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The epoxy resin is the main solid insulating material for electrical equipment. PD (partial discharge) is an important factor leading to epoxy resin aging or failure. Fault detection technology based on audible acoustic imaging has the advantages of real-time monitoring, visibility, and flexibility and is gradually being used in the field of electrical equipment insulation state monitoring. However, the audible voiceprint features of epoxy resins with typical PD defects are not clear, which is not conducive to effective detection and fault diagnosis. Therefore, in this study, the study of audible voiceprint features of epoxy resins with a metal burr, pollution, metal foreign matters, and surface discharge defects was carried out. The discharge audible signals were obtained, and their time and frequency domain features were analyzed. The results show that the discharge audible signals of four PD defects can reflect the occurrence of PD simultaneously with pulse current signals. But the characteristics are obviously different in the time domain, which are embodied in listening perception, persistence, amplitude, and phase. In the frequency domain, the frequency spectra of discharge audible signals of four defects are mainly 5–10 and 13–24 kHz. Furthermore, the three feature vectors of frequency spectrum complexity, high-frequency energy factor, and maximum frequency point are extracted, which can well distinguish the discharge audible signals of four PD defects.
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1 INTRODUCTION
In the future, the development of power systems puts forward higher voltage levels, large capacity, and compact requirements for new energy power system equipment such as AC and DC transmission equipment. Therefore, the insulation system of electrical equipment may face a more serious test (Zhu et al., 2019). The epoxy resin is the main solid insulating material in important electrical equipment such as transformers, reactors, switch cabinets, and insulators due to its excellent electrical, mechanical, and thermal properties (Ding et al., 2022; Liu et al., 2022). However, the long-term thermal, mechanical, and electrical stress may cause aging of the structure and create a variety of PD defects. PD can accelerate the aging of epoxy resins and finally result in surface flashover or breakdown (Zhang et al., 2018; Muneaki et al., 2021). Therefore, it is very important for the monitoring and fault diagnosis of electrical equipment solid insulation (Lei et al., 2017).
For different characteristic phenomena (sound, light, electricity, heat, etc.,) produced by PD, there are many PD detection methods such as the pulse current method (Li et al., 2015), ultra-high frequency (UHF, 300–3 GHz) method (He et al., 2021), ultrasonic method (Lv et al., 2013), and induced charge tomography (ICT) (Liang et al., 2020). The pulse current method is a traditional PD detection method. It can monitor PD in real time and judge the severity of defects through the discharge quantities. But it is easy to be disturbed and difficult to be applied in the electric power field. The UHF method judges the occurrence of PD by detecting the UHF electromagnetic wave excited by PD. It is a non-contact detection method, which can monitor and locate PD in real time. However, a UHF antenna sensor is vulnerable to high-frequency electromagnetic signals such as corona discharge and communication. The ultrasonic method has a strong ability to resist electromagnetic interference and can realize the PD source location. However, the shortcomings are also obvious; it is easy to be disturbed by low-frequency sound waves, and the sensitivity is low. ICT is a new detection method, which can realize the visual detection of defects. However, it is still in the stage of simulation research. For the structural change and aging of epoxy resins caused by PD, there are detection methods such as the insulation resistance test (Xie et al., 2020), dielectric loss test (Wang et al., 2019), and X-ray (Xu et al., 2017). They have mature industry standards, and the change of the insulation state can be clearly judged by the test data but are mostly used for offline detection (Tu et al., 2013).
When PD occurs, audible signals (20–20,000 Hz) can be generated. For different PD defects, their voiceprint characteristics are also different (Xiao et al., 2017; Yun et al., 2020; Zhou et al., 2022). Therefore, the PD detection of epoxy resins based on audible signals has research value. The detection method based on audible acoustics is a non-contact detection method with high security. It has no interference with the normal operation of equipment and can detect multiple pieces of equipment in unison (Zhao et al., 2018). In addition, based on the rapidly developing acoustic imaging technology, the detection, location, and diagnosis technology of PD defects based on audible acoustics are gradually applied in electrical equipment insulation state monitoring (Fu et al., 2019; Shao et al., 2021). However, nowadays, the time and frequency domain characteristics of audible signals of epoxy resins with typical PD defects are not clear, which will hinder the development of PD detection and fault diagnosis of epoxy resins.
In this study, the research on the audible acoustic characteristics of epoxy resins with typical PD defects was carried out. An audible acoustic test platform of epoxy resins with PD defects was built, and typical PD defects of metal burr, pollution, metal foreign matters, and surface discharge were constructed. Then, the characteristics of the collected discharge audible signals of different defects were analyzed in the time and frequency domains. Finally, the voiceprint characteristics of discharge audible signals were summarized. The research provides a certain reference for the development of epoxy resin insulation condition, monitoring, and diagnosis based on audible acoustics.
2 TEST PLATFORM AND METHOD
2.1 Test platform
The audible acoustic test platform of epoxy resins with PD defects is shown in Figure 1, and R1, C1/C2, C3, and R2 are protection resistance (4 kΩ), coupled capacitance (413.7 pF/415.3 nF), dividing capacitance (408.9 pF), and detection impedance (8.2 kΩ), respectively. The acoustic sensor is an electret condenser type, and its frequency response, sensitivity (E), and dynamic range are 10 Hz–20 kHz, 50 mV/Pa, and 16–146 dB, respectively. Its frequency response curve is shown in Figure 2, particularly the curve representing the gain of the acoustic sensor under different frequencies. The ideal frequency response curve is straight so that the audible signal cannot produce distortion after passing through the sensor. It was arranged 1 m away from the tested object according to the standard GB/T 1094.101-2008 (GB/T 1094.101-2008, 2008). An IEPE signal conditioner is responsible for providing a 4 mV constant current power supply to the acoustic sensor and serves as the transmission hub of audible signals. Its input terminal is connected to the acoustic sensor, and its output terminal is connected to the oscilloscope. All equipment is connected to one grounding terminal.
[image: Figure 1]FIGURE 1 | Audible acoustic test circuit of epoxy resins with PD defects.
[image: Figure 2]FIGURE 2 | Frequency response curve.
2.2 Simulation of typical insulation defects
According to the field application of the epoxy resin in electrical equipment and relevant research (Xiao et al., 2015; Xie et al., 2018; Wang et al., 2021), four typical PD defects were finally constructed, namely, metal burr, pollution, metal foreign matters, and surface discharge defects. The specific setting methods were as follows:
1) Metal burr defect
The metal burr defect was simulated by the needle-plate electrode, and the electrodes were made of brass. The tip included an angle, and the radii of the needle electrode were 15 and 0.2 mm, respectively. The tip of the needle electrode contacted the epoxy resin board surface without being pierced. The thickness of the epoxy resin board was 1 mm and was placed on the 6-mm thick grounding plate electrode, as shown in Figure 3.
2) Pollution defect
[image: Figure 3]FIGURE 3 | Metal burr defect.
The method of simulating pollution defects was as follows: NaCl and diatomite were used as pollution salt and ash, respectively. Referring to the standard GB/T 26,218.1-2010 (GB/T 26218.1-2010, 2010), the pollution level is selected as level IV. Therefore, ESDD and NSDD were set as 0.281 mg/cm2 and 1.686 mg/cm2, respectively. As shown in Figure 4, after humidifying the pollution with a spray, it was evenly coated on the designated experimental area on the epoxy resin. Essentially, it simulated the surface discharge.
3) Metal foreign matter defect
[image: Figure 4]FIGURE 4 | Pollution defect.
Figure 5 shows the method of simulating the metal foreign matter defect. A certain amount of copper wires (radius: 0.075 mm) with different lengths (0.5–10 mm) were coated on the epoxy resin using an epoxy resin adhesive. Essentially, it also simulated the surface discharge.
4) Surface discharge defect
[image: Figure 5]FIGURE 5 | Metal foreign matter defects.
When simulating the surface discharge defect, a cylindrical electrode was used at the high-voltage terminal, and the grounding plate electrode was unchanged. A new epoxy resin board was placed between the two electrodes, and the diameter of the cylindrical electrode was 20 mm, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Surface discharge defect.
3 ANALYSIS OF TEST RESULTS
3.1 Background noise
3.1.1 Noise analysis of the substation
Figure 7 shows the frequency spectrum distribution of audible signals of the main noise sources (transformers, buses, and dry-type reactors) in the electric power field during operation (Ning et al., 2015). It is to be noted that the noise spectrum of each equipment is mainly within 300 Hz, and the proportion of high-frequency components above 1 kHz can be ignored.
[image: Figure 7]FIGURE 7 | Frequency spectrum distribution of operation acoustic signals of the transformer, bus, and dry-type reactor.
3.1.2 Analysis of environmental noise
Figures 8, 9 show the environmental noise collected before the test and its FFT analysis, respectively. The environmental noise is mainly within 200 Hz. The amplitude of environmental noise fluctuates around 0.15 mV (Lp = 43.5 dB), and the fluctuation is relatively stable. The multiple groups of environmental noise obtained before the test have consistent characteristics.
[image: image]
where Lp is the sound pressure level, U is the measured voltage (mV), and P0 is a constant (20 × 10−6 Pa).
[image: Figure 8]FIGURE 8 | Environmental noise signal.
[image: Figure 9]FIGURE 9 | Frequency spectrum of background noise.
3.2 Test results and analysis
Acoustic tests for the four PD defects are carried out in the air. Before the test, the initial discharge voltage (PDIV) values of metal burr, pollution, metal foreign matters, and surface discharge defect were 4.2, 11.6, 6.8, and 6.1 kV, respectively. The amplitude of audible signals with PD defects under the PDIV is relatively small, and the effective characteristics are mostly submerged by environmental noise. Therefore, in order to observe the time-domain characteristics of audible signals more clearly, the definitive test voltage levels of the four defects are 7, 15, 9, and 8 kV, respectively. In addition, the state of the circuit needed to be checked before the test. Under these test voltages and without defects, no abnormal PD signal was detected.
In order to calculate the discharge quantities of the PD defects, a PD calibrator was used to calibrate the discharge quantities of the circuit with different PD defects. The calibration results and their fitting curves under different calibrated discharge quantities are shown in Figure 10. The curves have high linearity, which can be used in calculating the discharge quantities of the four PD defects.
[image: Figure 10]FIGURE 10 | Calibration of PD quantities.
3.2.1 Time-domain feature analysis of voiceprint

1) Metal burr defect
According to Figure 11, the PD of the metal burr defect has cyclicity and sustainability, and the cycle is 20 ms (one power frequency cycle). The PD occurs in 60°–120° and 240°–300° at each cycle, especially on the positive half cycle. The Lp of audible signals fluctuates between 1 mV (60.0 dB) and ∼ 3 mV (69.5 dB), and an audible sizzling sound can be heard during the discharge. Due to the influence of environmental noise, the audible signal curve is not flat. Moreover, when the test voltage continues to rise, the audible signal appearing at the negative half cycle disappears. In this study, the positive and negative half cycles with audible signals at the same time are collected for subsequent analysis. The integrity of signal characteristics can be guaranteed in this way.
2) Pollution defect
[image: Figure 11]FIGURE 11 | Metal burr defect.
Under long-term observation, the pollution defect discharge has an intermittent characteristic, and there is no cyclicity. However, when there is discharge, the discharge signals have cyclicity and sustainability, as shown in Figure 12, and the discharge only occurs near 270° at the negative half cycle. The Lp level is stable at around 2.5 mV (67.9 dB). One single-discharge audible signal of the pollution defect is composed of several peaks, which is because the pulse current signal is relatively sparse, resulting in the discontinuity of its audible signal.
3) Metal foreign matter defect
[image: Figure 12]FIGURE 12 | Pollution defect.
It can be seen from Figure 13 that the metal foreign matter defect discharge occurs in 60°–120° at each cycle and is continuous. Its time-domain characteristics of audible signals and pulse current signals are similar to those of a metal burr defect in the positive half cycle. Compared with the other three PD defects, although the test voltage of the metal foreign matter defect is the highest, the discharge is the weakest. The Lp level of the audible signal is stable at around 0.75 mV (57.5 dB).
4) Surface discharge defect
[image: Figure 13]FIGURE 13 | Metal foreign matter defect.
As shown in Figure 14, the surface discharge defect discharge is continuous. There are audible signals and pulse current signals in 0°–90° and 180°–270° of power frequency cycles. The discharge audible signal sounds “crackling” and unstable. The Lp level is 6 mV (75.6 dB) at 120 pC, but when the discharge quantities are up to 900 pC, Lp is only 3 mV (69.5 dB), which has an obvious difference to the metal burr defect discharge.
[image: Figure 14]FIGURE 14 | Surface discharge defect.
The appearance of one single audible signal is the result of the superposition of multiple discharge signals. In general, the audible signal of four PD defects can reflect the occurrence of PD simultaneously with the pulse current signal. But the acoustic time-domain characteristics of each defect discharge are significantly different in terms of listening perception, persistence, amplitude, and phase.
3.2.2 Speech enhancement
Figure 15 shows the frequency spectrum distribution of the audible signals of the four PD defects. It can be seen that their discharge frequency spectrum energy is mainly within 5–10 kHz and 13–24 kHz, showing dual-band characteristics. Moreover, they have similar low-frequency interference noise.
[image: Figure 15]FIGURE 15 | Spectral characteristics of the discharge audible signal.
Based on the difference between the frequency spectrum of the discharge audible signals and background noise mentioned in section 2.1, the low-frequency components (0–1 kHz) can be filtered using the speech enhancement algorithm directly when we analyze the characteristics of the discharge audible signal of the four PD defects. The purity of the discharge audible signal can be ensured by this method.
In this study, the speech enhancement method based on improved spectral subtraction is used to filter out the environmental noise. In order to reduce the influence of “music noise” caused by the traditional spectral subtraction method, in the process of spectral subtraction, over-subtraction processing and compensation are carried out. The algorithm flow is shown in Figure 16. In Figure 16, Dwp is the average value of the stationary segment of the environmental noise frequency spectrum. a is the over-subtraction factor and is set as 3. b is the compensation factor to set the point with negative amplitude after spectral subtraction as a positive value and is set as 0.01. Figure 17 shows the change of the metal burr defect discharge audible signal before and after spectral subtraction. The low-frequency noise is effectively filtered, and the curve becomes smoother.
[image: Figure 16]FIGURE 16 | Process of improved spectral subtraction.
[image: Figure 17]FIGURE 17 | Changes of audible signals before and after enhancement.
3.2.3 Frequency-domain feature analysis of voiceprint
Based on the frequency spectrum of discharge audible signals, in this study, three feature vectors, namely, frequency spectrum complexity, high-frequency energy factor (Wu et al., 2019), and maximum frequency point, are further extracted to analyze the discharge voiceprint characteristics in the frequency domain.
1) Frequency spectrum complexity
Frequency spectrum complexity (H) indicates the concentration of frequency spectrum energy of audible signals. The smaller the H value, the better is the concentration of spectral energy on some characteristic frequency points. Eq. 2 is the calculation equation of H.
[image: image]
where Ai is the amplitude of the ith harmonic audible signal. Ri is the amplitude proportion of the ith harmonic audible signal.
2) High-frequency energy factor
We can analyze the spectral energy proportion of audible signals in high-frequency and low-frequency bands by using a high-frequency energy factor (Rfh), and its calculation equation is shown in Eq. 3. According to the FFT analysis results shown in Figure 15, the energy in 12.5–25 kHz is taken as the high-frequency component in this study.
[image: image]
In this study, H and Rfh of 20 groups of audible signals are extracted. As shown in Figures 11–14, one group of signals consists of 100 ms audible signals. Figure 18 shows the calculation results of H and Rfh.
[image: Figure 18]FIGURE 18 | Frequency spectrum feature vector analysis.
Based on the aforementioned feature extraction results, the variance (Var) and mean (Mean) of H and Rfh are further calculated to describe the frequency domain characteristics of discharge audible signals of the four PD defects more intuitively. The calculation formulas are shown in Eq. 4, 5, and the calculation results are shown in Table 1.
[image: image]
[image: image]
TABLE 1 | Var and Mean of H and Rhf.
[image: Table 1]According to Figure 18 and Table 1, the following conclusions can be drawn. Figure 18A shows that the H of the four PD defects are all higher than 6.7. The pollution defect has the highest H level (Mean: 7.8939) so that its frequency spectrum energy is the most dispersed. The H level of the metal burr defect is the lowest (Mean: 7.0533), and its frequency spectrum energy is relatively concentrated. The H level of the metal foreign matter defect is similar to that of the surface discharge defect, but the Var of its H is 1.75, 3.02, and 1.86 times that of metal burr, pollution, and surface discharge defects, respectively. According to Figure 18B, except for the metal burr defect, the frequency spectrum energy of the other three PD defects is mainly high-frequency components. Among the 20 groups of audible signals, Rfh of the surface discharge defect are all higher than 0.5, and the high-frequency components account for the highest level (Mean: 0.6559). Rfh values of 16 groups of audible signals of the metal foreign matter defect are above 0.5, and its Var of Rfh is 2.56, 5.80, and 3.48 times that of metal burr, pollution, and surface discharge defect, respectively. Therefore, its Mean is greater than the pollution defect (Rfh of 18 groups of audible signals above 0.50). The Rfh level of the metal burr defect is the lowest (Mean: 0.5169).
3) Maximum frequency point
The maximum frequency point (MaxF) is the frequency point corresponding to the maximum frequency spectrum amplitude of the discharge audible signals. Figure 19 shows the MaxF statistical results of 20 groups of audible signals for each defect.
[image: Figure 19]FIGURE 19 | Distribution of MaxF.
According to Figure 19, MaxF values of the pollution defect all appear at low frequencies (7.25–8.25 kHz) and are all around 7.6 kHz. For the surface discharge defect, MaxF of 19 groups of audible signals appear at a high frequency (13.5–17.5 kHz) and are all around 14.5 kHz; only one MaxF appears at 7.65 kHz of the surface discharge defect. MaxF of 15 groups of audible signals of the metal burr defect appears at a low frequency (7.25–8.25 kHz). MaxF of the metal foreign matter defect is evenly distributed in low and high frequencies, with 10 groups each. Combined with Figure 18B, although MaxF of the pollution defect appears at a low frequency, its frequency spectrum energy is mainly high-frequency components.
Thus, it can be suggested that the three frequency spectrum feature vectors extracted in this study can effectively distinguish the frequency domain characteristics of the audible signals with the four PD defects. It can be used for subsequent fault diagnosis.
4 SUMMARY
Aiming at the problem that the characteristics of the audible signals of the epoxy resin with typical PD defects are not clear, an audible acoustic test platform of epoxy resin with PD defects is built in this study. Then, four typical PD defects of metal burr, pollution, metal foreign matters, and surface discharge are constructed. Finally, the time and frequency domain characteristics of their discharge audible signals are acquired. Here are the following conclusions:
1) PD of the epoxy resin can be detected by both audible acoustic and pulse current methods simultaneously, but the time domain characteristics are significantly different. The cycle of the metal burr defect discharge is 20 ms, and PD occurs in 60°–120° and 240°–300° at each cycle. An audible sizzling sound can be heard during the discharge. The pollution defect shows intermittent discharge. When there is discharge, one single-discharge audible signal is composed of several peaks with good cyclicity and sustainability. The discharge only occurs near 270° at the negative half cycle. The metal foreign matter defect discharge occurs in 60°–120° at each cycle and is continuous. The surface discharge defect discharge is continuous, and there are discharge signals in 0°–90° and 180°–270° at each cycle, but Lp is unstable, showing an intermittent “crackling” sound.
2) In the frequency domain, the discharge audible signals of the four PD defects are mainly composed of 5–10 and 13–24 kHz components, showing the dual-band characteristics. The feature extraction based on the frequency spectrum further found that the pollution defect has the highest H level. The H level of the metal burr defect is the lowest. The Rhf values of the surface discharge defect are all higher than 0.5, and Mean is 0.6559. The Var values of metal foreign matters defect Rhf are 2.56, 5.80, and 3.48 times that of metal burr, pollution, and surface discharge defect, respectively. Rhf of the pollution defect all appear at a low frequency near 7.5 kHz. Rhf of 95% audible signals of the surface discharge defect appears at a high frequency near 14.5 kHz. Moreover, although Rhf of the pollution defect appears at a low frequency, its frequency spectrum energy comprises mainly high-frequency components.
The feasibility of the audible acoustic detection method is preliminarily verified in this study. However, the environmental conditions of the electric power field are complex. Therefore, in order to promote the on-site application of this method, the next work needs to carry out extensive field experiments to develop more accurate speech enhancement algorithms.
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