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Abstract

:

The detection of corona-related defects in transmission lines has been included in the work of transmission line defect detection. Ultraviolet detection technology has gradually been widely applied in the field of corona discharge detection. However, the current research on the application of ultraviolet detection technology in transmission lines is relatively simple and mainly limited to using changes in the photon count to determine whether corona discharge has occurred. To address this, this study used a mini corona cage to simulate transmission lines and measured the changes in the photon count, spot area, and corona current in the corona inception process of different types of smooth, stainless-steel conductors. This study also investigated the variations in the photon count and spot area depending on conductor corona intensity, ultraviolet imager gain, and observation distance. The results show that the photon count and spot area can, to some extent, reflect the intensity of corona discharge. Both the photon count and spot area exhibited quadratic relationships with the voltage. As the observation distance increased, both the photon count and spot area showed exponential decay. The photon count exhibited a trend of initially increasing, then decreasing, and finally increasing again with the increase of gain, while the spot area showed exponential growth with increasing gain. The photon count and spot area can complement each other to identify and characterize the intensity of corona discharge.
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1. Introduction


The adoption of ultra-high-voltage (UHV) transmission is becoming an inevitable trend in the development of power grids. Electromagnetic environmental issues stemming from corona discharge on transmission lines are significant technical concerns that must be carefully considered during the design, construction, and operation of UHV transmission lines [1,2,3]. The detection of corona-related defects in transmission lines has been included in the scope of defect detection work for transmission lines. In recent years, ultraviolet (UV) detection technology has been widely applied for the accurate, fast, visual, and safe detection of corona discharges in electrical equipment [4,5,6,7,8,9]. Some relevant studies [10,11,12,13] have been conducted on the corona inception voltage of conductors using ultraviolet detection technology. Some studies have used ultraviolet image processing techniques to quantify the situation of corona discharge [14,15]. The ultraviolet imaging instrument primarily reflects the intensity of corona discharge through the number of ultraviolet photons and the size of the light spot, and the measurement results are significantly affected by the settings of the observation distance and gain. Currently, the research on the variations in the photon count and spot area depending on the corona discharge intensity, as well as the observation distance and gain of the ultraviolet imaging system, is primarily focused on applications related to insulators [16] and needle-plane discharge models [17]. Therefore, it is necessary to study the variations in the photon count and light spot area depending on conductor voltage, as well as the gain and observation distance settings of the ultraviolet imaging system, to provide references for the detection of corona discharge on transmission lines using ultraviolet imaging instruments. Studying the corona discharge process of conductors using a corona cage is closer to the actual conditions of power transmission lines and offers advantages, such as low cost, controllable experimental conditions, convenient structural adjustments, ease of measurement, and shorter experimental cycles [18,19,20]. Therefore, utilizing a corona cage in the laboratory to investigate the variations in the photon count and light spot area with conductor voltage, as well as changes in the gain and observation distance of the ultraviolet imaging system, represents an effective experimental approach. This study utilized a mini corona cage to measure the variations in photon count, spot area, and corona current during the corona inception process of different types of smooth, stainless-steel conductors. The functions relating the ultraviolet photon count and spot area to conductor voltage for different conductors were obtained through fitting using the least squares method. The fitting results indicate that both the ultraviolet photon count and spot area exhibited a quadratic relationship with the conductor voltage. Additionally, this study investigated the variations in the photon count and spot area with respect to the gain and observation distance of the ultraviolet imaging system and performed relevant function fittings to capture these relationships. The spot area data obtained at different gains and observation distances were integrated to reference gains and spot areas. By combining the fitting functions of the photon count and spot area with respect to the conductor voltage at the reference gain and reference observation distance, the measured ultraviolet photon count or measured spot area can be used to estimate the corresponding conductor voltage, facilitating the assessment of the discharge severity. The above-mentioned research provides valuable application references for utilizing ultraviolet imaging to assess corona discharges in power transmission lines.




2. Construction of Experimental Platform and Experimental Methods


The experimental environment is characterized by a temperature of approximately 15 °C, a relative humidity of around 75%, and an atmospheric pressure of 101.5 kPa. In this study, mini corona cages were selected to simulate transmission lines. The corona cage structure employed a commonly used steel framework and metal mesh configuration. To ensure a uniform distribution of the electric field intensity on the conductor surface during measurements and to avoid end effects, the corona cage was divided into three sections. The total length of the corona cage was 1 m, with the middle section measuring 50 cm and both sides measuring 25 cm each. The diameter of the cage was 30 cm. As shown in Figure 1, the middle section served as the measurement segment, which uniformly surrounded the conductor. The two ends were directly grounded as protective segments to weaken the end effects and were not used for measurements. The measurement segment in the middle and the protective sections on both sides were insulated through an air gap. In the experiment, the conductors were placed in the center of the corona cage using insulating supports. Following the methods recommended by the International Council on Large Electric Systems (CIGRE) and the International Special Committee on Radio Interference (CISPR), the actual operating split conductor is first equivalent to a single conductor, and then the conductor radius is reduced proportionally to allow it to corona at a lower voltage. In the experiment, smooth, stainless-steel rods with diameters of 2 mm, 3 mm, and 5 mm were used to simulate actual transmission lines. The main equipment included in the experimental setup consisted of a DC high-voltage generator, which was used to generate the required high voltage for the experiment. In this experiment, the model of the high-voltage generator used was JYDHV-100 kV/3 mA. It has an adjustable output DC voltage range of 0 to 100 kV, with a maximum protection current of 3 mA. One ammeter was used to measure the current on the conductor, which has a measurement range of 0 to 2 mA. During the experiment, the STUV-11 ultraviolet imaging camera, which is a day-blind type, was positioned directly facing the discharge location. Only the instrument gain and observation distance were varied, while the other parameters were kept at their default settings. During the experiment, an ultraviolet imaging camera and ammeters were used to measure the UV image and corona current, respectively, to reflect the changes in the severity of the corona discharge depending on the voltage applied to the conductor and the observation distance and gain of the UV imaging device.



STUV-11 UV imagers were used in the experiments, as shown in Figure 2. The basic parameters of the UV imagers are shown in Table 1.



Under the influence of DC voltage, the dispersion of the DC breakdown voltage in air gaps is generally minimal. The equation for estimating the corona inception field strength for positive polarity conductors can be approximated using the empirical formula proposed by J.B. Whitehead, as shown in Equation (1) [21].


   E  o n +   = 33.7 m δ ( 1 +   0.24      r 0  δ     )  



(1)







In the equation, Eon+ represents the corona inception field strength for positive polarity, and  δ  is the relative density of air,   δ = 0.00289 p /   273 + θ    . p is the atmospheric pressure in pascals (Pa),  θ  is the temperature in degrees Celsius (°C), and m is the roughness factor for smooth conductors; as used in this study, the roughness factor can be taken as 1.



For the coaxial cylindrical electrode structure used in this study, the relationship between the corona inception field strength and the corona inception voltage can be expressed as Equation (2). By combining Equations (1) and (2), the corona inception voltage for the selected conductor in the mini corona cage can be determined.


   E  o n   =    U  o n      r 0  ln    r R  /  r 0       



(2)







In the equation, Eon represents the nominal surface electric field strength on the conductor (kV/cm), Uon represents the voltage applied between the conductor and the corona cage (kV), r0 represents the radius of the conductor (cm), and rR represents the radius of the corona cage (cm).



For a certain diameter of the conductor, the diameter of the corona cage needs to be sufficiently small so that the conductor can exhibit the corona phenomenon at lower voltages. Additionally, there should be a sufficient air gap between the conductor and the cage walls to ensure that the breakdown voltage is at least 50% higher than the corona inception voltage. This design ensures stable observation and analysis of the corona phenomenon [22].



By combining Equations (1) and (2), it can be determined that the corona voltage range of the conductor selected in this paper was 28~51 kV under the selected corona cage size. According to the calculation based on the breakdown voltage of the easiest-to-inception positive rod-negative plate gap, the average breakdown field strength was approximately 5 kV/cm. Therefore, the breakdown voltage for a 15 cm gap was estimated as 75 kV. The calculation results indicate that the breakdown voltage was 47% higher than the corona inception voltage. Therefore, the corona cage structure used in this study essentially meets the requirements for corona inception voltage and breakdown voltage.



Based on the analysis provided above, it can be concluded that the corona cage and conductor used in the experiment meet the experimental requirements. Within the applied voltage range, the corona cage allowed the conductor to initiate corona discharge effectively while providing a certain margin to observe the phenomenon without reaching the breakdown voltage. As the applied voltage on the conductor increased, the surface electric field strength of the conductor gradually exceeded the corona inception electric field, and corona discharge began. During the experimental process, before the conductor started to corona, the surface electric field of the conductor was proportional to the voltage, increasing with the increase in voltage and decreasing with the increase in the conductor radius. After the conductor started to corona, the electric field near the conductor was the composite value of the nominal electric field of the conductor and the spatial charge electric field generated by the corona discharge. However, overall, the electric field near the conductor is positively correlated with the voltage and negatively correlated with the conductor radius [23].




3. Results and Analysis of Ultraviolet Photon Counting


3.1. Variation Characteristics of Photon Count Based on Discharge Intensity


This study examined the corona inception process of the conductor from two aspects: ultraviolet photon counting and corona current measurement. Based on the experimental measurements, the corona current and ultraviolet photon count results of the smooth conductor at different voltages were obtained. The inflection point method was utilized to determine the corona inception voltage of the conductor [24]. By gradually applying voltage to the conductor, the discharge process went through a progression from corona inception to full corona discharge. During this process, the ultraviolet photon count and corona current increased correspondingly. The experimental procedure adopted during the experiment was as follows:




	(1)

	
Voltage was applied to the conductor and slowly increased until corona discharge was observed. The voltage was maintained at a constant level once corona discharge was established for observation and data collection purposes. After that, we started recording the ultraviolet detection data while simultaneously using the ammeter to measure the corona current. To avoid errors caused by random data, the voltage was kept constant. The average readings of the ultraviolet imager and the ammeter within 10 s were recorded as the measurement results, and then the voltage was slowly increased. The above detection process was repeated for each voltage increment.




	(2)

	
Based on the controlled variable method, the gain and observation distance of the ultraviolet imaging camera were varied. The ultraviolet imaging camera was used to detect the change in the photon count around the conductor inside the corona cage. To avoid the influence of occasional data, the average value of the ultraviolet photon count measured over 10 s was taken as the measurement result.




	(3)

	
After concluding the experiment, we waited for a certain period until the space charge had fully dissipated. Then, we replaced the conductor and repeated the aforementioned steps.









Several typical ultraviolet images captured during the corona inception process of the 5 mm conductor are shown in Figure 3.



In Figure 3, the red dots represent clusters of photons measured using the ultraviolet imaging camera. Each spot represents a discharge point. From the figure, it can be observed that as the voltage increased, the area of the spots gradually increased, and they spread throughout the entire length of the conductor. This reflects the process of the conductor transitioning from no corona inception to full-scale corona inception. At low voltages, the corona discharge on the surface of the conductor may not be stable. The discharge points can intermittently ignite and extinguish, resulting in an intermittent presence of photons. As the voltage increased, the corona discharge on the surface of the conductor gradually became more stable. However, it still exhibited some intermittent behavior. The photon count shows systematic variations in response to this intermittent corona discharge. At higher voltages, the intensity of corona discharge on the surface of the conductor became more pronounced. The photon count increased rapidly as the voltage rose, and the area of the spots in the discharge image also increased. With the increase in voltage, the amplitude of the current also gradually increased. To gain a better visual understanding of the relationship between the photon count and the corona current, the average photon number and corona current of a 5 mm conductor are plotted in Figure 4. When plotting the correlation diagrams of ultraviolet photon counts and current in this paper, the data in the figures represent the average measurements under constant parameters. Error bars were added to the curves in the images to reflect the fluctuation of the measurement results. The positive correlation between the photon count and the corona current indicates that the variation in the photon count accurately reflects the intensity of the discharge on the conductor. This suggests that changes in the photon count can provide a reliable indication of the discharge intensity of the conductor.



From the above research, it can be observed that there was a positive correlation between the ultraviolet photon counts and the corona discharge current. Therefore, the discharge conditions of the conductor can be monitored using ultraviolet photon counts. In the laboratory, discharge experiments were conducted using a mini corona cage to perform corona discharge detection on three different specifications of smooth conductors under positive-polarity DC voltage. To observe weak corona discharge signals, the gain of the ultraviolet imaging camera was set to 100%, and the observation distance was set to 2 m. The relationships among the ultraviolet photon count, corona current, and voltage are studied, and the results are shown in Figure 5. From the figure, it can be observed that both the photon count and corona current increased with the increase in voltage. Additionally, the growth patterns of both variables appear to be similar or approximate. In the early stage of discharge, the photon count and corona current exhibited a slower increase with the voltage. As the voltage increased, the photon count and corona current showed a close-to-linear increase. However, once the voltage reached a certain level, the photon count and the corona current increased in an approximately exponential manner with the voltage.



The corona inception voltage of the conductor was determined using the inflection point method. The theoretical corona inception voltage calculated based on empirical equations and the corona inception voltage obtained through experimental measurements are presented in Table 2.



For the smooth conductor, the corona inception voltage obtained through measurements based on different corona discharge effects was generally consistent. From Table 2, it can be observed that the corona inception voltages obtained using three different methods for the smooth conductor had minimal differences. The maximum difference between the corona inception voltage obtained through the ultraviolet photon method and the empirical formula method was approximately 5%, while the maximum difference between the corona inception voltage obtained through the corona current method and the empirical formula method was approximately 7.5%. This indicates that the corona inception voltage obtained through the ultraviolet photon method was closer to the theoretical value. By using the least squares fitting algorithm, the different conductor voltages and their corresponding ultraviolet photon counts can be fitted, resulting in a functional relationship, as shown in Table 3. In the table, U represents the voltage on the conductor, the unit is V, and n represents the ultraviolet photon count.



The calculation of the fitting coefficients shows that the fitted function has a coefficient of determination (R-squared) value greater than 0.99, which is close to 1. This indicates that the least squares fitting method provides a good fit for the relationship between the voltage and the ultraviolet photon count in relation to the three different specifications of conductors. From the fitting results, it can be observed that the relationship between the ultraviolet photon count and the voltage follows a quadratic function, which is similar to the findings in reference [25].




3.2. Characteristics of Photon Count with Gain and Observation Distance Variations


The experimental results indicate that the photon counts of the 2 mm, 3 mm, and 5 mm conductors have a consistent trend with the variations in the gain and observation distance of the ultraviolet imaging camera. Therefore, in this study, a conductor with a diameter of 5 mm was taken as an example to investigate the characteristics of photon count variations with changes in the gain and observation distance of the ultraviolet imaging camera. Figure 6 displays the ultraviolet photon count data obtained by varying the observation distance at different voltage levels while keeping the gain constant at 100%. An analysis of Figure 6 reveals that as the observation distance increased, the photon counts significantly decreased. When using ultraviolet detection to monitor corona discharge in electrical equipment, it is often considered that the discharge region of the equipment is much smaller compared to the detection distance. Therefore, the corona discharge source in the equipment being monitored is treated as a point source of light. As the detection distance increases, the energy emitted by the corona discharge source in the equipment gradually attenuates along the propagation path. Consequently, the photon counts obtained during detection decrease as the energy diminishes. These experimental results align with theoretical expectations.



By using the least squares method to fit the data points in Figure 6, the fitted function expression for the relationship between ultraviolet photon count and observation distance was obtained, and it is shown in Table 4. In the table, P represents the ultraviolet photon count, and L represents the observation distance in meters.



In Table 4, it can be observed that the fitted function expressions for photon count as a function of observation distance under different voltage levels have relatively high fitting coefficients. The relationship between the photon count and the observation distance follows an exponential function, with the exponent ranging from −0.2616 to −0.2947 and with an average value of −0.2800. Thus, the relationship between the ultraviolet photon count and the observation distance under different voltages satisfies Equation (3).


  P = a  e  b L    



(3)







In the equation, P represents the ultraviolet photon count, L represents the detection distance, and a and b are constant coefficients. The value of coefficient a is related to the voltage magnitude (corona intensity) at the measured point, while coefficient b is set as the average of the exponent values from the fitted function expressions under different voltages in Table 4, which is −0.2800. Therefore, the ultraviolet photon count measured at different observation distances under a reference gain can be corrected to the ultraviolet photon count measured at a distance of 2 m. The specific process is as follows: for the same corona discharge light source, the relationship between the actual measured photon count P and the distance L is given by Equation (4):


  P = a  e  − 0.28 L    



(4)







The relationship between the corrected photon count P0 and the distance L0 can be expressed as follows:


   P 0  = a  e  − 0.28  L 0     



(5)







By combining Equations (4) and (5), we can obtain:


   P 0  = P  e  0.28 ( L −  L 0  )    



(6)







In the above equation, L is the actual observation distance, P is the photon count obtained from the actual observation, L0 is the reference distance, which is taken as 2 m in this paper, and P0 is the corrected photon count.



Based on Equation (6), the ultraviolet photon count measured at any detection distance can be corrected to the reference detection distance.



Using Equation (6) to correct the ultraviolet photon count to the reference detection distance, and then applying the fitted function relationship between the voltage and the ultraviolet photon count for the 5 mm conductor, we can determine the corresponding average ultraviolet photon count at the measured observation distance under the reference gain and the measurement distance, as well as the corresponding conductor voltage value, which provides a reference method for comparing the discharge intensity at different observation distances. By keeping the observation distance constant at 2 m and setting the gain of the ultraviolet detector within the range of 50 to 100, the variation in the ultraviolet photon count with respect to the gain at different voltages was obtained, as shown in Figure 7.



Analyzing Figure 7, the following characteristics of the photon count as a function of gain can be observed. With the increase in gain, the photon count did not monotonically increase or decrease. Instead, it underwent a process of initially increasing, then decreasing, and finally increasing again. When the instrument gain was low, with the increase in the instrument gain, some corona discharge signals that were not easily detectable at a low gain became measurable. The bright spots at the corona discharge locations gradually increased, leading to a certain increase in the photon count. The corresponding gain ranged from 50% to 60%. However, when the instrument gain was set high and further increased, the discrete corona discharge spots on the screen were enlarged and merged with each other, forming a larger light spot. This affected the identification of the photon counts, resulting in a decrease in the photon count rather than an increase. The corresponding gain ranged from 60% to 80%. Therefore, from the experimental results, it can be seen that the detection performance was best when the gain was set to 60%.





4. Results and Analysis of Spot Area Detection


4.1. UV Detection Image Processing


The experimental results presented earlier indicate that the stronger the discharge intensity, the higher the photon count. The discharge point around the conductor appears as a spot in the ultraviolet image. Therefore, the area of the ultraviolet spot can be used to reflect the discharge intensity of the discharge location. As shown in Figure 8a, the ultraviolet detection images captured by the ultraviolet detector are RGB images. Their characteristic is that each pixel can be represented by three equally sized 2D arrays: R (red), G (green), and B (blue). To simplify the subsequent processing, the RGB image was converted into a grayscale image, as it contains more image information. Additionally, the k-means clustering algorithm was employed to segment the ultraviolet detection image. Unlike traditional image segmentation methods, the primary idea behind the k-means algorithm is to iteratively classify the data set into different clusters to achieve optimal clustering capability [26]. Therefore, it is more suitable for segmenting ultraviolet detection images that are complex in shape and lack regularity.



In practical situations, when performing ultraviolet detection on power transmission lines, there are various challenges due to the complex field conditions and the presence of high-voltage electrical equipment. The ultraviolet images obtained from the ultraviolet imaging device are susceptible to interference, resulting in the presence of many noise points in the images. This interference can make it difficult for detection personnel to accurately determine the discharge locations on the power transmission lines. Therefore, this study employed mathematical morphological filtering algorithms to filter the ultraviolet detection images. The algorithm utilizes the opening operation to dilate the segmented ultraviolet image, eliminating discrete discharge points smaller than the structural element around the discharge area. It then applies the closing operation to fill in the cracks and concave regions outside of the discharge area, smoothing the discharge region [27]. The process of handling the ultraviolet detection image is illustrated in Figure 8.




4.2. Calculation of Discharge Area Parameters in Ultraviolet Detection Images


After grayscale conversion, image segmentation, and filtering, clear discharge area contours with smooth and non-adhesive boundaries were obtained in the ultraviolet detection images. At this point, the area of the light spot in the ultraviolet detection image can be calculated using a function. In this study, the light spot area is defined as the number of white pixels in the image after spot recognition, measured in pixels. By applying Equation (7), the number of white pixels in the image can be counted to obtain the area of the corona discharge light spot. In the equation, M and N represent the rows and columns of the processed RGB image matrix, respectively. B (x, y) represents the number of white pixels, where x and y are the horizontal and vertical coordinates of the pixels in the processed matrix.


  S =   ∑  i = 1  M     ∑  j = 1  N   B ( x , y )      



(7)







Through the above process, the obtained images from the experiment were processed, and the following conclusions were drawn. For the 5 mm diameter conductor, when the gain of the UV imager was set to 100% and the observation distance was set to 2 m, the variation of the spot area with the voltage was observed. The relationship between the spot area and the voltage for the 5 mm conductor is depicted in Figure 9.



The voltage and its corresponding UV spot area were fitted using the least squares fitting algorithm, and the obtained function relationship is shown in Equation (8). The calculated fitting coefficient for the function relationship is 0.9735, indicating a good fitting result. From the fitting results, it can be observed that the relationship between the spot area and the conductor voltage follows a quadratic function.


  U = − 1.5769 ×   10   − 8   ×  S 2  + 5.5232 ×   10   − 4   × S + 50.4771  



(8)







In the equation, U represents the applied voltage on the conductor, the unit is kV, and S represents the spot area.




4.3. Characteristics of the Spot Area in Relation to Gain and Observation Distance Variations


Figure 10 shows the variation of the spot area with changing observation distance while keeping the gain at 100%. Similar to the variation pattern of the UV photon count, the spot area decreased exponentially with increasing observation distance.



Using the least squares method, the data points in Figure 10 were fitted, and the fitted function expression for the spot area as a function of the observation distance is shown in Table 5. In the table, S represents the spot area in pixels, and L represents the observation distance in meters.



From Table 5, it can be observed that the fitted function expressions for the discharge area as a function of the observation distance have high fitting coefficients for each voltage level. The spot area exhibited an exponential relationship with the observation distance. Similarly to the process of Equations (3)~(6), we can obtain the correction of the spot area, with S at the actual observation distance to the spot area and S0 at the reference observation distance.


   S 0  = S  e  0.2504 ( L −  L 0  )    



(9)







In the above equation, L is the actual observation distance, S is the spot area obtained from the actual observation, L0 is the reference distance in this paper, which is taken as 2 m in this paper, and S0 is the corrected spot area.



Keeping the observation distance constant at 2 m, and setting the gain of the UV detector between 50 and 100, the changed in the UV spot area with gain under different voltages could be observed, as shown in Figure 11.



Comparing Figure 7 and Figure 11, it can be observed that under the same experimental conditions, the effects of gain on the photon count and spot area were different. The spot area shows a monotonous increase with the increase in the instrument gain. However, the photon count does not follow the same trend. When the gain increased from low to high, it did not monotonously increase with the gain. Instead, it exhibited a pattern of initial increase, followed by a decrease, and then an increase again. By observing the different characteristics of the photon count and spot area with respect to the instrument gain, it can be concluded that when the corona discharge is relatively stable, if the spot area is used as the reference factor for detection, the detection results will correspond directly to the instrument gain. If the photon count is used as the reference factor for detection, it is possible to have similar detection results at different instrument gains. Therefore, more accurate results can be obtained by combining the two to detect discharge.



By using the least squares method to fit the data points in Figure 11, the fitting function expression for the relationship between the spot area (S) and the gain (g) was obtained and is shown in Table 6.



From Table 6, it can be seen that the fitting coefficients of the function expressions for the photon count with respect to the observation distance are relatively high for each voltage level. The photon count is related to the observation distance in a power function relationship. Similarly to the process in Equations (3)~(6), the correction of the actual gain for the spot size to the reference gain can be obtained, as shown in Equation (10).


   S 0  = S  e  0.0265 (  g 0  − g )    



(10)







In the above equation, g is the actual gain, S is the spot area obtained from the actual observation, g0 is the reference gain, which is taken as 100% in this paper, and S0 is the corrected spot area.



The formula to calibrate the spot size obtained at any detection distance and gain for a 5 mm conductor to the spot size at a gain of 100% and a detection distance of 2 m is as follows:


   S 0  = S ⋅  e  0.0265 ( 100 − g )   ⋅  e  0.2504 ( L − 2 )   = S ⋅  e  2.1492 − 0.0265 g + 0.2504 L    



(11)







By combining Equations (8) and (11), the corresponding spot size at the reference detection distance and the reference gain for any detection distance and gain of the ultraviolet imaging device can be obtained, along with the corresponding voltage on the conductor. This allows for the evaluation of the discharge level of the conductor. To validate the correctness of this approach, using a UV imager, the UV photon count and spot area of a conductor with a diameter of 5 mm were measured at a detection distance of 7 m and a gain of 100. The voltage was then varied, and the measured UV photon counts and spot areas were obtained. These values were then corrected to obtain the reference photon counts and spot areas. The fitted voltage was determined by combining the reference photon counts and spot area with a voltage fitting function.



From Table 7, it can be seen that with the correction method and voltage fitting function proposed in this paper, accurate observations of corona discharge can be obtained. The error of the fitted voltage and the actual voltage was within 5%.





5. Conclusions


This study conducted measurements and research on the photon count and spot area during corona discharge in relation to different sizes of smooth, stainless-steel conductors under positive DC voltage using a mini corona cage and further explored the variation patterns of the photon count and spot area during the corona discharge process. Additionally, this study analyzed the changes in photon count and spot area with respect to the UV imaging device gain and observation distance, and formulas were fitted to correct the actual measurement data to the reference measurement standard. The main conclusions are as follows:




	(1)

	
The photon count and the spot area both exhibited a quadratic relationship with the conductor voltage, and they exhibited a close linear relationship with the corona current. Therefore, the ultraviolet photon count and the area of the light spot can be used to quantify the discharge intensity.




	(2)

	
The photon count and spot area both decrease exponentially with an increasing observation distance. Under the conditions of ensuring a complete observation of the discharge area and maintaining a safe observation distance, the smaller the observation distance, the better the measurement results. The photon count exhibited a more complex relationship with the gain. As the gain increased, the photon count did not monotonically increase but underwent a process of initial increase, followed by a decrease, and then another increase. For the UV imager used in this study, the detection effect was best when the gain was 60%. On the other hand, the spot area showed an exponential increase with the gain. In practical engineering applications, the gain and observation distance can be adjusted according to the actual situation. Then, the calibration formula summarized in this paper can be used to correct the measurement parameters, which is convenient to compare the measured results under a unified standard and better evaluate the corona discharge intensity.




	(3)

	
Both the photon count and the spot area can be used to describe the intensity of corona discharge. The photon count provides a more intuitive measure, while the spot area requires some image processing techniques. By using a combination of both UV detection parameters, it is possible to identify and characterize corona discharge phenomena in power transmission lines more accurately and comprehensively.
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Figure 1. Schematic diagram of experimental platform. 
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Figure 2. Ultraviolet (UV) imagers. 






Figure 2. Ultraviolet (UV) imagers.



[image: Applsci 14 03258 g002]







[image: Applsci 14 03258 g003] 





Figure 3. Typical ultraviolet images of 5 mm stainless-steel conductor at different voltages: (a) 50.0 kV; (b) 51.5 kV; (c) 52.5 kV; (d) 53.5 kV. 
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Figure 4. The relationship between photon count and corona current at different voltages. 
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Figure 5. The relationships among the photon count, corona current, and voltage for conductors of different diameters. (a) 2 mm; (b) 3 mm; (c) 5 mm. 






Figure 5. The relationships among the photon count, corona current, and voltage for conductors of different diameters. (a) 2 mm; (b) 3 mm; (c) 5 mm.



[image: Applsci 14 03258 g005]







[image: Applsci 14 03258 g006] 





Figure 6. The relationship between the photon count and the observation distance. 
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Figure 7. The variation in the photon count in relation to the gain under different applied voltages: (a) 52.5 kV; (b) 53.5 kV; (c) 54.5 kV. 
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Figure 8. The image-processing process of ultraviolet detection images. (a) The original image; (b) grayscale processing; (c) image segmentation; (d) filtering. 
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Figure 9. The relationship between the spot area and the voltage for a 5 mm diameter conductor. 
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Figure 10. The variation trend of the discharge region area at different detection distances. 
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Figure 11. The variation of the discharge area with respect to the gain under different applied voltages. 
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Table 1. Basic parameters of the ultraviolet (UV) imager.
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	TYPE
	Sensitivity (W/cm2)
	Detection Distance (m)
	Range of Imager Gain





	STUV-11
	1.8 × 10−18
	0.5~100
	0~100










 





Table 2. The corona inception voltages of smooth conductors obtained using different research methods.
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	Research Method
	Corona Voltage of 2 mm Diameter Conductor (kV)
	Corona Voltage of 3 mm Diameter Conductor (kV)
	Corona Voltage of 5 mm Diameter Conductor (kV)





	Empirical formula method
	28.99
	38.22
	51.77



	Ultraviolet photon method
	27.40
	38.50
	51.70



	Corona current method
	26.80
	37.90
	51.30










 





Table 3. Expression of fitting function between UV photon number and voltage of conductors of different specifications.
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	Conductor Diameter (mm)
	Fitting Function Expressions
	Fit Coefficient





	2
	   U = − 8.1525 ×   10   − 6   ×  n 2  + 0.4856 × n + 2.7028 ×   10  4    
	0.9936



	3
	   U = − 5.4202 ×   10   − 6   ×  n 2  + 0.5222 × n + 3.8204 ×   10  4    
	0.9955



	5
	   U = − 3.9799 ×   10   − 6   ×  n 2  + 0.2592 × n + 5.1455 ×   10  4    
	0.9966










 





Table 4. The fitted relationship expression between the ultraviolet photon count and the observation distance at different voltages.
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	Voltage (kV)
	Fitting Function Expressions
	Fit Coefficient





	51.5
	   P = 5857  e  − 0.2769 L     
	0.9891



	52.5
	   P = 8825  e  − 0.2616 L     
	0.9704



	53.5
	   P = 14322  e  − 0.2867 L     
	0.9786



	54.5
	   P = 18479  e  − 0.2947 L     
	0.9625










 





Table 5. The fitted relationship expression between the spot area and the observation distance at different voltages.
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	Voltage (kV)
	Fitted Function Expression
	Fit Coefficient





	51.5
	   S ( L ) = 3268  e  − 0.2451 L     
	0.9842



	52.5
	   S ( L ) = 7543  e  − 0.2528 L     
	0.9658



	53.5
	   S ( L ) = 8923  e  − 0.2339 L     
	0.9704



	54.5
	   S ( L ) = 17173  e  − 0.2698 L     
	0.9638










 





Table 6. Fitting relationship expression of discharge area with gain at different voltages.
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	Voltage (kV)
	Fitted Function Expression
	Fit Coefficient





	51.5
	   S ( g ) = 147.35  e  0.0279 g     
	0.9571



	52.5
	   S ( g ) = 327.88  e  0.0263 g     
	0.9353



	53.5
	   S ( g ) = 458.77  e  0.0250 g     
	0.9737



	54.5
	   S ( g ) = 813.59  e  0.0267 g     
	0.9631










 





Table 7. UV imaging detection parameters and correction parameters under different voltages.
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	Discharge Area
	Actual Photon Count
	Corrected Photon Count
	Actual Spot Area
	Corrected Spot Area
	Actual Voltage (kV)
	Fitted Voltage (kV)





	1
	4903
	19,882
	3732
	13,052
	52.45
	55.00



	2
	3193
	12,948
	2559
	8949
	51.65
	54.10



	3
	1962
	7956
	1773
	6201
	51.84
	53.30
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