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Abstract

In the existing UHV (Ultra High Voltage) transmission line lightning shielding failure modeling, due to the inability to
perform high-precision dynamic grid control on the electromagnetic field mutation area, key physical quantities such as
electric field and current density in the transient propagation process have insufficient spatial resolution and error
accumulation problems, which affects the model's ability to resolve the shielding failure response in time and space. This
paper introduced a posteriori error-driven adaptive finite element modeling method, which embedded the grid error control
mechanism into the distributed parameter modeling process of lightning shielding. During the modeling process, the
physical field is distributed in the space in the form of a continuous function, and the conductor electrical parameters, field
strength vector and charge density are spatially coupled and solved inside each unit, reflecting the continuous propagation
characteristics of electromagnetic behavior at the structural scale. Firstly, this paper uses the three-dimensional Maxwell
equations to establish a multi-conductor transmission channel model and performs time integration in the Newmark-g
format. Secondly, the discrete error distribution is locally calibrated by the residual error estimator. It combines unit
encryption with least squares field value projection for adaptive grid adjustment, and finally iteratively solves the transient
electric field and current vector distribution in each time step. In the experimental simulation, the adaptive finite element
model with a threshold of le-4 achieved an accurate analysis of the maximum electric field strength of 550kV/m in the
lightning strike area, and the lightning current response at the top of the tower reached a peak of 28.5kA at 0.60ps. The
electric field error in the key area of the scheme with an error threshold of 1e-2 dropped from the initial 0.2 to within 0.003,
and the total simulation time of the modeling was controlled within 53.0 seconds. The results show that this method
significantly optimizes the modeling calculation efficiency and the analytical ability of lightning transient evolution while
ensuring physical accuracy, providing a more reliable numerical tool for UHV lightning protection design and evaluation.
Keywords: Adaptive finite element method, electromagnetic transient modeling, lightning shielding, ultra-high voltage
transmission, distributed parameter system

87713997



Journal of Power Technologies 10% (4) (2025) 378 -- 397

L.

Nd VU L]

1. Introduction

UHV transmission technology is the key to the
cross-regional energy transmission of the
national power grid. Its stable operation is
related to the safety and power supply quality of
the large power grid. During its operation,
lightning shielding failure is one of the main
external factors leading to system failures and
equipment damage [1-2]. Lightning shielding
failure involves strong nonlinear and strongly
coupled electromagnetic transient evolution.
After the lightning current is injected, it
stimulates complex time domain responses
between conductors, insulators, towers and
grounding systems. The changes are drastic, and
the duration is short, which requires extremely
high modeling accuracy [3-4].

Traditional lightning modeling methods mostly
use finite difference and finite element methods
with concentrated parameter models or static
grids, which are difficult to accurately describe
the dynamic coupling mechanism between the
spatial electromagnetic field and the structural
boundary during the lightning strike [5-6].
Especially in the leader channel, charge
evolution zone and corona discharge zone at the
beginning of the lightning strike, the physical
guantities such as the electric field and current
density change significantly. Conventional
models are difficult to implement local grid
control, resulting in error accumulation and
waveform distortion, affecting the overall
simulation accuracy [7-9].

Although distributed parameter modeling can
improve accuracy, its high-dimensional discrete
characteristics lead to large resource
consumption, and it is difficult to meet the
accuracy requirements of different regions
under a fixed grid [10-12], forming the core
problem of the difficulty in unifying accuracy
and efficiency in current lightning modeling [13-
15].

To this end, this paper proposes an adaptive
finite element electromagnetic modeling
method based on a posteriori error drive. Based
on the three-dimensional Maxwell equations in

the time domain, an electromagnetic coupling
system consisting of conductors, towers,
insulators and grounding grids is constructed.
The electric and magnetic fields are discretized
using vector finite elements, and the time
advancement adopts the Newmark-p format to
ensure numerical stability. A residual error
estimator is introduced, and the unit's electric
field and current density residuals are used as
indicators. After each step, the global error is
scanned, and the high error area is marked. The
least squares of fitting interpolation are used to
locally refine it, and the error attenuation area
is coarsened, to maintain high accuracy near the
lightning strike point while reducing the overall
computational burden. To maintain the
continuity of boundary conditions and material
parameters, a parameter interpolation
mechanism is constructed under irregular grids,
and Jacobian correction is performed on the
deformed elements to ensure numerical
stability. In the solution stage, sparse matrix
structure and incomplete Cholesky
preconditioned conjugate gradient methods are
used to ensure the efficiency of large-scale
system solutions. This method realizes the
spatiotemporal coupling update of
electromagnetic field solution, grid structure
and error control, unifies the analytical accuracy
and resource allocation while avoiding the
dependence on artificial grids, and has good
engineering application  potential  and
theoretical significance.

2. Related works

In the research on lightning protection of UHV
transmission systems, electromagnetic
transient modeling, as an important technical
means to analyze the propagation behavior of
lightning waves, has received widespread
attention. Martins-Britto et al. [16] constructed a
circuit model with frequency-dependent
parameters based on the Alternative Transients
Program software to study the influence of
lightning and soil characteristics on the
propagation of induced voltage in the
transmission line-pipeline corridor, delineate
high-risk areas for electromagnetic
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interference, and provide a basis for the
evaluation of coupling mechanisms.
Stracqualursi et al. [17] combined the improved
transfer matrix method with the multi-
conductor transmission line theory to analyze
the transient response of lightning arrester
distribution lines under lightning strikes. They
investigated the coupling effects of load,
lightning arrester, and soil parameters on the
suppression effect, and verified its effectiveness
through the Electromagnetic Transients
Program - Restructured Version (EMTP-RV)
simulation. Huang et al. [18] established a
distributed model based on 110 kV towers to
explore the influence of tower geometry on the
reflection and refraction behavior of lightning
waves and verified its practicality in the design
of narrow-base tower structures by combining
measured data. Maallem et al. [19] introduced
the transmission line equation combined with
the soil frequency characteristics to simulate
the ground potential rise and current diffusion
based on the special grounding structure of wind
farms, considering both accuracy and efficiency,
and providing support for wind farm planning.
MAHDIRA]JI et al. [20] proposed a time domain
model for extracting frequency-dependent
impedance matrices and established a state
space grounding model by combining vector
fitting technology, which improved the dynamic
modeling capability of the EMTP-RV platform
and verified its fitting accuracy in 132 kV lines.
The above studies have expanded the lightning
transient modeling system from different
structures and scenarios, but most methods still
have deficiencies in multi-conductor coupling,
spatial propagation details, and non-uniform
processing of strong mutation fields [21-23].

In the numerical modeling of electromagnetic
transient problems, the adaptive finite element
method is suitable for complex structures and
multi-physics coupling scenarios due to its high
accuracy and flexibility. Zhang et al. [24]
proposed a three-dimensional magneto telluric
fast forward modeling method based on vector
finite elements. The frequency domain transfer
function was constructed by Krylov subspace,
which greatly improved efficiency while

ensuring accuracy. Julien et al. [25] established
an error estimation mechanism based on the
quasi-static Maxwell equations and extracted
errors using field recovery and normalization
strategies, which promoted the development of
anisotropic mesh control. Tang et al [26]
constructed a high-order stabilization algorithm
based on the Modular Finite Element Methods
platform, combining the Newton-Krylov
method with the physical preconditioning
strategy to effectively analyze the multi-scale
behavior of high Lundquist number plasma
structures, providing support for modeling
sudden electromagnetic phenomena. Liu et al.
[27] developed a parallel electromagnetic
forward modeling system, which generates
tetrahedral meshes by bisection of the longest
edge and domain decomposition, and combined
with a parallel solver to support high-precision
calculations under complex terrain and
electrically heterogeneous fields. Li et al. [28]
proposed a transformer simulation method
based on reduced-order expression of magnetic
vector potential for power equipment modeling,
using GPU (Graphics Processing Unit) parallel
architecture and matrix-free conjugate gradient
algorithm to achieve more than 55 times
acceleration, considering both computational
scale and solution stability. Although these
methods have made progress in performance,
adaptability and multi-physics modeling, they
still lack a unified and efficient adaptive
strategy for the dynamic grid evolution and
decoupling mechanism of the sudden
electromagnetic field under lightning transients
[29-31].

3. Adaptive modeling method

3.1 Overall
structure

modeling process and system

In the distributed modeling of lightning
shielding UHV transmission lines, the overall
modeling process adopts a multi-stage data
transfer path driven by geometric modeling. The
modeling process starts with the input of the
spatial geometric structure of the Ultra-High-
Voltage line, where the conductors, towers,

8791397



Journal of Power Technologies 0% (4) (2025) 380 -- 397

L.

Nd VU L]

insulator strings, and ground grids are defined
as discrete components with physical
properties. The three-dimensional structural
model is constructed using the computer-aided
design geometry engine and imported into the
finite element preprocessing module to
automatically complete boundary closure
detection and volume domain division [32-33].
According to the electromagnetic
characteristics of different components in the
structure, the material domain attributes are
divided, and the corresponding conductivity,
permittivity and permeability tensor fields are
assigned to each region of the space to establish
the field response boundary related to the
lightning channel action. The initial mesh adopts
an unstructured tetrahedral partitioning
strategy and integrates topological center of
gravity optimization to improve the unit quality
during subsequent local encryption. To ensure
the stability of the electromagnetic field
calculation, the initial unit size is controlled by
the lower limit of the dominant frequency
wavelength, and the mesh density is enhanced
in the grounding down conductor and the preset
lightning strike area.

The adaptive control mechanism is embedded in
the main modeling process and runs
synchronously with the electromagnetic
parameter setting and time integration module.
The global field distribution model is established
by coupling the three-dimensional Maxwell
equations with the current continuity
constraint. After introducing the boundary
conditions, the formula in the form of:

JE _ _ oH
VXH=]+e=,VXE=—u=(1)

In formula (1), E and H are the electric field and
magnetic field vectors, € and p are the spatial
relative permittivity and permeability tensors,
and ] is the source current density. The model is
projected into the finite-dimensional function
space in a weak form, and a discrete equation
system is constructed through the Galerkin
weighted integral in the spatial domain. The
Newmark- B format is combined to stably

discretize the time domain to form a damped
semi-discrete dynamic system:

Mii + Cu + Ku = f(¢) (2)

In formula (2), u is the node vector field variable,
M, C, and K are the mass matrix, damping matrix,
and stiffness matrix, respectively, and f(t) is the
time-dependent source term introduced by
lightning strike.

During the simulation solution process, the
discrete system enters the error evaluation and
grid adjustment subprocess after performing
field variable solution at each time step. The
local error estimation uses a residual a
posteriori error estimator to construct a
weighted error index based on the residual
residual in the unit and the interface jump term,
which is formalized as:

. , 5 1/2
e = (R 1 R Bt Ui Barg) )

In formula (3), n _K is the error estimate of unit
K, h_K is the unit characteristic scale, R_K is the
field equation residual term, and J_K is the
discontinuity term of the normal flux at the unit
boundary. The system sets a global error
threshold and drives the local encryption and
coarsening operations of the current grid
through error distribution mapping.

In the process of grid adjustment, in order to
maintain the spatial continuity of physical
quantities under different resolution structures,
a field quantity interpolation mapping strategy
based on the least squares criterion is adopted.
When the physical quantity is projected from
the original grid to the new grid node, a local
overdetermined linear system is constructed to
keep the original field quantity approximated in
the sense of minimum residual, and the
interpolation error is controlled below the unit
discrete order, thereby maintaining the stable
evolution of the electric field vector field. The
numerical interpolation formula is in the form
of:

"Llll;” Y wi(ut(x) —u(x))? (4)
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In formula (4), u™* is the physical guantity
solution of the new unit after interpolation, u is
the historical time step solution, x_i is the
weighted sampling point position, and w_i is the
distance-related weight function.

In order to adapt to the sparse structure
adjustment caused by grid changes, dynamic
node renumbering and sparse matrix
reconstruction modules are designed in the
main process and linked with the parallel solver.
The entire modeling system automatically
triggers four processes of error analysis, mesh
update, interpolation projection, and system
reorganization after each time integration,
forming a closed-loop control mechanism
driven by error distribution.

In order to highlight the hierarchical and
modular characteristics of the adaptive finite
element modeling method in this paper in terms
of structural composition and solution
mechanism, Figure 1 is reconstructed into a
three-layer architecture diagram, showing the
logical structure from input parameter setting,
core numerical module composition to modeling
result output.

Figure 1 Hierarchical structure diagram of adaptive
finite element modeling method

Figure 1 shows the modular structure system of
the adaptive finite element modeling method,
which is generally divided into input layer, core
calculation layer and result output layer. The
input layer includes structural model import,
material parameter configuration and lightning
source definition. The core calculation layer is
composed of modules such as space
discretization, time  integration, error
evaluation, grid control and numerical solution,
forming a complete space-time coupling
modeling chain. Information interaction and
iterative updates are achieved between modules
through decoupling interfaces. The output layer
covers electromagnetic field distribution,
current response path and grid evolution
information, supporting multi-scale analysis
and error control of lightning transient
propagation process.

3.2 Establishment of multi-conductor time-
domain electromagnetic model under lightning
strike

In the electromagnetic transient modeling of
lightning shielding failure response, a three-
dimensional time-domain electromagnetic field
model under a multi-conductor structure must
be constructed to accurately describe the
transient coupling behavior between the
lightning channel and the transmission line
system. The modeling area covers the tower
body, conductors, insulators and ground grid
system. The rectangular coordinate system is
used to define the boundaries and material areas
of each structure. The control equations are
constructed based on the Maxwell equations
[34-35], and the propagation behavior of the
strongly coupled time-varying field is spatially
discretized. The control equation uses the
differential relationship between the electric
field intensity E and the magnetic induction
intensity H in the standard electromagnetic
field equations as shown in formula (1). The

ap

charge continuity equation V-]=—--- and

Gauss's law are used as constraints to guide the
current source and lightning current boundary
to strictly comply with conservation in physical
modeling.
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When the spatial domain of the multi-conductor Table 1 Physical parameter configuration of

structure is discretized by finite element, the
edge element method based on the Nédélec
first-type edge function is used to define a
vector basis function with curl continuity in
each tetrahedral unit, so that the tangential
continuity of the electric field component at the
dielectric boundary is strictly maintained. The
unit integration adopts the Gaussian numerical
integration rule, and the control equation is
solved wvariationally based on the weak
formalization. The derivation of the weak form
is based on the hyperbolic partial differential
expression, and the dominant equation of the
electric field is projected into the finite-
dimensional test function space:

fow Oxu'WxBdo = [, w-(J+e3)da (5)

In formula (5), w is the test function and Q is the
entire modeling area. An absorbing boundary
layer is introduced to simulate the natural
radiation behavior of lightning waves in the
open domain, and an impedance matching
condition is imposed at the lower boundary of
the ground grid to control the reflected wave
within an acceptable range and ensure
numerical stability.

The tower structure is constructed by combining
cylindrical and conical surfaces, and its physical
properties are set by conductive steel. The
conductor system is arranged in the horizontal
direction of the top, and is modeled as a
continuously coupled slender conductor using a
multi-node series equivalent method. The
ground grid is arranged as a near-ground
radiating conductor array according to its
topology, coupled into the current channel
network of the main model, and multiple
subnets are set to simulate the impact of uneven
soil impedance across regions.

To illustrate the physical properties, geometric
relationships and material characteristics of
each structural component, Table 1 lists the
material parameters and mesh division regions
of the tower, conductor, insulator and ground
grid.

structural components and discrete region division

Mes
h
Structural ~ Electrical ~ Relative  Size  Regi
Compone Conductiv Permittiv.  Ran on
nt ity (S/m) ity ge ID
(mm
)
Steel
Tower 6.0x10° 1 5-50 O
Body
Conducto 5 514 1 220 @
r System
Insulator S
Chain 1.0x10 6.5 1-10 Qs
Groundin
g Grid . 10—
Conducto 5-8x10 ! 80 =
r
Soil 20—
Backgrou  5.0x107 15 Qs
nd 100

The graphics processing part combines the full-
domain mesh projection mapping method to
display the discrete structure of the modeling
area. The cross-section diagram intuitively
presents the mesh density and boundary
condition settings of the tower and conductor
connection, insulator partition, and ground grid
nesting structure. Considering the strong
transient coupling between the lightning
channel and the conductor, it is necessary to
introduce an equivalent current source in the
modeling to describe the injection process of the
lightning current along the lightning strike
channel. Assuming that the intrusion current
source is incident along the conductor axis, its
source term is expressed as:

Js(x,8) = I(t) - 8(x —xo) - 1 (6)

In formula (6), I{t) is the lightning current
waveform function, x_0 is the coordinate of the
lightning entry point, 8 is the Dirac function,
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and n " is the unit direction vector. The current
source term is mapped to the model node
degrees of freedom through boundary
integration and applied to the left side of the
Maxwell equations as a system source term
load.

3.3 Time domain solution format and boundary
condition processing

In electromagnetic time domain modeling, in
order to accurately describe the transient wave
propagation characteristics during lightning
shielding, the electromagnetic field control
equations use the three-dimensional Maxwell
equations, which are expressed in finite element
discrete form in space after weak form
transformation. The Newmark- B formatis used
for time domain integration, which guarantees
the stability of rigidity and damping response,
and can maintain time accuracy and numerical
stability when dealing with high-frequency
electromagnetic wave transmission triggered
by abrupt changes in lightning current. Time
advancement uses a non-explicit iterative
scheme, combined with the weighted
interpolation coefficients B8 and y of the
previous and next steps, to control the
prediction update of the electric field and
current vector at the current time step. The
update formula is:

E"*! = E™ + AtE™ + At?((1/2 — BE™ + BE™)
™)

In formula (7), E is the node electric field vector,
E”* and E “" are the first-order and second-
order time derivatives, respectively, At is the
time step, and the value of B controls the
numerical damping characteristics of the
format.

In terms of boundary treatment, impedance
boundary conditions are applied to the surface
of the conductor structure, and the surface
conductivity and characteristic impedance
coupling form are adopted. The absorption term
is introduced in the weak form assembly to
suppress the reflected echo, satisfying:

an:Zinx(an)(s)

In formula (8), n is the boundary normal vector,
and H is the magnetic field vector. Through the
above processing, the non-physical
enhancement effect of induced reflection can be
effectively controlled at the interface between
the tower and the ground wire. The ground
reflection condition is corrected by the multi-
layer dielectric reflection model. The complex
dielectric constant is introduced at the junction
of the surface and the underground, mapped into
the frequency domain propagation constant y =
a +j B, and then restored to the time domain to
compensate for the lightning waveform
distortion caused by soil conductivity.

In the system matrix construction, the mass
matrix M, conductivity matrix G, and stiffness
matrix K derived from spatial discretization are
assembled in each time step iteration to form
the following linear equations:

(M + yAtG + BAt2K)E™! = R™ (9)

The right-hand term R"n in formula (9) is
generated by extrapolating the historical
quantity of the previous step. Since the grid
adaptation strategy is dynamically adjusted in
the time step, there is a risk of continuity
destruction in the system matrix structure.
Therefore, the sparse structure index needs to
be updated and the historical data needs to be
remapped before each step of solution. In order
to keep the solution convergence stable, an
iterator based on the preconditioned conjugate
gradient method is used when solving the linear
system, combined with the spatial block
diagonal sparse storage optimization strategy,
to reduce the memory usage under large-scale
node numbers and speed up the convergence
speed.

In order to further ensure the accuracy of
capturing the frontier response of lightning
current by time domain integration, the model
simultaneously introduces an approximate
static conduction condition to limit the voltage
and current change rate in the small inductance
area at the tower top and the conductor joint,
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and enhance the filtering effect of the electric achieve effective allocation of limited

field response on high-order modes.

3.4 Posteriori error estimation and local grid
control strategy

In the process of lightning shielding transient
modeling, in order to achieve high-precision
analysis of local electromagnetic field
distribution, it is necessary to introduce an
error-driven mechanism in the spatial
discretization process to dynamically monitor
and control the numerical errors in the solution
domain. In view of the sensitivity of high-
frequency excitation caused by lightning leaders
to the quality of local grids, this paper adopts a
posterior error estimation strategy based on the
residual norm. After the solution is completed at
each time step, it calculates the local discrete
error distribution of each unit, and performs
corresponding grid encryption or coarsening
operations according to the error intensity, so as
to improve the modeling resolution and reduce
redundant computing load. The error evaluation
adopts the joint estimation method of spatial
residual and jump residual. For the weak
discrete representation of Maxwell equations,
the error estimation expression is defined as:

7712( = hlz( Il Rg ”5,K+ ZecaK he Il'Je ”%,e (10)

In formula (10), 7 is the total error indicator of
unit K, hyis the unit characteristic size, Ris the
element internal residual term, and ], is the
boundary jump residual.

After the error evaluation, the encryption and
coarsening decision of each unit is realized by
comparing with the global error threshold ¢,
If ng> Bey,, the unit is marked as an encryption
area; if n _K< gy , it is included in the
coarsening candidate set, and the parameter 0
is the encryption/coarsening ratio control
factor. After the numerical field solution is
completed at each time step, the strategy is
executed to iteratively adjust the grid structure
to ensure that the high error area always
maintains sufficient resolution, while the low
change area maintains a coarse granularity to

computing resources.

The error evaluation module constructs a local
adjacency graph based on the grid data structure
and identifies the computational boundary of
the jump term through the unit shared surface
information. In order to reduce the additional
computational burden introduced by the error
estimation, the residual term R_K is
approximated by the numerical residual of the
current field solution, and the boundary jump
term]_e is constructed using the discontinuity of
the electric field tensor distribution between
units, which ensures the conservatism of the
estimate while taking into account the
computational efficiency.

When performing encryption operations, newly
generated cells are constructed by edge
segmentation or local volume splitting to
ensure that the cell shape quality meets the
stability constraints. In order to suppress the
global sparse matrix reconstruction overhead
caused by frequent grid changes, a local
subdomain  reconstruction  strategy @ is
introduced to perform topological updates only
on the changed areas to maximize the reuse of
the global matrix sparsity structure. To further
ensure the error convergence behavior of the
model, the global error is weighted and the total
energy norm error of the current time step is
calculated.

1/2 (11)
And compare it with the error level of the
previous time step to determine whether the
target convergence standard has been reached.
If the n _global decrease rate is lower than the
threshold in multiple consecutive time steps,
the global grid balancing process is triggered,
and light coarsening is performed on the local
over-dense area to avoid the destruction of
numerical stability caused by overfitting.

Nglobal = (ZKeTh 7712<)

3.5 Grid interpolation projection and physical
quantity continuity maintenance
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In the process of dynamic mesh refinement and
coarsening, in order to ensure the numerical
continuity and physical consistency of the
electric field and current density in space,
physical quantity mapping must be performed
on the area where the mesh topology changes in
each time step. The least squares error
projection strategy is used to redistribute the
field variables between the newly generated
refined and coarsened cells for the solution
vector of the previous moment. This process is
based on the weighted least squares fitting of
the local node set, and a fitting function space is
constructed for interpolation prediction of the
current step field value.

Assume that the distribution of the physical
guantity in the previous time step is the vector
field E"(x), and the refined unit set is recorded
as 7;**1. The calculation of the field quantity
E™1(x) corresponding to the new grid node
satisfies the following least squares objective
function:

J(E™Y) = ZKEThn+1 fK | E"*1(x) — ILE"(x) II? dx
(12)

In formula (12), I, represents the local
projection operator of the old field value on unit
K. The operator is constructed in the local basis
function space, and the weighted orthogonal
minimum error criterion is used to restore the
field quantity. In order to deal with the
boundary continuity of the electric field and
current density, the boundary constraint
condition is introduced in the form of Lagrange
multiplier, and the following optimization
functional is constructed:

L=]JE")+Xr, 4 (En+1|ri - En|ri) (13)

By solving the Euler-Lagrange equations, the
initial value of the electric field under the new
grid structure is obtained to ensure the
consistency and stability of the physical
variables in the spatial domain distribution. For
the coarsening wunit, the dual strategy of
regional averaging and weighted fitting is
adopted to synthesize the coarse unit
representative value from the original fine unit

node field value, and at the same time, the
smoothness constraint of the interpolation
function is imposed to limit the error
propagation and energy distortion. In order to
evaluate the numerical performance of this
method in continuity control, the following
error evaluation indicators are set:

NE D oj—Erar I 2 (14)

g =
E IERS, 2

In formula (14), E}}} is the least squares
projection result, and E/%f' is the high-density

fixed grid reference solution.

Inthe area of strong electric field mutation, such
as the leader development at the lightning
strike point and the corona enhancement area
near the tower top, the interpolation projection
often produces local oscillations due to the high
gradient characteristics of the original solution.
For this, a restricted smoothing operator is used
for local adjustment. This operator implements
field variable regulation based on the TVD (Total
Variation Diminishing) mechanism with first-
order derivative restrictions, thereby
suppressing non-physical numerical oscillations
and controlling the step behavior of the field
boundary.

In order to clarify the numerical transition
mechanism of physical quantities between the
new and old structures in the dynamic mesh
evolution, an input-output structure diagram of
solution vector projection and boundary
continuity maintenance is constructed to
present the logical connection between
interpolation, constraint and correction, as
shown in Figure 2:

Figure 2 Input-output relationship diagram of
physical quantity mapping under dynamic grid
changes
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Figure 2 describes the projection mechanism of
the solution vector in the grid reconstruction
process. The original field value is mapped to the
new grid structure after least squares fitting
combined with boundary continuity and TVD
restriction strategy, achieving error
propagation control and local reconstruction
field solution stability guarantee while
maintaining physical consistency.

In order to adapt to the node number
reconstruction problem caused by dynamic grid
changes, an adjacent node reassociation
mechanism based on a topological mapping
table is adopted to maintain a one-to-one
mapping relationship between the field
variables of the new and old grids in the
corresponding control body.

3.6 Large-scale linear solution

optimization

system

In large-scale adaptive electromagnetic finite
element models, the efficient solution of linear
systems is always the core issue that affects the
scale and time control of the solution. In order to
ensure the continuous time-step iteration
efficiency of the lightning shielding transient
process, this section constructs a sparse linear
system of global discrete equations based on the
sparse matrix compression strategy, and
reconstructs the matrix structure in real time in
each time step to adapt to the dynamic
encryption and coarsening behavior of the local
grid. The preconditioned conjugate gradient
method with stable convergence efficiency in
the symmetric positive definite system is used
as the solver, and a preconditioner based on
incomplete  Cholesky  decomposition s
constructed to filter out high-frequency errors,
thereby compressing the number of iterations
while ensuring convergence.

The electromagnetic field control egquations
after discretization constitute a generalized
dynamic system of the following form as shown
in formula (2). In the Newmark- B format, the
time integral is converted into an implicit
incremental non-homogeneous linear equation
system, and the conversion result is:

Aun+1 — bn+1, (15)

_ 1 v i
In formula (15), 4 = M TR CHK s the

medium-density sparse system matrix under a
fixed grid, and b™*lis the combination of the
historical solution and the current excitation
term. Since the adaptive operation can cause the
grid topology to change in each time step, the
non-zero mode of matrix A needs to be
dynamically updated. In order to reduce the
matrix assembly cost, an incremental assembly
strategy based on the identification of local
change areas is adopted. The constitutive matrix
is recalculated only for the cells with mesh
changes and interpolated in the global system,
while the original matrix values are maintained
in the unchanged areas.

In order to improve the parallel performance of
the solution stage, all sparse matrices are
implemented in a compressed row storage
format, and non-zero elements are arranged in
row priority, so that they have higher cache
consistency under multi-threading. To address
the problem of frequent reconstruction leading
to changes in the sparse graph structure, a row
block pre-division mechanism based on graph
partitioning is introduced, so that even after
unit redistribution, high thread load balancing
and communication locality can be maintained.
In order to further reduce the number of
iterations, a diagonal preconditioner weighted
by the number of nodes is constructed in each
solution step, and the initial residual is
normalized.

In actual operation, the frequent reconstruction
of sparse structures poses a challenge to the
consistency of the solver. To address this
problem, a preconditioner reuse strategy is
introduced to perform residual correction on
the pre-decomposed matrix in the previous step
by block to adapt it to the asymmetric
perturbation of local grid changes. When the
grid change exceeds the set threshold, the
preconditioner is reinitialized; otherwise, it is
repaired based on the spectral projection matrix
of the residual field in the previous step to
maintain the stability of the solver.
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Inthe overall process, the linear system solution
optimization strategy is closely coupled with
the adaptive grid deformation mechanism. After
each round of grid adjustment, the system first
updates the degree of freedom mapping and
matrix index through the topological difference
map detection module, then quickly updates the
corresponding entries of the new unit in the
existing storage structure, and finally enters the
iterative solution process to ensure the efficient
response of the entire lightning transient
process in a complex electromagnetic
environment.

4. Modeling experiment preparation

4.1 Simulation object and physical parameter
configuration

This section aims to clarify the structure and
physical parameter configuration of the UHV
transmission line used for electromagnetic
transient modeling of lightning shielding, to
ensure that the subsequent modeling
calculations have engineering practical
reliability and numerical physical consistency.
The simulation object is a typical double-circuit
UHV transmission line unit, and the structure
includes core components such as conductors,
insulator strings, transmission towers and
grounding grids. The conductor is a multi-strand
aluminum steel core twisted circular conductor,
and its DC resistivity, effective conductivity,
inductance per unit length, capacitance, and
frequency domain surface impedance are
considered in the modeling. The tower structure
is a lattice steel structure, which is equivalent to
a spatially distributed conductor with a surface
conductive layer and internal support nodes,
and is connected to the horizontally arranged
mesh grounding network through a grounding
lead.

The insulator part is modeled as a dielectric
region, with the relative dielectric constant and
leakage conductivity set, and is precisely
inserted between the tower and the conductor
to form a key discharge gap in the lightning
strike path. To simulate the lightning intrusion
process, a lightning current injection point is set

on the conductor side, and a lightning current
traveling wave function with multi-peak
characteristics is injected to drive the
electromagnetic response of the system. The
lightning current waveform adopts a composite
model, and the parameters include peak current,
rise time, maintenance time and decay rate. The
ground part is modeled as a layered medium,
distinguishing the conductivity difference
between shallow wet soil and deep dry
structure, and setting boundary conditions such
as ground reflection and impedance coupling to
truly reflect the ground response
characteristics during lightning
electromagnetic propagation.

4.2 Simulation environment and software
platform

This section systematically describes the
simulation environment relied on in lightning
shielding electromagnetic transient modeling,
covering the simulation platform construction
method, software architecture implementation,
numerical solution interface configuration and
computing hardware support conditions. The
entire modeling process runs on a self-
developed finite element solution framework,
which consists of a modular physical modeling
interface, a grid controller, an error estimation
core, a linear solver management module and a
result output module. It has the ability to handle
three-dimensional time-varying
electromagnetic field distribution and supports
multi-conductor channel modeling based on
Maxwell's equations and high-density grid field
strength response calculation. The core module
adopts a component encapsulation method
oriented to physical structures, which makes
the geometry import, electromagnetic
parameter assignment, boundary processing
and adaptive solution process highly decoupled,
providing flexible adaptability for lightning
modeling in different topological structure
scenarios.

The simulation program is built with C++ as the
main language at the software architecture
level, and the Intel Math Kernel Library is called
at the bottom layer to complete large-scale
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matrix operations. The Portable, Extensible
Toolkit for Scientific Computation parallel
solution library is integrated for sparse matrix
processing of linear systems and iterative
acceleration of time step advancement. The
adaptive mesh adjustment algorithm is driven
by a Python interface to achieve synchronous
update of error estimates and unit encryption
flags, and feed back mesh change information to
the main solution domain, completing the self-
closed-loop process control of physical field
interpolation and unit reorganization.

In terms of hardware platform configuration,
the simulation task is deployed on a high-
performance computing node cluster, adopts a
dual-core Central Processing Unit architecture
and a multi-channel Double Data Rate memory
design. A single node is equipped with more than
128 GB of physical memory, supports Open
Multi-Processing parallel thread operation, and
optimizes the Message Passing Interface multi-
node communication structure to adapt to the
dynamic mesh adjustment load under large-
scale three-dimensional models. In order to
balance memory usage and computational
efficiency, the maximum active unit number
threshold and solution time interval update
frequency were determined through
experiments, and the thread granularity
scheduling strategy was preset to improve the
utilization of multi-core processors. The
graphics display and data interaction process
was run on an independent post-processing
workstation, and Paraview and Matplotlib tools
were used to complete the three-dimensional
result rendering and map generation of the
simulation scene.

4.3 Grid initialization and parameter setting

This section focuses on the grid initialization and
key numerical parameter setting in lightning
shielding failure modeling and simulation,
aiming to provide a stable and efficient basic
computing environment for subsequent time
domain solutions and adaptive grid control. The
generation of the initial grid adopts a multi-
scale partitioning strategy based on regional
geometric complexity and a priori estimation of

the electric field gradient. This ensures that the
conductor surface, tower top, insulation
suspension point and ground lead area have
sufficient unit density to meet the accuracy
requirements of local electromagnetic wave
propagation and reflection under high-
frequency signals. The remaining areas are
divided into medium-density or coarse grids
according to the estimated gradient of the
electromagnetic field distribution, and the
initial calculation scale is controlled by avoiding
overall high-density partitioning.

In order to intuitively present the initial mesh
division strategy and density configuration of
different spatial regions in simulation modeling,
this paper sets differentiated unit density for
key locations such as conductor joints, tower
spires, insulator areas, grounding networks, and
background areas based on the geometric
feature complexity and electric field gradient
prior evaluation results. Table 2 lists the
minimum/maximum unit scale, division density
level, and estimated mesh scale of the main
areas, which provides basic support for
subsequent error control and resource
scheduling strategies.

Table 2 Simulation initial grid area division and
density configuration

.. . Estimat
Mesh Minimu Ma;imu ed
Region  Densit Elemen Element Numbe
Name . . r Of
t Size Size
Level Elemen
m m
Conducto
rJoint oo 05 48,000
. High
Region
Tower
TipAnd b 02 I 36,000
Insulator
Region
Tower .
Middle MU s 2 28,000
. m
Section
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Down
Conducto
r And
Groundin
g Grid

Mediu
m To
High

0.3 1.5 32,000

Periphera
1
Backgrou
nd
Region

Low 1 4 15,000

As can be seen from Table 2, high electric field
mutation areas such as conductor joints and
insulators use smaller unit side lengths to
improve spatial resolution. The background area
is effectively controlled by coarse mesh division
to provide a stable starting point for subsequent
adaptive evolution.

The initial mesh generation uses tetrahedral
unit division, combined with Delaunay
constraints and geometric fitting error limit
settings to ensure the regularity of the unit
structure and accurate boundary fit. During the
segmentation process, the minimum unit edge
length is set to 0.1 m for refinement constraints
in areas with high field concentration, and the
maximum unit edge length is set to 4.0 m for
coarsening areas away from lightning strike
points and structural boundaries. The mesh
topology maintains global continuity and
supports subsequent unit interpolation and
local refinement guided by error feedback.

The simulation time step setting follows the
Courant-Friedrichs-Lewy condition. The initial
time step At is determined to be 2.5 ns based on
the minimum unit scale and the propagation
speed of electromagnetic waves in the medium.
The total simulation time is set to 15 ps to
completely cover the entire electromagnetic
transient process from the lightning wavefront
to the end of the main discharge. In the actual
simulation process, the residual error
estimation calculation is performed at each time
step to determine the relative relationship
between the unit local error and the preset
error threshold, and drive the mesh encryption
and coarsening operations.

5. Results analysis

5.1 Spatial distribution of the electric field near
the lightning strike point

In order to verify the spatial resolution
capability of the modeling strategy in the area
of high electric field mutation during the
lightning strike process, the dynamic grid
adjustment method based on residual driven
error calibration (M1) and the fixed fine grid
high-precision model (M2) were experimentally
compared and analyzed in terms of the electric
field distribution characteristics around the
lightning strike point. The former embeds local
discrete error estimation and mesh encryption
mechanisms in the model structure,
maintaining high resolution in areas where the
electric field intensity gradient changes
significantly, while compressing the
computational cost of the peripheral areas. The
latter uses a unified high-density grid to fully
cover the entire simulation domain, pursuing
full-domain accuracy without considering
efficiency optimization. In order to compare the
spatial fitting differences of the two strategies
in key physical fields, this paper constructs a
two-dimensional electric field distribution map
and relative error heat map in the center of the
lightning strike, and analyzes the changes in the
profile curves of the main propagation path
direction and the asymmetric path to form an
evaluation system in which the two types of
indicators, space and cross-section, support
each other. The two-dimensional map shows the
spatial distribution pattern of the entire electric
field propagation area at the moment of
lightning strike, the error map gives the
distribution of the accuracy differences
between the two types of models in spatial
position, the profile map further extracts the
local waveform changes in the key direction,
and the error curve spacing reflects the
response fitting degree of the simulation
method in the high-gradient path. The electric
field distribution in the Figure is represented by
pseudo-color, and the color depth corresponds
to the electric field strength. The cross-section
position is marked with white and red dotted
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lines to assist in the interpretation of the path in
the cross-section diagram. The spatial
distribution of the electric field at the lightning
strike point and the comparison of the typical
cross-section response are shown in Figures 3
and 4.

HE

Figure 3 Spatial distribution of electric field at
lightning strike point

(a) Distribution of electric field intensity in the
lightning strike area (residual driven grid adjustment

method)

(b) Distribution of electric field intensity in the
lightning strike area (fixed fine grid model)

(c) Spatial distribution of relative error

_'_

Figure 4 Comparison of typical profile responses

Figure 4 (a) Electric field profile distribution (x-axis
direction)

Figure 4 (b) Electric field profile distribution
(diagonal direction)

Figure 4 (c) Schematic diagram of the spatial position
of the profile path

In the overall distribution diagram, the two
types of models show highly consistent spatial
structures in the electric field peak area near the
lightning strike point, and the contours of the
maximum area basically overlap. In the
peripheral area far from the center, the dynamic
grid adjustment method of residual-driven
error calibration has a certain degree of
amplitude difference, forming a high-value area
of relative error that gradually expands at the
edge. The cross-section diagram further reveals

the response fitting on the key propagation
path. At the main peak of the electric field, the
two curves are close to each other, while the
flank area shows a certain amplitude deviation.
This difference comes from the different
configuration of the grid distribution density in
the local section accuracy control. The diagonal
cross-section shows the stability of the model
structure in the electric field distribution fitting
ability under irregular paths. The relative error
is mainly concentrated in the non-structural
central area, indicating that the residual
calibration strategy prioritizes the spatial
resolution of the high-intensity area,
maintaining the analytical reliability of the key
response while controlling the overall
computational load. The analysis shows that the
error-driven grid adjustment strategy has a
good balance between accuracy and
computational efficiency in lightning transient
electric field modeling.

5.2 Current propagation path and tower
response time evaluation

In order to reveal the propagation path of
current along the UHV transmission tower
structure and its time domain response law
during lightning intrusion, this section
constructs a three-dimensional physical field
propagation schematic diagram and a current
response time domain curve diagram of key
structural points. Structural Figure 5a shows the
path trend of the lightning current being
injected from the lightning strike point of the
conductor and then transmitted along the
contact point to the top of the tower, the tower
body and the tower base. The direction and color
indicated by the arrow represent the spatial
distribution of the current density. The color
scale range indicates the spatial propagation
process of gradually attenuating from the high-
density concentrated area to the periphery, and
at the same time assists in marking the locations
of observation points at different heights of the
tower. Based on the current propagation
diagram 5b, the response curve diagram
extracts the current amplitude changes of the
three structural points during the entire
transient process, clearly presenting the
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response time and peak value differences of
each observation point to reveal the mechanism
of the spatial position on the current response
lag and amplitude attenuation. Figure 5 presents
the results of the joint comparative analysis of
the lightning current propagation path and the
current response behavior of the key points of
the structure. Figure 5(a) shows the spatial
propagation trend distribution of lightning
current in the structure, and Figure 5(b) shows
the current response curve at each height point
of the tower, with the main lightning current
waveform attached as a reference baseline.

Figure 5 Analysis of lightning propagation path along
the UHV transmission tower structure and current
response at key positions of the tower

Figure 5(a) Schematic diagram of lightning current
propagation trend structure

Figure 5(b) Time domain curve of current response at
key structural points of the tower

The current response at the top of the tower
reaches its maximum value at 0.60
microseconds, with an amplitude of 28.5 kA,
which is highly consistent with the main
lightning current waveform in time and
amplitude, indicating that the lightning current
is rapidly transmitted at the injection point and
responds very quickly. The response of the
central observation point reaches its peak at
around 0.75 microseconds, with a corresponding
amplitude of 25.5 kiloamperes. The waveform
shows obvious time delay and amplitude
weakening, indicating that there is a certain
amount of energy loss and propagation buffer in
the middle section of the structure during the
conduction process. The peak response time of
the tower base is 0.95 microseconds, and the
peak amplitude drops to 21 kiloamperes, with a
lag of about 0.35 microseconds and an obvious

attenuation trend. The current vector density at
the tower base in Figure 5b also shows a
relatively sparse distribution, which verifies
that energy dissipation occurs when the current
propagates downward along the structure. The
above characteristics reflect that the current
propagation is limited by the inductance and
resistance parameters of the conductor
structure and the ground wire coupling effect,
resulting in the response amplitude decreasing
with decreasing height and the response time
being delayed successively. This reflects the
distribution characteristics and structural
hysteresis characteristics in the lightning
transient process, and verifies the analytical
ability of the modeling for the dynamic process
of electromagnetic transmission.

5.3 Mesh adaptive dynamic behavior

In order to analyze the dynamic response
behavior of adaptive finite element in lightning
shielding problems, this paper jointly verifies
the mesh evolution process and error control
effect under different error control strategies.
In the simulation of lightning strikes with
drastic electric field mutations, a residual-
driven local mesh encryption mechanism is
adopted to control the adaptive evolution of
mesh cell density in high-gradient areas of
lightning strikes by setting multiple error
thresholds, and compares it with a fixed mesh
strategy. Figure 6 shows the changes in local
grid structure at different times from the initial
lightning strike to the middle of the response.
The refinement of the grid in key areas and the
automatic coarsening of the edge areas show the
algorithm's ability to respond immediately to
changes in the physical field. Figure 7 shows the
time-domain convergence of the model under
various grid strategies. The two form a
corresponding relationship: the grid density is
dynamically adjusted with the area where the
electric field changes, which directly
determines the efficiency and stability of error
attenuation. The low threshold strategy
corresponds to a more aggressive grid
encryption behavior, the higher threshold
corresponds to a milder adjustment strategy,
and the fixed grid always maintains the same
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structure and cannot respond to the local
gradient changes in the transient disturbance
zone. Figure 6 shows the dynamic regulation
path of spatial resolution capability from the
coarse grid state in the initial stage of lightning
strike, to the rapid encryption process in the
electric field transition zone, and then to the
edge coarsening in the later stabilization stage.
The error change trend comparison under
different grid strategies is shown in Figure 7:

Figure 6 Visualization of the adaptive evolution of
the grid structure under lightning strike

Figure 6(a) T, =0 u s (initial uniform coarse grid)

Figure 6(b) T, = 2 u s (initial densification near the
lightning strike point)

Figure 6(c) T, =4 us (local high density formed in the
electric field transition area)

Figure 6(d) T; = 8 u s (automatic coarsening of the
stable area)

Figure 7 Comparison of error trends under different
grid strategies

The adaptive grid strategy showed significant
error suppression capabilities in the early
stages. The error of the scheme with an error

threshold of le-2 rapidly decreased from the
initial error of about 0.2 to about 0.094 within
the first 4 microseconds of the simulation, and
continued to decay steadily in the subsequent
evolution, and dropped to below 0.003 at the end
of 20 microseconds, showing that the high-
density grid has efficient coverage of the area
with drastic changes in the electric field. Under
the medium threshold control, the error
dropped from about 0.25 to 0.125 in only 6
microseconds, and later maintained at a low
level between 0.02 and 0.03, showing good
convergence and balanced computational load.
The error of the higher threshold scheme was
about 0.3 at the beginning, and remained at
about 0.12 at 10 microseconds. The decay process
was slow, and the overall error level decreased
only slightly during the entire simulation
period, reflecting the problem of insufficient
analysis of key areas. The initial error of the
fixed grid strategy is close to 0.35, and the
overall fluctuation range only drops from 0.35
to 0.19, with no obvious steep drop trend during
the period. It fails to fully respond to the
gradient changes induced by lightning strikes,
resulting in long-term accumulation of errors
and no convergence inflection point. This
difference shows that the dynamic control
mechanism of the grid determines the upper and
lower limits of the resolution capability and
error control. The low threshold adaptive
strategy significantly suppresses the long-term
growth of numerical errors while maintaining
time domain stability by enhancing the local
resolution of the electric field transition zone.

5.4 Effect of different error threshold settings
on the results

Under different error control strategies, there
are significant differences in the simulation
accuracy and timing response performance of
the electric field during the lightning strike. In
order to evaluate the model behavior from the
two dimensions of time evolution and spatial
error, this paper conducts a timing simulation of
the electric field response near the lightning
strike point, as well as an error distribution
analysis at three typical locations: the top,
middle, and bottom of the tower. The error
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control strategy is divided into three groups of indicating that the refined threshold

adaptive thresholds: le-2 represents coarse-
grained adjustment, emphasizing computational
efficiency; 1e-3 is medium-precision adjustment,
seeking a balance between convergence and
resource usage; le-4 provides higher spatial
resolution and has a more detailed capture of
local physical field changes. In contrast, the
fixed grid strategy cannot dynamically respond
to the changing needs of the electromagnetic
mutation area under the premise of unchanged
spatial structure, resulting in conservative but
overall poor simulation performance at some
key nodes. The electric field response curve
(Figure 8(a)) reflects the efficiency of each
strategy in capturing transient fluctuations, and
the error bar graph (Figure 8(b)) reveals the
simulation consistency and regional sensitivity
of the electric field in the vertical structure.

L

Figure 8 Comparison of electric field timing response
and spatial error under different error control
strategies

Figure 8(a) Electric field timing response under
different error control strategies

Figure 8(b) Spatial error under different error control
strategies

In the simulation of electric field response near
the lightning strike point, the curve with an
error threshold of 1e-2 has an overall hysteresis
in the first 5 microseconds, the electric field
peak is lower than 440 kV/m, and the waveform
steepness is obviously slow, failing to
accurately capture the early electromagnetic
mutation process. The curves with thresholds of
le-3 and le-4 reach peak values of 510 and 550
kilovolts per meter, respectively, after 4
microseconds, both close to the reference value
of 565 kilovolts per meter for the fixed grid,

significantly enhances the ability to capture
responses to electromagnetic mutations. In the
spatial error analysis, the error at the top of the
tower reached 7.5% at the le-2 threshold, 2.6
percentage points higher than the bottom of the
tower, indicating that the electric field in this
area changes dramatically and it is difficult to
ensure numerical continuity with a coarse-
grained grid. At the le-4 threshold, the errors at
the three positions all dropped below 1.5%, and
the error at the top of the tower was
compressed to 1.4%, which is similar to the fixed
grid but uses less computing resources,
reflecting the effectiveness of the adaptive
mechanism for the local encryption strategy in
the mutation area. Experiments show that the
medium and fine adaptive strategies have better
error control capabilities and numerical
stability while improving simulation accuracy.

5.5 Comparative analysis of solution efficiency
and resource consumption

In the lightning shielding scenario, the
numerical modeling of electromagnetic
transient response places high demands on both
solution accuracy and computational efficiency.
In order to verify the performance of the
adaptive finite element model under different
error control levels, two types of modeling
schemes were experimentally constructed: the
adaptive mesh model (MI1) realizes local
encryption and coarsening operations through a
posteriori error estimation, and dynamically
adjusts the spatial resolution to adapt to the
area of electric field strength mutation. The
fixed mesh model (M2) adopts a static uniform
partitioning strategy to maintain a consistent
mesh density in the entire domain. For each
modeling method, under the condition that the
error threshold is set to le-2 and le-4, the
performance differences in the three indicators
of number of iterations, peak memory usage and
total simulation time are  measured
respectively. The results are shown in Table 3.
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Table 3 Comparison of modeling calculation
performance indicators under different error
thresholds and grid strategies

Error Threshold
Iterations (Times)

Model Type  Average
Peak Memory Usage

(MB) Total Simulation Time (s)
Peak
Error Mode Averz‘lge Memor .Total .
Iteration Simulatio
Threshol 1 .
d Type S Usage n Time
(Times) (MB) (s)
le-2 Ml 210 480 35.2
le-2 M2 320 620 57.9
le-2 M1 280 590 443
le-2 M2 410 760 70.1
le-4 M1 370 700 53
le-4 M2 550 880 83.7

The difference in the number of iterations
between the two models gradually increases as
the error threshold is tightened. The average
number of iterations of the adaptive model
under the le-4 condition is 180 fewer than that
of the fixed grid model. This difference comes
from the high spatial resolution formed by local
grid encryption, which enables rapid
convergence in the strong field mutation area.
The fixed grid has insufficlent overall
resolution, which leads to increased error
transmission and requires more iteration steps
to meet the residual convergence condition. In
terms of memory usage, the fixed grid model
needs to maintain a global high-density grid
layout in high-precision scenes, causing the
peak memory to grow to 880MB. The adaptive
strategy  effectively alleviates resource
pressure by coarsening the grid in low-gradient
areas, and controls the memory peak under the
same error threshold to less than 700MB.
Comparison of calculation time shows that the
adaptive modeling method always maintains
better efficiency throughout the entire
simulation process. Under three different
accuracy requirements, the adaptive modeling
scheme reduces the total simulation time by an

average of about 37.6%, and up to 39.2%, fully
reflecting its resource scheduling capabilities
and global convergence control advantages in
complex electromagnetic propagation
processes.

6. Conclusions

This paper proposes an adaptive finite element
modeling method based on a posteriori error
drive. Aiming at the electromagnetic transient
problem in the lightning shielding failure
process of UHV transmission lines, a multi-
conductor system model is established through
the three-dimensional Maxwell equation and
the Newmark- B time integration format. It
dynamically evaluates the numerical residuals
of the local electric field and current density at
each time step, drives the encryption and
coarsening of the grid, and realizes the
coordinated evolution of the electromagnetic
field solution, grid structure and error control.
The experimental results show that in the
electric field mutation area, the adaptive grid
model based on the proposed method has a
greater reduction in error than the fixed fine
grid model. The error threshold is le-2 and the
error in the key area is reduced from the initial
0.2 to within 0.003. The tower response analysis
shows that the peak current at the top of the
tower reaches 28.5 kA and the response time is
0.60 u s, which accurately reveals the timing
characteristics of lightning propagation along
the structure. Under the condition of error
threshold of le-4, the adaptive model controls
the average number of iterations to 370 times,
and the total simulation time is 53.0 seconds,
which is much better than the result of 83.7
seconds of the fixed grid model. The above
results show that this method significantly
improves the computational efficiency and
resource utilization while maintaining the
physical accuracy of modeling, and provides a
high-resolution and high-stability numerical
support tool for transient modeling and
protection design of UHV transmission systems
under lightning disturbances, which has
important engineering application prospects.
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