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Partial discharge (PD) usually occurs before the insulation failure of a gas-insulated
switchgear (GIS). Early failures in GIS can be detected effectively by monitoring the vibration
signal initiated by PD. In this paper, a new type of acoustic-emission (AE) sensor based
on a polarization-maintaining and absorption-reducing (PANDA) polarization-maintaining
fiber (PMF) is proposed to detect the PD-induced ultrasound information accurately in GIS.
Pressure load affects the birefringence of the PMF, leading to variation in light output intensity.
Simulation and experimental results indicate that the effective refractive index difference
between the x and y polarization modes has a linear relationship with the external pressure.
Therefore, pressure variations generated by ultrasound can be obtained by interference
demodulation between the x and y polarization modes. The proposed sensor has many
advantages such as simple structure, small volume, and strong environmental tolerance. The
results of this work provide a new direction for more effective PD detection methods and fault
diagnosis approaches.

1. Introduction

The gas-insulated switchgear (GIS) is widely used in extra-high-voltage (EHV) transmission
and distribution systems for its useful attributes such as compact structure, high reliability,

small electromagnetic pollution, and low maintenance requirements.!~%

The large-area
power failures caused by GIS faults have caused much inconvenience and serious economic
losses.®7 Being one of the important performance characteristics of the GIS, the reliability
of its insulation is of great importance to the safety of power systems. As insulation failure
usually starts with PD activity, which is usually accompanied by secondary phenomena such as

sound, light, electromagnetic waves, temperature changes, and chemical reactions,(g’”) hidden
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internal dangers can be detected by monitoring PD so that the reliability of the equipment can
be ensured.

Acoustic-emission (AE) detection is a kind of nondestructive detection technology that
can reliably detect the surface discharge of insulating materials and the damage of material
structures.!>1 At present, the commonly used AE sensors are mainly piezoelectric sensors.
However, these traditional sensors cannot maintain accuracy and stability for long periods in
harsh environments with high temperatures or strong electromagnetic environments, so they
are unable to satisfy the requirements of on-line PD monitoring applications in a high-voltage
insulator.'®!”) Therefore, there is an urgent need for a new type of AE sensor, which would be
made from a new material or by a new method, that has high stability and high sensitivity for
long-period detection under extreme environmental conditions.

Fortunately, optical fiber sensors have many advantages, such as small volume, immunity
to corrosion and electromagnetic interference, and tolerance to high temperatures, and
have been widely used in industry.(lg’m)
the most widely researched in recent years are the phase modulation sensors, including

Fabry—Perot interferometers (FPIs), Mach—Zehnder interferometers (MZIs), and Sagnac
(22-24)

Among these kinds of optical fiber sensors,

interferometers, and the wavelength modulation sensors, including the fiber Bragg grating
(FBG), long-period fiber grating (LPFG), and surface plasmon resonance (SPR).>>27 They all
have the advantages of high sensitivity and large bandwidth, but the former’s response speed is
not very fast, and the latter has a complex structure.

In this study, a new type of optical fiber AE sensor based on polarization modulation is
proposed, analyzed, and fabricated. The sensor is equipped with a polarization-maintaining
and absorption-reducing (PANDA) polarization-maintaining fiber (PMF) as the sensing unit
and is used to measure the AE signals of surface discharge or material damage. First, the
performance of the sensor is analyzed by finite element method (FEM) simulation in this study.
The results show that the birefringence of the PMF is linearly dependent on the magnitude of
the surface pressure load caused by AE. Then, an experimental platform is established and the
proposed AE sensor is fabricated to test and verify the performance. The results confirm that
this type of sensor has many advantages, including high sensitivity, high linear resolution, and
fast response, as well as large bandwidth.

2. Sensing Principle

The structure of the optical fiber pressure sensor based on polarization modulation is shown
in Fig. 1. The linearly polarized light is injected at 45° to the fast axis (x-axis) of the fiber. The
x and y components of the linear polarization state are maintained by the high-birefringence
fiber with the different propagation constants f, and f,, leading to a phase difference between
the two components at the output end. To detect the phase difference, the output light is
separated into two perpendicularly polarized light components. The y component is rotated by
90° and combines with the x component to form a light interferometry pattern.

The output interference light intensity is expressed by Eq. (1), where L is the length of fiber,
ny and ny, are the effective refractive indices of x- and y-polarized light, respectively, ko = 27/4 is
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Fig. 1. Sensing principle.

the wave number in vacuum, and the relationship between the effective refractive index and the
propagation constant is = kone.

[=|Ey+ Eyf* = Ej-le/® + /%2> = 2E5 - [1 + cos(koLB)]

2nL - ny 2rL - n, )]

@1 = 1 = kol’le, @2 = = k()nyL

B = |ny — ny| = ko|fx — p,|, the birefringent coefficient, is the key factor in the output
interference light intensity. When the fiber is under external pressure, the optical properties
change owing to the photoelastic effect,*® resulting in the change of birefringent coefficient B,
and consequently affecting the output light intensity.

3. Performance Simulation

In this study, the performance of the sensor is analyzed by the FEM. For this, COMSOL
Multiphysics® is used to calculate the properties of the two orthogonal polarization states of the
fiber under pressure. The SM15-PS-U25D PANDA PMF made by Japan Fujikura Ltd. is used
as the sensing unit.

As shown in Fig. 2(a), the tensile stress between the stress-applying parts (SAPs) applied
to the core induces large birefringence. In this work, we are aiming to investigate the stress
distribution and the mode effective refractive index on the section of fiber under the influence
of an AE signal, so the 2-D space dimension is selected to build the cross-sectional model of the
PMF. The distribution of stress in the components under a zero pressure load is shown in Fig.
2(b). The stress direction is along the slow axis, pointing toward the interior of the fiber. Stress
distributions in the fast axis direction and the slow axis direction under different pressure loads
from 0 to 100 MPa are shown in Figs. 2(c) and 2(d). There is a good linear relationship between
stress distribution and uniform pressure load.

The birefringent properties of PANDA PMF are presented in Figs. 3(a) and 3(b). It can be
inferred that an external pressure load contributes to an increase in both x and y polarization
modes, with linear relationships of 5.51 x 107 and 2.50 x 107® RIU/MPa, respectively.
However, the different rates of their increases weaken the birefringence caused by geometric
asymmetry. In other words, the birefringence decreases linearly with the external pressure load.
Owing to its good mechanical sensitivity, the birefringence changes with external pressure load
and decreases by 52.8% at 100 MPa with a linear relationship of 3.01 x 10~% RIU/MPa.
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Fig. 2. (Color online) (a) Cross-sectional image of PANDA PMF, (b) stress distribution in cross section of PMF,
(c) stress distribution in the slow (x) axis direction with external pressure loads from 0 to 100 MPa, and (d) stress
distribution in the fast (y) axis direction with external pressure loads from 0 to 100 MPa.
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Fig. 3. Polarization modes with pressure loads from 0 to 100 MPa along slow axis. (a) Relationship between
effective refractive index and pressure and (b) relationship between birefringence and pressure.

4. Experiment and Analysis

In accordance with the sensing model based on polarization modulation shown in Fig.
1, the experimental platform is designed to be as shown in Fig. 4(a). The structure of the
platform includes a light source (1), linear polarization controller (2), sensing unit (3), fiber-
based polarization beam splitters (4), fiber-based beam coupler (5), photoelectric detector (6),
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Fig. 4. (Color online) Measuring system. (a) Structure of experimental platform and (b) pot insulator containing
the packaged optical fiber sensor.

and terminal for data acquisition and processing (7). As shown in Fig. 4(b), the sensing unit
of the optical fiber sensor is packaged in the U-slot of a pot insulator using epoxy resin with
high chemical stability and adjustable elastic parameters. The entire package is an independent
assembly structure. In addition, the PXRO03 piezoelectric sensor made by China PengXiang
Ltd. is used for comparison. It has a wide bandwidth of 20—110 kHz.

The light source provides a stable beam of 1550 nm wavelength. The linear polarization
controller is used to convert the unpolarized light emitted by the laser to linearly polarized
light and to rotate the linearly polarized light from the slow axis to 45° before it is injected to
the sensing unit. The fiber-based polarization beam splitter is used to split the light from the
sensing unit into two beams with orthogonally polarized directions. The fiber-based beam
coupler combines two beams into one by tapering technology. When the photoelectric detector
unit transmits the signal to the data acquisition card, the collected data will be transmitted to
the PC terminal and stored.

4.1 Frequency characteristics

The sensor can theoretically detect ultrasonic signals in the broadband frequency range. In
order to obtain the working frequency bandwidth of the fiber AE sensor, a passive buzzer with
an adjustable vibration frequency is used as an AE source to evaluate the performance of the
sensor. The signal generator outputs a sine wave voltage signal to energize the buzzer. The
excitation signal frequencies are 1, 10, 50, and 100 kHz.

The time domain signal is shown in Fig. 5(@). The voltage drifts greatly from 0-1.2 V,
presenting high DC and low-frequency components. This is mainly because the fiber AE sensor
is easily affected by temperature, which results in polarization phase interference. In addition,
the intensities under different excitation frequencies are slightly different, which is mainly
caused by the passive buzzer, because, at different frequencies, the buzzer output performance
is not balanced and varies from 0—2n. Through fast Fourier transform (FFT), the frequency
domain signal is obtained and shown in Fig. 5(b). The high-frequency component of the signal
provides phase interference information caused by the buzzer signal affecting the sensor. As
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Fig. 5. Dynamic frequency response test of the optical fiber sensor. (a) AE signals in time domain and (b) AE
signals in frequency domain.

the temperature mostly influences low-frequency information, it can be easily removed with a
band-pass filter, and there is no interference for the detection of the ultrasonic signal.

4.2 PD detection

In order to confirm that the polarization-mode interferometric fiber optic AE sensor can
effectively collect the weak ultrasonic signals produced by GIS PD, the performance of the
sensor was evaluated using the needle-plate discharge model. The high-voltage electrode was a
tungsten alloy discharge pin. The discharge spacing was 10 mm. The discharge voltage was 40
kV.

AE signals obtained by both sensors are shown in Fig. 6. The AE signal received by the
piezoelectric sensor exhibits good waveform characteristics. There is an apparent voltage
increase at the arrival of the ultrasonic signal, and then it exponentially decays to the
background noise level, as shown in Fig. 6(a). In contrast, the fiber optic sensor receives a large
amount of background noise and the PD-induced ultrasonic signal is not obvious, as shown in
Fig. 6(b). Upon bandpass filtering from 20 to 120 kHz, the AE signal of the optical fiber sensor
is much clearer than the AE signal of the piezoelectric sensor, as shown in Figs. 6(c) and 6(d).
This is because low-frequency components and high-frequency components of signals have
been filtered to reduce noise. Results showed that the proposed sensor showed a higher signal-
to-noise ratio.
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Fig. 6. Response test of AE signals generated by PD phenomenon. (a) The signal from piezoelectric sensor, (b)

the signal from optical fiber sensors, (c) signal in (a) after bandpass filtering from 20 to 120 kHz, and (d) signal in (b)
after bandpass filtering from 20 to 120 kHz.
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Fig. 7.

AE signals in the frequency domain initiated by PD, where low-frequency components and high-frequency

components have been filtered. (a) The signal from the piezoelectric sensor and (b) the signal from the optical fiber
Sensor.

Spectra of two AE signals are shown in Fig. 7. The piezoelectric sensor signal has a
significant peak at 20 kHz. The frequency range between approximately 80 and 100 kHz also
has some smaller peaks. The fiber optic sensor has a power distribution in the bandwidth
range of 20—110 kHz with a peak between 20—-30 kHz and a decrease in power as the frequency
increases. The results show that a narrow-band bandpass filter can be used in industrial
inspection to further improve the signal-to-noise ratio.

5. Conclusions

In this study, an optical fiber AE sensor based on polarization mode interference was
proposed and fabricated, and the theoretical analysis and experimental verification were carried
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out. A GIS PD detection platform based on the needle-plate discharge model was set up. The
characteristic peak of the induced ultrasonic signal was between 20-30 kHz. Theoretical and
experimental data were basically consistent, and the GIS PD fault was effectively monitored.
The sensor is highly versatile and extensible, and it can be applied to real-time monitoring in
almost any field, such as crack detection in nuclear power equipment, PD monitoring in high-
voltage insulators, and material performance and fatigue testing in large buildings or aerospace
components, as well as geological and seismic detection.
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