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New energy systems, such as wind power and photovoltaic and distributed power supply, in the power generation and grid-connected transmission system basically will use stronger insulation design, higher operational safety, and smaller footprint GIL equipment, while the new energy transmission system of the smart grid development trend requires accompanying the electronic transformer equipment to promote a large area. However, the current GIL equipment used in new energy transmission systems has caused great electromagnetic interference to the electronic equipment due to the compact layout of the equipment and the transient signals generated by normal operation, which has seriously restricted the development of smart grids and became a major obstacle to the grid connection of new energy systems. In order to study the characteristics and developmental law of transient electromagnetic interference signal of GIL equipment in new energy transmission and transformation system, this study proposes a dynamic arc model based on an optimized arc extinguishing criterion, verifies the correctness of the improved dynamic arc model through theoretical analysis, simulates calculation combined with the test measurement data, and compares and analyzes the simulation results with test measurement data to study the transient electromagnetic interference source signal during arc burning duration. The simulation results and test data are compared and analyzed to study the pulse steepness, size of the wave head, and overall waveform development law of the transient electromagnetic interference source signal during the arc burning process. It is concluded that the dynamic arc model based on the optimized arc extinguishing criterion can be better used to study the transient electromagnetic interference signal in the GIL equipment. Meanwhile, the transient electromagnetic interference signal has the characteristics of large amplitude and high frequency, the maximum overvoltage can reach 1.9 p.u., the UHF can reach 30 MHz, and the wave head rise time is about 12 ns. This study provides theoretical support for subsequent research on suppressing transient electromagnetic interference source signals, improving the anti-electromagnetic interference performance of electronic devices, and is dedicated to solving the obstruction problem in the process of grid connection of new energy transmission and substation systems.
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1 INTRODUCTION
The goal of “carbon peaking and carbon neutrality” has begun to rapidly integrate with various medium- and long-term plans of various countries. For the corresponding power system, the focus of development is not only from the integrated development of “source network, load, and storage” but also to focus on the construction of new energy power generation systems. Traditional coal-fired power generation is gradually transitioning to new energy power generation methods such as wind, light, and nuclear energy. Under the background of policy increases, the systematic construction of new power transmission and transformation that matches the connection of power generation to the grid has been continuously upgraded. Among them, the new power transmission and transformation system of new energy power generation and grid connection basically adopts the design form of the user’s GIL equipment. On the one hand, the reason is that land resources have become tight due to urban development, and on the other hand, the indoor GIL equipment is safer and more reliable, and it is not easy to cause the rejection of the surrounding residents. Therefore, more and more new power transmission and transformation systems connected to the grid for new energy power generation use the GIL equipment.
At the same time, with the development of smart grids, the development trend of new energy transmission and transformation systems is the widespread use of electronic transformer equipment used in conjunction with the compact GIL equipment. As shown in Figure 1, compared with the traditional open power transmission and transformation system, one of the major drawbacks of the GIL equipment is that the space is compact, so it is easy to ignore the electromagnetic interference under the premise of ensuring the insulation margin. At the same time, the transient signal generated by the equipment operation of the new energy grid-connected terminal GIS substation will have a serious folding reflection in the pipeline equipment (including the GIL equipment), thus further enhancing its hazard. According to relevant statistics, the failure rate of electronic transformer equipment that has passed the factory electromagnetic interference test has reached 30%, and the corresponding research shows that the main reason why electronic transformer equipment has not been widely promoted in new energy transmission and transformation systems is the high failure rate caused by the strong electromagnetic interference (Liu et al., 2012).
[image: Figure 1]FIGURE 1 | Schematic diagram of the grid connection process of the new energy system.
The electromagnetic environment within the substation is complex, and one of the most serious sources of interference is currently recognized as a fast transient signal (Zeng et al., 1996), that is, VFT (Very Fast Transient), which is generated by the GIL internal isolation switch. On the one hand, the isolation switch gear cannot perform automatic arc extinguishing, and on the other hand, the gate knife contact of the isolation switch moves slowly, which easily leads to arc pulling. Therefore, due to the VFT interference source signal that produces a large amplitude and high frequency during the operation of the GIL disconnect switch, the interference characteristics of the VFT interference signal are the wave head rising in the ns level and the high-frequency component up to about 30 MHz (Zhao et al., 2015).
The key point of the VFT electromagnetic interference problem lies in the repeated reignition of the arc between the disconnecting switch action process breaks and the resulting repeated oscillation of the attenuated wave signal in the GIS pipeline constantly folded and reflected superimposed on the generated electromagnetic interference source signal (Chen et al., 2019). For the VFT problem at home and abroad, which began to be researched very early, the overall research trend can be divided into two major aspects, one is to ignore the complex arc process mode, with only a simple switch split instead, and rough simulation of the VFT characteristics can meet the engineering needs of a particular situation; and another research direction is to continuously optimize the arc model through theoretical calculations and simulation modeling to maximize the simulation of the arc development. However, the development process of the arc involves a variety of physical and chemical phenomena coupled, it is difficult to make a breakthrough in purely theoretical calculations, and thus the optimization of the simulation model is the mainstream trend of VFT research. For the arc simulation model research, the most commonly used method is to use the arc resistance characteristics of the arc to simulate the arc process and the literature (Meng et al., 2010) according to the measured data fit to get the arc resistance function model to simulate the study of the arc process generated under the action of the disconnecting switch, but the study is limited to a single-arc study and failed to achieve the modeling of the complete repeated arcing process. Lin et al., 2012aLin, Wang and Xu, ,2012a) obtained the analytic equation of the VFT electromagnetic interference source signal from the theoretical point of view and then analyzed the development law of the signal, but the theoretical analysis was always unable to define the arc model as a function and therefore could not meet the current demand.
Because the traditional arc model of the arc extinguishing conditions is only the arc current natural over zero moment, and the actual arc energy conservation law does not match the situation. This study proposes an improved arc model to optimize the arc extinguishing criterion, through theoretical analysis, simulation modeling combined with actual test data to verify the feasibility of the improved arc model, and the use of simulation modeling to study the interference characteristics of the VFT electromagnetic interference source signal. The simulation data will also be compared with the test waveform to study the waveform signal steepness, wave head size, and the change of 10 consecutive single-arc ignition processes for the subsequent study to suppress the fast transient signal to improve the electronic transformer. At the same time, the simulation data are compared with the measured waveform to study the pulse steepness, wave head size, and the waveform change of 10 consecutive single-arc combustion processes, which provides theoretical support for the subsequent research on suppressing the fast transient signal to improve the anti-electromagnetic interference performance of electronic transformers.
2 THEORETICAL ANALYSIS
2.1 Very fast transient typical waveform
The root cause of VFT interference source in the GIS device system is that the isolation switch has no arcing capability. The strong electromagnetic interference to the adjacent equipment is caused by repeated arc burning between the isolating switch knife edges due to dielectric breakdown and propagation of wave signals in the circuit. Figure 1 shows the typical VFT signal waveform of a no-load line cut by a disconnecting switch (Duan et al., 2015).
From Figure 2, we can see that from the moment the disconnect switch contacts are separated, the VFT signal begins to form, and the overall development trend of the waveform is presented as a continuous “ladder,” and the rise and fall of the “ladder” is consistent with the change in trend of the power supply side voltage US. At the same time, it is obvious that the maximum and minimum values of VFT appear at the “peak” and “trough” of US, respectively, which is because the “peak” and “trough” of US are both at the “peak” and “trough” of US. This is because the US “peak” and “trough” are the absolute maximum amplitude moment when the arc is more likely to occur. In addition, the horizontal line of each “ladder” represents a complete single-arc burning process, and the blue-dotted waveform in Figure 2 is a complete single-arc waveform.
[image: Figure 2]FIGURE 2 | VFT typical waveform.
According to relevant standards, the single arcing part of the VFT signal is basically composed of four parts (Wang et al., 2000), and the typical waveform is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Typical waveform of VFT single arcing.
Figure 3 shows that VFT, as single pulse waveform of arc, is delta ΔU superimposed vibration attenuation with the change in trend of high-frequency distortion, and the high-frequency waveform has three main parts: the UHF f1 component part determines the high-frequency distortion, the ultra-high frequency f2 component part determines the signal peaks, and the high-frequency f3 component determines the overall trend of oscillation waveform, The f1 and f2 components are partly caused by the obvious mutation of reflection and wave impedance in the signal propagation process, while the main frequency part of the VFT signal is f3 component, which is generated by resonance caused by the equivalent capacitance characteristic of the external equipment, and this part can be analyzed through theoretical calculation.
2.2 Theoretical calculation of very fast transient dominant frequency component
Taking the disconnector breaking the no-load line as an example, the schematic diagram is shown in Figure 4 , and the combination of R, LS, and K in the dotted box in the figure is equivalent.
[image: Figure 4]FIGURE 4 | Disconnector breaking no-load line.
Assuming that at some point t is in the burning arc state, the switch K is closed and the loop II is turned on, and according to Kirchhoff’s law, the following equation is satisfied:
[image: image]
C1 and C2 are the residual voltage before U1 (0) and U2 (0), respectively, at time t, Uh is the voltage at both ends of the isolating switch, namely, the arc voltage. i (t) is the current flowing through the isolation switch, that is, the arc current. Meanwhile, according to the energy conservation principle of inductor LS and capacitor C2, it can be known that
[image: image]
According to the knowledge of differential equations, the condition that the equation has a solution is to satisfy Eq. 3;
[image: image]
At this time, resonant overvoltage will be generated in the circuit, which is the f3 component of the VFT signal. Let the capacitance C be the series value of C1 and C2 and solve the differential equation to obtain
[image: image]
According to the formula characteristics of differential function solution, in the abovementioned formula, ω0 determines the oscillation of the function, which is called the natural angular frequency. α0 determines the attenuation speed of the function, which is called the attenuation coefficient. Further solution can be obtained as follows:
[image: image]
It can be seen from Eq. 5 that the inductance and resistance value on the load side are the determinants of signal attenuation speed, while all component parameters in the loop, including the inductance, capacitance, and line resistance on the power side and the load side of the isolating switch, together determine the frequency of signal oscillation. Assuming that C0 is a constant, the following equation can be obtained:
[image: image]
It can be seen from Eq. 6 that the equipment connected by the isolation switch close to the line side, taking C2 as an example, is subjected to oscillation attenuation of the VFT interference source signal, and the basic waveform of UC2 (t) is the shock pulse superimposed on the attenuation oscillation waveform. The previously derived calculation results show that the main frequency f3 component of the VFT signal is partly generated by resonance caused by line capacitive parameters, that is, the line capacitive parameters determine the main development trend of the VFT signal (Shen et al., 2020).
3 MODELING AND SIMULATION
3.1 Modeling background
Taking the GIS disconnector breaking the no-load line as the research background and selecting the commonly used transient analysis software EMTP of the power system as the research carrier, it is necessary to establish the EMTP equivalent circuit model of each equipment element. The most common method is to obtain the equivalent model and parameters of the element by means of field circuit combination (Duan, 2016; Kang, 2016). For example, the power system is equivalent to the ideal power supply and internal resistance, and the line is equivalent to the wave impedance element of impedance Z and wave velocity V. Considering the complexity of the overall GIS disconnector disconnection no-load line model, some components need to be combined and simplified. The simplified topology is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Simulation component diagram of the GIS disconnector breaking no-load line.
The system equivalent model of capacitive component is more, and the equivalent capacitance is research emphasized, thus merging the processing capacity equivalent to the system parameters. Figure 4 shows that C1 is the transformer equivalent entrance capacitance in parallel wire casing of capacitance, C2 for transformer exports to lateral load isolation switch all the basin insulator GIS pipeline the sum of the equivalent earth capacitance in parallel, C3 is the equivalent ground capacitance of the load-side isolator, and C4 is the sum of the equivalent ground capacitance of all basin insulators in the GIS pipeline from the load-side isolator to the outlet bushing in parallel.
3.2 Single-arc burning model
A key point in the simulation modeling of the VFT electromagnetic interference source signal is the processing of the arc model. Currently, there are mainly three kinds of arc models for research for single-arc burning: fixed resistance, time-varying resistance, and dynamic resistance model. The fixed resistance model represents the whole process with the simplest stable arc burning state, and the current relevant research is based on the measured arc data using software fitting to obtain a specific value of 0.5 Ω for the arc resistance during stable arc ignition (Tian et al., 2013). The time-varying resistance model is an arc path resistance change function roughly fitted according to relevant data (Liu et al., 2013), expressed in Eq. 7, but the limitation is that the parameters cannot be modified under different working conditions.
[image: image]
The dynamic model is mainly based on Cassie and Mayr arc theory, both of which are assumptions based on the arc path arc energy variation law (Lin et al., 2012).
Taking Cassie’s model as an example, its formula is summarized as follows:
[image: image]
where E is the arc potential per unit length in the arc burning state, θ is the arc burning time constant per unit length, g is the arc conductance, and E0 is the voltage peak at both ends of the isolating switch blade. In the Cassie model, E0 is constant by default, so it is suitable for the case of large arc current.
Three single-arc burning models were simulated and compared, and the fast transient voltage signal was obtained as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Simplified equivalent circuit diagram.
As can be seen from Figure 6, the fixed-value arc resistance model, the time-varying arc resistance model, and the dynamic arc of a single-arc simulation results are basically the same, with only minor differences in the details of the magnitude. Also, it is obvious that the fixed-value resistance model only considers the stable arc state, so the basic peak voltage is larger than the results of the other two models, while the arc resistance of the arc extinguishing stage will instantaneously and rapidly increase. The simulated time-varying resistance model for this peak voltage is the smallest, and the dynamic arc model results between the two are more in line with the actual results. Further Fourier analysis of the results is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Frequency analysis of the fast transient voltage signal under the single arcing model.
As the fast transient signal spectrum within 20 MHz frequency is determined by the parameters of the circuit components, the variable arc resistance will change the amplitude of different frequency parts, and dynamic arc model consideration is more realistic, making the frequency composition more complex. This point from the Fourier analysis results can be observed: three models to generate the waveform frequency composition are more complex, fixed-value resistance model and time-varying resistance model. The main frequencies of the models are smaller, both around 12 MHz, with 2.6, 3, 7, and 12 MHz as the main ones, which are small overall. In the dynamic resistance model, the frequency is more complicated due to the fluctuation of the arc resistance in different stages, except that the frequency composition is similar to that of the other two waveforms within 12 MHz, and the 17 and 21 MHz parts also account for a significant amplitude.
To sum up, the single-arc model is more inclined to the dynamic electric group model.
3.3 Improved dynamic arc model based on the optimized arc extinguishing criterion
The process of the electric arc is the repeated cycle of arc initiation, arc ignition, and arc extinguishing, i.e., the arc is continuously reignited, so the establishment of the reignited arc model is the purpose of the study, and the connection of multiple single-arc ignition models based on the dynamic resistance model into the complete arc ignition process by means of arc ignition and arc extinguishing judgment is the focus of the study. In the literature (Teng, 2013), a model based on the logical judgment language for reignition and arc-extinguishing stage judgment is proposed to realize preliminary arc full process simulation, but the limitation is that the logical judgment language of the arc-extinguishing module is too idealized, and the default arc current naturally passes zero when the arc is extinguished, and the actual study finds the dissipation of the arc energy as the direct cause of arc extinguishing. Therefore, the model in the arc extinguishing judgment is used to distinguish between frequency over zero and high-frequency oscillation over zero. Two different arc currents over the zero mode of logic are not reasonable, only the natural over zero judgment language is set, the arc current over zero is only a necessary condition for arc extinguishing, and the arc current over zero when the arc energy will not be just consumed, so the simple arc current over zero judgment is not only enough to conclude that the arc extinguished but also needs to assist at this time that the smaller the rate of change of the arc current. The lesser the arc energy change tends to be smooth, and the arc does not have arc extinguishing conditions (Meng et al., 2010).
According to the logic judgment ideas proposed in the literature (Teng, 2013) to optimize the arc extinguishing criterion to generate an improved dynamic arc model, the model of the arc ignition judgment logic is relatively simple, and the arc extinguishing state at a certain moment when the voltage difference between the two ends of the isolation switch cutter is greater than the dielectric breakdown strength at that moment is the occurrence of arc ignition. The arc extinguishing criterion has been optimized for the arc current over zero when the arc is extinguished to assist the current change rate criterion at this time, and the two are with the gate. The relationship between the two is with the gate. The overall logic of the improved dynamic arc model is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Logic judgment schematic of arc simulation.
As shown in Figure 8, the logic judgment module of the improved dynamic arc model is mainly divided into three parts, the arc extinguishing criterion, the arc burning criterion, and the end criterion, in which the end criterion is the logic language to determine whether the operation of the isolation switch is over. Ub is the dielectric breakdown voltage of the knife port, which varies with the size of the knife port spacing, that is, as a function of time t. The input quantity of the arc burning module is the voltage at both ends of the isolation switch knife port U1 and U2 and the input of the arc extinguishing criterion is the arc current i (t) and through the software function automatically obtains the previous arc current i (t-Δt) at the moment t. Ich is a measure of the smaller rate of change of current, and the specific value is determined with the cutter spacing and SF6 concentration of the GIL disconnecting switch gear, and the value taken in the simulation is a reference value according to the literature (Zheng, Wu, 2010) “and” indicates with the gate logic that the logic model mainly controls the switch division and closure and is used to put in and out of the single arc burning model.
3.4 Simulation result
Based on the simulation topology in Figure 4 and the dynamic arc model after the optimization of the quenching criterion, the voltage level is 330 kV. The isolation switch is simulated to split and close the no-load line, focusing on the waveform of VFT on the equivalent ground capacitance C2 of the no-load line. The simulation results are shown in Figure 9. The simulation step length is 35 ns, and the simulation duration is 8 ms.
[image: Figure 9]FIGURE 9 | Comparison of VFT simulation results under different arc models.(A) VFT waveform of whole process arcing (B) Dynamic arc model single-arc waveform (C) Unmodified arc model single-arc waveform.
As shown in Figure 9A, the whole process of the arc waveform presents a “ladder” shape, with the theoretical analysis of typical VFT development patterns being consistent. At the same time, comparing the two arc models, the simulation results after optimization criterion arc energy attenuation law conforms to the objective laws, and the overall number of the arc model improved more. In addition, the signal attenuation of the improved single arc burning is faster (t2 >> t1). It can be seen from Figure 9B and Figure 9C that the single-arc burning waveform of the improved arc model is a typical pulse signal superposition oscillation attenuation waveform. By comparison, the simulation results of the improved dynamic arc model after the optimization of the arc extinguishing criterion are more consistent with those of the typical waveform of the VFT single-arc burning.
Further analyses of the spectrum of the single-arc waveform of the two arc models are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Spectrum analysis of single arcing waveform with different arc models.
It can be seen from Figure 10 that the spectrum within 20 MHz in the single-arc signal waveform of the improved arc model is more complex and can better simulate the actual arc burning process, and the UHF part beyond 35 MHz can also be simulated by the improved arc model because the variable arc resistance will change the amplitude of different frequency parts, while the improved dynamic arc model is more practical and makes the frequency composition more complex.
In conclusion, the simulation model after optimizing the judgment logic can well-realize the whole simulation process of VFT, so it is feasible to simulate the development law of the VFT signal by this model.
4 COMPARISON BETWEEN SIMULATION AND VFT CHARACTERISTICS
4.1 Build test platform
In order to minimize external interference, a GIS disconnector on–off no-load line test platform is chosen. The layout diagram of the platform is shown in Figure 11. The dotted box on the right represents the power side. The test process is as follows: first, the platform is charged without the load, and the circuit breaker is opened after a period of time. Then, the voltage and current signals are measured at the corresponding measurement position when the disconnector on the line side is opened, and the test platform is actually boosted by 330 kV.
[image: Figure 11]FIGURE 11 | Layout of field test platform device.
During the preliminary test, the voltage is boosted to 330 kV. To facilitate the corresponding analysis with the simulation data, the action process lasts for 8 ms, and the test also considered the test item of the effect of the outgoing bushing with a capacitive load on the VFTO signal, and the purpose of the outgoing bushing with a capacitive load is to simulate the capacitive effect of the no-load long line. Each item is opened and closed several times to eliminate the randomness. The measurement items are divided into the following four cases, as shown in Table 1.
TABLE 1 | Test measurement plan.
[image: Table 1]Each group of tests are opened and closed several times. This is because the opening and closing process of the disconnector has strong randomness, so the strong VFT interference signal is taken for many times. The waveform amplitude and frequency of the measured data of the four groups of tests are close, but the measured results show that the VFT interference signal generated by the opening operation is stronger than that generated by the closing operation. The reason is that there will be residual voltage in the line before the opening operation, and the residual voltage is opposite to the voltage on the power side. The breakdown voltage at both ends of the knife edge of the disconnector greater and produces a stronger pulse part. In addition, the interference signal with no-load is stronger than that with a capacitive load because the main frequency of the VFT signal is resonance caused by capacitive elements. Under the conditions of this test, the equivalent capacitance value of the no-load line meets the resonance conditions, but increasing the capacitive load will destroy the resonance conditions and reduce the overvoltage amplitude. The strongest transient signal is imported into MATLAB as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Measured VFT waveform generated by disconnector opening and closing no-load line.(A) VFT whole process voltage waveform. (B) VFT single-arc voltage waveform.
It can be clearly seen from Figure 12A that the measured VFT electromagnetic interference signal is consistent with the theoretical analysis and simulation results and presents a “ladder” shape as a whole. Due to the electromagnetic interference of the measured environment, the waveform of the measured data is wide during arcing, which is different from the simulation. The strongest single arcing waveform in the measured data can be seen from Figure 12B, which is also consistent with the previous analysis. It is the pulse wave superimposed oscillation attenuation signal. The VFT maximum overvoltage of the overall measured data is 514.64 kV (1.91 p.u), which is greater than the maximum overvoltage amplitude of 1.76 p.u simulated under the same conditions, and the measured data are random, so the maximum overvoltage may not be the strongest signal. The VFT electromagnetic interference signal generated in the opening and closing process of the disconnector is strong, which will seriously threaten the insulation and electromagnetic compatibility performance of the adjacent equipment.
Furthermore, the characteristics of the VFT electromagnetic interference source signal are analyzed, the single-arc burning waveform of simulation and test results is selected, and the spectrum of waveform and the characteristic quantity of wave head steepness are extracted for comparative analysis and research.
4.2 Spectrum comparison between simulated and measured data
According to the theoretical analysis, the fundamental frequency of the VFT signal determines the development trend of the arc burning waveform in the whole period, while for the single-arc burning waveform, the focus belongs to the composition of high frequency and UHF. The strongest single arcing waveform of simulation data and measured data is analyzed by MATLAB. The results are shown in Figure 13.
[image: Figure 13]FIGURE 13 | Comparison diagram of VFT signal simulation and measured spectrum. (A) Simulation waveform spectrum. (B) Measured waveform spectrum.
The waveform diagram in Figure 13 is the signal source of analysis, the red part is the waveform period selected by Fourier analysis, the analysis selection period is about 2us, the histogram is the Fourier analysis spectrum, and the basic frequency during analysis is 0.5 MHz. The waveforms of the simulated and measured last ignition arc selected for this study were subjected to Fourier analysis. Due to the random nature of the process, the last ignition arc of the simulated results occurred at the forward wave peak, while the last ignition arc of the measured results occurred at the reverse wave peak. However, the analysis of the spectrum of the single-arc-burning waveform and the positive and negative directions of the voltage and current signals are not directly related and do not affect the conclusion of the analysis.
It can be seen from Figure 11 that the frequency spectrum of the single arcing waveform in the VFT electromagnetic interference source signal obtained by the two methods is similar. The high frequency of the simulation signal is concentrated at about 6.2 Mhz, and the corresponding amplitude reaches about 175 kV, while UHF is concentrated at about 22 MHz, and the corresponding amplitude is only about 70 kV. The high frequency of the actual VFT waveform is slightly higher, 6.9 Mhz, UHF is concentrated at 24 MHz, and the corresponding amplitude of the two frequencies is slightly higher than the simulation value. This is because the simplified processing of equivalent ground capacitance of some equipment during simulation and because the measured acquisition is subjected to environmental electromagnetic interference, and the amplitude proportion of lower frequency in the spectrum is significantly greater than that of simulation. On the whole, they have high spectral consistency.
The spectrum of the VFT electromagnetic interference source signal is complex, the maximum frequency can exceed 40 MHz, and the amplitude of some high-frequency signals is strong, which will cause strong electromagnetic interference to the primary equipment.
4.3 Comparison of wave head steepness between the simulated and measured waveform data
The wave head of the VFT signal refers to the pulse of waveform. It can be seen from Figure 2 that the wave head of the single-arc burning waveform is the first voltage “rise” after arc burning, which is expressed by ∆u, and the voltage rise time of the wave head is very short, which is an ns-level surge. Li et al. (2015) point out that the more dangerous in VFT is the ns-level surge steep wave. The research shows that the surge phenomenon of the wave head of the VFT signal is due to the sudden change of voltage of static contact of the disconnector and the dielectric breakdown of knife edge gap. The voltage on the static contact needs to suddenly change into the voltage on the power side of the moving contact, so it will form a surge of the NS wave head.
To analyze the dangerous degree of surge of the pulse wave head, we should not only pay attention to the amplitude of pulse wave but also the time consumed by the pulse wave rising to the peak, which is a very important factor. Chen et al. (2013) point out that the rising pulse wave time of the VFT signal is determined by the size of discharge gap. There are tips at both ends of the GIS disconnector contact, which is prone to tip discharge. Therefore, the knife edge gap of the disconnector is an uneven electric field, and the voltage required for breakdown discharge is small, resulting in a long time for wave head lifting, about 3–20 ns. Through the statistical analysis of many measured test data by Zhu et al. (2016), it is found that the average rise time of the single-breakdown arc waveform pulse where the VFT peak is located is within 12 ns.
The steepness D of the wave head is defined as the ratio of the lifting amplitude ΔU1 of the wave head to the lifting time tR of the wave head, including
[image: image]
As can be seen from Figure 11B, the measured data show that the wave head of single-arc burning is obvious, the rise time is about 13.93 ns, the amplitude ΔU1 = 1.33 p.u, and the wave head steepness D = 0.0955. As can be seen from Figure 8, the rise time of the wave head of single-arc burning is about 12.68 ns, the amplitude ΔU1 = 0.98 p.u, and the steepness of the wave head D = 0.0773. It can be seen that the lifting amplitude of the measured data is large, the wave head duration is long, and the wave head steepness of the maximum single-arc burning is greater than the simulation data.
For further comparison, the last 10 single arcing waveform data of the measured VFT waveform in the opening process are selected and compared with the simulation data under the same conditions. The statistical results are shown in Table 2:
TABLE 2 | Statistics of wave head steepness of the last 10 single arcing waveforms of VFT during opening.
[image: Table 2]It can be seen from Table 2 that the wave head steepness of the overall simulation result is slightly less than the measured data because the premise of simulation is the selection of equivalent parameters, which is different from the actual situation. At the same time, it can be seen that the overall development of the wave head steepness in the last 10 arcing of the measured data has no law to follow and has great randomness, which is also the main reason why the VFT electromagnetic interference signal has not been accurately analyzed at present. However, the wave head steepness in the simulation results of the optimized arc model is also consistent with the measured results. It is verified again that the model has desirable value in the research of the VFT electromagnetic interference signal.
At the same time, from the last 10 single arcing waveforms in the process of opening arcing, the more the VFT signal waveform in the process of opening, the steeper the wave head of the transient signal, and the stronger the harm due to the superposition of residual voltage.
5 CONCLUSION
New energy systems in power generation and grid-connected transmission and substation systems are basically used in the indoor GIS equipment, despite the stronger insulation design and higher safety and reliability of the GIS equipment, but the current new energy transmission and substation systems used in the GIS equipment due to the compact layout of the equipment lead to the VFT transient signal to electronic equipment, causing great electromagnetic interference, which seriously restricts the development of smart grid footsteps. It is also a major obstacle to the grid connection of new energy systems. In order to study the characteristics and development law of the VFT transient electromagnetic interference signal of the GIS equipment in new energy transmission and transformation system, the study uses theoretical analysis, simulation modeling combined with the experimental measurement method to reproduce the characteristics and development trend of the VFT electromagnetic interference signal by a dynamic arc model with optimized arc extinguishing criterion and analyzes the spectrum and wave head characteristics of the VFT electromagnetic interference signal. The following conclusions are obtained.
1) The problem of VFT transient electromagnetic interference in the indoor GIS equipment used in new energy transmission and transformation systems is the main reason that restricts the development process of smart grid electronic transformer equipment to promote a large area.
2) The single-arc waveform of the VFT electromagnetic interference signal is a pulse voltage superimposed oscillation attenuation wave, and the repeated re-ignition of the arc makes the development of the arc waveform in the whole process showing a “ladder” change trend.
3) The improved dynamic arc model based on increasing the change rate of arc current and optimizing the arc extinguishing criterion can be used to study the VFT electromagnetic interference signal generated during the action of the GIS disconnector. The overall development trend of the simulation waveform and single-arc burning waveform are consistent with the theoretical analysis and measured results.
4) The maximum overvoltage of the VFT electromagnetic interference signal generated under the opening and closing action of the GIS disconnector can reach 1.9 p.u, UHF can reach 30 MHz, and the rise time of the wave head is about 12 ns. The VFT signal with large frequency amplitude, high frequency, and steep wave head will cause great insulation threat and electromagnetic interference to the equipment near the knife edge of the disconnector.
5) With the development of the power grid, the suppression of the VFT signal can be a good solution to the new energy grid process to the new power system in the electronic type of intelligent equipment electromagnetic interference problem, composed of a new power system and the development of smart grid, as shown in Figure 14, for the new power system structure diagram.
[image: Figure 14]FIGURE 14 | New power system structure diagram.
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