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An ultrasonic sensor based on extrinsic Fabry—Pérot interference (EFPI) has been designed and
demonstrated to detect the ultrasonic wave signal. The sensitivity and natural frequency of fiber
Fabry—Pérot (F-P) sensor with different structure parameter have been simulated by COMSOL.
The simulation results illustrate that the sensitivity is up to 1.737 nm/kPa and the natural frequency
is 2.1 MHz, when the silica diaphragm thickness is 2 um, the radius is 90 pm, and the cavity length
is 18 um. The most suitable parameters have been selected and the F-P sensor has been fabricated.
When the ultrasonic signals with the frequencies of 40 kHz and 1.2 MHz are respectively applied
to the sensor, the frequencies detected by the EFPI ultrasonic sensor are 39 kHz and 1.21 MHz based
on a partial discharge detection experiment for the designed demodulation system. The experimen-
tal results show that the sensor can accurately detect ultrasonic signals. As an excellent platform for
ultrasonic signal sensing, this EFPI ultrasonic sensing system has great potential applications in
partial discharge detection field.
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1. Introduction

Gas insulated switchgear (GIS) is the core power transmission and transformation
equipment in the power system, and its operational reliability is very important to the
safety and stability of the power grid [1-3]. According to the statistical results of re-
lated GIS faults, GIS insulation faults account for a large proportion [4], which brings
hidden dangers to the safe and stable operation of the power grid. The ability to accu-
rately predict and locate GIS insulation faults is an important prerequisite for safe op-
eration [5]. When a GIS insulation fault occurs, one of the notable features is partial
discharge (PD), and the phenomena such as light, ultrasonic waves, and electromagnetic
radiation will be generated [6,7]. These reactions can be used to detect the PD signal.
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The more commonly used detection methods of the PD signal are pulse current
method [8,9], ultra-high frequency detection method [10—15], ultrasonic detection meth-
od [16] and optical detection method [17-21]. Electric sensing method and ultra-high
frequency method are susceptible to electromagnetic interference, but they are not suit-
able for PD sensing in a strong electromagnetic environment. Although the ultra-high
frequency method and ultrasonic sensing method can resist electromagnetic interfer-
ence to a certain extent, its detection accuracy is not enough. Compared with traditional
electrical sensors, optical fiber sensors have the advantages of small size, light weight,
high sensitivity, high frequency response, and anti-electromagnetic interference, there-
fore it is more suitable for the PD detection. Combining optical fiber sensing technol-
ogy with ultrasonic detection method to detect PD signals is a very good detection
method. In 2000, a fiber coil acoustic sensor proposed by ZHAO et al. can detect sound
waves below 150 kHz [22]. In 2015, a PD ultrasonic sensor based on fiber Bragg grat-
ing is reported by ZHENG et al., and a high sensitivity of —=79.503 dB at 108 kHz was
obtained [17]. In 2019, an optical fiber acoustic emission sensor based on interference
has been proposed by Ma et al., and high amplitude of the signal detected by this system
can be achieved [23]. However, the structure of these PD ultrasonic detection system
is very complicated. In 2020, L1 proposed an EFPI ultrasonic sensor with two resonant
frequencies which are 31 and 63 kHz [24], but these two frequencies are relatively low
relative to the frequency of the detected signal.

In this study, an EFPI ultrasonic sensor with high frequency response (2.1 MHz) and
small size has been designed and manufactured. First, the fiber Fabry—Pérot (F-P) sen-
sor with different diaphragm structure parameters is simulated based on the COMSOL
finite element simulation software. The relationship between the sensitivity and natural
frequency with the structure parameters of the silica diaphragm have been investigated.
Then in the experiment, the ultrasonic signals with the frequency of 40 kHz and 1.2 MHz
are applied to the fiber F-P sensor, and the experimental results were consistent with
the theoretical simulation. To verify the accuracy of the system, more professional tests
were carried out at the Shanghai Institute of Metrology. An ultrasonic signal was applied
to PZT and EFPI ultrasonic sensor simultaneously, and the frequency of the ultrasonic
signal detected by the PZT and EFPI ultrasonic sensor are compared and analyzed.

2. Sensing theory and sensor design

Figure 1 shows a schematic diagram of the fiber F-P sensor. The entire fiber F-P sensor
is composed of a silica diaphragm, a silica tube, a fiber tube, and a single-mode fiber (SMF).
Light enters the F-P cavity from SMF, a part of the light is reflected back from the
SMF end-face, another part is transmitted into the F-P cavity, then reflected back to
the fiber core from the silica diaphragm. The entire light intensity / reflected to the
SMF core can be written as [25]
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Fig. 1. Schematic diagram of fiber F-P sensor probe.

where R, and R, are the reflectivity of the SMF endface and the silica diaphragm, re-
spectively. L is the length of F-P cavity, n, is the index of the F-P cavity, 4 is wave-
length, and /() is the intensity of the input light at different wavelength.

It can be seen from Eq. (1) that the intensity of the reflected light will be changed
with the F-P cavity length. Therefore, when PD occurs, the ultrasonic signal generated
by the PD will act on the silica diaphragm of the F-P, and the cavity length of the fiber
F-P sensor will change, which causes the optical path difference of the two beams to
change, and finally results in the intensity of the reflected light changes.

The sensitivity, center displacement and response frequency of the silica diaphragm
determine the measurement range and accuracy of the sensor [1]. When the elastic
deformation of the silica diaphragm is less than 20% of its thickness, its deformation
is proportional to the pressure [26]. For the center point of the silica diaphragm, the
sensitivity of its compression deformation can be expressed as [27]

ymax _ 3(1—11,(2)}"4
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where u is Poisson’s ratio, £ is Young’s modulus, » and d are radius and thickness of

the silica diaphragm, respectively, y,,., 1S the maximum displacement of the silica

diaphragm, and P is the pressure. It can be seen from Eq. (2) that the displacement of

the silica diaphragm is only related to the thickness and radius in the geometric pa-

rameters of the silica diaphragm, but has nothing to do with the F-P cavity length.
The natural frequency of circular diaphragm f;,, can be expressed as [27]

£ = kgo E d 3)
T4 3

where k is the first order resonance constant of 3.196, p refers to the material density
of the diaphragm. According to this Eq. (3), the length of the cavity has no effect on
the natural frequency.

When the natural frequency of the silica diaphragm matches the frequency of the
detection signal, the sensitivity of the fiber F-P sensor may reach the maximum. How-
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ever, when the natural frequency of the diaphragm is less than the frequency of the
detection signal, the diaphragm will not vibrate and the signal cannot be detected [1].
Thus, the natural frequency of the silica diaphragm used in the actual measurement
must be larger than the frequency of the detected PD ultrasonic signal.

To obtain the best structure parameter of the silica diaphragm, numerical simulation
based on COMSOL multiphysics simulation software has been performed, where the
solid pressure as the sound pressure generated by ultrasonic wave act on the diaphragm.
Considering the universality of silica and the same material as optical fiber, silica is
used as the material of the fiber F-P sensor. First, the relationship between the thickness
of silica diaphragm and the sensitivity and natural frequency is determined. When the
silica diaphragm radius is 90 um and the cavity length is 18 pum, the reflection spectra
of' the fiber F-P sensor with different pressure and silica diaphragm thickness have been
illustrated in Figs. 2(a) and (b). The reflection spectra have a blue shift of central wave-
length when the pressure increases. When the thickness of the silica diaphragm in-
creases, the blue shift decreases. It is clear from Figs. 2(a) and (b) that the blue shift
with the silica diaphragm thickness of 2 pm is greater than that with thickness of 5 um.
Generally, the greater blue shift, the greater sensitivity of the fiber FP sensor. As shown
in Fig. 2(c), when the thickness of the silica diaphragm increases, the sensitivity decreas-
es, but the natural frequency increases. Based on the simulation results above, the thick-
ness of the silica diaphragm is chosen as 2 um, which can obtain high sensitivity and
ensure that the natural frequency meets the frequency requirements of measuring the
ultrasonic signal.

The sensitivity and natural frequency with increase of the radius of silica diaphragm
is also studied further. The silica diaphragm thickness is 2 pm, and the cavity length
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Fig. 2. Reflection spectra of the fiber F-P sensor under different pressure with the silica diaphragm thick-
ness of (a) 2 um, (b) 5 um, and (c) the sensitivity and natural frequency with the silica thickness.
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Fig. 3. Reflection spectra of the fiber F-P sensor under different pressure with the silica diaphragm radius
of'(a) 90 um, (b) 120 um, and (c) the sensitivity and natural frequency with the radius of silica diaphragm.

is 18 um. Figures 3(a) and (b) show the reflection spectra of the fiber F-P sensor with
different silica diaphragm radius under different pressure. It is indicated that the blue
shift with the radius of 120 um is greater than that with the radius of 90 pm. The re-
lationship between sensitivity and silica diaphragm radius, and that between natural
frequency and silica diaphragm radius are depicted in Fig. 3(c). It can be seen from
Fig. 3(c) that the sensitivity increases and the natural frequency decreases with the in-
crease of silica diaphragm radius. In order to balance the sensitivity and the detection
range, the silica diaphragm radius is selected as 90 um.

It can be seen from Eq. (1) that the F-P cavity length value has no effect on the
sensitivity. However, the transmission optical length is proportional to the cavity
length, and the transmission loss will increase as the optical path length increases.
Therefore, the cavity length value of the F-P cavity needs to be as small as possible.
It is finally determined that cavity length was 18 um. Then, the sensitivity of the fiber
F-P sensor probe is studied, when d is 2 um, » is 90 um and L is 18 um. Figure 4
shows that the dip of the reflection spectra varies with the pressure, and a polynomial
fit curve is given. The simulation reflection spectrum of the fiber F-P sensor is shown
in Fig. 4(a). And, a curve fitting of blue shift with pressure is descried in Fig. 4(b),
which indicates that the blue shift decreases linearly with the increase of pressure. It
can be seen that the sensitivity of this fiber F-P sensor is 1.737 nm/kPa and the linearity
can reach 99.99%. Figure 4(c) shows the simulation diagram of the fiber F-P sensor
by COMSOL, and Fig. 4(d) shows the finished fiber F-P sensor after packaging.

The detected ultrasonic signal will be demodulated by the intensity demodulation
method. The intensity demodulation method uses a linear working interval of the re-
flection spectra, and converts the cavity length change of the sensor into an intensity
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Fig. 4. (a) Reflection spectra of the fiber F-P sensor with d = 2 um, » = 90 um and L = 18 um, (b) the

polynomial fits of the wavelength dips, (c) simulation results of diaphragm compression by COMSOL,
and (d) the fiber F-P sensor after packaging.

change to realize the demodulation of the F-P ultrasonic sensor signal. Between two
wavelength dips of the spectra, there is an obvious linear interval, which is suitable
for demodulating F-P ultrasonic sensor signal using intensity demodulation method.
As shown in Fig. 5, the monotonic linear interval AB is selected as the working interval
of the sensor, and the cavity length value of the sensor can be obtained by measuring
the output light power. The demodulation principle can be expressed as
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Fig. 5. Schematic diagram of the intensity demodulation method.
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where A, B, M are three points in the linear working range, respectively, and M is the
midpoint. L,, Ly and Ly, are the F-P cavity lengths corresponding to the three points
A, B, and M, respectively. /,, I and I, are the intensity of the output light power cor-
responding to the points A, B, and M, respectively. & is the slop of the line AB.

By measuring the intensity of output light, the cavity length of the sensor can be
calculated, then the intensity of the ultrasonic generated by the PD can be obtained.
This is the basic principle of the intensity demodulation method of the optical fiber
F-P cavity ultrasonic sensor. Its advantages are that the method is direct and simple,
the demodulation speed is fast, the response frequency is high and the cost is low. It
can be applied to high-frequency signals and weak dynamics.

3. Experiment and analysis

Figure 6(a) shows the schematic of the EFPI ultrasonic sensor system, and Fig. 6(b)
depicts the setup of the sensing system. The entire system is divided into a light path part
and a circuit part. The system starts data collection by the PC giving instructions to
the FPGA high-speed acquisition board (M41.4450-x8, SPECTRUM-INSTRUMENTA-
TION). At the same time, the narrow linewidth laser source (DL-BF8B-CLS101B
-S1550-LW10, DenseLight) emits continuous light and transmits it to the fiber F-P sensor
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Fig. 6. (a) Schematic of the EFPI ultrasonic sensor system, and (b) structure diagram of the EFPI sensor
system.
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Fig. 6. Continued.

through the circulator. The light will be reflected by the EFPI sensor, then is transmitted
to the photodetector (PDA20CS2, THORLABS) module through the circulator. The weak
optical signal is converted into electrical signal, and the electrical signal is amplified
at photodetector. The electrical signal is output to the PC through the PCIE bus, then
the collected data is processed, displayed and saved.

A single frequency acoustic signal is applied to the sensing system for experimental
verification. A digital signal generator (RIGOL, DG4102) is used to apply a sinusoidal
signal with an amplitude of 10 Vpp and a frequency from 2 kHz to 1.2 MHz to the PZT,
which is converted into a sound wave signal to simulate the sonic wave caused by PD.
The whole experiment was carried out at 25°C. The fiber F-P sensor is attached to
the PZT, and the signal generator is adjusted to a sinusoidal signal of 40 kHz and
1.2 MHz, respectively. The monitored electrical signal output and spectrum are shown
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Fig. 7. (a) The output voltage amplitude of the sensor system at 40 kHz, (b) FFT at 40 kHz, (c) the output
voltage amplitude of the sensor system at 1.2 MHz, and (d) FFT at 1.2 MHz.
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in Fig. 7. As shown in Figs. 7(a) and (b), its spectrum curve rises sharply at the 39 kHz
frequency point with an amplitude exceeding 10 dB when a signal with frequency of
40 kHz is applied to the PZT. When the frequency of 1.2 MHz is applied to the PZT,
its spectrum curve also rises sharply at the 1.21 MHz frequency point with an amplitude
exceeding 10 dB, which is shown in Figs. 7(c) and (d).

More professional experimental verification was carried out in Shanghai Institute
of Metrology and Testing to verify the accuracy of the system, the photograph of volt-
age generator of which is shown in Fig. 8(a). The PD test is carried out with a large
voltage of 10 kV. As shown in Fig. 8(b), since the distance between the two electrodes
is very close, the air near the two electrodes will generate a great field strength and
break down the air, and the discharge is generated, when the power of the voltage gen-
erator is turned on. The ultrasonic wave generated by the large voltage can simulate the
ultrasonic wave emitted by the PD occurs. The EFPI ultrasonic sensor and PZT are
placed at both sides of the electrode to detect the acoustic signal generated when the
air is broken down. The PZT is connected to the spectrum analyzer for comparison
with the experimental results of the EFPI ultrasonic sensor of this system. The test re-
sults of the EFPI ultrasonic sensor are shown in Figs. 9(a) and (b). Because the ultra-
sonic signal generated by PD is a random signal, many frequency components will be
detected, and accordingly many peaks will appear in the spectrum, as shown in Fig. 9(b).

(b)

Fig. 8. (a) The photograph of voltage generator, and (b) the photograph of the test.
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Fig. 9. (a) The output voltage amplitude of the sensor system, and (b) the FFT of output voltage.

A comparison of the EFPI ultrasonic sensor and PZT test results is summarized in
Table 1. It demonstrated that the detected frequencies of the EFPI ultrasonic sensor
and the PZT are relatively close, but the difference is larger at 1800 kHz, the reason
of which is that the signal frequency is higher than the natural frequency of fiber
F-P sensor. Hence it will reduce the detection accuracy of EFPI ultrasonic sensor.

Table 1. Detected results comparison of PZT and EFPI ultrasonic sensor.

Frequency detected by

PZT (kHz)

Frequency detected by

EFPI ultrasonic sensor (kHz)

7537 198.14 257.87 486.84 911.59 1160 1389 1800

75.86 204.59 250.02 401.29 973.87 1134 1407 1653

Several kinds of EFPI sensors reported are compared in Table 2. It can be clear that
the sensor proposed is made of silicon and the size of the sensor is very small. When
the sensitivity meets the requirements of ultrasonic signal measurement, the natural
frequency of the sensor is much higher than that of the same type of sensor reported
in the literature, which can greatly increase the range of sound pressure measurement.

Table 2. Performance comparison of EFPI sensors.

Ref. Radius ~ Thickness Diaphragm materia Sensitivity Natural frequency
[28] 900 um 0.1 pm Graphene 750 mV/Pa -

[29] 2300 pm 63 um Quartz 0.28 nm/Pa 32.8 kHz

[30] 5000 um 100 um Photosensitive resin material 2.81 mV/Pa  —

[31] 1120 um 5 pm Silicon 733 nm/kPa 60 kHz

[32] 2500 pm 200 pm Quartz 0.012 nm/Pa 88 kHz

[33] - - Silicon 60 nm/kPa 101.5 kHz

This work 90 pm 2 pm Silica 1.737 nm/kPa 2.1 MHz

4. Conclusion

In this report, an EFPI ultrasonic sensor was designed and investigated. First, the re-
lationship between the sensitivity and the silica diaphragm thickness and the radius of
the fiber F-P sensor has been simulated. The frequency of the detected signal must be
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less than the natural frequency of the fiber F-P sensor probe. The greater natural fre-
quency, the greater detection range. The sensitivity is 1.737 nm/kPa and theoretical de-
tection range is 2.1 MHz when the silica diaphragm thickness is 2 pm, the silica
diaphragm radius is 90 um, and the cavity length is 18 um. Second, applying a single
frequency acoustic signal with the frequency of 40 kHz and 1.2 MHz to the sensing
system, the detected frequency of EFPI ultrasonic sensor was 39 kHz and 1.2 MHz,
respectively. The small difference between measurement results and actual values is
caused by the inaccuracy of the sensor size and the temperature variation, which indi-
cated that the frequency of this ultrasonic signal can be detected by this EFPI ultrasonic
sensor precisely. At last, the more professional experiment has been performed at the
Shanghai Institute of Metrology and Testing. The experimental results demonstrated
that the ultrasonic signal produced by PD can be detected by EFPI ultrasonic sensor
accurately.
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