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Based on long air gap discharge test data and lightning return stroke observation data, an improved electrogeometric model (EGM) considering terrain conditions is established and verified to analyze the lightning shielding performance of UHV transmission lines. The striking distance formula is modified as rs = 0.13 (I2 + 40I)0.814. In this paper, the lightning shielding failure rate of three-phase conductors of EHV and UHV transmission lines calculated by the improved EGM model is consistent with the lightning observation data of actual transmission lines in Japan and the scaled lightning discharge simulation experimental results of UHV transmission lines in plains and mountainous areas of China, which verifies the applicability of the improved EGM model to evaluate the lightning shielding performance of large-scale UHV transmission lines. The improved EGM model is applied to evaluate the influence of tower type and slope steepness on the shielding failure tripping rate of UHV transmission lines. The shielding failure tripping rate of the SZ322 tower is higher than that of the SZT1 tower, and the shielding failure tripping rate of UHV transmission lines is greatly affected by slope gradient and increases with the increase of slope gradient.
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1 INTRODUCTION
In the context of achieving the goal of carbon peaking and carbon neutralization, China is accelerating the construction of UHV to meet the needs of large-scale development and consumption of clean energy such as wind and solar energy. Large-scale transmission lines are exposed to the natural environment and are vulnerable to lightning strike during thunderstorm season (Hengxin et al., 2016). The lightning shielding failure of Durong line of the 1,000 kV transmission line in China occurred in 2015 and 2017. In addition, the lightning shielding failure of Binjin line, Fufeng line, and Jinsu line of the ±800 kV transmission line in China has occurred more than 10 times since 2010 (Chongyu et al., 2015). The UHV transmission line has large transmission capacity and low loss, but it is more prone to lightning shielding failure than 220 kV and below transmission lines, and the harm and loss caused by the accident are even greater. The operation experience of relevant industries has also shown that the current lightning tripping fault of UHV transmission lines is mainly caused by lightning shielding failure (Shen et al., 2021; Shen and Raksincharoensak, 2021). One of the reasons is that the current design of the lightning shielding system of UHV transmission lines draws on the calculation model of low-voltage transmission lines, resulting in large calculation errors. Therefore, it is necessary to study the lightning shielding performance evaluation model for large-scale UHV transmission lines.
The electrogeometric model (EGM) method is mainly used to study the shielding failure performance of transmission lines, which is widely used by power enterprises IEC and IEEE. Since Wagner proposed the concept of lightning return stroke model in 1961 (Wagner and Hileman, 1961), many scholars have tried to improve the striking distance formula in various ways. In 1968, Whitehead and Armstrong firstly proposed the typical EGM model by using the 1–3 m gap discharge test (Armstrong and Whitehead, 1968). Since then, many scholars have further improved the typical EGM model on this basis to make the evaluation of lightning shielding performance of transmission lines more applicable. In 1985, the IEEE working group proposed the general striking distance formula and the striking distance coefficient based on various factors (Grant et al., 1985). These improved striking distance formulas based on the discharge test data of 1–4 m gap distance played an important guiding role in the lightning shielding performance of low-voltage transmission lines. With the improvement of the voltage level of transmission lines, especially the rapid development of UHV AC and DC transmission technology, the air gap is further lengthened, and the shielding failure of UHV transmission lines is too high and some fully shielded lines in the theoretical model cannot be well explained by the typical EGM model method.
In recent years, scholars have begun to try to combine the practical operation experience of transmission lines with the experimental data of longer gap discharge to improve the striking distance formula and striking distance coefficient in the EGM model (Wang et al., 2014; Yu et al., 2017). The striking distance formula of the EGM model is derived from the gap discharge test results and lightning observation empirical formula. Thus, the accuracy of the lightning empirical formula also affects the accuracy of the model. Taniguchi et al. conducted the gap discharge test with the maximum gap distance of 6 m in 2008, and improved the EGM model combined with the probability formula of return stroke velocity (Taniguchi et al., 2010). In 2014, Wang et al. carried out negative impulse discharge tests on 1–10 m long air gaps with two kinds of voltage waveforms of −20/2,500 μs and −80/2,500 μs (Wang et al., 2014; Yu et al., 2014). Then, they conducted lightning shielding simulation tests of UHV AC transmission lines with a scale of 1:12.5, and obtained the lightning shielding performance of scaled UHV transmission lines (Yunzhu, 2015). The above large-scale discharge test provides basic data for the correction of the striking distance formula and the striking distance coefficient in the EGM model suitable for UHV transmission lines. In addition, the relationship between the primary lightning stroke current I and the primary lightning discharge speed v1 is the empirical formula I = 2,400v13 estimated by a large number of theoretical analysis (Shen et al., 2021). In 1984, Idone et al. found that the speed of subsequent return strokes had a good nonlinear correlation with the peak lightning current through an artificial lightning experiment (Idone et al., 1984). Yu et al. (2017) combined the large-scale long air gap discharge data with the probability distribution of the return stroke velocity of the artificial lightning pilot channel of Idone, and proposed an improved stroke distance formula related to the lightning return stroke velocity. Since the striking distance formula is related to the dispersion probability of the return stroke velocity, the striking distance formula is a dispersion form related to the return stroke velocity. However, the actual lightning process is random, and the lightning return stroke speed does not only consist the limited lightning return stroke speed considered in its dispersion form. The relevant research by Idone et al. (1984) shows that the probability distribution law of Idone’s return stroke velocity in the pilot channel of an artificially induced mine conforms to the relationship between return stroke velocity and current peak recommended by Lundholm (1957). Since the relationship between return stroke velocity and lightning current peak value proposed by Lundholm can be verified with the experimental data of artificial lightning induction in laboratory, the formula of striking distance in the EGM model can be modified to a formula only related to the amplitude of return stroke current (Yang et al., 2021a; Yang et al., 2021b).
In this paper, the data of large-scale long air gap negative discharge characteristics with the relationship between return stroke velocity and lightning current peak proposed by Lundholm (1957) modify the striking distance formula and the striking distance coefficient in the EGM model and use a calculation method to consider the incidence angle of lightning leader. The lightning shielding failure rate of ultra-high-voltage transmission lines in Japan is calculated by the improved EGM model in this paper, and the results are compared with the lightning observation data to verify the adaptability of the improved EGM model to the evaluation of lightning shielding failure rate of large-scale transmission lines. Combined with the simulation test of lightning shielding performance of UHV transmission lines, the influence of terrain conditions on the lightning shielding performance of UHV transmission lines is analyzed and compared with the calculation results of the improved EGM model in this paper. Finally, considering that the tower structure of 1,000 kV transmission lines in China is diverse, and the lightning shielding performance of transmission lines is greatly affected by terrain conditions, the improved EGM model is used to calculate and analyze the influence of tower structure and slope gradient on the lightning shielding performance of UHV transmission lines.
2 IMPROVED ELECTROGEOMETRIC MODEL BASED ON LONG GAP DISCHARGE RESULTS AND NATURAL LIGHTNING DATA
2.1 Relationship Between Natural Lightning Return Stroke Current and Return Stroke Velocity
At the beginning of the 1950s, some researchers found that the lightning return stroke speed was not stable (Lundholm, 1957). When the lightning leader falls, the leader head potential Vs is proportional to the primary lightning current I, and inversely proportional to the primary lightning speed v1. In 1963, Wagner established the relationship between lightning current amplitude I and lightning leader head potential Vs as shown in Eq. 1 (Wagner, 1963):
[image: image]
where I is the primary lightning current, kA; v1 is the lightning discharge speed with the speed of light as the unit value, p.u.; r′ is the distance between the lightning leader head and the ground at the last jump, m; d′ is the corona radius of the leader head, m. The long-term observation results show that r′ and d′ increase with lightning current I, while the variation of logarithm ln(2r′/d′) is small. Taking ln(2r′/d′) as 4.6, Eq. 2 can be obtained.
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Idone et al. (1984) found that there is a good nonlinear correlation between the speed of the subsequent return stroke and the peak lightning current through the artificial lightning experiment. Their research results basically verify the relationship between the return stroke speed recommended by Lundholm and the peak current as shown in Eq. 3 (Lundholm, 1957):
[image: image]
where vrs is the pilot return stroke speed, km/s. c is the speed of light, km/s. Ip is the peak return stroke current, kA. W is a constant. Idone et al. used the least square method to fit the experimental data and got W = 40.
2.2 Striking Distance Formula Based on Long Gap Discharge Results
The relationship between 50% negative switching impulse breakdown voltage (U50%) of the 1–10 m rod–rod gap and gap distance d is shown in Eq. 4.
[image: image]
where U50% is 50% negative switching impulse breakdown voltage, kV; d is gap distance, m.
By substituting Eq. 3 into Eq. 2, the relationship between lightning current I and lightning leader tip potential Vs can be obtained as Eq. 5.
[image: image]
Assuming that the U50% of the rod–rod gap is equal to the tip potential of the lightning leader, the striking distance formula can be derived as Eq. 6.
[image: image]
Comparison of different striking distance is shown in Figure 1. As the peak lightning current is less than 40 kA, the present striking distance in this paper is less than that of most scholars. When the peak lightning current exceeds 80 kA, the present striking distance is larger.
[image: Figure 1]FIGURE 1 | Comparison of different striking distance formulas.
2.3 Striking Distance Coefficient
In the typical EGM model, the striking distances between lightning leader tip and the lightning conductor, each phase conductor, and the earth are the same (Anderson et al., 1993). However, factors such as terrain condition, operation voltage, and the upward leader process of the earth surface object will affect the striking distance. Subsequent scholars introduced the concept of striking distance coefficient to distinguish the striking distance difference between lightning leader tip and phase conductors, lightning conductor, and earth (Golde, 1977), as shown in Eqs 7, 8.
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where rc, rgw, and rg are the striking distances of lead to conductor, ground line, and earth, respectively. Kg and Kgw are respectively the striking distance coefficient against ground and the striking distance coefficient against ground line.
Since the U50% of the 1–4 m rod–plane gap is slightly higher than that of the rod–rod gap, previous scholars believe that the ground striking distance coefficient Kg should be less than 1 (Qian et al., 2010; Wenxia et al., 2015). Experimental results of longer air gap negative switching impulse discharge show that the U50% of the rod‐plane gap is lower than that of the rod–rod gap as gap distance exceeds 4 m (Grant et al., 1985). Thus, the coefficient Kgw was revised to 1.1. However, optical observation results of the physical discharge process (Wang et al., 2014) show that the downward streamer-leader discharge process of rod‐plane gap is more obvious than that of rod–rod gaps under the negative switching impulse as the gap distance exceeds 4 m. It indicates that the final discharge length of rod–plane gaps is smaller than that of rod–rod gaps. Hence, taking the coefficient Kgw as 1.1 may overestimate the lightning attractive ability of the earth. In the present study, the striking distance coefficient Kg = 1.05 and Kgw = 1.
2.4 Calculation Method of the Improved Electrogeometric Model
In the EGM model, it is considered that the development of the lightning downward leader is stochastic before reaching the critical striking distance of the stroke object. Hence, the probability distribution of lightning leader incidence in the range of −π/2 to π/2 angle has been considered as Eq. 9.
[image: image]
A schematic diagram of the EGM model under plains and mountainous terrain conditions is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram of the EGM model for transmission lines in plains and mountainous areas. (A) Plains area. (B) Mountain area.
As shown in Figure 2A, arcs are made with the center of the lightning conductor and the three-phase conductor, respectively, and the radius of their respective striking distances. At this point, a curved surface is formed by arc AB, arc BC, arc CD, arc DE, and line EE′ along the direction of the transmission line. Only when the lightning downward leader falls into the positioning surface of the corresponding object is it believed that the lightning will strike the object. Thus, the arc BC, arc CD, and arc DE are also called the shielding arc. As the lightning return stroke current varies, the grounding conductors, phase conductors, and earth will be changed. For transmission lines in mountainous areas, as shown in Figure 2B, the shielding arc of the lines on both sides of the tower is not symmetrical due to the angle of the hillside. This is due to the inclination of the striking distances of earth line DE, which makes the shielding arc of the line facing the slope side decrease, while the other side increases. Besides, only when the lightning return stroke leader current exceeds the lightning current withstand level of transmission line Imin can insulation flashover occur on the transmission line.
The detailed calculation method of the EGM model used in this paper is shown in Figure 3. At a certain angle θ and ψ, the unit area of the shielding arc per unit length of the line perpendicular to the leading incident direction dA is
[image: image]
[image: Figure 3]FIGURE 3 | Diagram of the EGM model calculation method.
The corresponding exposure area of a lightning leader with a certain amplitude and incident angle perpendicular to the incident direction of the leader is
[image: image]
where g(ψ) is the probability density function of the incident direction of the lightning leader, −π/2< [image: image] <π/2.
The number of unit length line shielding strike fault is
[image: image]
where N is the number of falling thunders per year per unit area, strokes/km2/a; p(rs) and p(I) are the probability distribution density function of rs and I, respectively; rmax is the maximum striking distance that can cause shielding failure; rmin is the minimum striking distance that can cause shielding failure tripping, m; Imax is the maximum shielding current; Imin is the minimum shielding trip lightning current, namely, line lightning withstand level, kA. The calculation process of the present EGM model is shown in Figure 4. It is mainly used to calculate the maximum and minimum shielding trip lightning current of the line, and then according to Eqs 11, 12, concurrency points in turn, the angle of lightning incident and lightning incident position and amplitude of lightning current are circulated. Finally, the total projection width is calculated and the shielding tripping rate is obtained.
[image: Figure 4]FIGURE 4 | Improved EGM model calculation flow chart.
3 VERIFICATION AND ANALYSIS OF THE IMPROVED EGM MODEL WITH OBSERVATION AND EXPERIMENTAL RESULTS
3.1 Comparison With Observation Data of 500 kV and UHV Transmission Lines in Japan
In order to verify the applicability of the present EGM model, the present EGM model in this paper is applied to calculate the lightning stroke rate to power lines of 500 kV and UHV transmission lines in Japan. The specific parameters of 500 kV and UHV double-circuit transmission lines on the same tower in Japan are shown in Table 1.
TABLE 1 | Size parameters of double-circuit AC transmission lines on the same tower in Japan.
[image: Table 1]For the lightning density Ng, the typical EGM model is 3.0 strokes/km2/a, the 500 kV line area in Japan is 4.9 strokes/km2/a, and the UHV line area is 5.2 strokes/km2/a (Taniguchi et al., 2010).
The probability density of lightning current amplitude is
[image: image]
In this paper, the improved EGM model results are compared with the typical EGM model results, Taniguchi et al. (2010) and Yu et al. (2017) improved EGM model results, and long-term lightning observation results in Japan (Taniguchi et al., 2009) are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Comparison of different lightning stroke rate calculation methods with actual observation data. (A) 500 kV transmission lines. (B) UHV transmission lines.
In order to facilitate accurate comparison, the lightning stroke rate of each phase pA, pB, pC in each model is divided by their total P to obtain the proportion of each phase PA, PB, PC in each model as shown in Eq. 14.
[image: image]
As shown in Figure 5A, for 500 kV transmission lines, the total lightning stroke rate of the improved EGM model in this paper and the improved EGM model in Taniguchi et al. (2010) is slightly different from the actual observation data, which is 7% larger and 6% smaller, respectively, and the lightning stroke rate of each phase calculated by the two models is 45%:30%:25% and 30%:32%:38%, respectively. Compared with the typical EGM model and the improved EGM model in Yu et al. (2017), the two models are closer to the 36%:40%:24% of the actual operation observation results in Japan (Taniguchi et al., 2009).
As shown in Figure 5B, for UHV transmission lines, the lightning stroke rate calculated by the present EGM model is closer to the observation results in Japan with a deviation of −0.73%. The calculated shielding failure ratio of each phase is 43:33:24, which is closest to the 38:39:23 observed in Japan (Taniguchi et al., 2009) compared to the other three models. This also reflects that the improved EGM model in this paper is more suitable for the calculation of lightning shielding performance of large-scale UHV transmission lines.
3.2 Comparison With Lightning Discharge Simulation Test Results With Scaled UHV Transmission Line
In the past few years, a series of lightning discharge tests of scaled UHV transmission line have been carried out under different terrain conditions in China (Yu, 2012; Wang et al., 2014; Yu et al., 2014; Yunzhu et al., 2014; Yunzhu, 2015; Zongxi et al., 2016; Yu et al., 2017). In these tests, a 10-m-long steel rod with a spherical tip was applied to simulate the downward leader. The scaled ratio of UHV transmission line was 1:12.5. In Yunzhu (2015), Yu et al. (2017), Yunzhu et al. (2014), and Zongxi et al. (2016), the gap distance between the high voltage rod tip and the scaled line was 5 m. According to the ratio of 1:12.5, the striking distance of the actual line can be calculated to be 62.5 m. According to the improved striking distance formula as Eq. 6, the lightning return stoke current can be deduced as 28.7 kA.
To compare calculation results of the present EGM model with lightning discharge simulation test results, the ratio of each phase line effective shielding arcs la, lb, lc to total effective shielding arc L under a lightning current of 28.7 kA is calculated by the present EGM model as shown in Eq. 15.
[image: image]
In the calculation, the tower type is SZ322, which is the same as that in simulation tests in Yunzhu (2015), Yu et al. (2017), Yunzhu et al. (2014), and Zongxi et al. (2016). The protection angle of UHV transmission line is 1.5°. The slope angle of mountain ground is 30°. The ratio of each phase line shielding failure calculated by the improved EGM model is compared with the lightning discharge test results of UHV transmission lines (Yunzhu, 2015), as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Comparison chart of shielding failure proportion of each phase line.
As shown in Figure 6, in a plains area, the ratio of the ABC three-phase line shielding failure rate calculated by the improved EGM model in this paper is 63%:37%:0, and the probability of the ABC three-phase conductor being attacked in the test is 52%:35%:12%. Both show that the shielding failure probability of phase A is the highest, followed by phase B and phase C. Considering the dispersion of the discharge direction in the lightning discharge simulation experiment, there is a certain deviation between the improved EGM model and the test data. In mountainous areas, the ratio of the ABC three-phase line shielding failure calculated by the improved EGM model is 28%:38%:34%, which is in good agreement with those results in lightning discharge tests of the scaled UHV transmission line of 25%:44%:31%.
According to the comparison results in Section 2.1 and Section 2.2, the calculation results of shielding failure ratio of three-phase lines of large-scale transmission lines by the present improved EGM model in this paper are consistent with observation results of lightning shielding failure of EHV and UHV transmission lines in Japan and the lightning discharge tests of scaled UHV transmission lines in plains and mountainous areas in China. The above results indicate that the present EGM model proposed in this paper is more appropriate for lightning shielding performance evaluation of large-scale transmission lines.
4 THE EFFECT OF TERRAIN AND TOWER STRUCTURE ON LIGHTNING SHIELDING PERFORMANCE OF UHV TRANSMISSION LINES
To study the effect of terrain and tower structure on lightning shielding performance of UHV transmission lines, two tower structures, SZT1 and SZ322, are applied to calculate the lightning shielding failure tripping out rate of UHV transmission lines in plains and mountainous areas. The terrain slope angle is set between 0° and 70° to simulate different terrains. The two tower structures, SZT1 and SZ322, are shown in Figure 7. The detailed transmission line parameters are shown in Table 2.
[image: Figure 7]FIGURE 7 | Structure diagram of SZT1 and SZ322 double-circuit tower on the same tower. (A) SZ322 tower, (B) SZT1 tower.
TABLE 2 | Practical size parameters of SZT1 and SZ322 tower lines.
[image: Table 2]The calculation lightning shielding failure tripping out rate by the present EGM model is shown in Figure 8. The lightning shielding failure tripping out rate of UHV transmission lines increases with the terrain slope angle. Because the terrain slope angle is 0°, the shielding failure tripping out rate of the line is close to 0. Because the terrain slope angle is 30°, the shielding failure tripping out rates of the SZT1-type tower line and the SZ322-type tower line are 0.12 strokes/(100 km·a) and 0.13 strokes/(100 km·a), respectively. When the terrain slope reaches 70°, the shielding failure trip rates of the two tower lines reach 0.38 strokes/(100 km·a) and 0.41 strokes/(100 km·a), respectively. Besides, under the same terrain condition, the shielding failure tripping out rate of the SZ322 tower line is higher than that of the SZT1 tower line. It is due to the fact that the height of the SZ322 tower line is significantly higher than that of the SZT1 tower line. The grounding line of the SZ322 tower line is much higher than that of the SZT1 tower line, but the height of the C phase conductor is not much different. The lightning protection effect of grounding line in the SZ322 tower line on the conductor is weaker than that of the SZT1 tower line. Therefore, the probability of lightning shielding failure tripping out rate of the SZ322 tower line is higher than that of SZT1 in a mountainous area.
[image: Figure 8]FIGURE 8 | Influence of slope steepness under different tower models on shielding failure tripping out rate of 1,000 kV lines in China.
5 CONCLUSION
In order to analyze the lightning shielding performance of UHV transmission line more accurately, based on the long gap discharge test data and the lightning current return stroke current formula verified by researchers, this paper modifies the existing striking distance formula and uses the improved EGM model and the lightning simulation test of UHV transmission lines to analyze the influence of topography on the lightning tripping out rate of large-scale transmission lines.
(1) Based on the long air gap discharge test data of rod–rod gaps and lightning current return stroke velocity formula, the proposed striking distance formula is rc = 0.13 (I2 + 40I)0.814, the earth striking distance coefficient is 1.05, and the ground wire striking distance correction coefficient is 1.0.
(2) The calculation results of lightning shielding failure rate of UHV transmission lines by the present EGM model consist of the lightning observation data of the UHV transmission line in Japan and the lightning discharge simulation test results of scaled UHV transmission lines in plains and mountainous areas in China. which verifies the applicability of the improved EGM model in large-scale transmission lines.
(3) The tower configuration and terrain steepness have a significant impact on the shielding failure tripping out rate of 1,000 kV lines in China. The shielding failure tripping rate of the SZ322 tower UHV line is higher than that of the SZT1 tower line. With the increase of terrain steepness, line shielding failure trip rate is also increasing rapidly.
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