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Abstract

:

Featured Application


This study can be applied in the energy industry to calculate the lightning impact level of overhead lines.




Abstract


This paper proposes a simple method for calculating the lightning impact level on overhead transmission power lines, taking into account its entire length. The method uses lightning historical data and the geographic coordinates of power line towers. It is based on calculating the distances between both arrays of lightning and of towers. The method has been tested on overhead lines in the Murmansk region of the Russian Federation and can be applied to any overhead line if a lightning dataset in the overhead line area is available. This study is useful for electric power suppliers because it provides valuable information about the most lightning-prone sections of overhead power lines. The method can also be beneficial to people selecting the optimal route (least amount of lightning strikes) for power transmission lines based on lightning density.
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1. Introduction


Stability of power supply to the consumer requires increasing the resistance of power lines to the effects of lightning overvoltages. Many climatic conditions must be taken into account, including lightning intensity, when calculating the parameters of power lines. At present, in Russia, the assessment of the lightning impact level on power lines is regulated by the document “The Electrical Installation Rules” [1]. It presents lightning density maps built more than 30 years ago based on visual observations of lightning and thunder. At the same time, in world practice, accurate maps of lightning density and thunderstorm days are used for a long time, as obtained by the instrumental method. In [2], the authors use lightning data obtained by ground-based lightning detection instruments denoted CIGRE-500 and CGR3 and by NASA satellite-based instruments denoted OTD and LIS. Studies [3,4] were carried out using a network operated by Météorage, which consists of Lightning Location and Protection type sensors that use the Direction Finder method to locate lightning. For example, Mäkelä et al. [5] proposed to determine the number of discharges per day in 20 × 20 km cells, which corresponds approximately to the human observing area for visual observations of lightning and thunder and to the area of a typical thunderstorm. Nevertheless, Russian researchers also analyze lightning activity using modern methods. Vaisala LS8000 network deployed in the North Caucasus is used to track thunderstorms [6]. A study of thunderstorm activity in Yakutia used the World Wide Lightning Location Network [7]. When lightning was detected over the southeastern territory of Western Siberia, a Boltek LD-250 single-point lightning detector was used [8]. However, “The Electrical Installation Rules,” which is the main regulatory document in the field of electrical installations, unfortunately, is not updated in accordance with the lightning data obtained.



In some cases, a buffer area or corridor is used to calculate the impacts of lightning on overhead transmission lines (OHTLs). Usually, the width of the corridor ranges from a few hundred meters to a few kilometers. For example, in [9], a map plot was obtained with a corridor of 9 km on each side of the line. It notes that lightning discharges beyond this distance no longer affect OHTL. There it is also suggested that the chosen corridor width corresponds to the margin of error from the lightning detection system (LDS) while providing the data, which seems a too large value for the LDS. The constructed corridor also uses square cells, visually larger than 20 km × 20 km. In [10], a method of constructing a lightning density map along the overhead line route during long-term lightning registration is proposed. The study area is divided into 5 km × 5 km cells, the size of which is conditioned by the accumulation of a sufficient number of discharges (100–150) in the cell over a five-year observation period. To determine the lightning density in the OHTL area, grid cells crossing the overhead line route and located near the route at a distance of less than 1/5 of the length of the grid cell side are used.



As a rule, in various calculations for power lines, the ground flash density Ng is used. For example, [11] gives an overview of techniques to estimate flash incidence to a line over ground.



All these studies using the strokes’ densities provide approximate information about the expected impact on the power line, but they do not provide information about the flash incidence of specific sections and towers of the power line. For example, different cell sizes from 5 km to more than 20 km are used, while the span between the transmission towers of high voltage class overhead lines usually reaches only a few hundred meters; or uncoordinated distances are used to determine the buffer distance. At the same time, information about lightning strikes along the entire length of power lines is required for electrical lineman of energy companies and utility companies in order to identify sections that require special control [12]. Thus, there is currently no simple tool to assess the level of lightning impact on OHTLs along their entire length.



Despite the importance of lightning density maps for estimating lightning incidence to power lines in general, we wish to devise a measure of the average annual lightning impact intensity along the entire length of the overhead line, taking into account the lightning discharges that actually occurred over a long period. To do this, the study used raw data from the LDS and the coordinates of the transmission towers.



The purpose of this work is to show a simple method for assessing the lightning’s impact on overhead power lines along their entire length, using lightning historical data in recent years, by the example of the Murmansk region of the Russian Federation. The method shows the importance of the buffer area for assessing the level of lightning impact on a power line along its full length. The proposed method has been tested on 200 OHTLs located at the territory of the Kola Peninsula of the Arctic Zone of the Russian Federation. The majority of overhead lines have the most frequently affected areas identified.




2. Materials and Methods


2.1. Math Function


We first present the mathematical function used for the estimation of lightning impacts intensity on all OHTL supports. Under the intensity of the lightning’s effect on the support, we will take the value equal to one if it directly hit the support and decreasing to zero as the lightning approaches the boundary of the power line buffer. In this case, the lightning radius is equal to the buffer radius. The input data for this function are: first, the geographic coordinates of lightning in the studied area during the specified time interval; second, the geographic coordinates of all towers of the studied power line; finally, the buffer size for this line. Logically, the larger the buffer, the more lightning it will contain, and the greater the impact will be accounted for by the power line.



Let D be a matrix of distances between all flashes and all power line towers. For general n-dimensional Euclidean distance, we can exploit Equation (1) [13]:


   D 2   (  p l ,   s t  )  =    (  p l − s t  )   T   (  p l − s t  )  = p  l T  p l + s  t T  s t − 2 p  l T  s t ,  



(1)




where pl and st are the support and the lightning vectors, respectively, and plT is the transpose operation. The resulting matrix D contains the number of rows corresponding to the number of flashes and the number of columns corresponding to the number of towers.



The next step is to calculate the matrix E. This is the difference between the buffer size b and the distance matrix D:


  E = b − D .  



(2)







Next, all matrix E elements less than zero are taken as having no effect on the transmission line tower. Let us equate these values to zero:


  E  [  E < 0  ]  = 0 .  



(3)







The final step is to obtain the lightning intensity vector e by summing the rows of the matrix E. Let us take the impact of lightning as one. Hence, we divide the rows of matrix E by the buffer size b. The length of this vector will be equal to the number of transmission line towers:


  e =   ∑   i = 1  t   (    E  (  i ,  )   b   )  ,  



(4)




where t is the number of power line towers. To obtain the annual average value, the vector e should be divided by the number of thunderstorm observations years.




2.2. Study Area


Let us apply the proposed method to some OHTLs of the Murmansk region of the Russian Federation. There are more than 270 lines with voltage classes 35, 110, 150 and 330 kV in this region. The Murmansk region is located in the northwestern part of Russia and has borders with Finland and Norway. The region is part of the Arctic zone of the Russian Federation and has a moderately cold climate with sufficiently low thunderstorm activity in the north and medium thunderstorm activity in the south. Therefore, two overhead lines were chosen to demonstrate the method: one of them is located in the north of the region, and the other is located in the south of the region.



Lightning analysis in the Murmansk region was performed with the Blitzortung lightning detection network (LDN) [14]. This region was chosen due to its location in the Blitzortung LDN zone of reliable lightning detection, unlike other regions of the Russian Federation. There are more than 25 detectors within a 500 km radius. Additionally, we choose this LDN because we have easy access to the data and because we are participants in this project. The Blitzortung Network has been in operation since 2008, but reliable data for the Murmansk region has only been available since 2015, which is a limitation of thunderstorm research in that region using this LDN. Therefore, this work will use lightning data for the last five-year period from 2016 to 2020. The data set consists of 41,656 flashes to the ground between January 2016 and December 2020. Other research limitations when using Blitzortung network data are the detection of lightning into the ground only and the unavailability of lightning current information.



To have an overview of thunderstorms in the studied region, the corresponding maps were constructed according to the methodology proposed in [5]. To construct a gridded dataset of ground flash density, the Murmansk region is divided into grids of 20 km × 20 km cells. We have also converted the lightning and power lines data from the original World Geodetic System geographical coordinate system (WGS84) into the kilometer-based Universal Transverse Mercator (UTM) system to provide easier analysis of the data into the 20 km × 20 km squares.




2.3. Power Lines Data Set


A set of transmission lines data was obtained from the electric power suppliers of the Murmansk region. The data set consists of 200 complete transmission lines of different voltage classes. Note that these data represent service information, so in this paper, some data from this set will be presented in an unidentified form and without precise georeferencing. Nevertheless, even the information presented in this form will allow us to demonstrate a method for evaluating the lightning intensity on power lines along their entire length.




2.4. Processing Environment


The method and results described in this paper are part of a project to simulate the states of the Kola power system and to inform about flash incidence to power lines over the ground in real-time. Calculations were performed in the R programming language using the “sf” and “plotly” libraries.





3. Results


We present the principle of the method on an abstract model of power lines with a random set of lightning (Section 3.1). Then we test the method on some power lines of the Murmansk region (Section 3.2).



3.1. Detailed Method Description


Let the transmission line model consist of 15 towers, the distance between which does not exceed 300 m. The coordinates of the towers are given in Table 1.



Randomly place several lightning strikes in the power line area. Let, for illustration, have two flashes with coordinates x1 = 5.887, y1 = 5.658 and x2 = 4.258, y2 = 4.717. Let us assume that one flash near a power line tower and a second flash near a buffer boundary, the initial size of which is 0.8 km (Figure 1, left column). Using Equation (1), we obtain the distance matrix D:


  D =  (      2.546     2.352     2.077       0.691     0.478     0.197                 1.854    …    1.150       0.045    …    2.288        )   



(5)




Then, for b = 0.8 km, we carry out the calculation by Equation (2) and get:


  E = b − D =  (      − 1.746     − 1.552     − 1.277       0.109     0.322     0.603                 − 1.054    …    − 0.350       0.755    …    − 1.488        )   



(6)







According to Equation (3), zeroize the negative values of the matrix E:


  E [ E < 0 ] = 0  →  y i e l d s   E =  (     0   0   0      0.109     0.322     0.603                0   …   0      0.755    …   0       )   



(7)







At the final step, by Equation (4), we obtain the desired influence vector e:


     e =    ∑   i = 1   15     (    E  (  i ,  )    0.8    )  =       =  (  0.137 ,   0.402 ,   0.754 ,   0.944 ,   0.572 ,   0.315 ,   0.067 ,   0 ,   0 ,   0.014 ,   0 ,   0 ,   0 ,   0 ,   0  )  .     



(8)







As the buffer increases to 1.2 km and then to 1.6 km, each flash will be counted by more towers but with different intensities due to different distances from the towers. The graphical representation of the vector e for the 0.8 km, 1.2 km and 1.6 km buffers is shown in the bottom row of Figure 1.




3.2. Testing the Method on Real Power Lines


A study of the method on real overhead lines is important, primarily for power suppliers. Moreover, it is necessary to quickly obtain knowledge of the most lightning-affected sections of power lines. In some cases, the method can also be beneficial to people selecting the optimal route (least amount of lightning strikes) for power transmission lines based on lightning density [15].



To test the method on real regional overhead lines, you need to prepare the initial data. These include the coordinates of overhead line towers, coordinates of lightning strikes, and the range of power line buffer. If everything is simple enough with the coordinates, the buffer size must be calculated. In this work, the OHTLs buffer is chosen within the LDN error limit. This error can be estimated from the maximum deviation span (MDS) parameter of each flash. Figure 2 shows a histogram of the MDS parameter distribution.



Understanding that the propagation of radio waves in the atmosphere is more complex than in the vacuum depends on many parameters, such as wavelength, source power and others, for simplicity, we take the speed of radio waves as the speed of light propagation through a vacuum. We transform the MDS parameter into the lightning strike radius Rl:


   R l  =   M D S · c  2   



(9)




where c is the speed of light in vacuum, equal to 299,792,458 m/s.



Table 2 shows a summary of the transformed MDS parameter Rl from a dataset containing 41,656 lightning strikes to the study area.



The mean and median values are almost equal and are about 1350 m. Recent Blitzortung LDN accuracy studies in Japan [16] showed similar results with a value of about 1400 m, so we will accept the lightning data set as valid. Therefore, for our calculations, we take the size of the overhead line buffer zone to be approximately equal to the range of the MDS parameter from Table 2: from 100 to 2300 m.



We will construct a map of the average annual ground flash density according to the technique [5] and show selected power lines on it (Figure 3).



Over the 5-year period from 2016 to 2020, 44 and 175 lightning strikes entered the buffer zones (R = 2300 m) of “North” and “South” power lines, respectively. The main concentration of lightning is located in the first half and at the end of the “North” OHTL. In the “South” OHTL, the main concentration of lightning is located in the second half and the first quarter. The distribution of these flashes is shown in Figure 4.



The intensity vectors of the average annual lightning impact e, obtained for the buffer area in the range from 0.1 to 2.3 km of each of the power lines, can be displayed as a 3D surface. Such imaging is sufficient to identify the most frequently affected sections of power lines. Sections with the highest intensity correspond to areas with the highest lightning concentration. The vectors e for the “North” line and “South” line are shown in Figure 5.





4. Discussion


Let us try to estimate a possible range of the buffer area of the selected power lines according to the models of estimate flash incidence to a line overground (Anderson [17], Mousa and Srivastava [18], Rizk [19], Eriksson [20]). Now, all models of the estimated flash incidence to a power line are based on Ground Flash Density Ng. Only some coefficients in structurally similar equations are different:


   N l  =    N g    10   ·  (  b + D ·  h x   )  ·  L  100    



(10)




where Nl is the number of strokes to a line; Ng is ground flash density, 1 km−2 year−1; b is the overhead ground wire separation distance, m; D and x are empirical parameters given in Table 3; h is the height of the power line tower or average conductor height for various cases, m; L is the line length, km.



If you use “The Electrical Installation Rules” to estimate, then Ng depends on the number of thunderstorm hours, which for “North” power lines has a vague value of “less than 10” and for “South” power lines a little more specific “10 to 20”. However, a map of lightning density in the Murmansk region for the last 5 years has already been drawn (Figure 3), so it would be logical to use it. Using a map based on cells with a defined area, you need to divide the overhead line into sections lying in each of these cells. Then for each site, you need to calculate and summarize the results. The results of the estimated flash incidence to a power line according to the aforementioned models are shown in Table 4.



On average, over the last 5 years, the actual number of strikes to the “North” overhead line obtained with these models corresponds to a buffer area range of 350 to 400 m. For the “South” overhead line under the same conditions, the buffer area range is 200 to 310 m. Therefore, the predictive model should be used with caution, as it is assumed that in an ideal model, the widths of the overhead line corridors should be approximately equal. Each of the mentioned models is based on the average annual lightning density per one km2, which is almost impossible to predict, and only statistical historical data are used. In this context, the problem of the northern regions, including the Murmansk region, is the rarity of thunderstorms. For example, a single thunderstorm of 3–4 h duration can leave a strong trace on the annual average lightning density map for several years, while in areas with high thunderstorm intensity, such phenomena are smoothed out or completely absent. One such case can be seen in the 5-years map in Figure 3, where a thunderstorm that occurred on 7 June 2019 from 20:00 to 23:59 UTC was permanently stored in cells n ∈ (80, 100) and E ∈ (280, 360).



In addition, it would be interesting to apply the method to overhead lines located in southern latitudes with high thunderstorm intensity. However, it was only possible to obtain a set of OHTL data for the Murmansk region. In general, the openness and availability of data to engineers and scientists around the world can spur the qualitative development of electrical systems. The authors of the article [21] urge electricity suppliers to openly publish data about electric grids because an important factor to evaluate the different possible scenarios is energy system modelling.



At the same time, a great deal of information about power lines and substations can be obtained from public sources, for example, Open Infrastructure Map [22]. Nevertheless, the information about Russia’s power lines in this source is highly fragmented and insufficient for research.




5. Conclusions


A simple method of assessing the intensity of lightning impacts on power lines along their entire length has been proposed. The most important parameter in this evaluation is the size of the power line buffer. The input data for the method are the coordinates of both the lightning in the region and the power lines towers. The application of this method on real power lines will make it possible to find out the most affected sections, which is very important information for power suppliers and service organizations.
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Figure 1. The (a) row shows the location of power lines and lightning strikes on the ground. The plots in the (b) row show the total number of lightning strikes that affect each tower. The plots in the (c) row show the desired impact level on the power lines according to the proposed method. 
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Figure 2. The MDS parameter distribution. 
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Figure 3. A map of the average annual ground flash density of the Murmansk region for 5 years (2016–2020). The map shows the “North” OHTL (from above, 110 kV, 269 towers, 75 km length) and the “South” OHTL (from below, 150 kV, 300 towers, 74.6 km length). 
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Figure 4. The distribution of flashes near the transmission line and inside its buffer area. The “North” power line is shown on the left, and the “South” power line is shown on the right. The first and last supports of the overhead line are also marked on the map. 
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Figure 5. The average annual lightning impact intensity on the “North” and “South” overhead transmission lines. Note the different magnitude of the impact level. 
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Table 1. The coordinates of the towers.
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	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15





	x, km
	3.8
	3.9
	4.1
	4.3
	4.6
	4.8
	5.0
	5.1
	5.1
	5.1
	5.1
	5.2
	5.3
	5.3
	5.4



	y, km
	4.2
	4.4
	4.6
	4.7
	4.7
	4.8
	4.8
	5.0
	5.3
	5.6
	5.9
	6.2
	6.4
	6.6
	6.7
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Table 2. A summary of the Rl parameter in meters.
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	Min
	1st Qu
	Median
	Mean
	3rd Qu
	Max





	125.5
	1006.7
	1347.9
	1350.4
	1707.9
	2248.3
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Table 3. D and x parameters from Equation (10) for different models.
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	Model
	D
	x





	Anderson [17]
	4
	1.09



	Rizk [19]
	38
	0.45



	Eriksson [20]
	28
	0.6



	Mousa and Srivastava [18]
	45.2
	0.32
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Table 4. The estimated flash incidence to a power line according to different models.
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	Model
	North Power Line
	South Power Line





	Anderson [17]
	0.821
	3.706



	Rizk [19]
	1.170
	4.594



	Eriksson [20]
	1.345
	5.456



	Mousa and Srivastava [18]
	0.946
	3.613
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