AL
Fig. 1 Mach-Zehnder interferometer with fiber.
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Figure 10.2. Amplitude of Bessel function J,{x), orders 0, 1, and 2.

a3 20, 1, 24 Bessel el 27
Fig. 2 Dimensions of 0, 1, 2 order Bessel function.

22 MEEA ¥ 4y

2% 30 B AgdA AT AANEY WAE e
gole Aol 632.8[mm]et He-Ne #o]4 & o] &3 9d. &
olAA UL W J2r= BFEAFE A EH(coupling) 3t



7} flstd AEE ol &S ATEHE dojAYE A%
N7l A2 P83 J2EE F4% 283, 99 gALE
2438 7 de 7EE 2 Yot o¥A *c]%_‘?_‘: BAF
ZAEY 2 ‘ﬂ% 22 AZH(CYAAM F A9 ez £
goh o71A 22 AFele FEY l(beam splitter)¢t &<
 q9Ee ‘PE} TE8E F UF sus ddfged AxD

724 9 (sensing arm) & YA H3u, & 3 P HPx
A 7l(polarization controller)& AX  7]$ %9 9 (reference
arm)& Adth ZAYGE Avs FEAFE AdF HR
g Folx AAMZAY F3e] steatAg, FEt 433
wolxu, FZHo2E W EAHE 7IAA "ok & A
Hol M xgHd o BdHe WEE Huslksr]) st
o 74 10[emlql €F7E B TS ZH(mandreDFHEZE
T34 71299 BERe AR S HasEy
At Az AHE A8 LFrE Y2 A3 FJAH
E&o dlXstact HBRHVE LA olobr]d “signal
fading"@4& Z0]7] 98 Argstarilie]l AFzdrie ¢
AAFEARE AL o, oyt AAAIAEZHRE T3
ZA99E Ave Y9 A437 7/27 HESE fd #
Bz AN FAF zde AHFL 106 AA A=xo|H, 7
2oz e %%-r]i ZFARE 2AHYE F Jv FFRAT, 4

873 Ade AAE AASNE Aol

gl el A 4%01] “’r% A4 Ad 548 28 40 e
™A NE & AZE AU W oA F uA 22 A
ZH(Col FAAA "ok Croll A FA4A We M2 34
e, RGPS 944 wart Y AEE AL,
°olE FAEVIE B FAHIA He Reld ot ol
A 49 & Mach-Zehnder HAAS] A8 & A4 T8I A
o2 ZAAGY FAdf] HHe o8 S &7 4F

< 713HA Hol m A o] HEE dodA Ho T F=
g AU "W Atold] jARtzr 2ASA sHe Aotk B
e 7ol AA Alm], AA A 1250m], Zo] 10[mId A
FRE FHFE ol &5t

HA, FAH AN 2 EAS dolry] A% dEe
A BAGG e FAHR9} SlemlEoAR Reol 2y 4R

& YA At i -3 ARG FFLHNE E
200[kE)S) BAFE PZTo Urbsle) 2&9E wAA#A)
tggoz AAdRF UMy HHeg 23] A8 3-9
# AT o)gddd. I3 PW "I BF éalﬂalé
AAZ A 3FL Uml2 st ARFTAM wde] o
g3 doju=g Fuzte] e 45°FHWFe] o] &HAUt I
Aol 44Fdry ZFALE AAstded, 29 1
kvl¥ Age Frhstgow, dAAste]lF: WA LA
g 7x AL Fxsigdct B 49 FHARFE o8P
Mach-Zehnder 7H3718] HAH WelA wol & L3}
t 2e9e 24E A% Re= AFAd BRI A
g 4 7leml2 3] HEE AA3AD BAAGGy 7
AFE AT oo FEI7FE 49 Falo] YolA
A21A xolz 9 WAA FHoz WAIH A WAzl
F&e A HA A= s FADARE A7)
AsiM HHATe H4d GAMo g2 50(Q19 FH&
A Adste Yol HYHIE 24223 Z(LeCroy,
1M)2 EAsA ol& 58td WHe NAHE AFS ¢

&% dlolel 24
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S 9ew, B ANZ 38 289 A5 vages
W AZRASHE AT =¥, 338 dHolHE

wavelet ¥4 2 FFT(Fast-Fourier Transform)3d ZA#E

HEI} D

BEEEI reference
) R

He-Ne &I0I A

agy 3 MAEEXE,
Fig. 3 Experimental setup.
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a9 5ole FAH AN 289 23 FEE Hue)
As) 2o TR AR BT AYE Sz F1
A8 23E Jebdd. a9 5 a)lls &9 AL 93
PZTe] ¢i7tg 4279 A5 (2000k] ARISHE BoFE
o a2y e BAER A éxéfé_ z&5o] mojr}
AR AME FHE 2899 FE &S g YA
Th 29 (@9 YT F™Y Fu4 H3¥E Jehdz 9l
},

AR AMZ 24" dolE(ad 5 E8E FH&
Az E AAS7] A8 AAE wavelet ¥Ee AHE 29
6o UelWth WAe] TAY A3 AE YA UdRFHd B
34 (mother wavelet function)& AMgstm g1 o »
Aol NE daubechies 3(db3)E B2 &t 6TA 4
A AAsGt 2 Al A AR AAe g3
ZHE A438 Yepdx e, I ol 2 d)~dg. e W
2438 ez A Wavelet H3L dF9) AZEY
ol&Q) degln & 4 ded, d,~dye I YoM =
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F3 geNTol, as TFW Fool 2HW AEHEo|
o344 AME HHE 295 Az EHY 15 3
& ARE AARY golA mE vlg 2ol ARY AT
£ 92 & A o4 wavelet MRHAEL Fo, FLo]
EYY VSERE 58 Az F%0] s, o
189 olge BR ¥ NTRHANE F8n B
G

(a) PZToll oto}st b) MR MM2 5™
srewM ool nhy 2o oy
(1us, 10V/div) (1us, 10mV/div)

" 5 =30 HYJ|E o/88 A™ Za
Fig. 5 Resuits by ultrasonic-generator.
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Fig. 6 Wavelet transformed data.
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Ml o14e nFsk 4¥ez T4H lee FAsH
oldd ATE Bl YA AN FAC 23 (el &3
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o 40[usle] Azt AAE Rolx gtk o HAze YurA<
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dbl0 EFFE o]£% wavelet HFL AXsIPTE A3
T3 FEol 52 gody Fagy dd e T UolA
139A4] AdX wHEs dA3EY 5% FE A4S =
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Fig. 7 Discharge current & ultrasonic waveform.
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