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Monitoring modeling and
analysis of the electromagnetic
environment of HVDC
transmission lines based on ion
flow and wind coupling field
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High-voltage direct current transmission lines are an integral part of the
power system, but the ion flow field and total electric field they generate
can be harmful. Moreover, two of the most critical indicators for evaluating
environmental compatibility, ion current density ρj and total electric field
strength E, can be affected by wind. The difficulty in monitoring and modeling
the ion flow and wind coupling field has caused recent research to consider
only transverse winds and not take into account the wind directions. As a result,
it cannot model the actual situation accurately for monitoring and analysis. For
this reason, this article takes the ±800 kV Jinsu Line in Huzhou as an example
and constructs a 3-D monitoring model using the finite element method. The
nonlinear mapping relationship between the model design parameters and the
feature parameters is approximated by an extreme learning machine, and the
actual measurement results are used to invert the model design parameters to
modify the finite element model and realize the precise monitoring of the ρj
and E in different wind speed and direction situations. The results show that the
modified model can realize the condition monitoring of the electromagnetic
environment of transmission lines with an improved accuracy of 20.86%. In
addition, some laws are discovered: the peak absolute values of ρj and E increase
and then decrease with the increase in wind speed; at low wind speed, the
smaller the included angle between the wind direction and the line direction
is, the smaller the peaks are; at high wind speed, the smaller the included angle
is, the peaks increase and then decrease.

KEYWORDS

power system, transmission line, condition monitor, ion flow field, machine learning,
environmental compatibility

1 Introduction

A transmission line is a critical part of the power system. The development of high-
voltage direct current (HVDC) transmission lines realizes the macro-control of energy
and conforms to the development trend of power grids (Zhang et al., 2007). However,
when a corona occurs in an HVDC transmission line, the ions formed by ionization
move toward the nearby space under the action of the electric field force, forming an
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ion flow (Cui et al., 2012), and the superposition of the ion flow field
with the nominal electric field of the line creates a total electric field,
which causes electromagnetic hazards (Zou et al., 2017). The ion
flow intercepted per unit area on the ground is called the ion current
density ρj, and the strength of the total electric field at the ground
level is called E. Both ρj and E are the most important evaluation
indicators of the electromagnetic environment, which determine the
limitations of the transmitted power and operating voltage of the
power system (Zou et al., 2020). As the demand for electricity in
the power system increases, power grid companies must balance the
efficiency of energy delivery and environmental compatibility, and
the monitoring and analysis of ρj and E have become major issues
in ensuring the safety and reliability of the power system during
transmission and distribution (Chen, 2014).

Scholars have conducted extensive research to address this issue.
In terms of on-site monitoring,Wen et al. (1985) laid the foundation
for systematic monitoring of the ion current density using a current
probe with a microcurrent amplifier. Zhang et al. (2009) and Wang
and Chen (2015) expanded and optimized the monitoring methods
and analyzed the results and environmental impacts. In terms of
digital monitoring, Janischewskyj and Cela (1979) proposed the
use of finite element numerical modeling to refine the positive and
negative ion composite problem in ion flow simulations. Lu et al.
(2008) and Li et al. (2012) optimized the solution efficiency and
accuracy. Lu et al. (2014) and Yang et al. (2015) synthesized tests
and simulations to verify the feasibility of the software model
for transmission line condition monitoring. Park et al. (2018)
and Zou et al. (2023) proposed various improvement methods,
such as the flux tracing method and BPA FEM, respectively.
Bai et al. (2023) and Wan (2023) performed ion flow monitoring
for typical scenarios versus high-altitude scenarios for HVDC lines,
respectively, and made specifications for conductor selection.

However, it is difficult to further minimize the error due to
natural factors, especially the effect of wind on ion flow (Lu et al.,
2010). In the past few years, some scholars have investigated the
effect of transverse wind on ρj and E (Qiao et al., 2019; Wu,
2019). Xu et al. (2020) constructed a model for monitoring the
ion flow field at low wind speeds. Choopum and Techaumnat
(2022), Yi et al. (2022), and Lin (2024) studied the trend of
change. Du et al. (2022) optimized monitoring in high-altitude
situations. The monitoring accuracy of the upflow finite element
method under windy conditions is gradually improving (Cai et al.,
2023), and Xu et al. (2023) and Qi et al. (2024a) applied the
method to construct ion flow monitoring for complex multi-
conductor systems. Kang et al. (2024) used the fluid equation to
further explore the accuracy of the monitoring model. However, in
practical engineering, natural wind does not always come from a
single direction. The previous researchers attributed the wind bias
problem of ion flow to the study of the effect of wind speed on it,
while ignoring the wind blowing from different directions, which
makes the existing monitoring models less accurate in areas where
the distribution of wind direction is more dispersed and lacks the
analysis of trend studies incorporating wind direction.

If we want to consider the natural wind in different directions,
there must be a 3-D monitoring modeling of the ion flow-wind
field, and the determination of some model design parameters
is more complex and difficult. The large 3-D spatial field and
the extremely small radius of the line conductors make the

difference of finite element mesh size large, and the mesh dissecting
and connecting is more difficult, which has a certain nonlinear
effect on the results. Fortunately, the extreme learning machine
(Huang et al., 2006; Huang et al., 2012) based on a feed-forward
neural network can map this nonlinear relationship efficiently and
accurately, so it can be applied to modify the finite element model.

Based on this, this article proposes a modeling method for
electromagnetic environment monitoring of transmission lines
considering the effect of wind on ion flow field with different wind
speeds and directions, taking the case of the ±800 kV Jinsu Line in
Huzhou, China, as an example. Then, a mesh optimization method
is proposed to approximate the nonlinear mapping relationship
between model design parameters and feature parameters by
training an extreme learning machine neural network through the
initial model, and then the model design parameters are obtained
by back-calculating to modify the finite element model using the
actual measurement results.The accurate condition monitoring and
characterization study of ρj and E considering both the influence of
wind speed and direction are finally realized. The article provides
engineering guidance for electromagnetic environment monitoring
of HVDC transmission lines and steady operation of power systems.

2 Initial monitoring model

2.1 Control equations

We start by constructing an initial 3-D finite element model.
When constructing a wind field to satisfy the practical situation,
the wind gradient must be considered first, and the wind shear
equation must be introduced. The wind speed increases with the
height from the ground, and a simplified wind shear function for
the near-ground side is given by Cai et al. (2023):

W =W0(
h
H0
)
0.3
, (1)

whereW0 is the wind speed at the reference point; H0 is the height
of the reference point, generally taken as 10 m; and W is the wind
speed at the height h from the ground.

A three-dimensional wind field capable of considering different
wind directions should satisfy

W =W cos (θ)i+W sin (θ)j, (2)

where θ is the wind direction, W is the wind vector, i is the unit
vector in the horizontal direction, and j is the unit vector in the
vertical direction.

The ion flow field of the transmission line is
subsequently coupled in the wind field, and the following
simplifications are made:

(1) The thickness of the ionized layer is negligibly small.
(2) The ion mobility is constant and independent of the electric

field strength.
(3) The influence of the spatial diffusion of ions is neglected.

From the Poisson equation, we can obtain

∇2ϕ = −
ρ+ − ρ−

ε0
, (3)
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where φ is the electric potential of the total electric field; ρ+ and ρ−

are the positive and negative electric charge densities, respectively;
and ε0 is the vacuum dielectric constant.

The ion flow is blown by the vector wind to migrate and satisfy
the following equation:

j+ = ρ+(k+E+W), (4)

j− = ρ−(k−E−W), (5)

E = −∇ϕ, (6)

where j+ and j− are the densities of positive and negative ions,
respectively; k+ and k− are the mobilities of positive and negative
ions, respectively; and E is the electric field strength.

The transportation equation of electric charge is

∇ · j+ = −
Rion

e
ρ+ρ−, (7)

∇ · j− =
Rion

e
ρ+ρ−, (8)

where Rion is the recombination coefficient of the ions and e is the
electron charge.

2.2 Boundary delimitation and boundary
conditions

The solution area and boundary delineation of the finite element
model are shown in Figure 1, where the air domain is divided
into the near-line area A and the other area B. Different mesh
parameters are used for the different mesh dissections. We make
some preliminary settings for the finite element mesh. The mesh
of the 3-D field needs to use the free tetrahedral mesh as the basic
cell because this mesh is the easiest to use in dealing with the
boundaries of large and small cells; second, it is necessary to smooth

the control entities across the removal. The number of iterations is
chosen to be 4, and the maximal depth of the cell to be dealt with is
4, so the quality of the grid cells is guaranteed. Then, certain lower-
quality cells are allowed to be received during the grid generation
to improve construction efficiency, but attention should be paid to
avoiding too-large or too-small cells, and inverted bending cells are
not allowed to appear. Finally, the curvature factor of the whole finite
elementmeshmodel is taken as 0.3, and the resolution of the narrow
region is taken as 0.85, so that the geometrical approximation of the
mesh is more accurate, and the narrow region will not lose the key
geometrical features or lead to the computational error due to the
overly rough mesh.

The electric potential φ satisfies Equation 9:

φ =
{{{{
{{{{
{

Uline, (x,y,z) ∈ Γline,

0, (x,y,z) ∈ Γg,

Ucsm, (x,y,z) ∈ Γd,

(9)

where Γ line, Γg , and Γd are the artificial boundaries of the
line surface, ground, and air domains, respectively; U line is the
line operating voltage; and U csm is the potential at the artificial
boundary, which can be calculated by the simulated electric charge
method, and the electric charge density at the place should be
approximated as zero.

The calculation satisfies Kaptzov’s assumption (Tadasu et al.,
1981) that the surface electric field strength of the wire is
always maintained at the strength at which the corona occurs, as
Equation 10 shows.

|E ·n| = Eo, (x,y,z) ∈ Γline, (10)

where n is the unit outward normal vector on the surface of
the wire and E0 is the field strength at which the corona occurs,
which can be calculated by Peek’s formula and is usually taken
as 18 kV/cm (Cai et al., 2023).

For HVDC transmission lines, it can be assumed that the initial
electric charge density ρ on the surface of the wire is similar to

FIGURE 1
Boundary delimitation.

Frontiers in Energy Research 03 frontiersin.org

https://doi.org/10.3389/fenrg.2025.1571485
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Qin et al. 10.3389/fenrg.2025.1571485

FIGURE 2
Flowchart.

that of a concentric cylindrical structure (Lu et al., 2007), and the
relationship between the electric charge density and the electric field
is (Xu et al., 2023), as Equations 11, 12 shows.

U0 = E0r ln
H
r
, (11)

ρ =
{{{{
{{{{
{

4ε0U0Eg(Uline −U0)

rHE0Uline(5−
4U0
Uline
)

0,ENRM < E0,

,ENRM ≥ E0, (12)

where U0 is the voltage that the corona occurs; Eg is the
maximum nominal electric field strength at the ground location; r is
the radius of the wire; and H is the height of the line. Furthermore,
ENRM is the nominal electric field strength of the surface of the wire;
if the value is greater than the E0, there is an electric charge density
on the surface of the wire; otherwise, the wire does not generate a
corona, and the electric charge density is 0.

FIGURE 3
Structure of the extreme learning machine.

2.3 Convergence criteria

This is a forward calculation process according to Poisson’s
equation to calculate the potential and electric field strength at each
point. Then, solving the current continuity equation to get the new
space charge density at each point by using the potential and electric
field strength at each point is a reverse calculation process. Every
completion of a forward and reverse calculation is considered an
iteration. The new charge density is used to solve Poisson’s equation
to get the new potential and electric field strength. Then, the new
potential and electric field strength are substituted to get the new
space charge density until the electric field strength and space charge
density on the surface of the conductor meet the results of the
calculation of the error requirements of X, Y; that is the end of the
iteration.When the error requirements are not met, the wire surface
charge density is corrected according to the calculated electric
field strength value, and the iterative solution is repeated after the
correction. The error requirements are given by Equations 13, 14,
and the correction formula is given by Equation 15.

δE =
|Emax −EC|

EC
< 0.5%, (13)

δp =
|ρn − ρn−1|

ρn−1
< 0.1%, (14)

ρsn = ρs(n− 1)[1+ μ
Emax −EC
Emax +EC

], (15)

where EC is the halo field strength; Emax is the maximum field
strength at the wire surface; δE and δρ are the relative error of
the field strength at the wire surface and the relative error of the
space charge density, respectively; ρsn, ρs(n−1) are the values of the
surface charge density of the wire in the n th and n−1st iterations,
respectively; ρn, ρn−1 are the values of the space charge density after
the nth and n−1st iteration, respectively; and μ > 0 is the correction
factor, which is taken as 2 in this article.
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FIGURE 4
Geographic parameters of the line. (A) Spatial layout of the line and (B) route of the line.

TABLE 1 Main parameters.

Parameters to be modified Feature parameters

Maximum element size in area A ρj at d = 30

Minimum element size in area A ρj at d = 22.5

Maximum growth rate of element in area A ρj at d = 15

Maximum element size in area B ρj at d = 7.5

Minimum element size in area B ρj at d = 0

Maximum growth rate of element in area B ρj at d = −7.5

ρj at d = −15

ρj at d = −22.5

ρj at d = −30

3 Model modification

3.1 Principles of modification

Mesh generation for finite element model design requires
manually setting different mesh parameters followed by automatic
dissections while satisfying Delaunay properties. Low-quality
meshes have nonlinear effects on the simulation results. The mesh-
design parameter modification is an inverse problem belonging to
the finite element computation. The modification requires multiple
attempts in the mesh design of the finite element model, which is
more time-consuming and laborious and is prone to fall into a local
optimal solution in the case of large errors.

TABLE 2 Parameters of the Jinsu Line.

Project Value

Voltage level 800 kV

Wire type 6×JL/G3A-900/40

Radius of the wires 16.93 mm

Split distance of split wires 450 mm

In order to avoid a large number of iterations and complex
nonlinear optimization calculations, we take the mesh-design
parameter x as the dependent variable and the feature parameter
y as the independent variable and use the extreme learning
machine (ELM) neural network to solve the mapping function
(Di et al., 2022). The ELM neural network can transform the
model modification problem into a positive problem, which can be
expressed in the form of an inverse function as Equation 16.

x = f−1(y). (16)

We randomly select n sets of initial mesh-design parameters x0
and substitute them into the initial finite element model to obtain
n sets of feature parameters y0, which are used as the sample set.
The sample set is allocated as a training set and validation set
according to a certain ratio. We use the training set to train the ELM
neural network to get the mapping relationship.The validation set is
substituted into f −1 to calculate the coefficient of determination R2.
If R2 > 0.99, the accuracy of the ELM neural network mapping can
be verified. The formula of R2 is as Equation 17.

R2 = 1−
∑n

i=1
(xi − ̂xi)

2

∑n
i=1
(xi − x)

2
, (17)
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FIGURE 5
Test of ion current density. (A) Schematic diagram of the test and (B) photograph of the test.

FIGURE 6
Schematic diagram of the Wilson collection plate.

FIGURE 7
Placement of the measuring instrument.

where xi is the initial mesh-design parameter of the ith sample, ̂xi is
the ELM output value of the i th sample, and x is the average value
of all xi.

The true values of the feature parameters ym are obtained
through practical tests, and the modified mesh-design parameters
xm can be obtained by substituting f −1, which can be used for

FIGURE 8
Comparison of the simulated and measured values.

accurate modeling. In summary, the general flow of the finite
element model modification method based on the ELM neural
network is shown in Figure 2.

3.2 Principles of the extreme learning
machine

An extreme learning machine is an improved means of feed-
forward neural network. Its most important benefit is that the
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weights of the hidden layer nodes are randomly given; that is, the
mapping from the input layer to the hidden layer is a random
mapping and does not need to be iteratively updated (Qi et al.,
2024b). Compared with a BP neural network or deep learning, the
ELM is more efficient and has good astringency.The neural network
structure of the ELM is shown in Figure 3.

In Figure 3, x is the input layer, h is the hidden layer, and y is the
output layer.The Equations 18–20 are the mathematical mechanism
for the training of the extreme learning machine:

hi(x) = h(ωd∗Lx+ bi), (18)

argβ min‖Y−H(x)β‖2, (19)

fL(x) =
L

∑
i=1

βih(ωi,bi,x), (20)

where ωd×L is the connection weights of the input layer x and the
hidden layer h; Y is the ground truth; H(x) is the dataset matrix of
the hidden layer; and β is the connectionweightmatrix of the hidden
layer and the output layer. When the neural network is initialized,
ωd×L is randomly generated and kept constant; ωd×L and x1∼xd can
be nonlinearly mapped to the layer h after a composite function
operation. Subsequently, the connection weights βL×k between the
output and hidden layers are computed by the least squares method.

The selection of the sample set is shown in Table 1, and the
training set and validation set are assigned in a ratio of 4:1. For
mesh generation, we divide the field into a near-line area A and
an other area B. The three most sensitive mesh-design parameters
are selected as parameters to be modified in each of these two areas
(six in total). The feature parameters are selected as the ion current
density ρj at different locations below the transmission line. Taking
the center position of the tower as the reference, noted as d = 0, and
extending toward the direction of the positive polarity conductor, a
sample point is taken every 7.5 m, noted as d + 7.5, and vice versa.
A total of nine feature parameters are selected.

3.3 Test and modification

Taking the Jinping–Sunan transmission line (referred to as
the Jinsu Line) in Huzhou, China, as an example, the electrical
parameters of the Jinsu Line are shown in Table 2. The mobility of
positive ions is taken as 1.5×10−4m2/(Vs.), the mobility of negative
ions is taken as 1.7×10−4m2/(Vs.), and the complexity coefficient of
ions is taken as 2×10−12 m2/s. We measured the line, and the spatial
layout obtained is shown in Figure 4A.

Due to the introduction of wind shear, for the sake of uniformity,
the following “wind speed” refers to the wind speed at the reference
height (10 m); and the “wind direction” is based on the actual
orientation, noting that the north wind is 0° wind direction, and the
clockwise direction is positive.

Our test is located at the junction of Changxing County and
Anji County, and the route of the line is shown in Figure 4B. The
Jinsu Line extends from 130° southeast to 310° northwest, crossing
farmland, roads, and other facilities. The wind speed on the test
day was 1.92 m/s, and the wind direction was measured to be 103°
toward 283°. In accordance with the requirements for the feature

TABLE 3 Range of parameters.

Parameters to be modified Range

Area A

Maximum element size/m 0.1–1

Minimum element size/m 0.01–0.1

Maximum growth rate of element 1–1.9

Area B

Maximum element size/m 0.5–10

Minimum element size/m 0.01–0.5

Maximum growth rate of element 1–1.9

parameters in Section 3.2, the ion current density was measured
every ±7.5 m past the center position of the line, as shown in
Figure 5A, and the test photo is showed as Figure 5B.

In order to perform ion flow density and synthetic field
measurements at the same point, a special Wilson ion flow
collection plate was fabricated and machined, as shown
schematically in Figure 6.

The plate is a square copper-clad plate of dimensions 0.5 m ×
0.5 m, with a circular piece in the center dug out to coincide with
the area of the field strengthmeter for placing the electric field probe
for measuring the synthetic field. The circular area is approximately
0.0056 m2, so the effective area of the Wilson plate is approximately
0.2444 m2. During measurement, the center of the Wilson plate
coincides with the center of the electric field probe, and the upper
surface of the electric field probe is flush with the Wilson plate so
that the average value of the ion flow density in a certain area around
the electric field strength probe represents the ion flow density in the
area where the electric field strength probe is located.The placement
of the measuring instrument is shown in Figure 7.

The measured ion current density at the sampling point is
compared with the simulation of the initial monitoring model,
as shown in Figure 8.The inaccuracy of themesh-design parameters
leads to a certain deviation between the simulation and themeasured
results, with an average relative error of approximately 34.13%, so
model modification is required.

The range of mesh parameters selection is shown in Table 3.
The initial mesh parameters are randomly valued within this range
to ensure the uniform distribution of sampling points. The initial
monitoring model is constructed by combining the line parameters,
wind speed, and direction parameters, and the values of the feature
parameters are calculated. The ELM neural network was trained to
obtain the coefficient of determination R2 = 0.995, and a total of
1,200 sets of training samples were selected to obtain the nonlinear
mapping f −1.

Finally, the measured feature parameters are used as inputs
to the f −1 mapping to obtain the modified mesh parameters. The
maximum element size is 0.47 m, the minimum element size is
0.05 m, and the maximum growth rate of the element is 1.26 for
the near-line area A. The maximum element size is 6.92 m, the
minimum element size is 0.18 m, and the maximum growth rate of
the element is 1.43 for the other area B.The ion flow field-wind field
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FIGURE 9
Mesh for finite element models. (A) Unmodified and (B) modified.

FIGURE 10
Comparison of the simulated and measured values after model
modification.

modification model of the transmission line is constructed based on
the ELM, and the mesh optimization is shown in Figure 9.

We tested again for ion current density on the second day.
The wind speed on the day was 1.22 m/s, and the wind direction
was 87°–267°. Figure 10 demonstrates the measured values and the
calculated results of the modified model.

Table 4 shows the error comparison before and after correction.
From the results, it can be seen that after the mesh modification,

compared with the initial model, the simulated values fit the
measured values better. The average relative error is 13.27%, and
the error is reduced by 20.86%, which verifies the accuracy of the
modifiedmonitoringmodel.Of course, there is still a small deviation
between the simulated and measured values, which is caused by the
fluctuating wind.

With the same training samples, the BP neural network is used
to compare with the ELM neural network to verify the superiority
when corrected. The parameter settings of the BP neural network
are tested to take the optimal values: the number of iterations is
chosen to be 1,000, the number of neurons in the hidden layer is
3, and the learning rate is set to 0.01. A portion of the intervals of
the total electric field obtained by the FEM is used as a test set to
verify the neural network accuracy, as shown in the figure.The error
is shown in Figure 11.

The evaluation indicators for both are shown in Table 5.
Note that all the error indicators of the ELM are smaller, and

the coefficient of determination is higher. The ELM model can
reduce the time complexity under the premise of satisfying the fitting
accuracy and has stronger applicability.

4 Calculation and analysis

4.1 Analysis of the ion flow field

The ion flow field of the Jinsu Line with wind effects is analyzed
through the modified monitoring model. When there is no wind,
the ions around the line are affected by the electric field force and
are pushed away from the wires with their own diffusion, showing a
curved moon shape as a whole and a firework shape near the wires,
as shown in Figure 12. The ion distribution is concentrated in the
vicinity of the wires, and the ions between twowires are recombined,
with a density of 0 at the centerline position; the outer ions of the
wires spread to the air domain by approximately 50 m with the
density decreasing to 0. Negative ions have a stronger migratory
force and diffuse more strongly than positive ions, but the overall
effect is not obvious.

The ion distribution of a transverse wind (the actual direction
is 220°), blowing from the − pole to the + pole of the Jinsu Line,
is shown in Figure 13. The wind blows the negative ions from the
upwind area (the left side of the line) to the downwind area (the
right side of the line), and the ion density is almost 0 in the upwind
area. In the downwind area, the positive ions are dispersed into
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TABLE 4 Comparison of the relative error.

Project Model relative error/(%)

Measurement point/(m) −30 −22.5 −15 −7.5 0 7.5 15 22.5 30

Before modification 41.32 30.53 10.96 18.44 61.22 57.61 4.81 43.35 38.92

After modification 10.91 8.16 0.46 10.96 27.65 36.89 1.86 3.91 18.62

FIGURE 11
Comparison of ELM and BP. (A) Fitting curve and (B) error curve.

TABLE 5 Evaluation indicators.

Indicator ELM BP

Average absolute error/(kV/m) 0.0336 0.0616

RMS error/(kV/m) 0.0452 0.1052

Maximum relative error/(kV/m) 0.04 0.05

R2 0.995 0.992

FIGURE 12
Distribution of the ion flow field without wind.

the air domain, and the overall distribution extends outward. The
greater the wind speed, the more significant is the diffusion of ions.
When the wind speed is 4 m/s, most of the negative ions are blown
to the vicinity of the positive polarity wire, and the positive ions
are recombined, while the positive charges in the downwind area
are dispersed by the extremely strong wind are nearly free from the
control of the electric field force.

The distribution of ions in different wind directions
is shown in Figure 14. The wind direction significantly changes
the diffusion direction of the ions. The distribution is symmetrical
when the wind direction and the line direction have the same angle.
We can derive a law: the larger the included angle between the wind
and the line, the stronger the inhibition of the wind on the diffusion
of negative ions to the left; the smaller the included angle, the weaker
the effect of the wind on the distribution of ions, the more obvious
the diffusion of negative ions driven by the electric field force in the
upwind area.

It can be seen that the 3-D simulation results are consistent with
the laws described in Equations 1–8.Themigration of ions is affected
by the wind, electric field force, and its own diffusion.

4.2 Analysis of ρj and E

Then, we analyze the absolute value of the ion current density
ρj and the total electric field strength E. The calculation results of
the modified monitoring model above demonstrate that the wind
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FIGURE 13
Distribution of the ion flow field with a transverse wind. (A) v = 1 m/s and (B) v = 4 m/s.

FIGURE 14
Distribution of the ion flow field at different wind directions. (A) Wind direction is 152.5°, (B) wind direction is 197.5°, and (C) wind direction is 242.5°.

FIGURE 15
Wind blowing from the positive pole side to the negative pole side. FIGURE 16

Transverse wind influence on ion current density.

Frontiers in Energy Research 10 frontiersin.org

https://doi.org/10.3389/fenrg.2025.1571485
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Qin et al. 10.3389/fenrg.2025.1571485

FIGURE 17
Transverse wind influence on total electric field strength.

significantly affects the diffusion process of ions to the ground,
making increasingly hazardous electric charges reaching the ground
in the downwind area. Because negative ions have a slightly greater
ability to diffuse, it is sufficient to focus on the wind blowing
from the positive side to the negative side to consider the most
hazardous scenario, that is, a wind direction between 310° and 130°,
as shown in Figure 15, during the analysis and assessment process.

When the wind is a transverse wind, blowing from the + pole
to the − pole (40° wind direction), the distribution pattern of
ion current density ρj is shown in Figure 16. Taking the windless
situation as a reference, when there is no wind, the distribution
of ρj below the positive and negative polarity wires of the Jinsu
Line is almost symmetrical, and the peak value of negative ion
current density is approximately 11.30 nA/m2. With the increase
in the wind speed, the curve of ρj under the wires shifts to the
downwind area: the ρj under the positive polarity wires decreases
sharply, and decreasing amounts of positive electric charge reach the
ground. This value is reduced to zero at the wind speed of 3 m/s.
The absolute value of ρj under the negative polarity wire increases
and then decreases when the wind speed is 4.4 m/s. ρj increases to
19.16 nA/m2, an increase of approximately 69.56%, and the peak
position of the curve is shifted to −31.80 m from −17.24 m in the
downwind area. Then, the peak absolute value decreases gradually,
and the value decreases to 13.06 nA/m2 when the wind speed is
7 m/s and further decreases with increased wind speed.

The variation of the total electric field strength E
is shown in Figure 17, where the decrease in E in the upwind area is
significantly stronger than the increase in E in the downwind area.
The E below the positive polarity wire is approximately 14.82 kV/m
when there is no wind, and the value gradually decreases to a
nominal electric field strength of 6.61 kV/m with the increase in
wind speed, which is a decrease of approximately 55.40%.While the
absolute value of E below the negative polarity conductor increases
and then decreases with the increase in wind speed, it is raised to
the maximum value of 19.74 kV/m at the wind speed of 4.4 m/s,
with an increase of approximately 33.20%. The value decreases to
11.99 kV/m when the wind speed reaches 11 m/s. As for the change

of the peak location, the E is not as significant as that of the ρj,
and the area of the peak absolute value of E is concentrated in the
downwind area from approximately −45 m to the −15 m position.

When the wind direction changes, the changes in ρj and E occur
as shown in Figures 18, 19. The effect of wind direction on ρj and E
is mainly reflected in the included angle between the wind direction
θ and the line direction. When this angle is the same, the effect on
ρj and E is the same. When the wind direction θ is parallel to the
line direction, the simulation is in an ideal situation and does not
take into account the length limitation of the wires, so the ion flow
will not be affected by the parallel wind to diffuse to the outer side
of the wires, and, therefore, ρj and E are almost unaffected by the
parallel wind.

From Figure 18, it is easy to find that at low wind speed, when
the wind speed is 1 m/s, the maximum absolute value of ρj appears
at θ = 40°, and ρj = 14.05 nA/m2 is calculated. As the included
angle between the wind direction and the line direction decreases,
the minimum absolute value of the peak ρj appears at θ = 310° or
130°, and ρj = 11.30 nA/m2 is calculated. The change of the peak
total electric field strength also satisfies a similar law.Themaximum
absolute value of E is calculated to be 17.01 kV/m, and theminimum
absolute value of the peak E is 15.3 kV/m. It can be found that when
the wind speed is low, the smaller the included angle between the
wind direction θ and the line direction is, the smaller the absolute
values of peak ρj and E are.

From Figure 19, it is easy to find that the law changes in high
wind speed. When the wind speed is 8 m/s, the minimum absolute
value of peak ρj occurs at θ = 40°, with a value of 8.67 nA/m2.
Then, with the decrease of the included angle between the wind
direction θ and the line direction, the maximum absolute value of
ρj occurs at θ = 355° or 85°, with a value of 15.49 nA/m2, and the
peak value of ρj is reduced to 11.3 nA/m2 with the further decrease
of the included angle between the wind direction θ and the line
direction.The absolute value of peakE also satisfies a similar law.The
minimum absolute value of peak E is calculated to be 15.31 kV/m,
and the maximum absolute value is calculated to be 18.93 kV/m. It
can be found that, at high wind speed, the absolute values of peak ρj
and E increase and then decrease as the included angle between the
wind direction and the line direction decreases.

Therefore, when constructing HVDC transmission lines, the
wind speed and direction distribution in each region should be
considered to minimize the impact of wind, thus reducing the
hazards of the ion flow field and total electric field of the HVDC
transmission line.

5 Conclusion

As the demand for electricity in the power system increases,
a balance must be struck between energy delivery efficiency and
environmental compatibility, and conditionmonitoring and analysis
have become major issues in ensuring the safety and reliability of
the power systemduring transmission and distribution.The ion flow
field formed by the (UHVDC) transmission line is migrated by the
wind, which intensifies the ground ion current density ρj and the
total electric field strength E and produces serious electromagnetic
hazards. Aiming at the problem that ρj and E are difficult tomonitor,
this article takes the ±800 kV Jinsu Line in Huzhou as an example
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FIGURE 18
Trends at low wind speed. (A) Ion current density and (B) total electric field strength.

FIGURE 19
Trends at high wind speed. (A) Ion current density and (B) total electric field strength.

and constructs a monitoring model of the ion flow field of the
transmission line considering different speeds and directions of
winds. The model is modified by the ELM neural network to realize
the accurate monitoring and characterization study and obtain the
following conclusions.

(1) The monitoring model is modified so that the relative error
between the simulated and measured values is 13.27%, and
the accuracy is improved by 20.86%. The monitoring model
can make accurate calculations at different wind speeds and
directions.

(2) When the wind is transverse, the ion current density and total
electric field strength increase and then decrease with the wind
speed. The peak case occurs at 4.4 m/s.

(3) When the wind direction changes at low wind speeds, the
smaller the included angle between the wind direction and
the line direction, the smaller the absolute value of peak
ρj and E. At high wind speeds, as the included angle is

smaller, the absolute values of peak ρj and E first increase and
then decrease.
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