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Abstract

:

Nowadays there are several transmission lines projected to be operating in high-altitude regions. It is well known that the installation altitude has an impact on the dielectric behavior of air-insulated systems. As a result, atmospheric and voltage correction factors must be applied in air-insulated transmission systems operating in high-altitude conditions. This paper performs an exhaustive literature review, including state-of-the-art research papers and International Standards of the available correction factors to limit corona activity and ensure proper performance when planning air-insulated transmission lines intended for high-altitude areas. It has been found that there are substantial differences among the various correction methods, differences that are more evident at higher altitudes. Most high-voltage standards were not conceived to test samples to be installed in high-altitude regions and, therefore, most high-voltage laboratories are not ready to face this issue, since more detailed information is required. It is proposed to conduct more research on this topic so that the atmospheric corrections and altitude correction factors found in the current International Standards can be updated and/or modified so that high-voltage components to be installed in high-altitude regions can be tested with more accuracy, taking into account their insulation structure.
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1. Introduction


When designing high-voltage electrical systems intended to be located at altitudes exceeding 1000 m it is imperative to know the effects of the atmospheric conditions on the specific components, otherwise it may result in premature aging, reduction of operation performance or even failure [1]. It is well known that the dielectric strength of air-insulated systems depends upon on the insulation structure, atmospheric conditions like temperature, pressure and humidity [2,3,4], as well as other factors such as the polarity and nature of the voltage applied [5]. The dielectric strength and transient overvoltage withstand levels are critical factors to design external insulation in power transmission systems [6]. In particular, high altitude decreases the air density which in turn lowers the dielectric withstand voltage for a given geometry and the overload capacity or thermal ampacity rating among others [7]. Effects such as pollution or icing occurring in high-altitude areas also lowers the dielectric performance of air-insulated systems [8]. Therefore, it is of paramount importance to know the critical disruptive voltage and corona inception voltage of the high-voltage components involved [9,10,11] for these specific conditions. It is known that for air at standard pressure, the inception voltage gradient is often above 15 kVpeak/cm [9] although values in the range from 6–30 kVpeak/cm can be found depending on the geometry, gap length and polarity [12]. These values tend to be reduced when the air pressure is lower, as would be expected. Therefore, when dealing at standard pressure with conductors intended for overhead transmission lines with rated voltage above 110 kV, the surface voltage gradient is often limited to less than 16 kVRMS/cm [13,14,15].



Extra-high voltage (EHV) and ultra-high voltage (UHV) power lines are the required means for transmitting large amounts of power over very long distances. However, due to the high voltage levels corona effects are increased [16,17]. Different high-altitude high-voltage tests were conducted in the United States during the 1950s and 1960s [18,19,20] driven by the need to construct transmission lines crossing high-altitude regions. Countries like China [21,22,23,24,25], India, Buthan [26], Nepal [27] and Peru [28], among others, have constructed or are proposing EHV transmission lines and the associated substations, crossing high-altitude regions. For example, the planned 500 kV Mantaro-Marcona-Socabaya-Montalvo transmission line in Peru will reach altitudes of about 4500 m above sea level and the Qinghai-Tibet transmission line in China crosses high-altitude regions with an average elevation of 4700 m and a maximum elevation of 5300 m. These projects face enormous technological challenges due to the severe atmospheric conditions existing in such regions.



The different International Standards reviewed in this paper suggest to apply voltage correction factors when operating in high-altitude areas or under non-standard atmospheric conditions, although they often give different indications [29]. In the technical literature there is a dispersion of results regarding voltage correction factors to be applied in high-voltage applications, whereas there is a lack of works reviewing and comparing such results, so this paper contributes in this area. It is worth noting that most of the high-voltage standards have not been conceived to deal with the problems that arise when the high-voltage devices to be tested must be installed in high-altitude regions, and most of the high-voltage laboratories are not prepared to face this problem due to the lack of contrasted information. This paper reviews the state-of-the-art of the available correction factors to limit corona activity and ensuring proper performance when planning air-insulated transmission lines intended for high-altitude areas. The paper provides a comprehensive review and a comparative analysis of the most popular atmospheric correction methods, including the latest research results, and analyzes their behavior to identify the weak points and challenges to be faced in order to update the International Standards involved.




2. Electric Field Formulas Based on Peek’s Work


This section introduces the importance of the atmospheric conditions on the corona inception voltage and electric field. According to Peek [30,31,32] and Krasniqi et al. [33], when assuming two parallel and distant conductors, that is when they are far apart compared to their radius, the relationship between the line-to-neutral voltage Upeak (kV) and voltage gradient at the surface of the conductor Epeak (kVpeak/cm) is given by:


    U  p e a k   =  E  p e a k   r ln ( d / r )   



(1)




where r is the radius of the conductor in cm and d the distance between conductors in cm for single-phase lines or the equivalent phase spacing for three-phase lines [34].



Since the atmospheric pressure has a strong impact on both corona inception [35] and disruptive discharge voltage, most of the relevant International Standards define normal service and HV (high voltage) testing altitude to be less than 1000 m [36,37,38,39]. The relative air density (RAD) δ is given by References [4,36,40]:


   δ =  p   p 0    ·   273 +  t 0    t + 273     



(2)







It is worth noting that δ is unity at the standard reference atmosphere, that is, when the pressure of ambient air is p = p0 = 101.3 kPa, its temperature is t = t0 = 20 °C [36] and the absolute humidity is ha = 11 g/m3.



Despite the fact that Peek’s work is a century old, its results are still used as a reference when designing transmission lines, so they are reviewed in this section. According to early work developed by Peek [30,31,32], the critical disruptive voltage that takes into account atmospheric conditions and the surface condition of the conductor can be written as:


    U  d , p e a k   =  E  d , p e a k   r m δ ln ( d / r )   



(3)




where Ed,peak is the disruptive voltage gradient in kVpeak/cm, m the roughness factor of the conductor surface and δ the air density, which is defined in Equation (2). Therefore, from experimental results carried out with thin wires and a narrow interval of air density δ within 1.078–1.158 [18], Peek suggested that the critical disruptive voltage gradient Ed is almost proportional to the relative air density [41].



Typical values of the conductor surface roughness factor m based on weather conditions according to Cigré [41] are summarized in Table 1.



According to EPRI (Electric Power Research Institute) [14] and Westinghouse [34], common values of m for physical surface conditions are 0.84 for stranded conductors and 0.92 for segmental conductors.



Equation (3) assumes that for streamer discharges, the critical disruptive voltage at any atmospheric condition varies linearly with the air density δ. However, according to Westinghouse [34], the equation for critical disruptive voltage for parallel conductors is:


    U  d , p h a s e − t o − n e u t r a l , R M S   =  E  d , R M S   r m  δ  2 / 3   ln ( d / r )   



(4)




and therefore Equation (4) assumes that the critical disruptive voltage gradient Ed,RMS in kVRMS/cm is almost proportional to δ2/3, which is in contradiction with Peek’s empirical formula, that was obtained from experiments with small radius thin wires and was carried out in a narrow range of relative air densities (RAD).



According to several authors [14,34,41,42,43,44] by applying Peek’s law, the visual AC corona inception field strength in kVpeak/cm at power frequency for an isolated conductor or for two parallel conductors of radius r (cm) can be calculated from:


    E  c , p e a k   =  E  0 , p e a k   m δ ( 1 + 0.301 /   δ r   )   



(5)




where E0 = 30 kVpeak/cm is the disruptive visual gradient [30] measured at 25 °C and 101.325 Pa [41]. Note that the visual corona inception voltage is lower than the critical disruptive voltage [30].



Peek’s law for visual corona inception voltage for coaxial cylinders energized with power frequency or under negative DC polarization [14,34,41,42] can be expressed as:


    E  c , p e a k   = 31 m δ ( 1 + 0.308 /   δ r   )   



(6)







According to He et al. [45], in a bundle conductor (6) also applies for each sub-conductor, r being the sub-conductor radius in cm.



For coaxial cylinders under positive DC polarization, the visual corona inception electric field in kV/cm is higher [46] and can be calculated as [41]:


    E  c , d c   = 33.7 m δ ( 1 + 0.241 /   δ r   )   



(7)







It is worth noting that according to Equations (5)–(7), the corona inception field strength depends on the radius of the conductor, its surface condition, the bundle spacing and atmospheric conditions as related to the relative air density.



Peek [47,48] also derived an empirical relationship for the corona inception field Ec of coaxial cylinders in air based on experimental data:


    E  c , p e a k   / δ = 31.53 + 9.63 /   δ r     



(8)




where Ec,peak is in kVpeak/cm, r is the inner conductor radius in cm and δ is the relative air density. However, it is known that Equation (8) provides inaccurate results when δr > 1 cm. Zaengl et al. [49], based on the previous work of Peek, developed an improved analytical expression. Figure 1 shows both the measured values of Ec,peak/δ and the ones predicted by (8).



Since it is easier to measure the voltage U (V) than the voltage gradient E (V/m), there are equations to determine E from experimental values of U, which are summarized in Figure 2. Both U and E can be expressed either in peak or root mean square (RMS) value.



When dealing with DC power lines, the space charge phenomena under different polarities cannot be ignored since it plays an important role in the breakdown process [51].




3. Environmental Conditions and Atmospheric Corrections


3.1. Environmental Conditions


Since low pressure increases the ionic and electronic mobility, this condition favors corona inception. Both the critical disruptive discharge voltage and the corona inception voltage tend to decrease when decreasing either air humidity and air density up to a point [36,52]. Maskell [53] found in coaxial cylindrical systems that the discharge current is reduced by about 20% when humidity varies from dry to saturation conditions at standard atmospheric conditions. However, when dealing with a relative humidity exceeding approximately 80%, this disruptive voltage can be irregular. It is believed that air humidity may affect the intensity of corona activity maybe because of the dirt accumulated on the conductor surface becomes rehydrated, thus resulting in more corona activity [54], although under fair weather conditions the effect of humidity in corona losses can be limited [50]. However, in Reference [55] it is pointed out that air humidity may influence some ionization parameters like electron attachment, and favors condensation which has measurable effects on the corona onset voltage gradient. In a study conducted by Garcia et al. [56] in Bogotá at an altitude of about 2540 m, it was concluded that when increasing the altitude above sea level, the influence of humidity in the breakdown voltage diminishes and the atmospheric correction factors proposed by the IEEE Std-4-1995 [57] to estimate the breakdown voltage may lead to significant errors.



Experiments conducted in bundle conductors at different pressures and air humidities indicate that the corona inception voltage decreases notably with the reduction of air pressure but this effect weakens with the increase of absolute air humidity when it is within 5–15 g/m3, that is, when there is no condensation on the conductors’ surface. However, when the absolute humidity is about 17.3 g/m3, water drops due to condensation distort the surface electric field thus triggering a sudden drop of the corona inception voltage [58].



Therefore, environmental conditions have a strong influence on corona inception and breakdown values as recognized in different International Standards [36,59]. The greatest effect on corona generation occurs when transmission line conductors are contaminated and are wet due to foul weather conditions. There are other environmental conditions including damaging gases, vapors, conductive smoke from fires, fumes, excessive moisture, debris or extreme temperatures among others than can affect the performance of such devices [39].



Table 2 shows the standard atmosphere conditions as a function of the altitude above sea level from the ISO 2533:1975 standard [60], which is in close agreement with the values provided by [34] and [40].




3.2. Atmospheric Correction Factors


In this subsection the atmospheric correction factors recommended by the IEC 60060-1-2010 [61] and IEEE Std 4-2013 [36] for testing of equipment are described. They are based on the correction factor K [29]:


   U =  U 0  K =  U 0  (  k 1   k 2  )   



(9)




where k1 and k2 being, respectively the air density and humidity correction factors, U the voltage at non-standard atmospheric conditions and U0 the voltage at standard atmospheric conditions. It is worth noting that according to [36], Equation (9) is also valid for the disruptive discharge voltage, because it changes linearly with the atmospheric correction factor K.



The density correction factor k1, which is accurate in the range 0.8 < k1 < 1.05 is calculated from:


    k 1  =    (   p   p 0    ·   273 +  t 0    273 + t    )   m  =  δ m    



(10)




where m is an exponent defined in Table 3. According to Equation (10), the dielectric strength of air gaps depends on δm. For long non-uniform gaps, in which the breakdown is dominated by both streamers and leaders, m < 1. Contrarily, for uniform air gaps shorter than 2 m, in which the breakdown is dominated by streamers, m = 1, since the strength of the air gap and the relative air density δ are almost proportional [3,4].



The humidity correction factor k2 is calculated as:


    k 2  =   ( k )  w    



(11)




where w is an exponent defined in Table 3 and k is calculated depending on the test voltage type as:


    {     dc :   k = 1 + 0.014 (  h a  / δ − 11 ) − 0.00022   (  h a  / δ − 11 )  2    1 <  h a  / δ   < g / m  3      ac :   k = 1 + 0.012 (  h a  / δ − 11 )   1 <  h a  / δ   < g / m  3      impulse :   k = 1 + 0.010 (  h a  / δ − 11 )   1 <  h a  / δ   < g / m  3         



(12)




where ha is the absolute humidity in g/m3.



Parameter g in Table 3, accounts for the type of pre-discharges, and is defined as:


   g =  U  50   / ( 500 L δ k )   



(13)




where U50 is the 50% disruptive discharge voltage (kVpeak), that can either be estimated or measured at the real atmospheric conditions and L (m), the minimum discharge path. The value of L has a great influence on g and therefore on the correction factor K. When the U50 voltage is not available, it can be assumed as 1.1 times the test voltage.





4. Published Correction Factors


4.1. Sphere-Sphere Gap, Rod-Rod Gap and Rod-Plane Gaps


Sphere-sphere, rod-rod and rod-plane gaps are included in this review since they are commonly found in high-voltage laboratories, and often used as test or calibration gaps for many applications, some of which are related to transmission lines. The IEEE Std 4-2013 [36] provides tables of the disruptive voltage Ud of a sphere-sphere gap configuration for an average absolute humidity ha = 8.5 g/m3, and specifies that Ud increases linearly with the absolute humidity at a rate of 0.2%/(g/m3). Thus, for AC and impulse tests, this standard suggests applying a correction factor as:


    U d  =  U 0   (  k δ  )    



(14)




where U0 is the peak or impulse disruptive discharge voltage at the standard atmosphere and reference humidity 8.5 g/m3 and k is calculated as:


   k = 1 + 0.002 (  h a  / δ − 8.5 )   



(15)




where ha is the ambient absolute humidity in g/m3.



Similarly, for the rod-rod gap configuration under DC stress, Reference [36] suggests applying the correction in (14) but U0 is referenced to 11 g/m3, so factor k is now:


   k = 1 + 0.014 (  h a  / δ − 11 )   



(16)







Note that (16) is valid within the interval 1 and 13 g/m3.



Huang et al. [52] measured the corona inception voltage of a rod-plane gap geometry in a climate chamber using an ultraviolet camera. Results attained are summarized in Figure 3, which shows that the breakdown or critical disruptive voltage increase almost linearly with the pressure of air.




4.2. Conductors of Circular Cross Section


According to results conducted in an artificial chamber by Hu et al. [58,62], the relationship between corona inception voltage Uc,RMS and air pressure p for AC bundle conductors can be expressed as:


    U  c , R M S   =  U  c 0 , R M S     ( p /  p 0  )  m    



(17)




where Uc,RMS and Uc0,RMS are, respectively, the corona inception voltage in kVRMS at a given air pressure p, and at standard air pressure p0, and m an exponent within the range 0.59–0.91 depending on the bundle configuration and the absolute air humidity [58]. Similarly, when there is no condensation on the conductors’ surface, a suitable relationship between the corona inception voltage Uc,RMS and air humidity ha can be expressed as:


    U  c , R M S   =  U  c 0 , R M S     (  h a  /  h  a , 0   )  n    



(18)




where ha and ha,0 being, respectively, the measured absolute air humidity and the standard air humidity in g/m3, and n an exponent within the range 0.038–0.190 depending on the bundle configuration and the pressure of air [58].



Tests conducted in a climate chamber varying the relative air density δ within the interval 0.55–0.95 using a smooth copper tube with outer diameter 19 mm suggested that the relation between corona inception voltage Uc,RMS and δ for AC conductors can be expressed as [21]:


    U  c , R M S   =  U  c 0 , R M S    δ k    



(19)




where Uc,RMS and Uc0,RMS are, respectively, the corona inception voltage in kV at a given relative air density δ and at unity air density, and k an exponent in the range 0.75–1. In Reference [21] it was also found that exponent k increases and thus the effect of δ on the corona inception voltage when decreasing the relative air humidity. According to [21], the combined effect of the relative air density δ and absolute humidity ha can be expressed as:


    U  c , R M S   =  U  c 0 , R M S    δ  k ′     ( 1 +  h a  / δ )  m    



(20)







According to Phillips et al. [2], who carried out impulse voltage tests in 500 kV DC transmission lines and associated substation applications, the correction (19) must be applied with exponent k = 0.7–0.9 depending on the specific geometry:


    U  d , i m p u l s e   =  U  d 0 , i m p u l s e    δ k    



(21)




where Ud and Ud0 are, respectively, the critical disruptive voltages in kV at a given air relative density δ and at unity relative density.



Hu et al. [62] conducted power frequency corona inception voltage tests in a climatic chamber with cylindrical copper conductors of different diameters within a range of 16–25 mm, confirming that the relationship in Equation (19) is correct. They also found that exponent k depends on the absolute humidity, so k ∈ (0.633,0.771) when ha is within 17.3–5 g/m3. Note that exponent k is reduced when increasing the absolute humidity ha, so that the impact on the corona inception voltage is less. Hu et al. [62] also indicated that Equation (20) can be applied when including the effect of absolute humidity. Analysis based on molecular gas dynamics [63] also corroborates that the DC voltage breakdown or flashover voltage satisfies Equation (19).



In DC systems, the corona inception voltage for positive polarity is lower than that for negative polarity, thus positive polarity determines the criterion to design transmission line insulation [64]. Bian et al. [65] conducted DC corona tests of both polarities of a four-conductor square bundle of conductors using an outdoor corona cage with defined ground planes under various atmospheric pressures. Two types of conductors were tested, with outer diameters 23.76 and 27.63 mm2 and surface roughness factors m = 0.895 and 0.891, respectively. The authors found a linear decreasing relationship between the corona inception voltage Uc and the altitude h as follows:


    {       U c    −  =  U  c 0  −  ( 1 − 0.0895 h )        U c    +  =  U  c 0  +  ( 1 − 0.0915 h )         



(22)




where Uc0 in kV is the corona inception voltage at sea level and h the altitude above sea level in km. Therefore, according to Equation (22), as the altitude increases by 1000 m, the negative corona inception voltage decreases by 8.95% whereas the positive one decreases by 9.15%, so these trends are not in close agreement with Peek’s formula [65].



Ortéga et al. [66] proposed a correction factor for the 50% breakdown voltage U50 of rod-plane air gaps subjected to positive-polarity lightning impulses based on laboratory tests, combining the effects of humidity and density:


   U  50   =  U  50   ( δ ,  h a  ) − E  [  ( δ − 1 ) + 0.01 (  h a  − 11 )  ]  d  



(23)




where U50 is the 50% breakdown voltage at standard atmospheric conditions, E = 500 kV/m and d (m) is the gap length.



Table 4 summarizes the most relevant correction factors detailed in this section.



Figure 4 plots the voltage correction factors deduced from the summary presented in Table 4 as a function of the altitude above sea level taking into account the standard atmospheric conditions in Table 4.



Results from Figure 4 show clear differences between the different correction factors found in the technical literature, differences that tend to increase with the increasing altitude. From these results it is clear that the correction factor found in Ortéga et al. [66] sets a bottom limit.



It should be pointed out that some of the correction factors reviewed in this work come from research works (some of them derived from artificial simulation experiments), whereas others are found in International Standards. It is obvious that the correction factor to be applied depend on the specific geometry of the high-voltage electrodes considered and insulation structure.



Therefore, one can conclude that more research is required in order to gather as much data as possible of every specific high-voltage device and insulation structure to be installed in high-altitude regions, so that the pertinent International Standards and the knowledge of the high-voltage laboratories can be adapted to these new necessities.



The difficulty in measuring the electric field strength must be highlighted, although it is known that its value determines both corona onset and breakdown conditions, depending on the insulation structure. Therefore, most of the correction factors are obtained from the voltage applied but not from the electric field strength during corona onset or breakdown conditions, which is known to have a strong impact. This also requires further research, as well as a deep analysis of the feasibility and accuracy of applying combined experimental and numerical simulation methods to determine the electric field strength during such limit conditions, among other possible solutions.




4.3. Tabulated Altitude Correction Factors Found in International Standards


Since at high altitude, atmospheric air becomes less dense and a more effective thermal insulator, it is expected that electrical equipment using air as cooling and insulating medium (power line insulators and conductors, transformer bushings, switches, dampers or switchgear support insulators among others) will experience a higher temperature rise and will have a lower dielectric strength when operated at higher altitudes compared to when operating at altitudes below 1000 m [39]. Consequently, voltage and current derating are often applied. Figure 5 shows the tabulated altitude correction factors according to the ANSI C37.30 [39] standard for high-voltage air switches, insulators, and bus supports and the dielectric strength correction factors for altitudes greater than 1000 m suggested by the IEEE C57.13 standard [38] for instrument transformers. Figure 5 also includes the correction factors for insulation distances proposed by the ANSI/EIA 364-20D standard [68] related to electrical connectors, sockets, and coaxial contacts, which take into account the effect of pressure when such devices operate at high altitude.



It is noted that although different types of power frequency electric field sensors are commercially available, such as optical, capacitive or field mills [69,70], a direct measurement of the electric field strength to determine the corona onset or breakdown conditions is still a challenging problem. Such electric field sensors are either complex, have movable parts, are intrusive, present limited sensitivity or are expensive [71], so a universal solution does not exist.





5. Conclusions


This paper has presented a comprehensive literature review of the available atmospheric correction factors to limit corona activity and ensuring proper performance when planning air-insulated transmission lines intended for high-altitude areas. This topic is generating a growing interest due to the recent construction and the projects of EHV and UHV transmission lines and the associated substations crossing high-altitude regions. Some of the correction factors reviewed in this paper were obtained from real or artificial experiments found in different research works, whereas others come from different standards. Altitude correction factors found in the technical literature and results from the latest research show important differences among them, which tend to increase with the altitude. It is suggested to conduct more research and to gather more data of every specific high-voltage device to be installed in high-altitude regions, in order to adapt and update the pertinent International Standards to the new findings, and the knowledge of the high-voltage laboratories to these new necessities. This fact is important since the correction factors to be applied are highly dependent on the geometry of the high-voltage component under analysis. The authors’ hope is that more studies outside the range of altitude from which most prior research has been based, will increase.



This paper has also highlighted the difficulty of measuring the electric field strength, which is known to determine both corona onset and breakdown conditions, depending on the insulation structure. Due to this fact, most of the correction factors are obtained from the voltage applied but not from the electric field strength during corona onset or breakdown conditions and, therefore, this topic also requires further research.
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Figure 1. Corona inception field strength expressed as Ec,peak/δ for coaxial cylinders electrodes with air insulation. Adapted from [48]. 
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Figure 2. Relationship between the AC corona inception voltage Uc and the corona inception voltage gradient Ec [14,50]. (a) Single conductor; (b) Bifilar configuration; (c) Concentric cylinders. 
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Figure 3. Rod-plane gap geometry adapted from Reference [52] by applying the hypsometric equation. Correction factor for the corona inception voltage as a function of the altitude for different gap lengths d at 25 °C and 16 g/m3. 
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Figure 4. Altitude correction factors for critical disruptive and corona inception voltages according to the corrections summarized in Table 4 for r = 2.926/2 cm, m = 0.8, d = 40 cm, ha = 11 g/m3. Black lines are from equations based on corona inception conditions whereas red lines are from equations based on disruptive conditions. 
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Figure 5. Altitude correction factors according to the ANSI C37.30 standard [39], dielectric strength correction factor according to the IEEE C57.13 standard [38] and correction factors for insulation distances proposed by the ANSI/EIA 364-20D standard [68]. 
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Table 1. Surface irregularity factor m [41].
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	Surface Irregularity Factor
	Type of Surface





	m = 1
	Smooth and polished surface



	m = 0.6–0.8
	Dry weather



	m = 0.3–0.6
	Extreme pollution, snowflakes, raindrops



	m = 0.25
	Heavy rain
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Table 2. The standard atmosphere [60].






Table 2. The standard atmosphere [60].





	Altitude (m)
	Temperature (°C)
	Pressure (Pa)
	Air Density (kg/m3)
	Relative Air Density, δ (-)





	0
	15.0
	101,325.0
	1.225000
	1.000000



	500
	11.8
	95,460.8
	1.167270
	0.952873



	1000
	8.5
	89,874.6
	1.111640
	0.907463



	1500
	5.3
	84,556.0
	1.058070
	0.863728



	2000
	2.0
	79,495.2
	1.006490
	0.821625



	2500
	−1.3
	74,682.5
	0.956859
	0.781109



	3000
	−4.5
	70,108.5
	0.909122
	0.742140



	3500
	−7.8
	65,764.1
	0.863229
	0.704677



	4000
	−11.0
	61,640.2
	0.819129
	0.668677



	4500
	−14.3
	57,728.3
	0.776775
	0.634102



	5000
	−17.5
	54,019.9
	0.736116
	0.600911



	5500
	−20.8
	50,506.8
	0.697106
	0.569066



	6000
	−24.0
	47,181.0
	0.659697
	0.538528
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Table 3. Parameters g, m and w [36,61].
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	g
	m1
	w1, 2





	<0.2
	0.0
	0.0



	0.2–1.0
	g(g − 0.2)/0.8
	g(g − 0.2)/0.8



	1.0–1.2
	1.0
	1.0



	1.2–2.0
	1.0
	(2.2 − g)(2.0 − g)/0.8



	>2.0
	1.0
	0.0







1 Valid for altitudes below 2000 m; 2 w = 0 for operating voltages <72.5 kV or gap lengths <0.5 m.
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Table 4. Summary of Correction Factors.
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	Author
	Geometry
	Correction Factor





	Paschen [67]
	Uniform field
	    U  d , p e a k   =   B ( p d )   ln ( A ) + ln ( p d ) − ln [ ln ( 1 + 1 / γ ) ]     



	Peek [30,31,32,47]
	Parallel. conductors, AC
	    E  c , p e a k   = 30 m δ ( 1 + 0.301 /   δ r   )   



	Peek [32]
	Coaxial cylinders, AC, DC−
	    E  c , p e a k   = 31 m δ ( 1 + 0.308 /   δ r   )   



	Peek [32]
	Coaxial cylinders, DC+
	    E  c , p e a k   = 33.7 m δ ( 1 + 0.241 /   δ r   )   



	Peek [30,31,32]
	Parallel conductors
	    U  d , p e a k   =  E  d , p e a k   r m δ ln ( d / r )   



	Westingh. [34]
	Parallel conductors
	    U  d , p − t o − n , R M S   =  E  d , R M S   r m  δ  2 / 3   ln ( d / r )   



	IEEE Std4 [36]
	General
	U = U0(k1·k2)



	IEEE Std4 [36]
	Sphere-sphere gap, AC
	    U  d . p e a k   =  U  0 , p e a k   ( k δ ) k = 1 + 0.002 (  h a  / δ − 8.5 )   



	IEEE Std4 [36]
	Rod-rod gap, DC
	    U  d , d c   =  U  0 , d c   · ( k δ ) k = 1 + 0.014 (  h a  / δ − 11 )   



	Hu et al. [58]
	Bundle conductors, AC
	    U  c , R M S   =  U  c 0 , R M S     ( p /  p 0  )  m  m ∈ ( 0.59 , 0.91 )   



	Hu et al. [21]
	Smooth conductors
	    U  c , R M S   =  U  c 0 , R M S    δ k    



	Phillips et al. [2]
	500 kV line; impulse
	    U d     , i m p u l s e   =  U  d 0 , i m p u l s e    δ k    



	Hu et al. [62]
	Cylindrical Conductors
	    U  c , R M S   =  U  c 0 , R M S     ( p /  p 0  )  k  k ∈ ( 0.633 , 0.771 )   



	Bian et al. [65]
	four-bundle conductors, DC
	    {       U  c , d c     −  =  U  c 0 , d c  −  ( 1 − 0.0895 h )        U  c , d c     +  =  U  c 0 , d c  +  ( 1 − 0.0915 h )         



	Ortéga et al. [66]
	Rod-plane gap; +impulse
	    U  50   =  U  50   ( δ ,  h a  ) − E  [  ( δ − 1 ) + 0.01 (  h a  − 11 )  ]  d   







Ec (Uc): corona inception voltage gradient (voltage) in kV/cm (kV); Ed (Ud): critical disruptive voltage gradient (voltage) in kV/cm (kV); δ: relative air density calculated from Reference [36]; r: conductor radius [m]; h: altitude above sea level [km]; p: pressure [Pa]; ha: absolute humidity in g/m3; E = 500 kV/m; d: gap length in m.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
A

27"2

le

y

U d>>r
h>>r
2-E rIn(d / r)
(b)

Ground plane

UC

SKE

s S

m,.ﬂih

5 hete Q

5 ket S

SO mﬂﬂ
58

-

P
Lo

'






nav.xhtml


  energies-11-01908


  
    		
      energies-11-01908
    


  




  





media/file2.png
!
\
%
\
\
\
f
\
\
\
T
\
\
\
|
\
\
\
T
\
\
\
1L
100

T
N R B B -3 B

£ A U U S
IR I Y A S R

0.01

| |
| | | | | |
T T 1 1 T T
o o o o o o
0 M~ (o] (o] < (o]

(woap=AY “‘¢°3)
yibua.js pjeu uoiydasul eU0I0)

Relative density-radius product (o-r,cm)





media/file5.jpg
Correction factor

05+
0

1000 2000 3000 4000 5000 6000 7000 8000 9000
Altitude (m)





media/file3.jpg
U d>>

&

>
h>>r
Ground plane Ground plane
I/ r) U =2E.rin(d/r)

@

(b)

A
SRR

%
%
o393

%
LR
55





media/file1.jpg
Corona inception field strength

(ElB, KVookicm)

80

70

60

50

40

30

0.01

0.1 1 10

Relative density-radius product (5-r,cm)

100





media/file7.jpg
Correction factor (CF)

10

09

08

07

08

0s

04

|~ Pook(8)1cond.(m=03, r= 1483 em)
e West.(4) I/ AC cond. (m=08, 1= 1463 am, 0= 0.4
|~ IEEEStd 42013 (g3p =15 m, 30 500 KV,,) (9]
—a— Sphere-sphere gap, AC, (14)+(15)

|—a— Rod.rod gap. 0C, (14) + (16)

[—0— b etal.m= 039, AC, smooth conductors, (19)
———

Huotal.m= 01, AG, smooth conductors, (15)

(mpuise, k =0.7), condustors, 21)
L, positive impulse, rod-plane 43p, (23)
| —— Paschen (20°C, = 1em)

0 1000 2000 3000 4000

Altitude above sea level (m)

5000 6000





media/file10.png
Correction factor (CF)

1,0 { s
\O‘
®)
O
AN
0,9 m ) \
\_
O * ~
® >
0,8 - ® ~
! ~
*
® G
A N
0,7 - ® ~,
O

—e— Rated withstand voltage. ANSI C37.30 ~

—A——  Current rating. ANSI C37.30
0,6 1 —®— Ambient temperature. ANSI C37.30 > %

O Dielectric strength. IEEE C57.13

— <k — Inverse of correction factor for insulation distance

05 ANSIEIA 364-20D
1000 2000 3000 4000 5000 6000

Altitude above sea level (m)





media/file9.jpg
10

I
s
g
g
&
<

os

Rated withstand voltage. ANSI C37.30

—4&— Current rating. ANSI C37.30
—=&—  Ambient temperature. ANSI C37.30
O Dielectrc strength. IEEE C57.13
—-%—  Inverse of correction factor for insulation distance
ANSUEW 364-200
1000 2000 3000 4000 5000 6000

Altitude above sea level (m)





media/file0.png





media/file8.png
Correction factor (CF)

0,9 -

0,8

0,7 1

0,6

0,5

0,4

—_—
Peek (5) // cond.(m=0.8,r=1.463 cm) R \x\\
—_—

West. (4) I/ AC cond. (m=0.8,r=1.463¢cm, d=0.4 m) T
IEEE Std 4-2013 (gap =1.5 m, ac 500 kV, ) (9)

Sphere-sphere gap, AC, (14) + (15)

Rod-rod gap, DC, (14) + (16)

Hu et al. m = 0.59, AC, smooth conductors, (19)

Hu et al. m=0.91, AC, smooth conductors, (19)

Phillips et al. (impulse, kK =0.7), conductors, (21)

Ortéga et al., positive impulse, rod-plane gap, (23)

Paschen (20°C, d=1cm)

1000 2000 3000 4000 5000 6000

Altitude above sea level (m)





media/file6.png
Correction factor

N —e— d=10cm
S -a- d=15cm
AN —4— d=20cm

1000 2000 3000 4000 5000 6000 7000 8000 9000
Altitude (m)





