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Gas-insulated equipment is an important part of the power system owing to its advantages of small footprint, large transmission capacity, and high reliability. Detection of insulation defects partial discharge (PD) is important for its operation and maintenance, and the combination of multiple detection methods can greatly improve the accuracy of PD detection. In this study, the three kinds of insulation defects, namely, floating defect, void defect, and surface defect, are set up on the PD simulation platform and detected using the ultra-high frequency (UHF) method, high-frequency current (HFCT) method, and acoustic emission (AE) method. The partial discharge inception voltage (PDIV) and phase-resolved partial discharge (PRPD) spectrum of defects measured by these three methods are recorded in the experiments. The experimental results show that the UHF method is effective for the detection of the three defects. The HFCT method is sensitive to floating defects but not to void and surface defects. Discharge signals of these two defects can be detected by HFCT when the discharge amplitude is large. The AE method can detect floating defects effectively but cannot detect void defects and surface defects.
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INTRODUCTION
Gas insulation equipment includes gas-insulated switchgear (GIS) and gas-insulated transmission lines (GIL). With the development of power systems, gas insulation equipment is widely used owing to its advantages of small footprint, large transmission capacity, and high reliability (Metwally, 2004; Koch et al., 2018; Li et al., 2018). During the production, transportation, and installation of gas insulation equipment, various defects may form in the equipment. Common insulation defects include floating defects, void defects, surface defects, and tip defects (Stone, 2005; Ueta et al., 2012). The presence of these defects leads to distortion of the internal electric field of the equipment. When the electric field strength reaches the breakdown field strength, partial discharge (PD) occurs. With the development of PD, the insulation of equipment deteriorates. Therefore, timely and effective detection of insulation defects PD is important to ensure the safe and reliable operation of equipment.
The commonly used PD detection methods are the ultra-high frequency (UHF) method, high-frequency current (HFCT) method, and acoustic emission (AE) (Ilkhechi and Samimi, 2021; Jiang et al., 2021a; Jiang et al., 2021b; Zhang et al., 2014). The PD signal characteristics and propagation paths of various defects are different, so there are differences in the detection sensitivity of different detection methods for defects. Witos and Gacek (2008) used the pulsed current method and AE method to detect PD signal, and the research results showed that the defect scale had a great influence on the response speed of different detection methods. Chen et al. (2015) studied the applicability of the AE method and UHF method for different defect detection and compared the advantages and disadvantages of the two methods. Yang et al. (2016) compared the sensitivity of the UHF method and HFCT method and obtained the time-frequency characteristics of defect discharge signals measured by these two methods. Alvarez et al. (2015) proposed an optimized electromagnetic detection method, which combined wideband PD sensors to measure HF and UHF frequency bands, and built an experimental platform by combining GIS and cable to verify the feasibility of the method. Previous studies have mainly focused on the comparison between the UHF method and any other method but have not compared the sensitivity of the high-frequency current method and ultrasonic method for defect detection.
Meanwhile, for GIL with long distances, built-in sensors may not be reserved during the design to avoid insulation gas leakage (Xu et al., 2016; Liu et al., 2020), which limits the use of some PD detection methods. Therefore, it is necessary to use multiple detection methods to detect insulation defects to ensure the safety and reliability of equipment and to compare the sensitivity of various detection methods to provide a basis for the selection of detection methods and the optimal design of sensors.
In this study, the insulation defects of floating defects, void defects, and surface defects were set in the PD simulation device. The signals of PD were detected using the UHF method, HFCT method, and AE method. The partial discharge inception voltage (PDIV) of each defect and phase-resolved partial discharge (PRPD) spectrum measured by the three detection methods were recorded, and the effectiveness of the three detection methods for insulation defect detection was compared.
EXPERIMENTAL SETUP
According to IEC 60270, the experimental circuit shown in Figure 1 is composed of a regulating transformer, an isolated transformer and a non-local discharge transformer. The maximum experimental voltage can be increased to 160 kV. Ck is a coupling capacitance of 50 pF, and R is a detection impedance of 50 Ω. UHF, HFCT, and AE sensors are connected to a PD detector to monitor PD signals. The type of PD detector used in the experiment is MERK EC4000P. A wireless phase synchronizer is used to ensure that the phase of the PD detector is in phase with the applied voltage. Figure 2 shows the structure of the PD simulation device, where the defect models are installed in positions 5–8. The PD of the defect can be simulated by lowering the defect model before the experiment.
[image: Figure 1]FIGURE 1 | PD measuring circuit.
[image: Figure 2]FIGURE 2 | Structure of the partial discharge simulation device.
Figure 2 shows the structure of the PD simulation device: 1—coupling capacitance; 2—coupling capacitance; 3—non-partial discharge transformer; 4—pulse check lever; 5–8 defect models; 9—built-in UHF sensor; 10—AE sensor; 11—ground point; 12—HFCT sensor; 13—model lifting lever.
Figure 3 shows the images of the insulation defect model. Figure 3A shows the model of floating defect, which consists of three parts: the upper and lower metal columns and the middle epoxy support column, where the lower metal column is divided into two parts, part a and part b. Since part a and part b are connected by screws, poor contact occurs, and a floating potential is formed. Figure 3B shows the model of void discharge, which simulates an air gap by creating a circular cavity in an insulating material. The model is composed of three parts: the upper and lower metal columns and the middle epoxy column. The insulating cylinder is 57 mm high and 24 mm in diameter, and the circular cavity in the middle is a ball with a radius of 1 mm. Figure 3C is the model of surface discharge. The model is composed of three parts: the upper and lower metal columns and the middle main body, which consists of two layers of thin umbrella-like materials and an epoxy column in the middle. Due to the weak insulation between the upper and lower layers of thin umbrella-like materials, creepage charges are formed between them to simulate surface discharge. The umbrella plate is 1 mm high and 60 mm in diameter, and the epoxy column is 5 mm high and 40 mm in diameter.
[image: Figure 3]FIGURE 3 | Images of insulation defect model: (A) suspension defect, (B) void defect, and (C) surface defect.
During the experiment, SF6 pressure in the PD simulation was maintained at 0.4 MPa. The voltage was gradually increased until the model began to discharge, and the discharge signal was recorded using the PD detector. The pattern recorded by the PD detector was the accumulated discharge signal over 10 s. Each experiment was repeated ten times.
EXPERIMENTAL RESULTS AND DISCUSSIONS
Floating discharge
The PDIV of floating discharge is 36.17 kV. Figures 4–6 show the UHF, HFCT, and AE signals of the floating discharge at the PDIV. As can be seen from Figures 4A,B, the UHF discharge signals are distributed at 0°–90° and 180°–270°, with an amplitude of about 1 dBm. The maximum number of discharges is 79 times, which occurred on the positive half cycle. The PRPD pattern of the HFCT method and the number of discharges are shown in Figures 5A,B. It is clear that the discharge signals can be detected throughout 0°–90° and 270°–360°, with an apparent charge of about 1,200 pC. However, the maximum number of discharges measured by HFCT is only 15 times. From Figures 6A,B, in periodic mode, two clusters of signals can be seen in one power frequency cycle. In continuous mode, the effective value is 1.292 mV, the peak value is 35.481 mV, the 50 Hz component is 0.013 mV, and the 100 Hz component is 0.019 mV. The 100 Hz component is larger than the 50 Hz component.
[image: Figure 4]FIGURE 4 | UHF signals of suspension discharge at 36.17 kV. (A) PRPD pattern. (B) φ − n.
[image: Figure 5]FIGURE 5 | HFCT signals of suspension discharge at 36.17 kV. (A) PRPD pattern. (B) φ − n.
[image: Figure 6]FIGURE 6 | AE signals of suspension discharge at 36.17 kV. (A) Periodic mode. (B) Continuous mode.
Void discharge
As shown in Figures 7A,B, the PDIV of void discharge is 8.82 kV, and the UHF method can detect the PD signal. At this voltage, the HFCT and AE sensors cannot detect the discharge signals. The PRPD pattern of the UHF method looks like two rabbit ears, and the discharge is mainly concentrated at the peak of positive and negative half cycles. The discharge amplitude of the positive half cycle is larger than that of the negative half cycle. The positive half-cycle discharge amplitude is concentrated below −37.5 dBm, while the negative half-cycle discharge amplitude is concentrated below −55 dBm. The discharge frequency of the positive half cycle is also higher than that of the negative half cycle. As seen in Figures 8A,B, when the voltage rises to 15.24 kV, the PD can also be measured by the HFCT method. The PRPD pattern of the HFCT method is very similar to that of UHF. Discharge signals are present in both positive and negative half cycles. Discharge is large and intensive in the positive half cycle, while it is small and sparse in the negative half cycle. The maximum apparent charge was 182 pC, which occurred in the positive half cycle. The discharge times measured by HFCT are much less than those measured by UHF, and its maximum times reached only 17 times. No PD signal was detected by the AE method during the experiment.
[image: Figure 7]FIGURE 7 | UHF signals of void discharge at 8.82 kV. (A) PRPD pattern. (B) φ − n.
[image: Figure 8]FIGURE 8 | HFCT signals of void discharge at 15.24 kV. (A) PRPD pattern. (B) φ − n.
Surface discharge
As shown in Figures 9A,B, the UHF method can detect the PD signal at the inception voltage of PD of 45.7 kV, and the other two detection methods cannot detect the PD signal at this voltage. The PRPD pattern of the UHF method looks like two hills, and the discharge phase is symmetrical in the positive and negative half cycles. The amplitude of UHF signals is from −60 dBm to −45 dBm. The discharge frequency distribution in the positive and negative half cycles is basically the same, but the number of discharges in the positive half cycle is more than that in the negative half-cycle, up to 500 times. HFCT method can detect PD at 50.25 kV. Figures 10A,B show the PRPD pattern and number of discharges at the voltage, respectively. The patterns of the positive and negative half cycles are similar, and the discharges are also concentrated at 0°–90° and 180°–270°. The discharges of the positive and negative half cycles are sparse on both sides and dense in the middle. The discharge time measured by the HFCT method is smaller than that measured by the UHF method, and the maximum discharge times are about 70 times. The AE method cannot detect surface discharge signals.
[image: Figure 9]FIGURE 9 | UHF signals of surface discharge at 45.7 kV. (A) PRPD pattern. (B) φ − n.
[image: Figure 10]FIGURE 10 | HFCT signals of surface discharge at 50.25 kV. (A) PRPD pattern. (B) φ − n.
Discussions
The UHF method is effective for the detection of these three kinds of defects, and the PD signals can be detected at the PDIV of the defect model. It is due to the PD simulation platform used being a linear unit and the electromagnetic wave signal having very little energy attenuation when propagating in a coaxial waveguide (Liu et al., 2010; Li et al., 2014).
The HFCT method can also detect PD signals of the three kinds of defects, but for the void defect and surface defect with small initial discharge, the HFCT method is less effective than the UHF method. When the HFCT sensor and the connection of the test system are unchanged, the output voltage of the HFCT sensor is related to the current flowing through the ground wire, which mainly depends on the defect discharge intensity (Tang et al., 2018). From the experimental results, it can be found that when the UHF signal reaches a certain intensity, that is, when the discharge energy reaches a certain intensity, can measure the discharge signal of the defect can be measured by the HFCT method. Floating discharge is a capacitive discharge. Once the discharge starts, the UHF amplitude is close to 1 dBm, and the discharge intensity is very high. Therefore, the HFCT method has a high sensitivity for floating discharge detection. Similarly, when the voltage is increased and the void and surface discharges reach a certain intensity, the HFCT method can also detect the discharge signals of both types of defects. The rule that the detection sensitivity of the HFCT method mainly depends on the discharge intensity may be applicable to GIS; however, for GIL with a long distance, there may be a certain attenuation of high-frequency current during propagation, which is the direction of future research.
The AE method is effective for floating defects, but it is not sensitive to the detection of void and surface defects. The detection sensitivity of the AE method is related to the attenuation and defect discharge intensity during ultrasonic propagation (Lundgaard et al., 1990; Lundgaard et al., 1992). The acoustic absorption rates of epoxy resin and SF6 are 100 dB/m and 26 dB/m (Lundgaard et al., 1990; Lundgaard et al., 1992). Floating defects belong to capacitive discharge with high initial discharge intensity. Even if the ultrasonic signal generated by the defect discharge passes through SF6, it can still be received by the ultrasonic sensor through the outer casing. Therefore, the AE method can detect the initial discharge of the floating discharge signal. However, the ultrasonic signal of the void defect discharge is difficult to be received through the casing after being absorbed and attenuated by epoxy resin and SF6. Similarly, even if the voltage increases and the surface discharge increases, the generated ultrasonic signal is still difficult to detect after passing through the SF6. Therefore, the AE method is not sensitive to void and surface defects.
Although the UHF method can effectively detect various defects in the experiment, field experience shows that the UHF method has a problem of misjudgment. Therefore, the HFCT method and AE method can be combined with the UHF method to effectively detect defects in the field. Once the UHF signal is detected, the measured UHF spectrum is first compared with the typical spectrum to preliminarily determine the defect type. Then, the shape of HFCT and AE spectrums are observed to determine if they were consistent with the previously determined defect, and finally, the defect type is determined. At the same time, interference needs to be excluded during field inspection.
CONCLUSION
In this study, the PD signals of floating defect, void defect, and surface defect were detected using the UHF method, HFCT method, and AE method in the PD simulation device. The PDIV and patterns measured by the three different PD detection methods were recorded in the experiment. The results show that the UHF method has high detection sensitivity for three kinds of defects. The HFCT method is sensitive to floating defects but not to void defects and surface defects. The AE method is effective for the detection of floating defects but cannot detect the signals of the other two defects.
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