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Dissolved gas analysis (DGA) is a common technology used in the on-site maintenance of oil-immersed power transformers in the power industry at present. However, when the content of dissolved gas in the oil reaches the attention value DGA method can effectively diagnose the operating state of the transformer. Due to the lack of gas production data of free gas which was detected when the faults occur, DGA method cannot timely diagnose the transformer status. To solve the above problem, an experimental platform is built for studying the free gas generation law in oil-immersed transformers under discharge faults, and the characteristic free gas information under discharge fault of transformer is obtained through the experiment. It is found that the existing DGA method cannot accurately analyze the types and severity of sudden serious insulation faults. When high-energy partial discharge fault occurred in the equipment, CO, CO2, CH4, and H2 will be collected in large quantities on the oil surface. These four gases can be used as the basis for characterizing high-energy partial discharge faults. When spark discharge occurred in the equipment, C2H6, C2H4, and C2H2 also be collected on the oil surface which can be used as a diagnostic basis for spark discharge. Moreover, it is found that the existing three-ratio method cannot be used for accurate analysis of oil free characteristic gas, so it is necessary to explore new diagnostic methods. The aim of this study is to explore the pattern of free gas production law by experiments when discharge faults occur and to provide data for a new diagnostic method.
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INTRODUCTION
Oil-immersed transformer is one of the most critical and widely used equipment in power system, the reliability of the power grid mainly depends on the trouble-free operation of the equipment (Tao et al., 2021; Kaliappan and Rengaraj, 2021; Wang et al., 2020).
The oil paper insulation defect is the main reason for the insulation fault of oil-immersed transformer. The insulation fault of power transformer is mainly divided into two types: overheating and discharge, of which discharge fault accounts for a large proportion (Yang, 2010; Chang et al., 2018; Yu et al., 2020). According to the discharge energy density, discharge faults can be divided into three types: high-energy discharge, spark discharge and partial discharge (Zhang et al., 2022). Discharge insulation defects will cause decomposition of insulating oil (mostly mineral oil) and then generate characteristic gases such as CH4, C2H6, C2H2 and H2 (IEEE Power & Energy Society, 2009; International Electrotechnical Commission, 2015). Nowadays, the most common used method to evaluate the operation condition of oil immersed transformer is Dissolved Gas Analysis (DGA) (National Energy Administration, 2015; Li, 2021; Wani et al., 2021). When high-energy discharge occurs in the transformer, the characteristic gas often accumulates in the gas relay before it is dissolved in the oil causing the gas relay to act (Dai et al., 2017). Similarly, for sudden serious insulation faults, the generated characteristic gas is too late to dissolve in the oil and it will escape to the oil surface (Taha et al., 2021). As a result, DGA technology cannot forecast sudden severe insulation effectively (Ravi et al., 2021). The sudden serious insulation fault is the main reason for the explosion of oil-immersed transformer (Yu, 2018), such as the Ultra High Voltage (UHV) Transformer explosion safety accident of Hunan province’s power grid in 2017. By studying the change law of free gas component content, sudden and serious faults can be timely diagnosed.
At present, there is little research on free gas in the power industry. Zhang et al. (2021) proposed a new protection method by studying the relationship between the volume of free gas and the development stage of discharge in 2021, the research results can effectively reduce the safety accidents of transformers, this literature only studies the volume of free gas and the development stage of discharge, and the volume of free gas generated is difficult to measure by current technical means. Zheng et al. (2021) studied the gas production law of free gas with corona discharge model, this literature only studied the free gas production law of the normal discharge defect model, lacks the gas production law of tangential discharge defect model, which is of insufficient significance in engineering.
Based on above situation, two defect models are designed firstly, one is the surface discharge model dominated by normal discharge, and the other is the oil gap discharge model dominated by tangential discharge, which makes up for the significance of research in engineering. Then, the free gas production law under different severity is obtained through experiments, and the existing gas sensors can easily detect the concentrations of seven characteristic gases (Aldhafeeri et al., 2020; Ward et al., 2021). The research results can be applied to the current power industry to reduce the probability of oil-immersed transformer accidents.
MATERIALS AND METHODS
Through the investigation on the escape path of fault characteristic gas of oil-immersed transformer, a simulation experiment platform for free gas detection of transformer sudden severe discharge fault is built, the test circuit is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Analog experimental circuit for free gas detection of sudden and serious discharge fault of transformer.
In Figure 1, T1 is a voltage regulator with input 220 V power frequency Alternating Current (AC) voltage, T2 refers to power frequency test transformer without partial discharge (YDTCW-1000/2 × 500), C1 and C2 are power frequency capacitive voltage dividers with a voltage division ratio of 1,000:1, Rr is the power frequency test protection resistance (GR1000-1/6), with a resistance value of 10kΩ, which is used to limit the short-circuit current when the test object breaks down; C3 is the coupling capacitance, and its capacitance value is 413.7pf, Z1 is the detection impedance. The air collecting bag is connected to the oil surface of the test object through a rubber hose. During the test, the ambient temperature shall be controlled at 20°C, and the temperature difference between day and night shall be ± 0.7°C.
Due to the complex insulation structure of the transformer, the possible internal discharge locations and types are as follows (Mahmud et al., 2015; Gang et al., 2018):
1. Oil gap discharge in oil diaphragm insulation in the middle of winding;
2. Oil gap discharge at winding end;
3. Partial discharge in oil paper insulation such as lead wire and bonding wire;
4. Partial breakdown of turn-to-turn insulation;
5. Flashover discharge of insulating paper along the surface.
According to the discharge form, characteristics of transformer internal insulation and International Electrical Commission (IEC) 60243 standard (IEC, 2013), two typical discharge defect models are designed. The structure and size of the model are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Discharge defect model of oil paper. (A) Defect model of surface discharge. (B) Oil gap discharge defect model of oil paper.
The surface discharge defect is composed of two copper plate electrodes with diameters of 100 mm and 40 mm and thicknesses of 10 mm and oil paper with single layer thickness of 1 mm and diameter of 90 mm (Guozhi et al., 2019; Zhang et al., 2022). The oil paper plate is fixed by two plate electrodes. There are two 40 mm diameter pole plates. One is connected to the high voltage terminal, the other is reliably grounded.
The oil gap defect is used to simulate the partial discharge of the oil gap in the oil paper inside the power transformer. The oil gap defect is composed of three layers of oil paper with a thickness of 1 mm. Through holes with a diameter of 10 mm are opened in the oil paper in the space layer. The superimposed oil paper is fixed by two copper plate electrodes with a diameter of 40 mm and 100 mm and a thickness of 10 mm.
In the discharge defect model, the insulating cardboard is dried at 60°C in the temperature control box for 3 days, and then the temperature is raised to 100°C for 3 days to ensure that the cardboard is fully dried without damaging the internal insulation structure. After vacuum oiling for 5 days, the insulating paperboard shall be polished with sandpaper in advance to ensure that the insulating paperboard is free of sharp corners or burrs.
Before the test, it is necessary to determine the initial discharge voltage and breakdown voltage of the oil paper surface discharge defect model and the oil paper oil gap discharge defect model. After placing the set defect in insulating oil, a step-by-step pressurization method is used. When the oscilloscope has a pulse current signal caused by defect’s discharge, then maintain 5 min at this voltage level and observe whether there is a continuous pulsed discharge signal. If the pulse discharge signal persists, then record the voltage level as the initial discharge voltage, otherwise, until a continuous pulse discharge signal appears (Yang et al., 2022). After completing the above steps, continue increasing the voltage, until breakdown occurs in the oil tank. The voltage level at which the breakdown occurs is recorded as the breakdown discharge voltage. The specific test procedure is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Flow chart of free gas detection simulation test for sudden serious discharge fault of transformer.
Pulse current method is the most commonly used insulation detection method for power equipment at present, the International Electrotechnical Commission has formulated a special standard for this method: IEC60270 (IEC, 2000). This method usually measures the electric pulse signal generated by device PD by connecting the coupling device (RL or RLC circuit) to the test object in series or to the coupling capacitor in series, the test method is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Typical pulse current PD measuring circuit. (A) Coupling device and coupling capacitor are connected in series. (B) The coupling device is connected in series with the test object.
After determining the initial discharge and breakdown voltages of both models, select the different levels of voltage between the initial voltage and the breakdown voltage as the test voltage. The defect model was continuously discharged using the constant voltage method, and the defect model is continuously discharged until breakdown. Statistical discharge information every half hour during the test. At the end of the test, the free gas and the dissolved gas were collected and component content was analysed by using a chromatography. Finally adjust the severity of defect discharge, repeating the above steps to obtain gas production laws with different severities.
MAIN RESULTS
Before the test, the initial discharge voltage of the surface discharge defect model is 14 kV, and the breakdown discharge voltage is 21 kV. The initial discharge voltage of the oil gap discharge defect model is 20 kV, and the breakdown discharge voltage is 25 kV.
Discharge characteristics of discharge defect model
Based on the measured initial discharge voltage and breakdown voltage, three test voltage levels of 15 kV, 17 kV, and 19 kV are selected as the test voltage for the surface discharge defect model; and 22 kV, 23 kV, and 24 kV are used as the test voltage of oil gap discharge defect model; set the sampling frequency of the oscilloscope as 20 MS/s. Through calculation, the average discharge capacity per unit time of three test voltage levels of 15 kV, 17 kV, and 19 kV under the surface discharge defect model is 48932 pC/s, 51883 pC/s and 245873 pC/s respectively; under the oil gap discharge defect model, the average discharge capacity per unit time (Bo et al., 2016) of the three test voltage levels of 22 kV, 23 kV, and 24 kV are 124387 pC/s, 283376 pC/s and 365268 pC/s respectively, as shown in Figure 5. It can be seen that the discharge amount of the oil paper surface discharge defect model increases slightly at 15 kV–17 kV, and the discharge amount increases significantly near the breakdown voltage. The discharge quantity of oil gap discharge defect model increases with the increase of voltage level, the discharge amount of the oil gap discharge defect model increases with the increase of the voltage level, and the increment is obvious.
[image: Figure 5]FIGURE 5 | Unit time discharge of different voltage levels. (A) Discharge capacity per unit time of oil paper surface discharge defect model. (B) Discharge capacity per unit time of oil gap discharge defect model.
During the test, it was observed that electric sparks and bubbles will appear in the oil tank as shown in Figure 6. When the applied voltage of the oil paper surface discharge defect model is 19 kV. Once the test is completed, cut off the power. Taking out the insulating cardboard of the surface discharge defect model, it is found that there are obvious carbonization traces on the insulating cardboard. As shown in Figure 7, it indicates that the oil paper surface discharge under the test voltage level is spark discharge. In Figures 1, 6 is the bubble generated by test, 2 is the spark generated by spark discharge, 3 is the rod electrode of the surface discharge model, 4 is the insulating card board, 5 is the plate electrode of the surface discharge model.
[image: Figure 6]FIGURE 6 | Spark discharge and bubble under test voltage grade 19 kV.
[image: Figure 7]FIGURE 7 | Carbonation trace of insulating cardboard.
GAS PRODUCTION LAW OF CHARACTERISTIC GAS UNDER DIFFERENT SEVERITY OF DISCHARGE DEFECT MODEL
At the end of the experiment, the collected free gas and dissolved gas are analyzed by oil chromatography respectively. The gas results obtained in the test are obtained through three measurements and the average value is taken. If the results of one measurement are far from those of other measurements, the measurement shall be repeated.
The analysis results are shown in Table 1 and Table 2. The obtained gas sample component concentration data into curves according to different voltage levels, as shown in Figures 8, 9.
TABLE 1 | Surface discharge defect model under different severity of oil surface gas and dissolved gas in oil (unit: [image: image]).
[image: Table 1]TABLE 2 | Oil gap discharge defect model under different severity of oil surface gas and dissolved gas in oil (unit: [image: image]).
[image: Table 2][image: Figure 8]FIGURE 8 | Concentration diagram of free characteristic gas and dissolved characteristic gas components in oil. (A) Free gas component concentration diagram of different voltage levels. (B) Dissolved gas in oil components at different voltage levels.
[image: Figure 9]FIGURE 9 | Concentration diagram of free characteristic gas and dissolved characteristic gas components in oil. (A) Free gas component concentration diagram of different voltage levels. (B) Dissolved gas components at different voltage levels.
It can be seen from Table 1 and Table 2 that the characteristic gas generated by the surface discharge defect under different test voltage levels will escape to the oil surface in the two defect models. Collecting and testing these gases reveals that the concentrations of some characteristic gases on the surface of the oil are much greater than the concentrations of dissolved gases, although the amount of insulating oil in the oil tank is less than that in the real power transformer. For surface discharge defects, when the discharge energy is low, the characteristic gas produced is mainly CO. But when the voltage level is close to the breakdown voltage, a large amount of C2H2 appears on the oil surface. Meanwhile, the content of C2H2 is the largest, and the severity of the fault can be judged according to the content of C2H2. For oil gap discharge defects, H2 has always been the most productive characteristic gas, and is far greater than other characteristic gases. When the discharge energy is low, there is no C2H6, C2H4 and C2H2 on the oil surface. When the voltage level is 23 kV, a small amount of C2H6 and C2H2 will appear on the oil surface. When the voltage level reaches 24kV, the content of C2H6, C2H4 and C2H2 will increase. At this time, the severity of the fault can be judged according to the content of these three characteristic gases. The test results show that it is feasible to monitor the sudden serious discharge fault of oil-immersed power transformer by detecting the characteristic free gas.
To further, in order to explore whether the characteristic gas is dissolved in the insulating oil, the Ostwald coefficient ki corresponding to the characteristic gas under different discharge severity is calculated. The calculation formula of the Wald coefficient ki is as follows:
[image: image]
In Eq. 1, Coi is the concentration of characteristic gas i dissolved in oil under equilibrium conditions; Cgi is the concentration of characteristic gas i in the gas phase under equilibrium conditions, and the unit of gas concentration is [image: image].
The comparison results of Ostwald coefficient corresponding to characteristic gas under different discharge severity calculated according to Eq. 1 and standard Ostwald coefficient at 50°C are shown in Table 3.
TABLE 3 | Ostwald coefficient corresponding to characteristic gas under different discharge severity.
[image: Table 3]It can be seen from Table 3 that there is a great difference between the standard Ostwald coefficient when sudden severe discharge defects occur in the oil tank and when the temperature is 50°C and sudden severe discharge defects occur in the oil tank, which indicates that the generated characteristic gas cannot be dissolved in the insulating oil in time, and will escape to the oil surface under serious sudden discharge defects. The relationship between the two is no longer in line with the Ostwald coefficient.
In order to explore whether the dissolved gas in the oil and the characteristic free gas can be diagnosed and analyzed by the traditional three-ratio method (Tingfang et al., 2007), the dissolved gas and the characteristic free gas after the test are diagnosed by the three-ratio method. The diagnosis results are shown in Table 4.
TABLE 4 | Diagnostic results of three direct ratio method of dissolved gas in oil and characteristic gas on oil surface.
[image: Table 4]It can be seen from Table 4 that for the dissolved gas was collected under the surface discharge defect model, the three-ratio method at 15 kV and 17 kV is diagnosed as arc discharge and spark discharge. However, no relevant phenomenon is observed in the oil tank. Although the three-ratio method is diagnosed as spark discharge at 19 kV, the main characteristic gas is not H2 and C2H2 which are given in the guidelines to analyse and judge dissolved gas in transformer oil, and the content of H2 does not reach the attention value. For characteristic free gas, the diagnostic results do not agree with the observed test phenomena. For the dissolved gas in the oil collected under the oil gap discharge defect model, when the fault degree is light, the characteristic gas does not reach the attention value, so the three direct ratio method cannot be used to judge the fault type.
In the case of serious fault, the three direct ratio method is diagnosed as arc discharge. But the actually observed phenomenon is not consistent with the phenomenon of arc discharge, so the existing DGA method cannot timely analyze the status of transformer, a new diagnostic method need to be explored.
In addition, when there is a high-energy partial discharge fault in the equipment, CO, CO2, CH4 and H2 will gather in large quantities on the oil surface, and these four gases can be used as the basis for characterizing the high-energy partial discharge fault. When there is spark discharge in the equipment, the three characteristic gases C2H6, C2H4 and C2H2 will also converge on the oil surface, it can be used as the basis for spark discharge diagnosis.
CONCLUSION
In this paper, the discharge characteristics of typical defect models in oil-immersed transformers with different severity and the gas production law of free gas are studied. The component concentration of dissolved gas after the test is analyzed and the free gas is collected at the initial stage of the fault of the typical defects actually existing in the transformer. By setting up the test platform of two typical discharge defect model under different severity, the gas production law of free gas was explored of two typical discharge defects:
1. At the initial stage of the fault, the existing DGA technology is difficult to timely diagnose the transformer status. Up till the present moment, there is no method to diagnose the state of transformer according to the content change of free gas. In this study, the free gas production law under discharge fault is obtained through experiments, and the change law of free gas with the aggravation of fault degree is studied.
2. Under the oil paper surface discharge defect model, the oil surface characteristic gas is mainly composed of four characteristic gases C2H2, CO, H2 and CH4. With the aggravation of the fault degree, the characteristic gases C2H4 and C2H6 as high-energy discharge are also collected and detected on the oil surface, and the concentration of the seven characteristic gases also increases with the aggravation of the fault degree.
3. It is found that the traditional three-ratio method cannot get the fault type and severity by analyzing the characteristic free gas. For the dissolved gas in oil, the analysis result of three-ratio method is not accurate because the concentration of dissolved characteristic gas is few at the initial stage of fault. This study provides data support for a new method of transformer status diagnosis by free gas.
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