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Gas-insulated switchgear (GIS) is widely used in high-voltage power transmission systems.
There has also been increasing demand for the real-time and online detection of faults in GIS
equipment. In this study, a new type of optical fiber acoustic emission (AE) sensor based on the
photoelastic effect and the polarization modulation method is proposed and fabricated. Partial
discharge (PD)-induced AE signals of different defects were collected by this sensor and used
for back-propagation artificial neural network (BP-ANN) training and recognition after data
preprocessing and feature extraction. The results of the research show that a BP-ANN with self-
adaptation and self-learning combined with the proposed sensor has good performance in the
recognition and prediction of PD faults in GIS equipment, and the average accuracy of the test
set reached 93.7%. The detection technology for weak AE signals and the fault identification
method reported in this study can provide a reference for online monitoring of GIS and other
equipment, which will have appreciable economic value and social significance.

1. Introduction

Gas-insulated switchgear (GIS) has been widely used in high-voltage power transmission
systems.(]) Most insulation faults of GIS are caused by partial discharges (PDs), which are
induced by small insulation defects.>> This phenomenon gradually deteriorates the insulation
performance and eventually leads to serious breakdown faults. The early detection of PD-
induced acoustic emission (AE) signals can reduce the incidence of serious accidents caused by
the insulation faults of GIS.®”) Current detection methods mainly include the ultrahigh frequency
(UHF) method, pulse current method, chemical detection method, optical detection method, and
AE detection method.®~” However, because these methods also have limitations, developing a
method with higher accuracy to detect PD faults in GIS with a sealed metal shell is still a very
significant engineering problem.
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Optical fiber sensors have the advantages of insulation, anti-electromagnetic interference,
corrosion resistance, and ease of realizing long-distance signal transmission. On the basis
of the signal modulation method, optical fiber sensors can be classified as phase modulation
type, intensity modulation type, wavelength modulation type, polarization modulation type,
etc.81 Among them, fiber Bragg grating sensors and Fabry—Perot optical fiber sensors, whose
techniques are relatively mature, have been widely used in various fields such as industry,
the military, and aerospace. However, these two types of sensor have technical limitations
that restrict their further application. For instance, fiber Bragg grating sensors mostly use the
demodulation method of wavelength scanning, which results in a slow response and makes
these sensors unsuitable for high-frequency AE signal acquisition. Also, their temperature
cross-sensitivity is poor, with separate temperature compensation required. Although Fabry—
Perot optical fiber sensors have high sensitivity, high resolution, and high accuracy, they usually
require micromachining and coating of the fiber. These reduce the mechanical strength of the
sensor and the stability of systems, making them unsuitable for long-term work in an industrial
production site with temperature fluctuation, vibration, and shock.

After analyzing features of PD faults and comparing existing detection methods, in this
study, we designed an optical fiber AE sensor based on the photoelastic effect and polarization
modulation method to acquire PD-induced AE signals. Then, the fabricated sensor was used to
collect PD-induced AE signals of different defects for building and training a back-propagation
artificial neural network (BP-ANN) for recognizing defects. The results show that the system
proposed in this study has good anti-interference ability and can collect weak AE signals
and accurately identify different types of faults, which is of great significance for the safety
monitoring of GIS equipment in ultrahigh voltage (UHV) power transmission systems.

2. Sensor Design
2.1 Theory of photoelastic effect
The photoelastic effect, which was first developed by the Scottish physicist David Brewster,

was mathematically established by the French physicist Wertheim.!") For optical materials, the
relationship among the refractive indices along the principal axes can be expressed as

—2+—+—2=1, (1)

where n; is the principal refractive index in the ith direction in the optical material.
In the mechanical analysis of materials, the stress state at any point can be described by a
quadric surface equation as follows:

0'1x2 + 0'2y2 + 0'322 =1, 2

where o; is called the principal stress in the direction of the ith principal axis.
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Isotropic optical materials become anisotropic under stress load conditions, and the optical
principal axes of a material are determined by the directions of its stress principal axes; in other
words, they are coaxial. Considering that the optical principal axes are coaxial with the stress
principal axes, the two interfaces of the two surface equations and their concentric spherical
equations are parallel to each other. The following can be derived:

m —ny =—Cy01 = Cy(0, +03)
ny, —ny =—-Co, —C,(0y +03), 3)
ny —ny =—Cyo3 = C, (01 +03)

where C; and C, are the first and second photoelastic constants, respectively, and their values
only depend on the physical properties of the material. For pure silica, the material of optical
fibers, we have C; = 6.5 x 107 m?%/N and Cr=42x 1072 m%/N.

Equation (3) describes the specific distribution of the refractive index of optical materials
under stress load conditions, which provides an important theoretical basis for the research of
optical fiber AE sensors.

2.2 Polarization modulation

In this study, a polarization modulation sensor structure based on fundamental-mode
polarization interference was designed. Its principle is that the signal to be measured can
be transformed into interference light intensity of two polarization modes by separating the
orthogonal modes from the fiber, rotating one of them, and then combining one with the other.
This type of sensor simultaneously has high sensitivity, a wide frequency bandwidth, and a fast
response.

The principle of the optical fiber sensor based on polarization modulation is shown in Fig. 1.
The incident light generated by the laser light source is converted from partially polarized
light to linear polarized light by the polarizer. The linear polarized light is injected into the
sensor at an angle of 45° to the slow axis of a polarization-maintaining fiber (PMF), giving the
components of light in the fast and slow axes the same initial intensity and phase. These two
orthogonal polarized lights independently transmit with different transmission constants in the
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Fig. 1.  (Color online) Schematic of the optical fiber sensor based on polarization modulation.
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fast and slow axes of the sensing unit, which causes a fixed phase difference at the output end.
The two components are depolarized at the output end. Finally, the two depolarized components
are superimposed to measure the interference light intensity to detect AE signals.

Assume that the fast and slow axes are in the x and y directions, respectively, with effective
refractive indices n, and n,, the initial electrical field of the linear polarized light is £;, and the
length of the fiber is L. Then, the output field is

E, =%Ez e %
. “)
Ey ZEEl‘e Y

where @, and &, are the phases at the output end, which depend on the length of the
optical fiber as the sensing unit, the wavelength of light, and the effective refractive index:
&, =2nlny/ A= koneL, ®,=2nln,/ A= kon,L. The output light intensity can be described as

1 ' 2 2 1 2 — i -jo, 2
1=§|E + B[ =|E,+E,| =ZEl.-efx+eW ©)
The phase property can be rewritten in trigonometric form and finally simplified to
1
I= EE,? -(1+coskyLB) . 6)

Equation (6) describes the output light intensity of the polarization modulation sensor
system. From Sect. 2.1, the distribution of the refractive index is affected by the external
pressure load, leading to a change in birefringence. Therefore, the external pressure signal can
be calculated from the change in the output light intensity.

When the optical fiber is not subject to external interference, the birefringence B is a
constant that depends on its optical property. It can be inferred from Eq. (6) that the output
light intensity tends to change periodically with increasing fiber length L, with the period
called the beat length of the fiber, which equals A/B. For convenience, the total length of the
fiber is assumed to be an integer multiple of the beat length, so that the output light intensity is
maximum without pressure loading and that AE signals cause it to decrease.

As shown in Fig. 2, if we assume that AE signals affect the fiber on a part with length /,
causing the effective refractive indexes in the fast and slow axis directions to change to n', and
n'y, respectively, then the phase at the output end in Eq. (4) can be rewritten as

{@x = kon (L —1)+kgn'. 1 .

@, =kon, (L—1)+ ko', I’
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Fig. 2. (Color online) Influence of elastic wave on optical fiber properties.

Substituting Eq. (7) into Eq. (5), the phase property can be simplified to
1+cos[kyB(L—1)+kyB'l], (8)

where B’ = n'y — n', is the birefringence of the part under the influence of the AE signal and
AB = |B — B'| is defined as the change in birefringence. The total length of the fiber is chosen
as an integer multiple of the beat length. Then, after combining Egs. (5) and (8), the output light
intensity can be rewritten as

I= %Ef -(1+cos(ky/AB)) . 9)

This equation describes the variation of the light intensity due to polarization modulation
in the range of /AB < 1/A, and the variation is affected by both the influenced length / and the
change in birefringence AB. In practical applications, the length / can be controlled or fixed as a
constant by adjusting the fiber-laying method, so the output light intensity only depends on the
changes in birefringence. Therefore, the AE signal can be captured by real-time monitoring of
the output light intensity; then, the characteristics of the AE signal can be extracted by time and
frequency domain analyses.

3. Data Acquisition and Processing

Among the main causes of GIS faults, corona discharge between needle-plate electrodes in
the loop circuit is the most common one. Therefore, we further analyzed this type of fault of
PD. A model based on the above theory was used to simulate the generation of PD-induced AE
signals at a voltage of 9 kV in this study. Photographs of the sensor structure and the platform
in the experiment are shown in Fig. 3. The experiment was divided into six groups according
to the type of defects, and an optical fiber AE sensor (SM15-PS-U25D PANDA, Japan Fujikura
Ltd.) was used to collect PD-induced AE signals generated by needle-plate electrodes set to
electrode distances of 1 to 6 mm. The collection time of each group was 200 s, which was
divided into 200 signals with an interval of 1 s; therefore, we obtained a total of 1200 signals.

Owing to the influence of ambient noises during the AE signal acquisition, the signals were
of poor quality as shown in Fig. 4(a). Thus, the signals and associated noises were preprocessed
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Fig. 3. (Color online) Photographs of the sensor structure and the platform in the experiment. (a) Data collection
platform, (b) discharge platform.
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Fig. 4. (Color online) Time and frequency domain diagrams of the signal generated by 6 mm needle-plate
electrodes. (a) Time domain diagram of the original signal, (b) frequency domain diagram of the original signal, (c)
time domain diagram of the signal after filtering, (d) frequency domain diagram of the signal after filtering, (e) time
domain diagram of the signal after filtering and denoising, and (f) frequency domain diagram of the signal after
filtering and denoising.

before defect recognition. As shown in Fig. 4(b), the PD-induced AE signals were mainly
distributed in the frequency range of 20—400 kHz, so the signals were first filtered by an
appropriate bandpass filter.
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Figures 4(c) and 4(d) show that the noise was still strong compared with the AE signals after
filtering the signals with the bandpass filter. The reason for this phenomenon is that the PD
sources were inside the GIS equipment, which greatly attenuates the propagation of PD-induced
AE signals. Thus, the signals with low SNR will decrease the defect recognition accuracy.
Generally, AE signals behave as singular points, whose energy is concentrated on a few sparse
wavelet coefficients with relatively large amplitudes. After an orthogonal wavelet transform,
these coefficients are modal maximum values at various scales, while the stationary white noise
is still white noise.'® Therefore, wavelet threshold denoising was used for further denoising, the
results of which are shown in Figs. 4(e) and 4(f). It can be seen from the time domain diagram
that signals with singularities and mutations were well preserved and that the noise was greatly
reduced. Furthermore, it can be seen from Fig. 4(f) that the signal spectrum distribution had
a large difference after noise reduction and exhibited many low-frequency components. They
are considered to be generated by partial deformation of the signal during the decomposition
and reconstruction. However, the energy source is still in the frequency range of 20—400 kHz,
which must not be affected by low-frequency noise from the environment in the subsequent
process of recognition and prediction.

4. BP-ANN Defect Recognition Model

In this study, a BP-ANN was chosen to construct the defect recognition model because of
its advantages of nonlinearity, adaptability, and induction. Here, the sampling frequency of PD-
induced AE signals was 1.0 MHz. Then, seven time domain features and 18 frequency domain
features were extracted and respectively standardized in the time and frequency domains as
shown in Table 1./7-2V Finally, the selected features were used to train a three-layer BP-ANN to
construct a defect recognition model as shown in Fig. 5.

As previously mentioned, the data set had a capacity of 1200 and was divided into the
training set and test set with a 3:1 ratio. After repeated experiments and parameter adjustments,
the error of the model gradually converged to less than 1072 Using the optimal parameters, the
BP-ANN was randomly trained 10 times, and the recognition accuracy of the test set is shown
in Fig. 6. The average recognition accuracy of the test set reached 93.7% and the variance was 0.68.

Table 1
List of the extracted features.

Time domain Frequency domain

Maximum value, minimum value, Maximum value of power spectrum,
Feature name absolute mean value, variance, standard median frequency,
deviation, peak value, peak-to-peak value energy features of wavelet packet (level 4)22729
/\/\/ B - ' A e Hidd ™ e P ™
eature idden utput
; Input Layer P Fault Type
AE Signal | Extraction | Features L L Layer L Layer
J J

Fig. 5. (Color online) Structure diagram of the recognition model.
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Fig. 6. (Color online) Recognition performance of proposed sensor on randomly selected test sets. The average
accuracy was 93.7% and the variance was 0.68.

The highest and lowest recognition accuracies of the test set were 95 and 92.7%, respectively.
The results show the validity of the data processing method and the model of PD-induced AE
signal recognition, and verify the applicability of the proposed optical fiber AE sensor to PD-
induced AE signal acquisition.

5. Conclusions

In this study, a new type of optical fiber AE sensor based on the principle of polarization
modulation was proposed, which was used to collect PD-induced AE signals inside GIS
equipment. The signals were preprocessed with bandpass filtering and wavelet threshold
denoising because the original signals were doped with many low-frequency components and
a large amount of noise. After that, feature extraction was performed on the signals in the
time domain, frequency domain, and time—frequency domain, and the extracted features were
used to train a BP-ANN to obtain a model that can accurately identify the PD phenomena of
different defects. Results show that this optical fiber AE sensor combined with the trained BP-
ANN defect recognition model can accurately predict the state of the internal fault source of
fully enclosed metal GIS equipment by collecting, analyzing, and identifying PD-induced AE
signals. The results of this research can enable online monitoring of PD phenomena from GIS
equipment. The employed principle can also be used to detect PD phenomena in other scenarios,
giving it universal significance as a reference for the intelligent health management of power
equipment. However, this work also has some gaps and areas for improvement, for example,
the experimental models were of a single type and the number of samples was relatively small.
In future research, the operation data of production equipment in power enterprises will
be collected for analysis and research to accelerate the application and development of this
technology.
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