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The Directionality of an Optical Fiber High-Frequency
Acoustic Sensor for Partial Discharge
Detection and Location

Zhao Zhigiang, Mark MacAlpine, and M. Sileyman Demok&anior Member, IEEE

Abstract—Fiber-optic acoustic sensors are being developed for
the detection and location of partial discharges in oil-filled trans-
formers. The partial discharges can be detected acoustically and
located by the triangulation method with the sensors placed inside
the transformer tank. In this application, the directionality of the
sensor should be as flat as possible within at least40° from the
sensor axis and for a frequency range up to 150 kHz. A calcula-
tion of the directionality of a fiber coil acoustic sensor was made
using a plane wave approximation. The calculation showed that if
the diameter of a fiber coil is less than 20 mm, its directionality is
relatively flat within 440 for frequencies lower than 150 kHz.

The directionality of an optical fiber acoustic sensor for the
frequency range of 50-300 kHz was measured experimentally in
an oil tank. The effect of reflected waves was avoided by using
a gating technique. The experimental results show somewhat
different directionality patterns from the theoretical results
but are internally consistent and with maxima and minima at
frequencies close to those predicted. The discrepancy is believed to
be due to a resonance effect which is not taken into account in the the above problems arising from the different velocities of sound

theoretical model. However, the sensor achieves the directionality will be greatly diminished and the accuracy of locating partial

>/

Fig. 1. A transformer tank with four sensors placed inside at its corners.

performance required for the application. discharges by triangulation should be very much improved.
Index Terms—Acoustic signal detection, acoustooptic measure- ~ The frequency range of the sensor needs to be 50-300 kHz,
ments, optical fiber transducers, partial discharges. the sensitivity should be at least 0.2 Pa, and the sensor should be

able to respond to ultrasonic waves at a wide range of incidence
angles for the purpose of locating partial discharges [2], [3]. If

. ] o we put the sensor heads at the corners of the transformer, as
PART|A|— discharges in transformers are an indicator of thenown in Fig. 1, the response of the sensor should be relatively

condition of the solid insulation as they are localized elegmt gver at least-40° from the normal, to enable efficient tri-

trical breakdown of small voids (which should not be presedhgulation.
in good insulation). They may be detected electrically as pulsesrne directionality, or directional sensitivity, of a fiber sensor
in the supply circuit but this gives no indication of location. Ag 5 sound wave depends on the sound frequency and wave-
method for locating the partial discharge (pd) sites is providgghgth, and on the geometric structure of the sensor. For a fiber
by locating piezoelectric transducers on the outside of the trapgpystic sensor configured as a fiber coil, the directionality of
former tank and attempting triangulation. However, this meth@fe sensor is not isotropic when the sound wavelength is less
is vitiated by the different velocities of sound in the solid insulatan the diameter of the coil. The higher the acoustic frequency,
tion, in the oil and in the steel of the tank walls, which thus teng,e greater the effect of the incidence angle on the response.
to provide multiple routes, and travel times, between source (e velocity of acoustic waves in transformer oil is about
site) and transducer [1]. 1400 m/s. For a 100-kHz ultrasonic wave, the wavelength is

The advantages of using fiber optic sensors in this applicatiffbrefore 14 mm, while for 300 kHz the wavelength is only
are thatthe fiber sensor can be placed inside the transformer tgnigm_ By using a high-NA bend-insensitive fiber, a fiber coil
without affecting the insulation integrity, and that fiber opti¢jiameter of 16.20 mm can be realized [4]. The reduction of
sensors have intrinsic immunity to electromagnetic interferenggyi size is limited by the bend loss and by the fact that a long
By placing the sensor heads inside the tank, instead of mountipg, length is needed for high sensitivity.
them on outside wall of the tank (as with piezoelectric sensors),in this paper, a theoretical calculation of the directionality of a

fiber coil acoustic sensor is first presented based on a plane wave
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Fig. 2. Geometric structure of the sensing coil (not to scale).

sensitivity than expected for waves incident close to the normBlecause of the time delay of the light propagating through the
This effect is discussed and suggestions as to its origin are fiber, the variable in the right-hand side of (1) should be re-

forward. placed byt — /v, wherev, is the effective light velocity in the
fiber. Thus
II. DIRECTIONALITY CALCULATION FOR A FIBER CoOIL L I
ACOUSTIC SENSOR Ags(t) = /0 Ap <t — oo l) dl. )

In designing the fiber acoustic sensor for partial discharge de-
tection, it is necessary to make a theoretical calculation of theThe induced acoustooptic perturbation depends on the local
directionality, in order to choose the parameters according to #féain in the fiber coil. An accurate analysis of this strain,
requirements of the application and to ensure acceptable direensidering the composite medium of glass fiber, coating
tionality. In this section, a simplified calculation of the direcand encapsulating material, as well as reflections from the
tionality of the fiber coil acoustic sensor is presented. boundaries, is a complicated. Here, we adopt the approximation
method used by Knudsen and Blagtekjeer [5], in which, an
A. Derivation of the Directionality Expressions Using the incident plane_wave with its_directi_on .of prop_agation inclined
Plane-Wave Method at an anglé with the coil axis g-axis) is considered, and the
induced acousto-optic perturbation is taken to be proportional
The geometric structure of the sensor is shown in Fig. 2. Th¢ the amplitude of the sound field at every point. Reflections
fiber is wound layer by layer to form a hollow cylindrical coilat the transducer boundaries and effects due to the composite

with inner radiusr,, outer radius-, and heighth. The outer structure are neglected. The perturbation due to a plane wave
diameter of the fiber ig, and the total fiber length i&. can be written as
When put into an acoustic field, the fiber will experience a
strain according to the variation of the sound pressure and t = _ O T .
position of the fiber in the field. When light propagates alongﬂ?j(t’ 2, K) = 600 expli(2t—Kr cos ¢ sin 6— Kz cos (93),])

the fiber, an additional phase shift will be induced by the Str%here

and by means of the acoustooptic effect. Let this phase shift per, . . . )
unit fiber length beAj(t, 1), wherel is the coordinate along the 65 Egﬁ;li?ﬂt}u:fo?ggf Sreer;l;[]brzt:‘?;;nd 'S propor

fiber. The total phase shift induced by sound pressure is ) i
QandK acoustic angular frequency and the amplitude of
wave vector, respectively;

L
A¢s(t)=/0 Ap(t, D) dl (1) r, ¢, andz cylindrical coordinates.
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By substituting (3) into (2), and assuming ttids approxi- Substituting (7) into (6), we have
mately constant in one turn of fiber, we have the contribution of
one turn of fiber to theA ¢, as A, (t, Q2 f{)

47 . {Khcos8 )
A¢s,turn(t7 Qv K) - 6/30 d2K COS 9 5 < 2 ) eXp('LQt)
2 . ! . aQh, 5 ,
= /0 680 exp{z {Q <t - v_> — Kr cos ¢ sin 6 / exp |:—'Lm(7’ - 7’1)} r Jo(Kr sin 8)dr.  (8)
— Kz cos 9} } rde The integral in the right-hand side of (8) does not have an analyt-
I ical solution, except when the acoustic wave is incident parallel
= 603 exp |:LQ <t - —)} exp(—iK z cos O)r to thez-axis (i.e.,f = 0). In this caseJo( K7 sin §) = 1, and

(8) reduces to

27
/ exp(—iKr sin 6 cos ¢) dyp 4 Kh QL
0 Agso(t, 2, K) =600 % gin <—> sin < )

QhK 2 2v,

The integral in the right-hand side of the above equation is . L
equal to2n Jo(Kr sin 6), whereJy(z) is the zero-order Bessel - exp {'LQ <t ~ % )} 9)

function of the first kind. Thus ’

_ where
A(/)57 turn(tv Qv K) wh
L=—(r3-7%). 1
= 8802 exp |:LQ <t _ L>:| d2 (72 71) ( O)
Vo

-exp(—iK z cos 0)r Jo(Kr sin 6). 4) Substit_utingK = Q/z_z,,, ir_1to 9), Wh_erev,,, is the velocity of
sound in the composite fiber material

The contribution of one layer of fiber to thkegp, is the sum of
A : . dv,v, . QhY . QL
the contribution ofd/ turns, whereM is the number of turns in [A¢so| = 600 5 sin | —— | sin (12)
. . . . hQ 204 2v,
one layer. Approximating the sum by an integral and assuming
also that is approximately constant within one layer, or
P Q
A(f)s,layer(ta Q, K) sin —h
1 /2 — | Aol = 68 2o \20) QL (12)
~ = / Ay turnlt, , K)dz *0 "0 Qh 20, )
4 J 2 20,
47
=680g——— W t—— ) |7
[OdK cos 8 P [L < voﬂ ! It can be seen from (12) thih | is at its maximum when
) . [ Khcos @ h = 0 and whenL = wv, /2. Thus, that for a given fiber length
~Jo(Kr sin 6) sin 2 ®) L a planar coil has maximum acoustic sensitivity in its normal

direction. However, for a gived, a planar coil will have the
The integral in (2) may be evaluated by integrating over tHg.rgest outer diametgr, SO it will have the narrowe;t direption—
cylinder radius fromr, to o ality. For a flat directionalitys must be a compromise. i is
half the wavelength of sound,, whereA = 27w, /2, |Adsol
_ is 0.64 of the maximum value &t = 0. This means that for a
Aps(t, , K) given coil heighth, the acoustic sensitivity in the normal direc-
1" tion of the coil is not simply proportional to the fiber lengkh

~d Ao tayer(t, 2 K)dr but has a maximum at,; = =v,/S. For values ofl. greater

T1

A Kh cos 6 than Ly, the sensitivity will decrease with increasitig This
=60 K cos g o2 < 3 ) exp(i§2t) is because of the finite propagating velocity of light in the fiber.
. ! WhenL < Ly, the sensitivity in the normal direction is ap-
. / exp <—iQ—> 7 Jo(Kr sin 6) dr. (6) proximately proportional to the fiber length for a givenThe
™1 Yo typical values ofy, andv, are2.05 x 10% and 2300 m/s, re-

spectively, [5]. If we consider a 100-kHz ultrasonic wave, then
In this evaluation, the fiber Iength coordindt@eeds to be Ly, = 1025 m, which is much |0nger than a practica| |ength of
expressed approximately as a function-of sensing fiber. Therefore, in the relevant frequency range and for
a fiber length of~100 m or less and for a given coil height
the sensitivity in the normal direction is virtually proportional

v h ["2mr Twh, o,
(=7 / g A=t =) ()" 10 the fiber length,
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Fig. 3. Normalized directional sensitivities at various frequencies, the effdeig. 4. Normalized directional sensitivities at various frequencies, the effect
of the finite velocity of light in the fiber being considered. = 5 mm,r, = 15  of the finite velocity of light in the fiber not being considered. = 5 mm,
mm,h = (1/2)A. ro = 15 mm,h = (1/2)A.

In calculating the directionality the time-varying amplitude 250
of A¢, is not needed, so, from (8),

15 £=100kHz

[
o
Q

4 . {Khcos @
|Ags| = B i con g B <T>'[S%+S§]1/2 (13)

where 120 1

" Qh
Sy = / cos [W—(TQ - 7%)} rJo(Krsin 8)dr  (14) 100
r1

v d?

Sensitivity (Effective Fibre Length, m)

50 1

T2
Sy = / sin [%(7’2 - 7%)} rJo(Kr sin 8)dr. (15)
- Vo

0
0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
In (6)7 if Ql/vo < 1 eXp(—in/Uo) will be approxi- Angle of Incidence (degrees)
mately equal to 1, then the integral can become simpler with
exp(—iQ/v,) = 1. By doing this the effect of the time delayFig. 5. Directional sensitivities for various coil outer diameters, with= 5
as the light wave propagates along the fiber is neglectd@M / = 100 kHz, i = (1/2)A = 11.5 mm.
For example, if? = 2xf, = 27 x 100 kHz, ! ~ 100 m,
v, = 2.05 x 10° thenQl/v, = 0.306. So, neglecting the time that the directionality is relatively flat for smaflbut narrow and
delay would introduce an inaccuracy. variable for largef.
] ] ] For a comparison, the curves with the same parameters as in
B. Numerical Calculations and Explanations of the Results Fig. 3 but using the simplified formula, that s, neglecting the ex-
The numerical calculation of (12)—(15) was made by a FOReonential factor in the integral of (6), are calculated and shown
TRAN program. The results for different frequencies and fibén Fig. 4. It can be seen from Figs. 3 and 4 that the inaccuracy
coil parameters are shown graphically in Figs. 3-8. The fibef the simplified model is negligible for lower frequencies and
outer diameter was taken as 146, which is close to that of small angles of incidence, but is not negligible when the fre-
one of the high-NA sensing fibers. The inner diameter of the cajlency is high and the incidence angle is large.
was taken as; = 5 mm, which is acceptable when considering Figs. 5 and 6 are for various coil outer diameters from 10 mm
the bending loss for high-NA sensing fibers [4]. The velocity ahrough 15 mm, and sound frequencies of 100 and 150 kHz,
sound in the material was again takervgas= 2300 m/s. respectively. The height of the cylinder is also taken as a half
In Fig. 3, the outer diameter of the fiber coil was fixed asf the sound wavelength. Because the height of cdilis kept
re = 15 mm, and the height of the cylinder was taken as @onstant (equal ta./2) for the curves at each frequengy in
half of the sound wavelength, which is changed with the souttiese two figures, and, is the same for all of them, a larger
frequency. The curves show the relative response with the marfresponds to a longer fiber length in the coil. Therefore, the
imum (¢ = 0) normalized to unity. It can be seen from the curveesponse is higher for a larger in each of these two figures.
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Fig. 6. Directional sensitivities for various coil outer diameters, with=5  Fig. 8. Directional sensitivities for fixed fiber length and varidyswith L =
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Fig. 7. Directional sensitivities for fixed fiber length and varidysvith L =
100 m, 7y = 5 mm, f = 100 kHz, A = 23 mm. Fig. 9. Directional sensitivities of a particular fiber coil at three different
frequencies, witlb, = 100 m, 7, = 5 mm,r, = 9.63 mm,h = 9.2 mm.

In Figs. 5 and 6, the ordinates represent the quantity of
|A¢s| /8130, which has the dimension of length, so we can calhat for a 100 kHz ultrasonic wave, if we use a J4® OD
this quantity the effective fiber length of the coil. The physicdiber of length 100 m, and It = 9.2 mm (0.4A), we can get
meaning of this quantity is that when a fiber is wound into & fairly flat directionality within 40 of incidence angle, but for
coil as an acoustic sensor of high frequency sound wave (shbp kHz, in order to obtain a nearly flat directionality within
wavelength), its sensitivity is no longer equal to the sensitivig0®, we need to set = 0.7 A.
per unit length of fiber times the sensing fiber length, but The sensing coil can be designed using the calculations of di-
depends on the coil geometry, the sound wavelength, and thetionality and the graphical analyzes presented above. Taking
incidence angle of the sound wave. Alternatively, we can regdte fiber length, = 100 m, and the central sound frequency
the sensitivity of the coil to be equivalent to the sensitivity pef, = 125 kHz, v, = 2300 m/s, andh = 0.5 A = 9.2 mm, if
unit length of fiber times the effective fiber length. r1 = 5mm,d = 140 pm, then from (10)> = 9.63 mm. For
Figs. 7 and 8 show the effective fiber lengtfi\¢.|/63,) 100 kHzh is 0.4A, and for 150 kHz, it is 0.6\. The curves of
versus the angle of orientation for a fixed fiber lengte 100 |A¢,|/63, for this coil versus the angle of orientation were cal-
m, a cylinder height varying from 0.1A to 0.5A for f, = 100 culated and plotted as shown in Fig. 9. It can be seen from this
kHz, and from 0.1A to 0.8A for f, = 150 kHz, respectively. It figure that the directionality of this fiber coil acoustic sensor is
is shown that for a given fiber length, the smaller the coil heiglicceptable for partial discharge detection and location.
h, the higher the sensitivity in the normal direction, but the nar- The sensitivity of the sensor to the sound presaufecan be
rower the directionality. It can be seen from these two figurestimated as follows. Let’ represent the effective fiber length



800 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 6, JUNE 2000

|A¢s|/650, then the induced optical phase shift of the fibebetween the sound source and the hydrophone with the dimen-

sSensor is sions of the tank, so that the measuring gate is open only while

the direct wave is being received, and is closed when the re-

flected wave arrives. If the time needed for the direct wave to

travel from the source to the sensotjs and the time needed

for the first reflected wave to travel from the source to the sensor

The quantity A3/BAP) is 4.9 x 1012 for common glass i_s tr, t_he duration of the tone burst shoul_d be sh(_)rfcer than the

fibers [5]. 8 = 27n/A, whereA is the wavelength of the light time difference,. — 4. Because the reflectpn c_oefﬁment of the

in free space and, is the effective refractive index of the fiber.Sound wave at the boundary of the tank is high, the reflected

For example, fod = 830 nm and a minimum detectable soundVave ha_s to go back and forth se_vera_l times to be attenuated to

pressure of 0.02 Pa, which is the minimum practical sound préasr_weghglble level. Therefore the t|me_|ntervgl between_the tone

sure of partial discharges in oil [3], we hagep, = 5.4 x 10~ bursts shpuld be long enough to a(_:h|eve _thls attenuatlon.

rad forI/ = 50 m. That means the demodulation circuit needs A Plastic box was used as the oil tank in these experiments.

to detect a phase shift as small as»540~3 radians. This had a length of 0.61 m, a width of 0.40 m, and was filled
A calculation of the directionality of a fiber coil sensor, ha¥ith mineral oil to a depth of 0.315 m. The source and the sensor

been presented based on a plane wave approximation. This'Yfd€ placed centrally in respect of the width and depth. The

not take into account the elasticity and resonance of the figdptance between the source and the sensor was 0.110 m. The

coil as an elastic body, nor the difference in acoustic impedarfégtance from the sensor to the nearer end wall was 0.23 m (see

of mineral oil as compared with that of the fiber coil material9- 1(_))- ) o ]

Because of these effects, the acoustic wave around the coil id@King the velocity of sound in mineral oil as 1400 ntis=

not a plane wave and neither is the acoustic wave inside the dbill M/va = 79 uis. Inthe case of the wave reflected by the tank

a plane wave, especially when the acoustic wavelength is cop@itom and the top liquid surface [Fig. 10(a)], the time taken by

parable to the coil size. An accurate solution of this problem {&€ wave to travel from the source to the sensopis= 238 yis.

not an easy task, and is beyond the scope of our present inJe&- the wave reflected by the side walls [Fig. 10(b)], the time
tigation. taken ist,.o = 296 us. For the wave reflected by the end wall

near the sensor, as illustrated in Fig. 10(c), the time taken is

t.3 = 407 us. Becausé,, is the smallest among the three
lll. EXPERIMENTAL MEASUREMENT OF THEDIRECTIONALITY  values, the reflected wave that arrives first is that reflected by
OF A FIBER CoIL the bottom and the top surface. Therefore the duration of the

. : N . one burst should be less then= t,; — t4 = 159 us. This
In developing an acoustic sensor, |tsd|rect|onalltymustbedI - an=tn —t o7

. 2 . ration was therefore taken &is= 150 yus.
termm(_a(_j. Als_o, through the measurement of the dlrectlona!lty O.PIt was found that it takes about 10 ms for the reflected waves
a specific coil sensor, we can check the accuracy of our S|mqll-

‘10 travel back and forth in the oil tank and attenuate to a neg-

fied theoretical analysis. In this section, a method of measurlpgible level. Thus, in the experiment, the interval between the
the directionality of the fiber coil acoustic sensor in mineral o he burstslwas t:;\ken as— 15 ms '
iS o '

is presented, the experimental setup for such a measuremen

described, and the results obtained for a small fiber coil in tIEe_ Experimental Setup for Directionality Measurement
frequency range of 50-300 kHz are given.

AB

Ad)s - 6[30[/ - <m

) .BL'AP

The setup for the directionality measurement is shown
schematically in Fig. 11. The sine wave generated by the sine
wave generator is gated by the gate circuit to produce a series

The directionality of an acoustic sensor is the sensor’s reftone bursts. The gate circuit is driven by the pulse generator.
sponse to the acoustic waves incident upon it from various diréthe gate circuit includes a follower, which amplifies the
tions. Such a measurement should be carried out in a homosjgnal current to drive the capacitive load of the piezoelectric
neous plane-wave field, a situation which may be approximatehansducer.
fulfilled by a point source at sufficient distance. When direction- The transducer emits an ultrasonic tone burst wave, which
ality measurements are made in a laboratory setting, that is, iprapagates in the oil and is sensed by the fiber coil sensor. The
water tank or an oil tank, the acoustic waves will be reflected lmutput of the sensor demodulation circuit is measured by one
the boundaries, and the reflected waves will overlap with the dihannel of the digital oscilloscope, which is triggered synchro-
rect wave, and generate standing waves. In this case, the soumgsly by the pulse generator. The driving signal of the piezo-
field intensity will not be uniform, but be changing periodicallyelectric transducer is measured by another channel of the oscil-
with position. Within the frequency range of interest, the spatildscope. From the display of the oscilloscope the time delay be-
period of the standing wave is about 0.5-3 cm. Since the senseeen the driving signal and the sensor output can be observed,
size is comparable to this, the different parts of the sensor ctiilt is, the propagation time of the ultrasonic wave from the
will experience different sound amplitudes and affect the mefmansducer to the sensor. By properly adjusting the time scale
surement. and delay of the oscilloscope the sensor signal of the direct wave

To solve this problem, a gating technique was used in whielmd the reflected waves of different orders are observed. The
the output of a sine-wave generator was gated into a seriesehsor is mounted on a rotatable holder, so its orientation can be
tone bursts. A suitable delay was arranged to match the distanbanged continuously. The amplitude of the fiber sensor output

A. Technique for Measuring Directionality
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le 0.61 > integrated circuits and other components [6]. The pulse gener-
| ator was adjusted to give a pulsewidth of 156, and a time
Torface -5 interval of 15 ms [6].
The ultrasonic sound source used in the experiment was a
end 0.283—— Briel and Kjeer piezoelectric hydrophone Type 8103. This is a
wall source v sensor wall obs reverse use of the hydrophone, as suggested by the manufacturer
| in the Technical Documentation for the hydrophone. A typical
transmitting frequency response for the hydrophone when used
as a source is shown in Fig. 12 [7]. The hydrophone is 50 mm
\_ bottom J_ v long and 9.5 mm in diameter. The acoustic center is 7 mm from
the tip. The hydrophone was mounted at the end of a plastic tube
12 mm in diameter and was mounted on a plastic beam placed
on top of the oil tank.
@ The fiber coil was fixed on a plexiglass rod, which was
0.61 mounted on a plexiglass frame and could be rotated manually.
A dial was fixed on the rod to indicate the orientation of the
fiber coll, that is, the angle between the fiber coil axis and the
line connecting the coil center and the source center.
0.23———»] Fig. 13 is a photograph of the experimental setup.

end end
wall source J ¥ sensor wall

air

oil

Y

N\ ¥

side wall B

C. Fiber Sensor

The fiber coil used was made of bend-insensitive fiber, a
single-mode fiber operating at 830 nm, with NA of 0.16, core
diameter of 3.7:m, cladding diameter of 80m, and coating di-
ameter of 135:m. The fiber length in the coil was 10.5 m. The
coil was made by winding the fiber onto a paper former. UV
cured optical cement was applied layer by layer as the winding
(b) was made. After the winding, the coil was cured under a UV
lamp. The number of fiber turns is 274, and the number of layers

\_ side wall J Y

L¢ N
| o is 15. The inner diameter of the coil is 11 mm, the outer diam-
( side wall N F eter 14 mm, and the height 3.1 mm [8]. Using the method of
Section 1, the curves diA¢,|/6/, of this coil versus the angle
l_,o_u 0.23 of orientation are calculated and plotted as shown in Fig. 14.
end l end The sensor is configured as a Mach—Zehnder interferometer,
wall source gesensor wall] oo with the length of the reference arm equal to the sensing arm.

The light source of the sensor is a single-mode diode laser oper-
ating at 830 nm wavelength, with a built-in optical isolator [8].
The effect of position errors of source and sensor on the mea-
surement result was considered in the experiment design. The
\ side wall J_ v errors are mainly from the vertical position of source transducer
and the sensor coil when mounted in the tank. The centers of
transducer and the sensor coil should be at the same height. If
©) they were not at the same height then, when the sensor coil axis
is facing the source, of = 0 is indicated on the dial, there
Fig. 10. Paths of the reflected waves from the source to the detector in theW'IIII be a-tllt anglea between the Sensor-CO” axis and-the line
tank coénnectlng the source center and the coil center. In this case the
incidence angle of the sound wave to the sensor coil becomes

was measured with the digital oscilloscope. With the driving
voltage of the piezoelectric transducer kept constant at a given
frequency, and the angular orientation of the sensor changed in
steps, the directionality of the fiber sensor can thus be detgistead ofg, and the minimum incidence angledsinstead of
mined. zero. This will affect the directionality curve, especially whien

The sine wave signal generator is an ordinary laboratoiyysmall. the position of the acoustic center of the transducer and
signal generator with a frequency range to 1 MHz, an outptlte center of the coil was carefully set to be at the same height.
amplitude to 10 V, and an output impedance of 6D0'he gate In this way, the “tilt angle” is believed to have been minimized
circuit and the pulse generator were made by using ordinaagd was certainly less thari.3

8’ = arccos(cos 6 cos )
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\. J

A

Demodulation
Circuit

Digital Oscilloscope

A A A
Channel 1 Channel 2
Trigger
Fig. 11. Experimental setup for the directionality measurements
oy ey ey = V\{aveform of the square sum signal were monitoreq wiFh an os-
ldB re 1uPa/V at 1m 8105 — cilloscope. In the measurement, the states of polarization of the
140 7 Y — two arms were adjusted to keep the output of the preamplifier
y dma . - at maximum and the square sum signal to be constant. When
Ay ae— — these two conditions are fulfilled, the working of the demodu-
13 77 810437531 lation circuit is optimized.
A7 :
> o v : E. Experimental Result of Directionality Measurement
,’1’ v 3 The experimental results of the directionality measurements
AT a are plotted in Fig. 15(a)—(d). The curves shown in Fig. 15(a)
11 = = and (b) are polynomial best-fit curves. The curves shown in
: ZF—F = Fig. 15(c) and (d) are not from the polynomial fitting, but are
. just curves connecting the actual measurement points, because
100 ~ —— — the experimental data of the measurements at these high fre-
: Z - } quencies are too complicated to be fitted to polynomial func-
5 10 20 50 100 200 50 tions.
kHz The amplitude of the driving voltage was kept constant
851491 during the measurements at each frequency. However, the

frequency responses of both the piezoelectric hydrophone
Fig. 12. Typical dB/voltage transfer function of the B&K Type 8013 (ancsource and the fiber optic sensor are not flat. There are some
others) when used as ultrasonic sound sources. resonance frequencies in the transducer-sensor system within
the range 50-300 kHz. In order to obtain good accuracy, the
detected signal should have enough amplitude to give a high
signal-to-noise ratio (SNR). Therefore, the amplitude of the
The demodulation scheme is a passive homodyne viith@& driving voltage was increased at the higher frequencies to
coupler [9]. The demodulation circuit adopted for the direcompensate for the lower frequency response of the transducer,
tionality measurement was the improved symmetric circuit das shown in Table I. At the frequencies of 60 and 70 kHz,
scribed in [10]. Two manually adjusted polarization controllefsecause of a resonance of the fiber coil at a frequency between
were inserted into the sensing arm and the reference arm respleem, the amplitude of the received signal was too high for a
tively. The amplitude of one of the preamplifier outputs and theormal driving voltage of 1 V, so the amplitude of the driving

D. Demodulation Scheme
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Fig. 13. The experimental setup for the directionality measurements.

12 In Fig. 14, the sound velocity was taken as 2300 m/s, which
is the mean value for the longitudinal sound velocity in the fiber
coil, using typical material parameters for the complex com-
posite structure [5]. Comparing Fig. 14 with Fig. 15(c) and (d),
we find there is a correspondence for the position of the min-
imum atf = 150 kHz, but for the higher frequencies, the num-
bers of peaks and valleys do not correspond. If we use the sound
velocity in the oil for this calculationy, = 1400 m/s, we ob-

tain the results as shown in Fig. 16. Comparing Fig. 16 with
Fig. 15(c) and (d), we found the numbers of peaks and valleys
correspond, but the positions of them are not the same on the
theoretical and experimental curves. These comparisons reveal
that neither of these sound velocities may be properly used in
the calculation. For the choice of the oil and the coil material

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 o0 Should both be considered.

Angle of Incidence (degrees) Now if we use a velocity in between these two velocities,
Fia 14, Directional ivities of 1 fib | at various f _such asv, = 1800 m/s, for the calculation, the results shown
1g. . Irectional sensitivities of a small fioer coll at various frequencies . . . . . .
With Z = 10.5 m, 74 = 5.5 mm, r, = 7.0 mm,h = 3.1 mm, v, = 2300 1N Fig. 17 are obtained. Comparing Fig. 17 with Fig. 15(c) and
m/s. (d), both the numbers and positions of the peaks and valleys

correspond roughly to those for 200 and 300 kHz.
voltage was reduced, in order to make the readings at these tW@he resonance of the fiber coil is apparent from the experi-

Sensitivity (Effective Fibre length, m)

o]

frequencies comparable to the others. mental results shown in Fig. 15(a)—(d) and Table I. The resonant
frequencies are at about 60 and 240 kHz. This effect is not pre-
IV. DISCUSSION dicted by the simplified theoretical model.

The experimental results of the directionality measurementThe experimental results show that the directionality of the
are not in close accordance with the results of the calculatifiber coil is quite complicated, and cannot be calculated ex-
given in Fig. 14, as well as in Figs. 3-9. In the theoretical rexctly by the simple plane wave model, at least not for the fre-
sults, the directionality curves always have their maximums a@tiency range of interest, from 50—-300 kHz. The reasons why
0° incidence angle, while the experimental curves mostly hatieis simple, conventional theory is insufficiently accurate were
the maximums at other angles, although some of them haveamsidered in Section II: that it appears the discrepancy may be
peak at 0. For higher frequencies, the positions of the peakkie to an elastic effect which is not taken into account in the
and the valleys on the theoretical curves and the experimerttedoretical model. A more accurate theoretical model needs to
curves are also different. be established. It is also seen that the maxima and minima only
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Fig. 15. (a) Directional sensitivities for the frequencies 50 , 60, 70, 80, and 90 kHz, (b) 100, 110, 120, 130, and 140 kHz, (c) 150, 160, 180, 200Hand 220 k
and (d) 240, 260, 280, and 300 kHz.

TABLE | 12
AMPLITUDE OF THE APPLIED TONE BURST SIGNAL AT VARIOUS
FREQUENCIES INORDER TO PROVIDE SIMILAR OUTPUT AMPLITUDE FROM
THE DETECTION CIRCUITS

Frequency |50 60 70 80 920 100|110 [120 |130 |140

kHz [kHz |kHz [kHz |kHz |kHz |kHz [kHz |kHz [kHz

Driving 1.0V [05V |07V [10V |10V 1OV 1OV [10V {10V [1.0V

Amplitude

Frequency |150 |160 |180 200 220 |240 |260 (280 |300

kHz (kHz |kHz |kHz |kHz |kHz |kHz |kHz |kHz

Sensitivity (Effective Fibre length, m)

Driving 20V 20V 20V 20V |125V[10V [I5V 20V [3.0V

Amplitude T

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Angle of Incidence (degrees)

correspond if a compromise value of sound velocity is useﬂg. 16. Directional sensitivities of a small fiber coil at various frequencies,

between those for the oil and the coil materials. with L = 10.5m,r; = 5.5 mm,r, = 7.0 mm,h = 3.1 mm. v, = 1400 m/s.



ZHIQIANG et al. THE DIRECTIONALITY OF AN OPTICAL FIBER HIGH-FREQUENCY ACOUSTIC SENSOR 805

12 70

=y

o
[0}
o

-]
Sensitivity (arbitrary units)
w iy o
o o o

Sensitivity (Effective Fibre length, m)
N
(=]

-
[=]

0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

Angle of Incidence (degrees) Angle of Incidence (degrees)

Fig. 17. Directional sensitivities of a small fiber coil at various frequencie&;ig. 19. Directional sensitivities of a small fiber coil at various frequencies
with L = 10.5m,r, = 5.5 mm,r, = 7.0 mm,2 = 3.1 mm, v, = 1800 m/s  (Modified by an exciting factor as a function of incidence angle), lit& 10.5
m,ry = 5.5 mm,rg = 7.0 mm,h = 3.1 mm, v, = 1800 m/s.

the fiber coil sensor can be a good tool for application to the
acoustic detection and location of partial discharges.

In future work, it is hoped to develop an improved, but very
much more complex, calculation which can take into account
the differing sound velocities in oil and coil sensor; the sensi-
tivity resonances; and the directional sensitivity whereby it is
so much more sensitive at 9¢han @, whatever the frequency.
Nevertheless, the measurements are internally consistent (as ev-
idenced by Figs. 18 and 19); and the maxima and minima will
tend to be averaged out in practice since the sensor will be re-
sponding to the partial discharge pressure pulses, which com-
prise a range of frequencies. It is likely, therefore, that it will
in practice give a satisfactory response to partial discharges and
enable their detection and location.

Averaged Ratio

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Incidence Angle (degree) V. CONCLUSION

Fig. 18. Averaged ratio of experimental to calculated directional sensitivities A calculation of the directionality of a fiber coil acoustic

of the small fiber coil, withl, = 10.5m,r; = 5.5 mm,r, = 7.0 mm,h = 3.1 sensor has been made by using a p|ane wave approximation

mm, va = 1800 m/s. method. The results show that if the diameter of a fiber coil
sensor is less than 20 mm, its directionality is relatively flat
within 40° for frequencies below 150 kHz. Such directionality

From the experimental results it may be seen that for all frgs acceptable for the application of partial discharge location in
quencies there is a trend whereby the ratio of the experimengglfilled high-voltage transformers.
response of the sensor to the calculated response increases Witthe directionality of a fiber coil acoustic sensor has been
increase in the incidence angle. measured by using the gating technique for frequencies from 50

Theratiois plotted in Fig. 18 as an average for all frequencias,300 kHz. The results show that the directionality of the fiber
using the compromise velocity, 1800 m/s. (The different exoil is not wholly consistent with those obtained in the calcu-
citing voltages of Table | were taken into consideration). Usingtions. The discrepancies are likely to originate in elastic res-
this “angle sensitivity factor,” averaged from measurements @tances not considered in the simplified model, as well as the
all frequencies, the directionality may be re-calculated: the réifferent sound velocities within the oil and the coil sensor. Fur-
sults are shown in Fig. 19. This corresponds reasonably welltk@r investigation into these problems will be the object of future
the observed directionality. work.

From the experimental results, we can see that although thé\evertheless, the experimental results indicate that the fiber
fiber coil acoustic sensor has complicated directionality pateil sensor and the detection circuits developed in this work can
terns, it does have a good acoustic response and an acceptsinteessfully be applied to the detection of partial discharges in
directionality in the frequency range of our interest. Thereforppwer transformers.
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