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Abstract: This paper investigates the effect of nonlinear changes in insulation resistance
on the accuracy of a 2 x 550 kV DC voltage scaling standard device. As the voltage
and electric field strength increase, the insulating material exhibits nonlinear conductivity
characteristics, leading to a decrease in the insulation resistance value, which in turn affects
the potential distribution and the partial voltage ratio and thus reduces the measurement
accuracy of the standard device. In order to study this problem in depth, this paper
builds a nonlinear resistance measurement platform for insulating materials, and it fits
and analyzes the experimental data using an NCIR neural network (Neural Network for
Nonlinear Characteristics of Insulation Resistance). In addition, in this paper, the finite
element model of the standard device was established by ANSYS simulation, and the
equivalent resistance network model was established by applying MATLAB in order to
calculate the variation in the voltage dividing ratio under different voltages. The results of
the study showed that the nonlinear variation in insulation resistance significantly affects
the voltage division ratio of the standard device, especially at high voltage conditions.
Addressing the issue, this paper proposes to optimize the electric field distribution by
optimizing the structure of the grading ring and adding a shielding resistor layer to reduce
the influence of nonlinear effects. Simulation results show that the addition of a second
layer to the shielding resistor can effectively improve the measurement accuracy of the
device, and the reduction in voltage division ratio error is significant. Compared with
the case of a shielding resistor with only one layer, the voltage divider ratio was reduced
from 109,998.203 to 109,998.994, and the relative error was reduced 44%, changing from
1.634 x 1075 t0 9.15 x 10~°. The above study provides an optimized solution for achieving
high-precision DC voltage measurement.

Keywords: DC voltage proportional standard device; BP neural network; insulation resistance

1. Introduction

An unbalanced distribution of energy resources and load centers in China deter-
mines that the power and energy pattern of ‘sending electricity from the west to the east’
and ‘sending electricity from the north to the south” will remain unchanged in the next
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40 years [1,2]. Against this background, the development of high-voltage direct current
transmission is particularly important. High-voltage DC transmission not only enables
flexible control of power transmission across large areas but also has the advantages of low
loss and high reliability, thus guaranteeing the optimal allocation of large-scale resources
throughout the country. With the advancement of China’s energy strategy, the position
of high-voltage DC transmission in guaranteeing national energy security will become
more and more important. The accurate measurement of DC high voltage is the basis for
ensuring the safe, stable and economic operation of the DC transmission system, which is
of great significance for maintaining national energy security [3-5].

China has put into operation the world’s highest voltage level, largest transmission
capacity and longest transmission distance DC transmission project: the Changji-Guquan
£1100 kV DC transmission project. However, a high-accuracy 1100 kV DC voltage ratio
standard device has not yet been established, and the corresponding 1100 kV DC voltage
ratio value on-site transmission technology is not yet mature, resulting in the inability to
trace the 1100 kV DC voltage ratio value, affecting the safety of system operation.

With the increasing voltage level, the nonlinear problem of insulating materials grad-
ually comes to the fore. The electron emission from its surface and the air ionization
effect along the surface are enhanced, resulting in a nonlinear decrease in the surface resis-
tance [6,7]. At the same time, the electronic conductivity and electro-dissociation effects
within the insulating material are also enhanced, resulting in a similarly nonlinear decrease
in body resistance [8,9]. These factors lead to a nonlinear decrease in overall insulation
resistance with increasing voltage, which triggers uneven potential distribution.

The nonlinearity of the insulation resistance of the casing of the 1100 kV standard
unit and the 550 kV auxiliary standard unit is a problem that will become more serious
when tracing back the 1100 kV DC voltage proportional measurements, resulting in a
more uneven distribution of the longitudinal casing potentials. At the same time, potential
differences of up to tens of kilovolts in the radial direction are generated due to a significant
increase in the difference in the point distribution of resistance within the device [10]. In
the case of traceability using the improved DC voltage addition method, due to the series
connection of the two 550 kV auxiliary standard units, the tips in the middle of the upper
and lower sections require a grading ring to control and balance voltage. If the grading ring
is in potential suspension, it will have an adverse effect on the experiment and needs to
be connected to the insulation and shielding resistors for potential clamping. However, as
shown in Figure 1, due to the nonlinear variation in the insulation resistance, the potential
of the midpoint of the shielding resistor fluctuates considerably and generates a potential
difference with the measuring resistor, which in turn triggers a large leakage current in
the support structure, significantly affecting the accuracy of the measured current. This
not only reduces the measurement accuracy of the 550 kV auxiliary standard device but
also seriously affects the accuracy of the proportional value coefficient of the 1100 kV DC
voltage determined by the DC voltage addition test, thus affecting the accuracy of the entire
measurement system.

At present, many scholars have carried out a large number of studies on the behavior
of nonlinear characteristics of insulation resistance of specific electrical equipment under
different operating environments. For example, Sharifi et al. performed a comprehensive
transient finite element analysis for the computational problem of multi-dielectric systems
with nonlinear field-dependent materials, and they explored the effect of the longitudinal
component of the electric field on the normal component of the electric field as well as on the
surface of the coils by simulating the system with nonlinear field-dependent materials [11].
Schmerling et al. applied materials with nonlinear dielectric properties to rotating electric
machines and developed a new filler material to control the electrical parameters of the
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stator end winding insulation system [12]. Alireza et al. investigated the effect of nonlinear
levels of conductivity on the distribution of electric and temperature fields at pulsed
voltages [13]. Li et al. studied the moisture-heat aging characteristics of epoxy resin curing
compounds for insulating encapsulation and investigated the effect of aging temperature
on their dielectric properties. In order to study the effect of temperature on the nonlinear
resistance characteristics of different antihalation materials [14]; Zhang et al. proposed a
measurement method using a preset low-resistance strip as an electrode to test the nonlinear
voltametric characteristics of four antihalation materials at different temperatures [15]. The
research on resistors in DC UHV proportional standard devices is mostly focused on
measuring resistance. For example, reference [16] studied the temperature coefficient of
resistors and how to eliminate humidity dependence and control leakage current in the
high-voltage arm. Reference [17] studied the nonlinear changes of resistance under DC
low voltage with temperature and humidity. In summary, it can be seen that there are
few corresponding studies at home and abroad on the nonlinear change in the insulation
resistance of the DC UHV proportional standard device and the influence of this nonlinear
change on the voltage division ratio of the standard device.
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Figure 1. Illustration of the effect of nonlinear changes in insulation resistance on a 2 x 550 kV DC
voltage ratio standard device.

To address the above issues, the work in this paper is divided into the following points:

First, a nonlinear resistance measurement platform for the insulation material of the
standard device is built to analyze the nonlinear change characteristics and formation mech-
anism of the insulation resistance with the field strength, study the influence of temperature,
humidity and electric field strength on the insulation resistance, design the NCIR neural
network to fit and analyze the experimental data, and obtain the relationship between the
insulation resistance value and temperature, humidity and electric field strength.
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Secondly, the finite element model of the 2 x 550 kV DC voltage ratio standard device
is constructed using ANSYS 2022 R1 simulation software, and the electric field distribution
around it is calculated and analyzed. The insulation resistance of the standard device is
divided according to the electric field strength, and the electric field strength is brought into
the neural network obtained above for calculation to obtain the insulation resistance value
at this time. The equivalent resistance network model of the 2 x 550 kV DC voltage ratio
standard device is established in MATLAB for the subsequent calculation of the voltage
divider ratio.

The insulation resistance value, measurement resistance value, shielding resistance
value and insulation bracket resistance value are substituted into the equivalent resistance
network model to calculate the influence of the nonlinear change in insulation resistance on
the accuracy of the voltage divider ratio of the standard device from 50 kV to 1100 kV. Finally,
a method of adding a shielding resistance layer is proposed, and its effectiveness is verified
by simulation comparison. Experimental results show that adding a shielding resistor layer
significantly improves the voltage divider ratio accuracy of the standard device.

2. Analysis of Nonlinear Characteristics of Insulation Resistance
2.1. Theory of Nonlinear Conductance of Insulating Materials at High Field Strengths

The conductivity properties of solid insulating materials under high electric fields are
significantly different from the conventional conductivity behavior. While conventional
conductance usually follows Ohm'’s law and exhibits a linear volt-ampere relationship, the
conductance of solid insulating materials exhibits non-Ohmig, i.e., nonlinear volt-ampere
characteristics under high electric field conditions [18]. At lower electric fields, carriers in
polymer media originate from two main mechanisms. One is the formation of intrinsic
carriers through thermal excitation, where electrons or holes leap across the energy bands
between them, and the other is the production of non-intrinsic carriers through the thermal
excitation of impurity energy levels. Due to the typically large forbidden bandwidth
of polymers (more than 5 eV), thermal excitation produces very low concentrations of
intrinsic and non-intrinsic carriers compared to semiconductors and conductors, and it is
not affected by the applied electric field [19].

When a strong electric field is applied to the medium, phenomena such as charge
injection near the electrodes or electron emission within the medium may occur, leading to
a significant increase in the number of carriers. At this point, the carrier concentration is
no longer independent of the applied electric field, but it is significantly elevated with the
electric field strength, disrupting the ohmic relationship between the steady-state current
density and the electric field strength. Ultimately, the conductivity of the medium varies
with the strength of the electric field, exhibiting nonlinear conductivity properties.

For the Schottky effect, the current density is controlled by carriers injected into the
medium by thermal excitation of the electrode:

_ /3
j:ATzexp[—q) Ve E/4n£0£r}

kT

1)

where j is the current density; ¢, is the relative dielectric constant; g is the vacuum dielectric
constant; A is the Richardson-Dushman constant; ¢ is the work function of the metal; E is
the electric field strength; k is the Boltzmann constant; T is the thermodynamic temperature;
and e is the electron charge.

For the Poole-Frenkel effect, the conductance change can be described as

v/ e3E/ mege,

=0 = 0oexp[——— 7]
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where j is the current density; E is the electric field strength; o is the volumetric conductivity;
09 is the initial conductivity; e is the electron charge; k is the Boltzmann constant; and T is
the thermodynamic temperature.

It can be seen that at high field strengths, if the conductivity mechanism is the Poole—
Frenkel effect, the conductivity characteristic curve will be linear in the In j~E'/2 coordinate
system [20].

2.2. Design and Construction of Nonlinear Resistance Measurement Platform for
Insulating Materials

In order to realize the measurement of nonlinear resistance of insulating materials, a
platform for nonlinear resistance measurement of insulating materials was designed based
on relevant principles as shown in Figure 2.
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Figure 2. Schematic diagram of nonlinear resistance measurement platform for insulating materials.

The high-voltage DC power supply adopts the TRC2020 series high-voltage power
supply, which is equipped with digital voltage and current indication and can be installed
in a standard cabinet. It can achieve a linear and smooth rise in high-voltage output from
0V to 30 kV, meeting the requirements of drawing a curve of the current density of the
material under test as the strength of the external electric field changes. The output voltage
can be set between 0 V and the highest voltage (the highest voltage output from 1 kV to
30 kV is optional) using the multi-turn potentiometer on the power panel, and the output
current can also be set between 0 A and the highest current. The high-voltage power
supply has stable performance, and the voltage regulation rate and current regulation
rate relative to the input are only £0.01%. Based on the working electric field strength
of the DC UHV standard device, the electric field strength applied to the sample is set to
a gradient of 2.5 x 10* V/m, from 2.5 x 10* V/m to 5 x 10° V/m. Considering that the
sample may still have some space charge remaining in the previous experiment, it cannot
be completely released even if it is short-circuited for a period of time, which will affect
the next measurement. Therefore, it is necessary to measure in order from low to high
field strength.

The standard resistor used in the experiment is a glass glaze film high-voltage resistor.
The resistance of the resistor is 5 M, the power is 200 W, and there is an error of £5%.

The voltage divider ratio of the DC high-voltage divider used in the experiment is
1000:1, and the uncertainty is 1 x 1072

For the oscilloscope, we used a Dingyang SDS3104X oscilloscope (Shenzhen, China),
and the low-voltage arm of the DC high-voltage divider was connected through a
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10x attenuation probe, so that its reading was in a ratio of 1:10,000 to the actual volt-
age applied to the sample. In this way, the voltage applied to the sample was measured,
and the output voltage of the high-voltage DC voltage was adjusted according to the
reading of the oscilloscope.

The thermostat was connected to the heating pad to adjust the measurement temper-
ature. The heating pad can generate a temperature condition of 30~120 °C. At the same
time, the thermostat contains a thermocouple, which can reflect the current temperature
in real time. By comparing with the set target temperature value, the operation and stop
of the heating pad can be controlled, thereby achieving the purpose of controlling the
measurement environment temperature. Based on the operating temperature conditions of
the UHV DC standard device, the temperature conditions for measurement are set to 20 °C,
25°C, 30 °C, 35 °C and 40 °C, respectively.

The humidity environment for measuring the nonlinear resistance of the insulating
material is controlled by a humidifier. The humidity probe entering the box reflects the
measured humidity conditions in real time, and the real-time humidity is fed back to
the humidifier, which is displayed on the humidifier screen. By comparing with the
set humidity, the start and stop of the humidifier is controlled, thereby achieving the
purpose of controlling the humidity of the measured environment. Based on the operating
environment humidity conditions of the DC UHV standard device, the measured ambient
humidity is set to 40%, 50%, 60%, 70% and 80%, respectively.

The hollow insulating tube used as the sample uses the common glass fiber winding
tube on the market. The product has the characteristics of strong corrosion resistance, light
weight and high hardness, good electrical and thermal insulation, good designability and
good frost resistance. It is widely used in the field of high-voltage electrical insulation.
In order to facilitate the measurement of the current passing through the sample, the
specifications of the sample are set to an outer diameter of 32 mm, an inner diameter of
22 mm and a length of 40 mm.

The electrode material used to apply an external electric field to the sample is brass,
which has a resistivity of only 2.65 u()-cm, excellent thermal and electrical conductivity,
and high plasticity. It is widely used in hot and cold pressure processing, and it is used to
produce brushes and other products with high conductivity requirements.

The ammeter used to measure the current passing through the sample is a Keithley
6485 picoammeter, which has a minimum theoretical measurement accuracy of 10~ A. The
computer is used to automatically collect and save test data. Under different temperature,
humidity and field strength conditions, the experimental data record the current curve
of the sample during the 180 s pressurization process. Finally, the corresponding current
density value is calculated based on the average value of the current measurement results
of the last 9 s and the size of the electrode. In addition, under the premise that the current
peak does not exceed 50% of the high-precision ammeter range, we tried to select a small
range to ensure measurement accuracy.

In order to avoid the influence of surface leakage current on the volumetric current
measurement, a three-electrode system was designed as shown in Figure 3. By applying
copper foil to the inner and outer surfaces and grounding it, the influence of surface currents
is shielded, thus ensuring that the measurement results accurately reflect the conductive
current characteristics of the insulating material inside.
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Figure 3. Schematic diagram of an electrode system for measuring volumetric currents in insulating
materials.

The electrode system depicted in Figure 4 is designed for measuring the surface current
of insulating materials utilized in DC UHV standard devices.

—
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Figure 4. Schematic diagram of electrode system for measuring surface current of insulating materials.

The resistivity of the sample can be determined by examining the relationship be-
tween current density and external electric field strength, as depicted in Equation (3). The
resistivity p can be mathematically represented as

p= 3)

E
j

The aforementioned design serves as the foundation for constructing a nonlinear
resistance measurement platform for insulating materials used in the DC UHV proportional
device as shown in Figure 5.

The data are automatically collected and stored by the computer during the experi-
ment, while recording the current variation under different temperature, humidity, and
electric field conditions. In order to ensure that the volume current of the insulating ma-
terial remains unaffected by surface leakage current during measurement, a specialized
electrode system has been devised for precise measurement of both volume current and
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surface current. Based on the above design, a nonlinear resistance measurement platform
for insulating materials used in the DC UHV proportional device is constructed, as shown
in Figure 5. During the experiment, the variation ranges of temperature, humidity and
electric field intensity are as follows (Table 1):

Table 1. The range of temperature, humidity and electric field strength.

The Structural Parameters The Range of Values
H (°C) 20-40
W (%) 40-80
E (V/m) 2.5 x 10%-5 x 10°

Figure 5. Nonlinear resistance measurement platform for insulating materials used in DC UHV
proportional device.

2.3. Experimental Results and Analysis

The experimental results obtained by measurement are shown in the following
two groups of figures. When the temperature is constant, the comparison of the resis-
tivity of the insulation resistance with the change in the electric field strength and humidity
is as follows (Figure 6).
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Figure 6. When the temperature is constant, the resistivity changes with humidity and electric field
strength. (a) Resistivity change diagram when the temperature is 20 degrees; (b) resistivity change
diagram when the temperature is 25 degrees; (c) resistivity change diagram when the temperature is
30 degrees; (d) resistivity change diagram when the temperature is 35 degrees; (e) resistivity change
diagram when the temperature is 40 degrees.

When the temperature and humidity are constant, as the electric field strength in-
creases, the resistivity hardly changes before a certain electric field strength, and as the
electric field strength continues to increase, the resistivity shows a downward trend; when
the temperature and electric field strength are constant, the higher the humidity, the smaller
the resistivity, and the resistivity changes faster after being subjected to a larger electric
field strength.

When the humidity is constant, the comparison chart of the resistivity of insulation
resistance changing with the electric field strength and temperature is as follows (Figure 7).
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Figure 7. When the humidity is constant, the resistivity changes with temperature and electric field

strength. (a) Resistivity change diagram when the humidity is 40%; (b) resistivity change diagram
when the humidity is 50%; (c) resistivity change diagram when the humidity is 60%; (d) resistivity
change diagram when the humidity is 70%; (e) resistivity change diagram when the humidity is 80%.
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From the above figure, we can see that when the humidity and electric field strength
are constant, the higher the temperature, the smaller the insulation resistance. But in
general, as the electric field strength increases, the greater the humidity, the greater the
change in resistivity, and humidity has a greater impact on the change trend of resistivity.

3. Construction of a Neural Network for Nonlinear Characteristics of
Insulation Resistance

3.1. Establishing a Neural Network for the Nonlinear Characteristics of Insulation Resistance

The insulating resistance nonlinear characteristic neural network (NCIR) is estab-
lished to investigate the impact of electric field intensity, temperature, and humidity on
the nonlinear variation in insulating resistance. The NCIR neural network consists of three
fully connected layers. The input layer consists of three neurons, which are the normal-
ized parameters of the electric field intensity, temperature and humidity applied to the
insulating resistance.

The normalization formula is as follows:

X — Xmin

_ - 4
Xmax - Xmin ( )

Xnorm =
In the formula, X is raw data, X;5 is the minimum value in the dataset, Xmax is the
maximum value in the dataset, and X,y is the normalized data.
For the deep neural network, the ReLu function is chosen as the activation function
for both the input layer and output layer to alleviate the overfitting problem. The ReLu
function is as follows:

f(x) = max(0, x) ®)

The mapping relationship between electric field strength, temperature, humidity and
insulating resistance conductivity can be obtained by the set neural network. The result of
the NCIR neural network is shown in Figure 8; the number of nodes in each layer gradually
increases and then decreases according to the n-th power of 2. The data are encoded
and then decoded, and the selection of the number of model layers is selected by further
experimental comparison. The algorithm flow chart of the neural network is shown in
Figure 9.
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Figure 8. Structure diagram of NCIR neural network. The dots represent neurons, the numbers below
represent the number of neurons, and the lines between the dots represent full connections.
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Figure 9. Neural network algorithm flow chart.

3.2. Analysis of Experimental Results

In this paper, the comparative training of neural networks with different layers is
carried out in the same experimental environment using the dataset obtained by the
experiment in 1.2, including 1100 data samples. The dataset is divided into three parts:
the training set, verification set and test set with a split ratio of 8:1:1. In this experiment,
the MATLAB version is R2023a, and the neural network training toolbox of MATLAB is
used in the neural network training. The training process is accelerated by an NVIDIA
GeForce RXT 4060 graphics card. The initial round is set to 100 rounds, the initial learning
rate is 0.001, the training function is Levenberg-Marquardt, and the target erroris 1 x 107°.
Default value is used for weights, thresholds and other network parameters.

When measuring the performance of neural networks with different layers, the follow-
ing three indexes are selected: mean absolute error (MAE), mean square error (MSE), and
root mean square error (RMSE). The calculation formulas are as follows:

1 & N
MAE ="} lvi=7il (6)
i=1
1¢ L \2
MSE= -3 (yi—91) 7)
i=1
RMSE = vMSE (8)

In this paper, the comparative training of multiple models was carried out in the same
experimental environment, including support vector machine regression, decision tree
regression, random forest regression and neural network regression. The training results
are shown in Table 2.

It can be seen from Table 2 that the MAE, MSE, and RMSE of the neural network
regression method are the minimum values among the four regression methods. Therefore,
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the neural network regression can be considered as the optimal method among the four
regression methods.

Table 2. Comparative tests using different algorithmic models.

Activation Function MAE MSE RMSE
SVM 0.8971 2.8374 1.6844
Decision tree 0.8867 1.6714 1.2928
Random forest 0.8365 1.0743 1.0365
Neural Networks 0.6728 1.0669 1.0329

The experimental data were normalized and calculated. The experimental results are
shown in the following Table 3.

Table 3. Comparative experiments using different numbers of layers in the model.

Number of Fully Connected Layers MAE MSE RMSE
1layer 0.7939 0.8707 0.9331
2 layers 0.6728 1.0669 1.0329
3 layers 0.5558 0.8459 0.9197
4 layers 0.8587 1.5442 1.2427

It can be seen from the table that when the number of fully connected layers increases
from one to three, the MAE, MSE, and RMSE gradually become smaller, and the prediction
error of the model gradually becomes smaller. But when the number of fully connected
layers continues to increase, the MAE, MSE, and RMSE of the model become larger, and
the prediction error becomes larger. This may be due to the over-fitting phenomenon of the
model. Therefore, the neural network model of the three fully connected layers is used as
the final model of this paper.

The loss curve of neural network training with three fully connected layers is shown
in Figure 10.

Training and Validation loss
T T T T

' training loss
1.0 validation loss
0.8 7]
0.6 7]
0
w0
o
—
0.4 7]
0.2 7]
0.0 7]
T T T T T T T T T T T
0 20 40 60 80 100
epochs

Figure 10. The loss curve.
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The diagram illustrates that the loss value of the model is low when the number of
fully connected layers is three, and model is in a stable and convergent state between 90
and 100 s.

In order to verify its accuracy under high voltage, this project conducted a measure-
ment experiment of the insulation resistance value of the DC voltage ratio standard device
under 550 kV. The voltage was increased from 50 kV to 550 kV, and the insulation resis-
tance value of the single section of the auxiliary standard device and the upper Section 2
after series connection was measured under a certain temperature and humidity. The
measurement experiment is as follows (Figure 11 and Table 4).

Figure 11. Experimental platform for insulation resistance measurement at 550 kV.
The measurement results are shown in the following table.

Table 4. Insulation resistance measurement test results at 550 kV.

Temperature (°C) Relative Humidity (%) Voltage (kV) Insulation Resistance (G())
9 56 62.2820 2698
9 56 62.2760 2896
9 56 135.2600 1091
9 56 135.2600 1121
9 56 192.8800 608
9 56 192.8900 620
9 56 259.1000 435
9 56 259.0300 439
9 56 334.0600 326
9 56 333.9400 330
9 56 392.4300 272
9 56 392.3200 275
9 56 450.8000 232
9 56 450.7100 231
9 56 526.0800 185
9 56 561.2310 162

The temperature, humidity, voltage and electric field strength obtained by simulation
during measurement are brought into the established NCIR neural network for calculation,
and the comparison between the insulation resistance value and the measurement result is
shown in the following Figure 12.
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Figure 12. Comparison of insulation resistance measurements with predicted results.

It can be seen that from 50 kV to 550 kV, the calculation results of the NCIR neural
network are consistent with the experimental measurement results. Therefore, it can be
considered that the calculation results of the NCIR neural network are more accurate.

4. Establishment of Finite Element Model of 2 x 550 kV DC Voltage
Proportional Standard Device

In order to obtain the size and distribution of the electric field of the 2 x 550 kV
DC voltage proportional device, the model of the 2 x 550 kV DC voltage proportional
device can be established by using the simulation software ANSYS, and the infinite domain
problem can be transformed into a finite domain problem by the finite element method [21].
The solution of the electric field and potential distribution can be considered as solving the
following problems:

In the solution domain:

VZE=0 ©)

On various media and continuous interface:
n(D1—Dy) =0 (10)
On the conductor side potential:
Vi=W (11)

On finite boundary potential:
V=0 (12)

In the formula, E is the electric field strength in the region that needs to be solved, n
is the normal direction perpendicular to the interface of the medium, D; and D, are the
electric displacement of the medium on both sides of the interface perpendicular to the
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interface, V, is the specific potential value of the conductor side, V; is the conductor side
potential, and V; is the finite boundary potential. In order to ensure the accuracy of the
simulation analysis and shorten the calculation time, the solution boundary is divided
into three regions. The theoretical analysis indicates that the electric field concentration is
highest in the central region, necessitating highest precision. Therefore, emphasis is placed
on the core area, which includes the standard device and equalizing ring, where the densest
subdivision is carried out. On the contrary, the other two regions are divided relatively
sparsely according to the principle of the decreasing distance center [22].

The 2 x 550 kV DC voltage proportional standard device is composed of two 550 kV
standard devices in series, including a measuring resistance layer and a shielding resistance
layer. Each resistance layer is composed of resistors in series, which are evenly spirally
distributed along the insulating inner cylinder from the top to the bottom of the standard
device. At the position of each resistance node, the potential of the two resistance layers
is very close because the measuring resistance and the shielding resistance are in parallel,
and the measuring resistance of each layer is the same as the shielding resistance. Since the
resistance of the measuring resistance layer and the shielding resistance layer is evenly dis-
tributed from top to bottom, to further simplify the model, they are replaced by two equal
cylinders, respectively. Finally, the device is simplified into the 2 x 550 kV standard device
with a three-dimensional axisymmetric structure. When constructing the ANSYS finite
element model, for the entity of the three-dimensional axisymmetric structure, it can be
modeled by taking half of the spindle profile in two dimensions. This approach simplifies
the three-dimensional electrostatic field problem into a two-dimensional electrostatic field
problem. In this model, the voltage is used as the degree of freedom for the solution of
unit nodes, and the DC high voltage at the top of the measuring resistance layer and the
outer shielding resistance layer is applied through the high-voltage conductive rod in the
calculation of the electrostatic field with the bottom end grounding. The finite element
model of the 2 x 550 kV DC voltage proportional standard device is shown in Figure 13.

M ain G rading R ing
Bottom M an G rading Ring -

4

\/&— Bottom Auxiliary G radhgR hg

Figure 13. Schematic diagram of 2 x 550 kV DC voltage proportional standard device.

A uxiliary G radhg Ring

The electric field distribution of the 2 x 550 kV DC voltage proportional standard
device is calculated by using simulation calculation. The calculation results are as follows
(Figure 14).
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Figure 14. The 2 x 550 kV DC voltage proportional standard device electric field strength and
distribution. E in the figure represents the electric field strength in various places.

It can be seen from the above figure that the electric field strength of the upper section
of the 2 x 550 kV DC voltage proportional standard device is larger, and the insulation
resistance can be divided into four parts according to the distributed field strength. Because
the field strength and distribution are inconsistent when different voltages are applied for
each time, the upper and lower sections of the insulation resistance are evenly divided into
four resistors for convenient calculation, and the electric field strength of each resistor is
the average value in this interval. The electric field strength of the 2 x 550 kV DC voltage
proportional standard device is calculated respectively under the voltage levels of 50 kV,
100 kV, ..., 1050 kV and 1100 kV. The field strength of the insulation resistance is divided,
the electric field strength of the upper section of insulation resistance is expressed by Ej,
Ej, E3, E4, and the electric field strength of the lower section of the insulation resistance is
expressed by E}, E), E}, E}. The results are shown in Tables 5 and 6 below:

Table 5. The electric field strength of the upper section of insulation resistance.

Number of Fully Connected Layers E1 (V/cm) E» (V/cm) E3 (V/cm) E4 (V/icm)
100 140.910 187.337 263.589 200.512
150 211.192 280.952 394.919 303.955
200 280.631 374.500 525.829 403.843
250 351.112 468.096 656.758 498.920
300 421.437 561.905 787.560 600.699
350 351.112 468.096 656.758 498.920
400 491.984 655.213 918.227 704.865
450 634.232 841.893 1180.203 907.533
500 704.702 935.436 1311.337 1008.370
550 775.172 1028.980 1442.471 1109.207
600 845.642 1122.523 1573.604 1210.044
650 916.112 1216.067 1704.738 1310.881

700

986.583 1309.611 1835.872 1411.718
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Table 5. Cont.

Number of Fully Connected Layers E1 (V/cm) E» (V/cm) E3 (V/cm) E4 (V/icm)
750 1057.053 1403.154 1967.006 1512.555
800 1127.523 1496.698 2098.140 1613.392
850 1197.993 1590.241 2229.273 1714.229
900 1268.463 1683.785 2360.407 1815.066
950 1338.933 1777.329 2491.541 1915.903
1000 1409.404 1870.872 2622.674 2016.740
1050 1479.874 1964.416 2753.808 2117.577
1100 1550.344 2057.959 2884.942 2218.414

Table 6. The electric field strength of the lower section of insulation resistance.

Number of Fully Connected Layers E; (V/em) E, (V/cm) E'3 (V/em) E, (V/cm)
100 72.529 74.000 85.187 97.098
150 109.314 111.506 128.336 146.140
200 144.941 149.026 171.459 195.117
250 179.241 186.986 214.711 244.650
300 214.956 224717 257.904 293.829
350 179.241 186.986 214.711 244.650
400 251.047 262.258 301.204 343.417
450 323.720 338.656 388.643 443.598
500 359.689 376.284 431.825 492.887
550 395.658 413913 475.008 542.176
600 431.627 451.541 518.190 591.465
650 467.596 489.169 561.373 640.753
700 503.565 526.798 604.555 690.042
750 539.534 564.426 647.738 739.331
800 575.503 602.055 690.920 788.619
850 611.472 639.683 734.103 837.908
900 647.441 677.312 777.285 887.197
950 683.410 714.940 820.468 936.486
1000 719.379 752.568 863.650 985.774
1050 755.348 790.197 906.833 1035.063
1100 791.317 827.825 950.015 1084.352

5. The Calculation and Analysis of the Voltage Ratio of the DC Voltage
Proportional Standard Device

The above content established a nonlinear resistance measurement platform for insu-
lation materials. The NCIR neural network is designed to fit the experimental results, and
the relationship between insulation resistance, field strength, temperature and humidity is
obtained. The 2 x 550 kV DC voltage proportional standard device model was established
by ANSYS, and the size and distribution of the electric field were obtained. However, the
equivalent resistance network model of the 2 x 550 kV DC voltage proportional standard
device is needed to calculate the voltage division ratio by combining the above contents.

5.1. 2 x 550 kV DC Voltage Proportional Standard Device Equivalent Resistance Network Model

The instability of the resistor value is the main reason for the change in the voltage
division ratio of the DC voltage ratio standard. When establishing the finite element model
of the DC voltage proportional standard device, the insulation bracket is simplified because
the potential of the two resistance layers of the measuring resistance and the shielding
resistance is very close, and the insulation bracket connecting the two resistances has
little impact during the electric field simulation. However, when calculating the voltage
division ratio, the impact of the insulation bracket cannot be ignored, so there should be
an insulation bracket in the resistance equivalent model. Then, the measuring resistance
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and the shielding resistance should be equivalent to multiple resistors in series, which
are connected by insulating brackets. However, there are hundreds of resistances and
insulation brackets in the 2 x 550 kV DC voltage proportional standard device. In this
paper, they are simplified into resistor modules and connected in series. The insulation
outer cylinder is greatly affected by the voltage and field strength, and the field strength
acting on the insulation outer cylinder has an uneven distribution. Therefore, the resistance
of the insulation outer cylinder is calculated in sections based on the electric field simulation
results, and it is equivalent to multi-section resistance in series in the end. The resistance
network model of the 2 x 550 kV DC voltage proportional standard device is shown in

Figure 15.
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Figure 15. The resistance network model of the 2 x 550 kV DC voltage proportional standard device.

In this model, the same voltage is applied to the insulation resistance, the measurement
resistance and the shielding resistance, which are equivalent to the insulation outer cylinder
and grounded after the lower end of the measurement resistance is connected to the low-
voltage resistance. The insulation resistance and the lower end of the shielding resistance
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are grounded. Then, the ratio of the applied voltage to the low-voltage end voltage is
calculated, which is the voltage division ratio:

U Ry, + R
K=—=2hhT2 1
u Rlll ( 3)

Ignoring the leakage current between the brackets, then

Ry,
K=1+— 14
+Rz (14)

5.2. The Calculation and Analysis of Voltage Division Ratio

We applied the NCIR neural network model into the equivalent resistance network
model for calculation, and the calculation results are as follows (Figure 16).
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Figure 16. Calculation results of voltage divider ratio.

It can be seen form the figure that when the voltage level is low, the partial pressure
is relatively stable, floating around 11,000. With the increase in the voltage grade, the
insulation resistance changes greatly, resulting in the change in the voltage divider ratio.
Under high field strength, the insulation resistance shows a decreasing trend. Therefore, the
high-voltage end resistance, which is equivalent to the insulation resistance, measurement
resistance, shielding resistance and insulation brackets in series and parallel also shows a
decreasing trend, which ultimately results in a decrease in the voltage division ratio. At
1100 kV, the voltage divider ratio is 109,998.203 and the relative error is 1.634 x 1075,

In order to reduce the influence of the change in the voltage divider ratio on the
2 x 550 kV DC voltage proportional standard device to improve the measurement accuracy
of the device, it can be improved from two aspects: optimizing the electric field distribution
and reducing the influence of the insulation resistance on the measurement resistance
midpoint potential.

Firstly, by optimizing the size and distribution of the electric field, the structure and
position of the equalizing ring can be adjusted to improve the uniformity of the electric
field and reduce the influence of the electric field gradient change on the voltage divider
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ratio. At the same time, this improved design can effectively reduce the interference of
corona effect and other uncertain factors on the measurement results.

Secondly, in order to further improve the accuracy, a layer of shielding resistance
can also be added to the device. There is only one shielding resistance layer between
the insulation resistance and the measurement resistance in the traditional DC voltage
proportional standard device, which can easily lead to the insulation resistance directly
influencing the midpoint potential of the measurement resistance through the shielding
resistance, and then causing deviation to the measurement results. By increasing the second
layer of shielding resistance, a two-layer shielding structure is established between the
insulation resistance and the measurement resistance, which can effectively reduce the
interference caused by the direct connection between the insulation resistance and the
shielding resistance, effectively improving the accuracy and stability of the measurement
system. However, considering the factors such as material cost, manufacturing cost and re-
sistance calorific value, building three or more layers of shielding resistance cannot achieve
an optimization effect, so using two layers of shielding resistance is the better choice.

In this paper, the data are calculated and compared after a layer of shielding resistance
is added. The results of the voltage divider ratio of the standard device are as follows
(Figure 17).
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Figure 17. The voltage divider ratio calculation result after adding a layer of shielding resistance.

It can be seen that the voltage divider ratio is still relatively stable under the low-
voltage grade. When the voltage is above 500 kV, the voltage divider ratio shows a
downward trend, but it is relatively gentle compared with the trend before optimization,
and the voltage divider ratio changes is relatively little. At 1100 kV, the voltage divider ratio
is 109,998.994, and the relative error is 9.15 x 10~°. Compared with one layer of shielding
resistance, the error of the voltage divider ratio is reduced by 44%, which improves the
influence of nonlinear change in insulation resistance on the accuracy of standard device.

6. Discussion

The results of this study reveal that the nonlinear characteristics of insulation resis-
tance have a significant impact on the voltage dividing ratio in high-voltage DC systems.
Consistent with previous studies, the results support the understanding that increases in
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voltage and electric field strength exacerbate the nonlinear behavior of insulating materials,
leading to a decrease in resistance and thus affecting voltage measurement accuracy. This
paper designs a new NCIR neural network to accurately fit nonlinear insulation data under
various environmental conditions, and it obtains an accurate mapping between insulation
resistance and influencing factors such as electric field strength, temperature and humidity.
The implementation of a double-layer shielding resistor structure significantly reduces
measurement errors compared to traditional single-layer shielding. This double-layer
approach reduces the interference of nonlinear resistance effects and improves the accuracy
and reliability of voltage division. The results show that under high-voltage conditions, the
voltage divider ratio accuracy is improved by 44%.

The significance of these findings underscores the importance of optimized insulation
design in China’s expanding UHV transmission system, which is critical to supporting
stable large-scale power transmission. Future research could explore alternative insulat-
ing materials that reduce nonlinearity under extreme conditions and further refine the
network model to accommodate higher voltage ranges. In addition, integrating real-time
environmental feedback into the voltage measurement model may help improve system
responsiveness and adaptability to environmental fluctuations.

7. Conclusions

In this paper, a nonlinear resistance measurement platform for insulating materials is
built. The resistance values of insulation resistance under different electric field strength,
temperature and humidity are measured. The NCIR neural network is also designed to
calculate the measured data. A resistance network model of a DC voltage proportional
standard device is established, and the variation in division ratio under different voltages
is calculated. The following conclusions are obtained.

In order to analyze the nonlinear conduction characteristics of insulating materials
under high voltage, a measurement platform is designed and built in this paper. This
platform can accurately measure the surface resistance and body resistance of insulating
materials under different electric field strength, temperature and humidity conditions.

In order to effectively analyze the influence of electric field intensity, temperature and
humidity on the nonlinear variation in insulation resistance, the NCIR neural network
model is constructed. In this paper, the neural network models of different layers are
compared, and the effect is the best when the number of fully connected layers is three.
The MAE, MSE and RMSE of the model are all the smallest. The NCIR neural network can
accurately fit the nonlinear characteristics of the insulation materials.

In this paper, the resistance network model of the DC voltage proportional stan-
dard device is established. By analyzing the series-parallel effect of insulation resistance,
measurement resistance and shielding resistance and calculating the variation in voltage
division ratio under different voltages, a method of adding one layer of shielding resistance
is proposed. Compared with the single-layer shielding resistance layer, the DC voltage
of the double-layer shielding resistance layer is reduced from 109,998.203 to 109,998.994,
and the relative error is reduced from 1.634 x 107> to 9.15 x 10~ with a relative error
reduction of 44%.
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