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Abstract: To achieve omnidirectional sensitive detection of partial discharge (PD) in transformers
and to avoid missing PD signals, a fiber optic omnidirectional sensing method for PD in transformers
combined with the fiber Bragg grating (FBG) and Fabry-Perot (F-P) cavity is proposed. The fiber
optic omnidirectional sensor for PD as a triangular prism was developed. The hollow structure of
the probe was used to insert a single-mode fiber to form an F-P cavity. In addition, the three sides of
the probe were used to form a diaphragm-type FBG sensing structure. The ultrasound sensitization
diaphragm was designed based on the frequency characteristics of PD in the transformer and the
vibration model of the diaphragm in the liquid environment. The fiber optic sensing system for PD
was built and the performance test was conducted. The results show that the resonant frequency of
the FBG acoustic diaphragm is around 20 kHz and that of the F-P cavity acoustic diaphragm is 94 kHz.
The sensitivity of the developed fiber optic sensor is higher than that of the piezoelectric transducer
(PZT). The lower limit of PD detection is 68.72 pC for the FBG sensing part and 47.97 pC for the
F-P cavity sensing part. The directional testing of the sensor and its testing within a transformer
simulation model indicate that the proposed sensor achieves higher detection sensitivity of PD in all
directions. The omnidirectional partial discharge ultrasound sensing method proposed in this paper
is expected to reduce the missed detection rate of PD.

Keywords: fiber optic sensor; fiber Bragg grating; Fabry-Perot cavity; omnidirectional; partial
discharge; ultrasound sensing

1. Introduction

The transformer is the core equipment of the power transmission system, and the
insulation condition is the key to its operation safety. Partial discharge (PD) is an im-portant
indicator of insulation deterioration [1]. Carrying out PD sensing helps to de-tect insulation
defects in time, thus ensuring the transformer’s safe operation [2—4]. Fiber optic sensors
have the advantages of high sensitivity, freedom from electromag-netic interference, and
can be flexibly installed, so nowadays, their application in transformer condition parameter
sensing has received wide attention [5]. The Fabry Perot (F-P) cavity and fiber Bragg
grating (FBG) are the two most applied fiber optic sensing techniques for PD ultrasonic
sensing [6-9].

The structure and material of the acoustic-sensitive diaphragm of the fiber-optic
ultrasonic sensor determines its sensitivity [10]. In recent years, a large amount of re-
search has focused on the development of highly sensitive acoustic diaphragms [11], which
has significantly improved their sensitivity. However, there is less optimization for the
directionality of the fiber-optic PD ultrasonic sensors. Generally, fiber-optic ul-trasonic
sensors can only sense PD ultrasonic signals through the effective vibrating surface of their
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diaphragm, and their ability to sense PD ultrasonic signals coming to the other sides is
weak [12,13]. In the field, PD can occur anywhere inside the trans-former with insulation
defects. To avoid missing PD signals as much as possible, achieving high-sensitivity PD
detection in all directions is essential.

In recent years, fiber-optic vector acoustic sensors have received widespread attention.
These sensors, by spatially combining multiple fiber-optic acoustic-sensitive structures,
have expanded the detection range of the sensor, allowing it to collect more acoustic infor-
mation [14]. For instance, Chen and others wound fibers around compli-ant cylinders made
of silicon rubber, forming a tri-component hydrophone [15]. Cranch and others adhered
fiber Bragg gratings to cantilever beam structures to create vector acoustic sensors [16]. Liu
and others reported a miniature fiber-optic water vec-tor flow sensor based on an array
of silicon F-P interferometers [17]. However, apply-ing such research to the ultrasonic
detection of PD is still relatively rare. Gao and oth-ers formed a planar lateral array using
four fiber-optic F-P probes, but their sensing surface still focused on a single plane, mainly
used for PD localization [18].

In response to the above problems, this paper proposes a new fiber optic ultrasonic
sensor that can achieve omnidirectional PD ultrasonic detection by combining one F-P
cavity and the three FBGs. The acoustic diaphragm was designed based on the fre-quency
characteristics of PD in the transformer and the vibration model of the dia-phragm in the
liquid environment. Then, the fiber optic omnidirectional sensor for PD with the F-P cavity
sensing part and the FBG sensing part was developed, and the fiber optic sensing system
for PD was built. Finally, the frequency response characteristics, distance attenuation
characteristics, anti-interference performance, directional re-sponse characteristics, and PD
detection characteristics of the sensor were tested. The developed sensor in this paper has
strong anti-interference performance, and high sen-sitivity and can detect PD signals in all
directions, which has good application pro-spects.

2. Working Principle
2.1. Working Principle of the FBG Sensor

An FBG is equivalent to a narrowband reflector inside the fiber core. The Bragg
equation of an FBG can be expressed as [19,20]:

/\B = 2n,3ff (1)

where Ap is the Bragg wavelength, n,4 is the effective refractive index of the fiber core, and
A is the raster period. When the FBG is affected by the ultrasound, its Bragg wavelength
will be shifted. The shift of the FBG Bragg wavelength caused by strain and temperature
can be described by Equation (2):

angff
dLg

oA Oneff oA
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So the fiber Bragg grating’s Bragg wavelength will shift due to the strain caused by

the PD ultrasound, as shown in Figure 1.
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Figure 1. The principle of fiber Bragg grating sensing.
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2.2. Working Principle of the F-P Sensor

The fiber optic F-P sensor is designed according to the multi-beam interference princi-
ple. The interference cavity of the extrinsic F-P sensor is formed by the fiber end face and
the sensing diaphragm. The F-P interference principle is shown in Figure 2.

Interference light { \ F-P cavity
\> Ultrasound
> . (((o

Phase difference
Cavity length L

Incident light

Light intensity

Fiber end face Diaphragm

Figure 2. Principle of F-P interference.

After the incident light from the light source reaches the fiber end face, part of the light
is reflected to the fiber, and the other part of the light is refracted into the F-P cavity and then
refracted and reflected several times on the fiber end face and diaphragm surface, finally
returns to the fiber to form a multi-beam interference. The intensity I of the interference
light can be expressed as:

Rq + Ry — 24/R1Rycos Ad

Ir = 3

R 0TFRRy — 2R Racos AS ®)
47tnL

AS = 4

= @

where I is the intensity of the incident light, Ry and R are the reflectivity of fiber end face
and diaphragm respectively, Ad is the phase difference between adjacent beams, # is the
refractive index of F-P cavity, A is the incident light wavelength, and L is the F-P cavity
length. From Equations (3) and (4), it can be seen that I is mainly determined by the cavity
length L. The ultrasound generated by PD will change the cavity length L and lead to the
variation of the interference light intensity.

3. Development of the Sensor and Construction of the Sensing System
3.1. Development of the Sensor

The structure of the fiber optic omnidirectional sensor probe for PD designed in this
paper is shown in Figure 3.

The probe is a triangular prism, with the base being an equilateral triangle, the side
length is 20 mm, and the height is 10 mm, which was made of resin material by 3D printing.
The hollow structure of the probe is used to insert a single-mode fiber to form the F-P cavity,
and the three sides are used to form the FBG sensing part. In this study, a diaphragm-
type sensitization encapsulation of the FBG is performed. The FBG is first fixed to the
surface of the diaphragm along the radial direction with UV-curable adhesive, and then the
diaphragm is fixed to the probe.

To make the sensor with high detection sensitivity of PD, the resonant frequency of
the acoustic diaphragm should be reasonably designed according to the frequency char-
acteristics of the PD ultrasound signal. The frequency of ultrasound signal excited by PD
in transformer oil is mainly concentrated in 20~200 kHz. There are obvious differences
between the ultrasound signal spectrums of different types of PD and a single acoustic di-
aphragm with a unique resonant frequency makes it difficult to detect PDs of all types [21].
Therefore, this study proposes to design the resonant frequency of the FBG acoustic di-
aphragm to 20-60 kHz and the resonant frequency of the FP cavity acoustic diaphragm
to 60-120 kHz. Sensitive detection of PD is achieved by the ultrasound signal responses
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of acoustic diaphragms with different resonant frequencies. In this study, the diaphragm
works in transformer oil. The resonant frequency of a circular diaphragm in a liquid-phase
environment with a fixed perimeter and one side in contact with the liquid is [21]:

f 10.33h E
1= Pm\(a _ 12
g2\ 1O () 30(1 —pu?)

where E, p, j1, a and h are Young’s modulus, density, Poisson’s ratio, effective vibration
radius and thickness of the circular diaphragm respectively, m is the density of the liquid
in which the diaphragm is located, in this paper specifically refers to 10# transformer
insulating oil (m = 895 kg/m?). In this study, Corning glass (E = 73.6 GPa, p = 2380 kg/m?,
u = 0.23) coated with high reflectivity dielectric film was selected as the F-P cavity acoustic
diaphragm with dimensions: a; = 1.7 mm, h; = 0.165 mm, and its theoretical resonant
frequency is 82 kHz. Monocrystalline silicon (E = 180 GPa, p = 2330 kg/m?, u = 0.278) was
selected as the FBG acoustic diaphragm with dimensions: a4, = 2.5 mm, h = 0.1 mm, and
its theoretical resonant frequency is 25.6 kHz. The developed fiber optic omnidirectional
sensor is shown in Figure 4.
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Figure 3. Structure of the fiber optic omnidirectional PD sensor probe.
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Figure 4. Partial discharge fiber optic omnidirectional sensor.

3.2. Construction of Sensing System
The fiber optic sensing system for PD built in this paper is shown in Figure 5.
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Figure 5. Schematic diagram of the fiber optic sensing system for PD.

The system includes the F-P cavity sensing part and the FBG sensing part. The ultra-
narrow linewidth laser UNFSR-1550-10-SM-FA-M4 (Discovery Optica, Beijing, China) is
used as the light source of the FBG sensing part. The output light of the laser is divided into
3 beams by a1 x 3 coupler and enters the 3 FBGs, respectively. The returned light reflected
by the FBGs is coupled by a 1 x 3 coupler and then inputs to the photodetector. DFB
tunable laser AP3350A (APEX Technologies, Marcoussis, France) is used as the light source
of the F-P cavity sensing part, and the interference light returned by the F-P cavity inputs
to another photodetector. In the sensing system, the splitting ratio of the 1 x 3 optical
fiber coupler is 1:1:1, and the photodetector’s model is 2053-F-M. When detecting PD, the
wavelength of laser AP3350A is adjusted at the maximum slope of the interference spectrum
of the F-P cavity. Since the laser UNFSRL-1550-10-SM-FA-M4 outputs an ultra-narrow
linewidth (1 kHz) laser of 1550 nm, the FBGs with a central wavelength of 1550.1 nm and
a 3 dB bandwidth of 0.3 nm are used. The output light of the laser is located on the side
band of the FBGs reflection spectrum, so the FBG sensing part can work normally. The
magnification of the photodetector of the F-P cavity sensing part is set to 100 and that of
the FBG sensing part is set to 300.

4. Performance Tests of Fiber Optic Omnidirectional Sensor
4.1. Frequency Response Test

The dimension of the acoustic diaphragm is designed by Equation (4), and the actual
resonant frequency of the diaphragm in transformer oil is determined in this paper by
pencil-break experiment. The diaphragm receives the shock waves generated by the
broken pencil to do attenuated vibration, and the resonant frequency can be obtained by
spectral analysis of the diaphragm vibration response. A steel plate was placed in the
transformer oil. The sensor was placed on the steel plate, and an HB pencil with a diameter
of 0.5 mm was broken 10 cm from the sensor on the steel plate. The pencil-break impact
responses of the F-P cavity acoustic diaphragm and the FBG acoustic diaphragm are shown
in Figure 6. There is some difference between the actual value of the resonant frequency
of the diaphragm and its theoretical value. The diaphragm is fixed on the probe by UV-
curable adhesive and the glue changes the vibration characteristics of the diaphragm, so
the resonant frequency of the diaphragm changes.
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Figure 6. Pencil-break experiment impact response of diaphragms.
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4.2. Directional Response Test

The directional response of the sensor is tested. A spatial spherical coordinate system
is established with the sensor as the coordinate origin and the normal of the F-P cavity
acoustic diaphragm as the Z-axis. In the spherical coordinate system, take R =15 cm, 6 = 0°,
15°,30° ... 180° as the circumference and take ¢ = 0°, 30°, 60° . .. 330° on the circumference
in turn to set the source point, as shown in Figure 7. The ultrasonic wave is generated by
the signal generator driving the piezoelectric crystal. The signal generator outputs a 2 Vpp
sine signal, and the frequency is set to the resonant frequency of the F-P cavity acoustic
diaphragm and the FBG acoustic diaphragm in turn. The F-P cavity sensing part and the
FBG sensing part are used to detect the ultrasound signal from each sound source point.
20 sets of data are saved at each location for peak-to-peak averaging, and the detection
results are shown in Figure 8.

FBG acoustic diaphragm
Omnidirectional fiber optic sensor

F-P acoustic diaphragm

—e— 6=30°
[—e— 6=60°
—e— 6=90°
—e— 6=120°

| —*— 6=150°]
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|—e— 6=60°
e 0=00°
o [~ 6=120°
[-— o=150°

0.54

0.0

Amplitude/V

Amplitude/V
o B W B

(b)

Figure 8. (a) Directional response of F-P cavity sensing part; (b) Directional response of FBG sens-
ing part.

It can be seen from Figure 8 that the F-P cavity sensing part and the FBG sensing part
have less fluctuation in the detection results of sound sources at different positions on the
same circumference. The sensor has equal amplitude omnidirectionality. The ultrasound
signal responses of the sensor to the sound source at different 6 are different. When the
diaphragm is facing the sound source, its amplitude is the largest and sensitivity is the
highest. When the diaphragm is placed at a certain angle concerning the sound source,
the ultrasound signal cannot be completely received by the diaphragm, and its sensitivity
will decrease. 20 sets of data from the F-P cavity sensing part and the FBG sensing part are
taken at each 6 for peak-to-peak averaging. For the F-P cavity sensing part, the detection
values of different 6 are compared to that of 0°. For the FBG sensing part, the detection
values of different § are compared to that of 90°. The response decay curves of the two
sensing parts in 0°~180° are obtained, as shown in Figure 9.
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Figure 9. (a) Angular decay curve of FP cavity sensing part; (b) Angular decay curve of FBG
sensing part.

As can be seen from Figure 9, the F-P acoustic diaphragm and the FBG acoustic
diaphragm have a limited range of highly sensitive detection. For F-P acoustic diaphragm,
the ultrasonic response has been attenuated to less than 50% when 6 > 60°; for FBG acoustic
diaphragm, the ultrasonic response has been attenuated to less than 40% when 6 < 30°
or § > 150°. A single acoustic diaphragm has an obvious detection blind area and cannot
achieve sensitive detection of ultrasound signals in all directions. The fiber optic sensor
designed in this paper encapsulates the F-P acoustic diaphragm on the front of the probe
and the FBG acoustic diaphragms on the four sides of the probe. The sensor has a total of
four acoustic diaphragms for receiving ultrasound signals, widening its highly sensitive
detection range, and avoiding the obvious detection blind area.

To verify that the developed fiber optic sensor can achieve omnidirectional sensitive
detection of PD in a transformer, the omnidirectional ultrasound signal detection platform
was built based on the typical structure of transformers, as shown in Figure 10. Three
hollow iron cylinders and two iron plates were placed in the oil tank to simulate the
windings and iron yokes respectively. Due to the influence of the solid structure on the
propagation of the ultrasound signal, the oil tank was divided into different areas. As
shown in Figure 11a, the oil tank was divided into parts A, and B along the midline of
its width. As shown in Figure 11b, the oil tank was divided into parts 1, and 2 along the
midline of its height. The oil tank was divided into four areas Al, A2, B1, and B2. The
omnidirectional fiber optic sensor was placed at the half-height of area A. The piezoelectric
crystal was placed in four areas A1, A2, B, and B2, and the signal generator output pulse
signal with center frequency at 70 kHz to simulate PD. The responses of the sensor are
recorded, as shown in Figure 11.

Oil tank

PN

Iron plate

/\ A

Location of fiber optic omnidirectional sensor

(a) Vertical View (b) Front View

Figure 10. Structure diagram of the omnidirectional ultrasound signal detection platform.

Area 1 is the highly sensitive detection range of the FBG sensing part, and area 2 is the
highly sensitive detection range of the F-P cavity sensing part. The ultrasonic waves in area
A propagate directly to the fiber optic sensor without blocking, at which time both the FBG
sensing part and the F-P cavity sensing part can receive the ultrasound signal. When the
piezoelectric crystal was in area Al, the response amplitude of the FBG sensing part was
larger and that of the F-P cavity sensing part was smaller. When the piezoelectric crystal
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Amplitude/V

Amplitude/V

was in area A2, the response amplitude of the FBG sensing part was smaller and that of
the F-P cavity sensing part was larger. The ultrasonic waves in area B are blocked by the
iron cylinder and iron plate during propagation, resulting in energy attenuation. When the
piezoelectric crystal was in area B1, the FBG sensing part could detect the ultrasound signal,
but its response amplitude decreased significantly, while the F-P cavity sensing part could
not detect the ultrasound signal. When the piezoelectric crystal was in area B2, the F-P
cavity sensing part could detect the ultrasound signal but the FBG sensing part could not
detect it. PD may be generated in any area inside the transformer, and the ultrasonic waves
will be attenuated during propagation due to the blocking effect of various solid structures.
It is difficult for ordinary F-P sensors and FBG sensors to sensitively detect PD from various
locations. The omnidirectional fiber optic sensor for PD developed in this paper combines
the ultrasonic responses of the F-P cavity sensing part and that of the FBG sensing part to
achieve sensitive detection of PD in all directions. The highly sensitive detection range of
the F-P cavity sensing part is complementary to that of the FBG sensing part.
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Figure 11. Detection results of the fiber optic sensor for ultrasound signals in different areas.

4.3. PD Detection Performance Test

Based on the built PD test system, the PD detection performance of the fiber op-
tic sensor is tested. The test system is shown in Figure 12. The size of the oil tank is
0.5 x 0.3 x 0.3 m>. The fiber optic sensor was placed inside the oil tank and the PZT was
fixed to the outer wall of the oil tank for comparative detection with an amplification gain
of 20 dB. The fiber optic sensor and the PZT were placed on different sides of the discharge
model, both facing the discharge model and 15 cm away from it.
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Figure 12. Schematic diagram of PD test system.

The lower limit of PD detection of the fiber optic sensor was tested by the metal tip
discharge model. The amount of PD was first calibrated. The pulse generator for calibration
outputs pulse waves of 50 pC and 100 pC to the discharge model in turn and the output
voltage U of the detection device is 60 mV and 120 mV, respectively. By the principle of the
pulse current method, the relationship between the PD amount g and U is g = 0.83 U (unit:
mV). After calibration, the lower limit of PD detection is tested for the F-P cavity sensing
part and the FBG sensing part respectively. The voltage was increased at a rate of 0.5 kV /s
until the fiber optic sensor detected the ultrasound signal, and the detection results of the
detection device, fiber optic sensor, and PZT were recorded, as shown in Figure 13.
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Figure 13. (a) The lower limit of PD detection of FBG sensing part; (b) The lower limit of PD detection
of F-P cavity sensing part.

As shown in Figure 13a, the FBG sensing part detected the ultrasound signal with
U = 82.8 mV, indicating that its lower limit of PD detection is 68.72 pC, and the response
amplitude of the FBG sensing part was significantly higher than that of the PZT. As shown
in Figure 13b, the F-P cavity sensing part detected the ultrasound signal with U = 57.8 mV,
indicating that its lower limit of PD detection is 47.97 pC, and the PZT did not detect the
PD signal. The PD detection sensitivity of the fiber optic sensor designed in this paper is
higher than that of the PZT.

4.4. Distance Attenuation Response Test

The distance attenuation response of the fiber optic omnidirectional sensor was tested
in transformer oil. The structure of the test system is shown in Figure 14. The size of
the oil tank is 1.0 x 0.5 x 0.5 m>. Ultrasonic waves were generated by a signal generator
driving a piezoelectric crystal. The signal generator outputs a 2 Vpp sine wave signal with
a frequency of 90 kHz. The fiber optic sensor is placed against the inner wall of the oil
tank, and the PZT is fixed to the outer wall of the oil tank with an amplification gain of
20 dB for comparison detection. Set the distance between the piezoelectric crystal and the
fiber optic sensor (the same for the PZT) as 10, 20, 30. . .90 cm in sequence. The ultrasound
signal responses of the F-P cavity sensing part, the FBG sensing part, and the PZT for
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each position were recorded separately. 20 sets of data were saved at each position for
peak-to-peak averaging, and the detection results are shown in Figure 15. The ultrasound
signal responses of the fiber optic sensor and the PZT are approximately exponentially
attenuated as the distance increases, and the amplitude of the ultrasound signal detected
by the PZT is lower than that of the fiber optic sensor. The reason is that the PZT is fixed
to the outer wall of the oil tank, and the ultrasonic waves were received by it through the
attenuation effect of the tank wall, resulting in a significant decrease in its amplitude. The
internal structure of transformers is complex, and the ultrasound signal generated by PD is
blocked by various solid structures (e.g., cardboard, winding) during propagation, causing
significant signal attenuation. Therefore, the sensitivity of the fiber optic sensor that can be
built into the transformer could be better than that of the external PZT.
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Figure 14. Structure of distance attenuation test system.
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Figure 15. Distance attenuation curve of the fiber optic sensor and the PZT.

4.5. Anti-Interference Performance Test

The fiber optic omnidirectional sensor for PD installed inside the transformer is
susceptible to the impact of the flowing oil during work. In this paper, the ultrasound
signal response of the fiber optic sensor was tested in the case of oil flowing to evaluate
the anti-interference performance of the fiber optic sensor, and the test system is shown
in Figure 16. Immerse the inlet and outlet of the oil pump into the oil tank and turn on
the oil pump to simulate the flowing oil, when the rate is 6.5 L/min. The signal generator
outputs a 4 Vpp pulse signal with a frequency of 90 kHz. The ultrasound signal responses
of the FBG sensing part and the F-P cavity sensing part were tested in the case of oil pump
off and on respectively, and the results are shown in Figure 17. The response waveforms
of the fiber optic sensor to the same ultrasound pulse signal vary less with and without
the impact of flowing oil. It shows that the fiber optic sensor designed in this paper can
achieve effective measurement of ultrasound signal in case of oil flowing, which is highly
resistant to interference.
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5. Conclusions

In this paper, a fiber optic omnidirectional sensing method for PD detection in trans-

formers combined with the FBG and F-P cavity is proposed. The fiber optic omnidirectional
sensor for PD was developed and its performance was tested. The following conclusions
are obtained:

@

@)

®)

4)

The fiber optic omnidirectional sensor for PD developed in this paper has the F-P
cavity sensing part and the FBG sensing part. The resonant frequency of FBG acoustic
diaphragm is around 20 kHz and that of F-P cavity acoustic diaphragm is 94 kHz.
The sensitivity of the fiber optic sensor is higher than that of the PZT. The lower limit
of PD detection is 68.72 pC for the FBG sensing part and 47.97 pC for the F-P cavity
sensing part.

The directional testing of the sensor and its testing within a transformer simulation
model indicate that the sensor’s design, encapsulating four acoustic diaphragms,
significantly widened the highly sensitive detection range, ensuring a more compre-
hensive capture of PD ultrasound signals from all directions.

As the distance between the PD source and the sensor increases, the peak-to-peak
value of the PD signal detected by the sensor decreases. The rate of decrease is higher
in the F-P cavity compared to the FBG. Through the design of different resonant fre-
quencies for the F-P cavity and FBG diaphragm, the sensing needs of high-frequency
PD ultrasonic signals and long-distance PD ultrasonic signals are both accommodated.
Additionally, the sensor can detect obvious pulsed ultrasound signals in case of oil
flowing, which means it has a strong anti-interference ability.

In the future, the introduction of more diaphragms with different resonant frequen-
cies can be considered to improve the sensor’s ability to cover the typical acoustic
frequencies of PDs. In addition, by combining artificial intelligence algorithms and
array signal processing algorithms, this sensor is expected to be used in localization
studies of PDs.
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