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Recently, in order to reduce carbon emissions and meet climate change targets set by governments worldwide, which has led to the growth of renewable energy sources, such as wind, solar and hydropower energy, more and more ± 800 kV power lines have been built for more than 1500 km long-distance transmission, and the total and ionized field under it serve as important assessment indicators of an electromagnetic field. To calculate the total electric field and ionized field under UHVDC power lines, based on the upwind difference idea proposed by Takuma, the boundary condition and initial value selection are improved with the Kaptzov hypothesis as the boundary condition, and the difference between the surface field strength on the wire and the critical coronal voltage is used as the benchmark to estimate the initial value of charge density. By adopting the improved method, the calculation results of the total electric field and ionized field under the ± 800 kV power lines in typical high altitude regions suggest that the total electric field on the ground increases with the decrease in the wire’s height above ground, while the ion current density goes up with the reduction in the roughness coefficient of the wire; when the ± 800 kV power lines stipulated by national standards go through the residential areas, and the wire’s minimum height above ground is 21 m, total electric field and ionized field under the power lines are less than the limits set by national standards. Also, the calculation method proposed in this paper is suitable for the calculation of ground total electric field for future ± 1,200 kV power lines, which can provide reference for UHVDC power line designing and carbon emission target realization.
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1 INTRODUCTION
Ultra-high-voltage power lines play a significant role in transmitting long-distance and large-capacity electrical energy, as well as one of the major methods to solve the imbalanced distribution between energy sources and energy consumption sites (Liu, 2009a; Liu, 2009b). On this basis, multiple ± 800 kV power lines have been successively built in China in recent years. However, along with the increase of the voltage level, the electric field on the surface of these lines also enhances constantly, easily leading to corona discharge and generating corresponding space charge. The total electric field is a product of the electric field generated by space charge and the standard electric field from wire pressurization (Zhao, 2004). In UHVDC transmission projects, the total electric field occupies a key role in the electromagnetic environment of UHVDC transmission projects, as well as in the circuit design.
To analyze electromagnetic environment issues of UHVDC lines, scholars in China and other countries have conducted lots of experimental studies (HIRSCH and SCHAFER, 1969; MARUVADA et al., 1981a; MARUVADA et al., 1981b; FU, 1993; Min et al., 2011). However, as these experiments only focused on experimental lines with typical parameters and voltage levels in a specific environment, their application scope is subject to limitations. As a result, certain simulation methods must be adopted for predicting and calculating the total and ionized field of UHVDC lines. The calculation methods for UHVDC ion current are generally classified into two categories: the Deutsch hypothesis-based flux-tracing method, and the meshing-based numerical method.
In 1969, Maruvada and Janischewskyj (SARMA and JANISCHEWSKYJ, 1969a; SARMA and JANISCHEWSKYJ, 1969b) introduced the Deutsch hypothesis to accelerate the speed of solving equations. They believed that since the space charge does not change the direction of electric field lines, a nominal field could be calculated first, and then iterations are made on the nominal electric field to solve electric potential and charge density, further simplifying the question into a one-dimensional one. Later, Sunaga (SUNAGA and SAWADA, 1980) et al. made some improvements to the boundary condition of the flux line method for analyzing the influence of space charge on radio interference. Yet, total electric field lines may severely deviate from nominal electric field lines because the introduction of the Deutsch hypothesis will lead to great error and the impact of wind velocity cannot be neglected. Moreover, the calculation accuracy may decrease in the case of a complex line structure. Therefore, along with the increased computer capacity, more researchers began to abandon the Deutsch hypothesis but resorted to two-dimensional models for solving the direct-current ionized field.
The Canadian scholar Janischewckj (JANISCHEWSKYJ and CELA, 1979) innovatively adopted the FEM for calculating direct-current ionized field: the charge density in the space is predetermined as the initial value, and then differential equations are adopted for calculations; if the calculated results deviate from the initial value, the original initial value will be modified for repeated calculations and iterations until they become consistent. Nevertheless, as the charge density equations belong to strong convection equations, and iterative solving will easily bring about numerical oscillation, the Japanese scholar Takuma and Wang (TAKUMA et al., 1982; WANG et al., 2018; WANG et al., 2019) introduced the upwind difference to the solving process for improvement. Still, the upwind finite element method relies on experimental measurements when selecting boundary conditions of ion transport equations, so the application scope of this method is restricted.
Based on the above analyses, the method of computed the total electric field and ionized field on the ground proposed here is built upon Takuma’s upwind difference method but with improved boundary conditions and initial values. After that, the proposed calculation method is employed for exploring the distribution rules of total electric field and ionized field on the ground under different cross arm height of typical ±800 kV power lines in the high-altitude regions, thus verifying whether the total electric field and ionized field on the ground meet the limits set by national standards by using the current wire models of typical ± 800 kV power lines.
2 CALCULATION MODEL
2.1 Kinetic characteristics of space charge under the direct-current electric field
When the surface field strength of DC power lines is greater than the starting corona strength, the air around the surface of the lines will ionize, and space charges generated by ionization will move along the direction of the lines. With the bipolar direct-current lines as an example, the entire space can be roughly divided into three regions as indicated in Figure 1, where the area from positive wires to the Earth is filled with kations, while area from negative wires to the Earth is full of anions, with positive and negative ions coexisting wthin the space of two wires. These space charges will cause a unique effect on the direct-current transmission lines. Space charges themselves will generate an electric field, which greatly enhances the electric field produced by wire charges; meanwhile, space charges will move under the electric field action and form an ion current. Ion current is determined by the voltage and the field generated by ions, but the relationship is non-linear.
[image: Figure 1]FIGURE 1 | Schematic diagram of the ionized field of bipolar direct-current transmission lines.
2.2 Calculation method
2.2.1 Premises
The following premises are adopted for simplicity.
A) All parameters are time-invariant 2-D (only have tow components on the cross-sections of the lines); only uniform corona discharge is considered mainly because real transmission lines are arranged in parallel. Thus, it is assumed that a two-dimensional problem of the corona field is solved on the premise of neglecting poles and towers, conductor sag, and wire end effect.
B) Compared with the drift, the ion diffusion effect is very small and can be neglected; due to low ion concentration (generally nC/m3), the diffusion effect caused by concentration difference is quite small, so only the drift is considered.
C) Mobility of kations and anions is a constant irrelevant to the field strength, and ion mobility only depends on the charge-mass ratio, which is an inherent attribute of ions but irrelevant to the field strength; if the simplified ion mobility is adopted, it is correlated with the field strength.
D) The thickness of the ionic layer can be neglected; the ionized layer generally has a thickness of about mm-grade, which can be neglected compared to the wire height above ground of a few dozen meters.
2.2.2 Equations
For the bipolar direct-current ionized field, the equations to be solved include:
Poisson Equation: 
[image: image]
Ion Current Equation:
[image: image]
[image: image]
Current Continuity Equation:
[image: image]
[image: image]
[image: image] is the potential; [image: image] is the permittivity of vacuum; [image: image] si the current density; k is the migration rate; W is the wind velocity; [image: image] is the charge density; [image: image] refers to the cationic and anionic recombination rates; [image: image] is the electron charge.
2.2.3 Calculation processes
Calculation processes are shown in Figure 2. First, assumming the charge density on boundary points is constant; then, the electric field and density of space charge are iteratively solved until the steady-state solution under the boundary condition of this charge density is obtained; finally, based on Kaptzov hypothesis, the assumed boundary condition of the surface charge density on the wire are modified, and the space charge density spreading is calculated repeatedly until Kaptzov hypothesis is met.
[image: Figure 2]FIGURE 2 | Flow chart for the calculation of DC corona field on power lines.
2.2.4 Boundary condition
The electric potential’s boundary condition is expressed as follows.
On the ground and on the Earth wire:
[image: image]
On the transmission lines:
[image: image]
To determine the ionized field, the boundary condition of the electric field or electric charge shall also be in place. According to Takuma, supposing that the constant surface charge density on the wire is used as the boundary conditions of the charge, then we get the following equations.
Near the positive wire:
[image: image]
Near the negative wire:
[image: image]
In this way, electric charges on the surface of the wire shall be deduced through experiments or empirical formulas before calculations are made, thus reducing the accessibility or reliability of the calculations.
In this study, the field strength remains unchanged at the corona field strength on the surface of the wire.
Near the positive wire:
[image: image]
Near the negative wire:
[image: image]
where [image: image] and [image: image] are the corona onset field on the conductors, respectively.
The initial corona field strength of AC lines is calculated by Peek via a great number of experiments. If it is believed that corona onset field of both DC and AC power lines have the same peaks, so Peek’s formula can be transformed into the following DC form.
[image: image]
where [image: image] refers to the surface roughness coefficient, which is generally 0.47–0.5 for the stranded wire; [image: image] represents the radius of sub-conducting wire, which is described in the unit of cm.
Eq. 12 presents the results under standard atmospheric pressure. In the case of high-altitude areas with lower atmospheric pressure, the correction coefficient of the atmosphere shall be considered, namely, [image: image], where P is the air pressure (mmHg); t is the temperature (°C).
[image: image]
2.2.5 Simplification
There are three independent unknown variables in the bipolar direct-current ionized field. Here, [image: image], [image: image] and [image: image] are selected for simplifying and combining Eqs. 14, 15:
[image: image]
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To calculate the ionized field, by adopting the boundary condition, Poisson Equation and the above two equations are adopted for computing the unknown variables, namely, potential, and space charge density. Iterative solving can be used for the calculation. First, the charge density distribution is fixed, a space-based electric field under certain charge density distribution is obtained and the charge density is calculated. This process is repeated until the field and charge density distribution reach a stable state, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Iterative solving process of DC ionized field.
2.2.6 Electric field calculation method
When solving the electric potential [image: image], due to the large gradient of surface potential on the wire, there is a huge error if the FEM is directly used. Here, the electric potential [image: image] of the total field is divided into the nominal and charge field to solve them respectively; [image: image]. Therefore, Poisson’s equation is transformed into:
[image: image]
[image: image]
where [image: image] has the same boundary condition with [image: image], but [image: image] satisfies [image: image] on the ground and at the artificial boundary.
In terms of nominal field, multiple images or charge simulation methods are generally adopted for rapidly and accurately solving Poisson Equation. In this study, finite element meshes are divided into triangles, and the same unit partition is also applied to the subsequent charge solving process.
To solve the electric charge, the gradient of node potential shall be obtained, namely [image: image], wherein the electrical potential of any point in the nominal field can be directly acquired through the charge simulation method, while the FEM method can only be used for getting the average differential electric field within the triangle units in the charge field. Therefore, the electric field information of the node can be obtained by averaging the electric field information of the node’s surrounding units in accordance with a certain weight. The weight is distributed based on the angle used or the unit area. The calculation results suggest that the angle-based distribution method (as indicated in Figure 4) offers better convergence. In Figure 4, i, j, k, m is the number of computing grid nodes.
[image: Figure 4]FIGURE 4 | Schematic diagram of electric field interpolation distributed based on angles.
2.2.7 Charge density calculation method
To avoid numerical oscillation, upwind discrete equations are adopted while differentially solving the charge density equations. Physically, it can be considered that charge density flows under the electric field effect, and the value at a certain point [image: image] is only under the influence of upstream units, as detailed below.
Taking Figure 5 as an example, [image: image] and [image: image] are the mobilities of cationic and anionic charges at the node [image: image], respectively. After first-order upwind difference is conducted on positive charges, it is considered that the potential gradient at the point [image: image] refers to that within the triangular unit [image: image]. The first-order difference equation of the triangle unit can be obtained:
[image: image]
[image: Figure 5]FIGURE 5 | Schematic diagram of upwind difference.
The coordinates and potentials of the three points are written into:
[image: image]
[image: image]
The difference shape function within the unit can be expressed as:
[image: image]
Thus, the potential gradient is obtained:
[image: image]
[image: image]
Supposing that
[image: image]
The calculation equation of positive charges within the unit [image: image] can be discretized as follows:
[image: image]
Finally, the discretized positive charge calculation formula is obtained:
[image: image]
Likewise, the following expression can be deduced for positive charge density:
[image: image]
According to the node information within the unit [image: image] in the above expression, the updated charge-density value for the node [image: image] can be calculated. It is supposed that the surface charge density becomes known in the program, and the charge distribution within the entire space can be solved outwards one by one. Takuma suggested that the binary second-order equations with positive and negative charge densities as the variables are directly solved, and the following constraints are used for determining the reasonableness of the equation root:
A) If [image: image], [image: image], and [image: image], [image: image];
B) If [image: image], [image: image], and [image: image], [image: image].
From the physical perspective, it can be explained that the charge density within a space should not be greater than that on the boundary of the wire. However, direct solving of equations heavily depends on the selection of the initial value of space charge, whose convergence cannot be guaranteed. In this study, the equations are differentiated into the first-order form, and the following equations are iteratively solved:
[image: image]
[image: image]
Estimation of Initial Value of Charge Density on the Boundary of the Wire.
In this study, the Kaptzov hypothesis is adopted as the boundary condition. Before the calculation is made, assuming that there are some charges distributed, and the electric field within the space is calculated. Then, the surface charge density distribution on the wire is updated based on the difference between the field strength and corona onset field.
The initial value of surface charge density on the wire is assumed as follows; the expression can be obtained near the positive wire:
[image: image]
[image: image]
where
[image: image]
It is the same with the expression near the negative wire. [image: image] refers to the field strength of the point at the height H on the axis y. [image: image] refers to the corona voltage:
[image: image]
Takuma takes the initial value of charge density of each mesh on the surface of the wire as [image: image], but for real bundle conductor lines, the electric field strength is very unevenly distributed on the wire surface, and corona discharge intensity also differs. If the same initial value of charge density is selected, it is not conducive to computing stability and efficiency. Therefore, the discrepancy between surface field and corona onset strength is chosen as the benchmark to estimate the initial value of space charge.
First, the maximum nominal surface field strength [image: image] is calculated. The initial value of space charge for point [image: image] on the wire surface is estimated.
For positive wire:
[image: image]
[image: image]
[image: image]
For negative wire:
[image: image]
[image: image]
[image: image]
For charge correction on the wire surface, the difference between surface field and onset field of the wire is adopted, which resembles the secant method, as described below:
[image: image]
where [image: image] and [image: image] refer to the surface field strength and onset field strength; [image: image] is the updated accelerating factor, which is equal to 2 in this study.
The initial value of space charge density except for those on the boundary is set as 0.
3 CALCULATION OF TOTAL FIELD AND IONIZED FIELD FOR ± 800 KV POWER LINES AT THE HIGH ALTITUDE
3.1. Calculation of total field on the ground
Parameter settings
Taking the ± 800 kV Hami-Zhengzhou power line at the high altitude (with an altitude of 2,000 m) as an example, the wires are horizontally arranged in a bipolar way, and insulator strings adopt a V-shaped layout; the straight-line tower has a model of Z27102A1, and 6*JL/G3A-1000/45 steel-cored aluminum strand is used as the wire; JLHA1/LB1-180/30 aluminum alloy conductor aluminum steel reinforced strand is adopted as the ground wire.
Major parameters of wire and ground wire are shown in Tables 1, 2.
TABLE 1 | Wire parameters.
[image: Table 1]TABLE 2 | Earth wire parameters.
[image: Table 2]Other parameter settings for the program are shown in Table 3.
TABLE 3 | Parameter settings.
[image: Table 3]3.1.1 Calculation results
When typical ± 800 kV power lines in the high-altitude region have different heights above ground, the ground field distribution are shown in Figures 6, 7.
[image: Figure 6]FIGURE 6 | Distribution rules of ground field under ± 800 kV power lines with different heights above ground.
According to relevant national standards, for ± 800 kV UHVDC overhead transmission lines, in case of maximum sag, the minimum distance between the wire and the ground is 21 m when the lines go through the residential areas, and non-distorted total electric field on the ground shall not exceed 15 kV/m. It can be seen from Figure 7 that the total electric field on the ground increases with the wire’s decreasing height above ground. 6*JL/G3A-1000/45 steel-cored aluminum strand is adopted; when the wire height reaches 21 m, the electric field on the ground is 10.2 kV/m, which is much lower than the limit set in the national standards.
[image: Figure 7]FIGURE 7 | Changes in the maximum electric field on the ground under ± 800 kV power lines with different heights above ground.
3.2 Calculation of ionized field on the ground
The control of the ion current density on the ground under the UHVDC transmission lines relates to the personal safety of residents nearby, so it is necessary to study the ion current density features on the ground under the transmission lines.
When the distance of ± 800 kV power lines above ground is set as 21 m, changes in the ion current density on the ground with the wire’s roughness coefficient are shown in Figures 8, 9.
[image: Figure 8]FIGURE 8 | Ion current density distribution on the ground under ± 800 kV power lines with different roughness coefficients.
It can be seen from Figure 9 that the ion current density on the ground decreases with the increase in the wire’s roughness coefficient. According to the national standards, ion current density in the residential areas shall be restricted to 80 nA/m2 on sunny days. 6*JL/G3A-1000/45 steel-cored aluminum strand is adopted; when the roughness coefficient is 0.1, the maximum ion current density on the ground is [image: image], which is much lower than the limit set in the national standards.
[image: Figure 9]FIGURE 9 | Changes in the maximum ion current density on the ground under ± 800 kV power lines with different roughness coefficients.
According to the above analyses, 6*JL/G3A-1000/45 steel-cored aluminum strand adopted for typical ± 800 kV power lines in the high-altitude region does not have serious corona, which fully meets the requirements for electric field and ion current density limits on the ground.
4 CONCLUSION

1) Based on the upwind difference idea proposed by Takuma, the boundary condition and initial value selection are improved with the Kaptzov hypothesis as the boundary condition, and the difference between the electric field strength on the surface of the wire and the critical coronal voltage is used as the benchmark to estimate the initial value of charge density. Thus, the calculation model of the electric field on the ground under the UHVDC lines is established, and the accuracy of the proposed model is verified;
2) By adopting the improved method, the calculation results of the total electric field and ionized field under the ± 800 kV power lines in the typical high-altitude region suggest that the total electric field on the ground decreases with the wire’s increasing height above ground and that the ion current density on the ground also decreases with the wire’s roughness coefficient;
3) When the wire height reaches 21 m, the electric field on the ground is 10.2 kV/m, which is much lower than the limit set in the national standards 15 kV/m. The 6*JL/G3A-1000/45 steel-cored aluminum strand adopted for typical ±800 kV power lines in the high-altitude region does not have serious corona, which fully meets the requirements for electric field and ion current density limits on the ground.
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