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Abstract: Self-heating and electric field distribution are the primary factors affecting the accuracy of the Ultra High Voltage Direct Current (UHVDC) resistive divider. Reducing the internal temperature rise of the voltage divider caused by self-heating, reducing the maximum electric field strength of the voltage divider, and uniform electric field distribution can effectively improve the UHVDC resistive divider’s accuracy. In this paper, thermal analysis and electric field distribution optimization design of 1200 kV UHVDC resistive divider are carried out: (1) Using the proposed iterative algorithm, the heat dissipation and temperature distribution of the high voltage DC resistive divider are studied, and the influence of the ambient temperature and the power of the divider on the temperature of the insulating medium of the divider is analyzed; (2) Established the finite element models of 1200 kV and 2 × 600 kV DC resistive dividers, analyzed the influence of the size of the grading ring and the installation position on the maximum electric field strength of the voltage divider, and calculated the impact of the shielding resistor layer on the vicinity of the measuring resistor layer. The research indicates that: (1) The temperature of the insulating medium is linearly related to the horsepower of the voltage divider and the ambient temperature; (2) After the optimized design of the electric field, the maximum electric field strength of the 1200 kV DC resistive divider is reduced to 1471 V/mm, which is about 24% lower than that of the unoptimized design; (3) Installing the shielding resistor layer can significantly improve the electric field near the measuring resistor layer. This paper has an important reference function for improving the accuracy of the UHVDC resistive divider.
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1  Introduction

High voltage direct current (HVDC) transmission is advanced in large capacity and long-distance power transmission [1,2]. By 2022, about twenty ±800 kV and one ±1100 kV HVDC projects will be under commercial operation in China [3–5]. Accurately measuring DC voltage is essential for power utilization and effective control of HVDC transmission systems. However, since the voltage of the UHVDC system can reach up to 1200 kV, it will cause a complex electromagnetic environment, making it difficult to measure the voltage accurately [6].

The resistive divider is the most accurate device for measuring UHVDC voltage [7]. The resistive divider is widely applied in voltage measurements of 100 kV and higher [8–10]. The accuracy of the UHVDC resistive divider has many influencing factors, especially with a high-rated voltage [11]. When the UHVDC resistive divider works at rated voltage, its power loss is extensive due to the self-heating effect is significant. When the temperature inside the divider keeps rising, it will not only change the divider’s voltage ratio but also causes thermal damage to the internal components of the divider, thus, shortening the service life of the divider and even inducing severe cases [12–14].

As the voltage level increases, the influence of corona current and leakage current on the resistive divider becomes increasingly apparent [15,16]. When designing a standard DC resistive divider above 600 kV, it is necessary to consider reducing the maximum electric field strength to ensure insulation and to make the electric field distribution near the measuring resistor layer uniform to reduce the impact of corona current and leakage current on the accuracy of the divider [17,18]. Therefore, the research and analysis of the heat dissipation and temperature distribution of the resistive divider is helpful for the selecting of components and the optimization of the heat dissipation structure in the design of the voltage divider and also helps to evaluate the safety and reliability of the voltage divider.

Research on high-precision DC resistive dividers mainly focuses on numerical traceability methods and calibration techniques, such as traceability of proportional values at low voltages and calibration of voltage coefficients at the low voltage expands to the high voltage. At present, the highest voltage level of the voltage divider is 1000 kV, and the rated voltage of most voltage dividers is 300 kV and below. There are few studies on the optimal design of high-precision DC resistive dividers for voltage classes up to 1200 kV. This paper studies the design and manufacture of a 1200 kV high-precision DC resistive divider. The HVDC resistive divider’s thermal analysis and electric field design are studied. First, to control the effect of temperature rise on the measurement performance of the voltage divider, an iterative algorithm for calculating the heat dissipation and temperature distribution of the resistive voltage divider is proposed. Then the influence of ambient temperature and voltage divider power on the temperature of the insulation medium of the voltage divider is studied. In addition, the finite element model of the high voltage DC resistive divider is established, and the 1200 kV and 2 × 600 kV dividers are given. The electric field simulation is carried out. The influence of the size and installation position of the grading ring on the maximum electric field strength of the voltage divider is analyzed. Then the electric field distribution of the measuring resistor layer is calculated under various conditions.

2  Proposed Iterative Algorithm of Temperature Rise and Heat Dissipation

2.1 Resistive Divider’s Heat Transfer Process

Fig. 1 illustrates the typical configuration of a standard resistive divider and its corresponding heat transfer mechanism. In this schematic, the components are labeled as 1, 2, and 3, representing the metal cover plate, bottom plate, and insulating bushing, respectively. The inner wall temperatures of these components are denoted as T1, T2 and T3, while the outer wall temperatures are represented by t1, t2 and t3. Q1, Q2 and Q3 indicate the heat dissipation per unit time for each component. Additionally, Tim refers to the insulation medium temperature within the partition, while tair represents the ambient air temperature outside the partition.
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Figure 1: Structure of standard resistive divider and its heat transfer process

Following the principle of energy conservation, the heat produced by the resistor is eventually conveyed to the ambient air beyond the enclosure. Eq. (1) encapsulates this dynamic process of heat transfer.

P=Q1′+Q2′+Q3′=Q1+Q2+Q3(1)

where P is the consumed power and Q′1, Q′2 and Q′3 refer to the rate of heat transfer per unit time for the metal cover plate, metal base plate and insulating bushing, and Q′1=Q1, Q′2=Q2, Q′3=Q3.

2.2 Surface Heat Transfer Coefficient Calculation

In a standard voltage divider, the fluid serves as the insulating medium. The knowledge of the fluid temperature (Tf) and the solid wall temperature (Ts) enables the calculation of surface heat transfer coefficients within both the fluid and solid walls. A visual representation of this calculation process is presented in Fig. 2.
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Figure 2: Flow chart for surface heat transfer coefficient calculation

The determination of the fluid’s qualitative temperature begins by acquiring the temperature values of the fluid and the solid wall. This qualitative temperature is expressed as the mean of Tf and Ts. Subsequently, the volumetric expansion coefficient and thermal conductivity of the fluid at the qualitative temperature are deduced based on the intrinsic characteristics of the fluid at constant pressure, which encompass viscosity, specific heat capacity, and density [19]. By employing Eqs. (2) and (3), the Prandtl number (Pr) and Grashof number (Gr) are calculated in accordance with the intrinsic properties of the fluid. Finally, in the case of natural convection, the surface heat transfer coefficient α can be approximated using the empirical Eq. (4) [20,21].

Pr=cp×μλ(2)

Gr=9.81×β×Δt×l3×ρ2μ2(3)

α=c×λ×(Gr×Pr)nl(4)

where Pr is Prandtl number, dimensionless; cp is the specific heat capacity of fluid, in J/(kg·K); μ is the viscosity of fluid (Pa·s); λ is the thermal conductivity of the fluid, in W/(m·K); Gr is the Grashov number, dimensionless; β is the volume expansion coefficient of fluid (1/K); The temperature discrepancy △t represents the variation between the wall temperature and the average temperature of the ascending fluid (measured in Kelvin). The characteristic length of the heat transfer surface is denoted as l, measured in meters. The fluid density is expressed as ρ, measured in kilograms per cubic meter (kg/m3). The surface heat transfer coefficient, α, is quantified in Watts per square meter-Kelvin (W/(m²·K)). The parameters c and n are associated with the shape and position of the heat exchange surface, as well as the Prandtl and Grashof numbers. The specific numerical values for these parameters are detailed in Table 1.
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2.3 Calculation of Insulation Medium Temperature

Given the knowledge of the solid inner wall temperature and the thermal exchange Q occurring between the insulating medium and the solid inner wall, the temperature Tim of the insulating medium can be calculated by the iteration method. The calculation flow chart is shown in Fig. 3.
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Figure 3: The calculation process of insulating medium temperature

Firstly, the appropriate value T was chosen as the initial value of insulation temperature. Then, according to the method described in 2.2, the surface heat transfer coefficient α was calculated from the insulating medium initial temperature T and the solid inner wall temperature. Besides, the heat transfer quantity Q′ was obtained from Eq. (5) when the insulating medium’s temperature is T [22]. Afterward, the heat transfer quantity Q′, which is calculated, is compared with the known heat transfer quantity Q. If Q′ is less than Q, the initial temperature T of the insulating medium is raised to a particular value, and vice versa, the initial temperature T of insulating medium is lowered to a particular value, repeating the above steps. Through these iterations, when Q′ is equal to Q, the temperature Tim of the insulating medium can be obtained.

Q=αAΔt(5)

where A is the area of heat conduction perpendicular to the direction of heat flux in m2.

2.4 Calculation of Temperature and Heat Dissipation

When the standard divider reaches thermal equilibrium, Tim, T1, t1, Q1, T2, t2, Q2, T3, t3 and Q3 can be calculated using the iteration method according to P and tair.

Step 1: The appropriate value t1′ was chosen as the initial temperature setting for the outer wall of the metal cover plate. According to the method described in 2.2, the heat transfer Q1′ between the outer wall of metal cover plate and the air outside the divider can be calculated by t1′ and tair. According to the size of the metal cover plate and the material's thermal conductivity, the inner wall temperature T1′ of metal cover plate can be calculated. According to the method described in 2.3, the temperature Tim′ of the insulating medium can be calculated by T1′ and Q1′.

Step 2: The appropriate value t2′ was chosen as the initial value of the outer wall temperature of metal bottom plate. Same as the first step method, the heat transfer Q2′ between the outer wall of metal bottom plate and the air outside the divider, the inner wall temperature T2′ of metal bottom plate, and the temperature Tim″ of the insulating medium can be calculated. If Tim″<Tim′, the initial temperature t2′ is raised to a particular value, and if Tim″>Tim′, the initial temperature t2′ is lowered to a particular value, repeating the above steps until Tim″=Tim′.

Step 3: The appropriate value t3′ was chosen as the initial value of outer wall temperature of insulating bushing, the heat transfer Q3′ between the outer wall of insulating bushing and the air outside the divider, the inner wall temperature T3′ of insulating bushing, and the temperature Tim‴ of the insulating medium can be calculated. If Tim‴<Tim′, the initial temperature t3′ is raised to a particular value, and if Tim‴>Tim′, the initial temperature t3′ is lowered to a particular value, repeating the above steps until Tim‴=Tim′.

Step 4: If P<Q1′+Q2′+Q3′, the initial temperature t1′ is raised to a particular value, and if P>Q1′+Q2′+Q3′, the initial temperature t1′ is lowered to a particular value, repeating the above steps until P=Q1′+Q2′+Q3′.

3  Establishment of Electric Field Simulation Model

For the DC resistive standard voltage divider up to 1200 kV, its measuring resistor layer and shielding resistor layer are composed of many resistors in series, which are evenly distributed in a spiral shape around the insulating inner cylinder from the top to the bottom of the voltage divider, so it is not a strictly three-dimensional axisymmetric structure. In electric field analysis, it can be replaced by two cylinders with the same thickness and radius as the measuring resistor layer and the shielding resistor layer, and the potential distribution of the cylinders is the same as that of the resistor layer. After this treatment, the 1200 kV DC resistive standard divider is simplified to a three-dimensional axisymmetric structure without affecting the results of electric field analysis.

ANSYS uses Maxwell equations as the starting point for electromagnetic field analysis. According to the given boundary conditions and initial conditions, the finite element method is used to solve the degrees of freedom of each element node in the finite element model. When establishing the ANSYS finite element model of a three-dimensional axisymmetric structure, half of the spindle profile can be taken down to model in two-dimensional, so that the three-dimensional electrostatic field model can be transformed into a two-dimensional electrostatic field model. In the two-dimensional electrostatic field analysis, the degree of freedom of each element node is voltage [23,24].

The two-dimensional finite element analysis model of the 1200 kV resistive standard divider is shown in Fig. 4. With the high voltage conductive barrel, DC high voltage can be applied and connected with the shielding resistor layer and the measuring resistor layer. The inner insulating cylinder is plexiglass, and the outer insulating cylinder is an epoxy glass filament wound insulating cylinder, with no umbrella skirt outside and nitrogen filled inside. There are metal flanges at the bottom and top for easy installation. The heat-dissipating outer tube and cover plate are at the top of the outer insulating cylinder. The outer surface of the heat-dissipating outer tube and the inner surface of the cover plate are provided with annular radiators. The chassis is at the bottom of the outer insulating cylinder. The main and auxiliary grading rings are installed at the top of the divider.
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Figure 4: Model of the DC resistive standard divider up to 1200 kV

In addition, the design structure of 2 × 600 kV DC resistive standard divider was also presented in this paper, which was used to compare with the ordinary DC resistive standard divider rated 1200 kV. The design structure is shown in Fig. 5.
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Figure 5: Diagram of 2 × 600 kV DC resistive standard divider

In electrostatic field analysis, the relative dielectric constant of metals is usually set to an immense value. The relative dielectric constant of metals is set to 106. In order to ensure that the potential of the shielding resistor layer and the measuring resistor layer decreases evenly from top to bottom, the relative dielectric constant of the shielding resistor layer should also be large enough, which is also set to 106. The relative dielectric constant of PMMA ranges from 3.9 to 4.1, and that of epoxy glass filament wound insulating cylinder ranges from 3 to 5. The median values are taken in this model, and the relative dielectric constant of the inner insulating cylinder and the outer insulating cylinder in the model is set to 4. The relative dielectric constant of air and nitrogen is set to 1 [25,26].

Using numerical calculation to set the analysis type as static, the maximum electric field strength and position of the DC resistive standard divider rated 1200 kV and the electric field distribution along the longitudinal direction of the measuring resistor layer can be obtained.

4  Calculation Results and Analysis

4.1 Result of Temperature Rise and Heat Dissipation

Table 2 is the typical size of the 1200 kV voltage divider. The insulating medium inside the divider is nitrogen and insulation oil. Under different air temperatures and different divider power, the divider of this typical size was calculated by an iterative algorithm. More concretely, given the power P consumed by the divider and the temperature tair of the external air, the temperature Tim, T1, T2, T3, t1, t2, t3, Q1, Q2, Q3 can be calculated by the iteration method described above, as shown in Tables 3 and 4.

[image: images]

[image: images]

[image: images]

As can be seen from Table 3, for both nitrogen and insulation oil divider, since the heat dissipation area of the insulating bushing is much larger than that of the metal chassis and metal cover plate, most of the heat generated by the divider was transferred from the insulating bushing to the external air, accounting for about 96% of the total heat dissipation. Despite having the same material and size, the metal cover plate exhibits less than one-third of the heat dissipation observed in the metal chassis. This discrepancy arises due to the metal cover plate’s orientation, which promotes convective heat transfer as a horizontal circular plate with the heat-facing downwards, while the metal chassis experiences convective heat transfer as a horizontal circular plate with the heat-facing upwards. Table 4 reveals that the nitrogen temperature is 36.35°C and the insulation oil temperature is 43.11°C, resulting in temperature rises of 16.35°C and 23.11°C, respectively. Notably, the temperature difference between the inner and outer walls of the insulating bushing is considerably larger, measuring 0.88°C and 3.61°C, surpassing the temperature difference between the inner and outer walls of the metal cover plate and metal chassis. When the air temperature is 20°C and the divider power is different, the calculated insulating medium is shown in Fig. 6a, in which the abscissa is the divider power in W and the ordinate is the nitrogen temperature in °C. When the divider power is 400 W and the air temperature is different, the calculated insulating medium temperature is shown in Fig. 6b, in which the abscissa is the air temperature in °C, and the ordinate is the nitrogen temperature in °C.
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Figure 6: Insulating medium temperature. (a) at 20°C; (b) at 400 W

As depicted in Fig. 6, under constant external air temperature, there exists a linear correlation between the nitrogen temperature and the power output of the divider. The power of the divider increases from 300 to 800 W, and the temperature of nitrogen and insulation oil increases by about 3 and 3.42 degrees for every 100 W increase in power. From Fig. 6, it can be seen that when the power of the divider is constant, the temperature of the insulating medium and air also has a linear relationship. The temperature of the air rises from 0°C to 40°C and the temperature of both nitrogen and insulation oil rises about 10°C for every 10°C rise in air temperature.

For resistive dividers of this typical size, when nitrogen and insulation oil were used as insulating medium, the conclusions can be drawn from the above analysis.

   (1)   Most of the heat of the divider is transferred to the air through the insulating bushing.

   (2)   At an ambient temperature of 20°C and a divider power of 400 W, the nitrogen temperature within the divider reaches approximately 36°C upon achieving thermal equilibrium. Furthermore, with the air temperature remaining at 20°C and the divider power increasing to 500 W, the insulation oil temperature inside the divider reaches approximately 43°C once heat balance is attained.

   (3)   A linear relationship exists between insulating medium temperature, divider power and air temperature. For every 100 W increase of divider power, nitrogen and insulation oil temperature rises by about 3°C and 3.42°C, for every 10°C increase in air temperature, both nitrogen and insulation oil temperature rise by about 10°C.

   (4)   At the same ambient temperature and divider power, the temperature of insulating oil is slightly higher than that of nitrogen, about 3°C.

   (5)   If the developed 1200 kV voltage divider uses a similar size and nitrogen or insulation oil as an insulating medium, when the power does not exceed 400 W and the laboratory temperature is in the range of 20°C ± 5°C, the nitrogen temperature will rise to about 40°C which meets the ambient temperature requirements of the resistor.

4.2 Simulation Results of Maximum Electric Field

4.2.1 Effect of Grading Ring on Electric Field Near the Electrode

The electric field distribution of the DC resistive standard divider rated 1200 kV was calculated without installing the grading ring, only installing the main grading ring and installing the main grading ring and auxiliary grading ring. The simulation results are shown in Fig. 7.
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Figure 7: Electric field distribution of 1200 kV DC resistive standard divider. (a) Without installing grading ring; (b) Installing main grading ring; (c) Installing both main and auxiliary grading ring

Fig. 7a is the distribution of the electric field when the grading ring is not installed: the maximum electric field strength reaches 9274 V/mm, which is located at the end of the cover plate, the field strength at the end of the lower flange of the heat dissipating outer tube exceeds 8244 V/mm, and the field strength at the end of the upper flange and the end of the radiating fin of the heat dissipating outer tube exceeds 3091 V/mm. Fig. 7b shows the electric field distribution when only the main grading ring is installed: the maximum electric field strength is still at the end of the cover plate but drops to 3732 V/mm. The electric field strength at the end of the lower flange and the end of the lower radiator of the heat-dissipating outer tube is below 415 V/mm. However, the electric field strength at the end of the upper flange and the end of the upper radiator is still high, exceeding 1659 V/mm. Fig. 7c shows the electric field distribution when the main and auxiliary grading rings are installed: the maximum electric field strength decreases to 1697 V/mm, the position also shifts to the outer surface of the auxiliary grading rings, and the electric field strength of the cover plate and the heat dissipating outer tube decreases below 189 V/mm.

Adding a voltage grading ring can significantly improve the electric field distribution near the high-voltage electrode and reduce the maximum electric field strength. Due to the high height of the heat-dissipating outer tube, although the main grading ring can significantly improve the lower electric field, it has limited influence on the upper electric field of the cover plate and the heat-dissipating outer tube, and the auxiliary grading ring can further improve the electric field of the cover plate and the upper part. Therefore, developing a rated 1200 kV DC resistive standard voltage divider requires the installation of main and auxiliary voltage grading rings simultaneously.

This paper also simulates the electric field distribution of the 2 × 600 kV DC resistive standard voltage divider with or without auxiliary grading rings. The simulation results are shown in Fig. 8. It can be seen from the figure that the auxiliary grading ring of the 2 × 600 kV DC resistive standard voltage divider can also reduce the maximum electric field strength from 1738 to 1547 V/mm.
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Figure 8: Electric field distribution of 2 × 600 kV DC resistive standard divider. (a) Without installing auxiliary grading ring; (b) Installing auxiliary grading ring

4.2.2 Effect of the Size and Position of Grading Ring on the Maximum Electric Field Strength

The maximum field strength of the voltage divider is related to the size and installation position of the main and auxiliary grading rings. Fig. 9 is a schematic diagram of the size and installation position of the grading ring. R is the radius of the small ring of the main grading ring, r is the radius of the small ring of the auxiliary grading ring, D is the distance from the center of the small ring of the main grading ring to the symmetrical axis, d is the distance from the center of the small ring of the auxiliary grading ring to the symmetrical axis, H is the height from the ground to the small ring of the main grading ring, and h is that of the auxiliary grading ring.

[image: images]

Figure 9: Schematic diagram of the size and installation position of the grading ring

Limited by objective factors such as economic cost, design, and manufacturing level, and considering the voltage divider’s height constraints, the grading rings’ size and position will not vary significantly. In this paper, R is selected as 400~500 mm, and D is 950~1150 mm, H is 7100~7200 mm, r is 150~250 mm, d is 550~750 mm, h is 7800~8000 mm.

When R is 400 mm, D is 950 mm, and H is 7200 mm, the calculation results under different r, and h are shown in Table 5.
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As can be seen:

(1) The position of the maximum field strength is on the outer surface of the auxiliary grading ring.

(2) The maximum field strength decreases from 1946 to 1677 V/mm as the r increases from 150 to 250 mm, because the electric field strength decreases with the increase of curvature radius.

(3) When R is constant, the smaller D is, the smaller the curvature radius and the larger the field strength. However, when r=200 mm, the maximum field strength at d=550 mm is 1767 V/mm, which is less than that at d=650 mm and d=750 mm. This shows that the external surface field strength of the auxiliary grading ring is not only related to the curvature radius of the external surface. When d=550 mm, the external surface field strength of the auxiliary grading ring is minimized because of the smoother geometric envelope.

(4) With the increase of h from 7800 to 8000 mm, the maximum field strength increases from 1655 to 1824 V/mm. This is also because when h=7800 mm, the grading ring system has a smoother geometric envelope.

When r=200 mm, d=650 mm, h=8000 mm. The calculation results under different R, D and H are shown in Table 6.
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As can be seen:

(1) The position of the maximum field strength is on the outer surface of the auxiliary grading ring.

(2)When D=1050 mm, H=7200 mm, R increases from 400 to 500 mm, and the maximum field strength decreases from 1682 to 1516 V/mm. When R=400mm, H=7200 mm, D increases from 950 to 1050 mm, and the maximum field strength decreases from 1824 to 1682 V/mm. When R=500 mm, H=7200 mm, D increases from 1050 to 1150 mm, the maximum field strength decreases from 1516 to 1471 V/mm, which indicates that increasing R or D of the main grading ring can reduce the field strength of the external surface of the auxiliary grading ring.

(3) When R=500 mm, D=1150 mm, H decreases from 7200 to 7100 mm, and the maximum field strength increases from 1471 to 1551 V/mm. This is because H decreases, the relative distance between the main and auxiliary grading rings increases, the auxiliary grading ring becomes protruding, and the envelopes of the main and auxiliary grading rings become uneven.

After optimization design, the maximum electric field strength of 1200 kV DC resistive divider was reduced to 1471 V/mm. As for 2 × 600 kV DC resistive standard divider, the optimization design was carried out. The maximum electric field strength of 2 × 600 kV DC resistive divider was reduced to 1348 V/mm (R1=500 mm, r1=150 mm, R2=300 mm, r2=250 mm). The electric field distribution of 1200 kV and 2 × 600 kV DC resistive standard divider after optimization design is shown in Fig. 10.
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Figure 10: Electric field distribution of DC resistive standard divider after optimization design. (a) 1200 kV divider; (b) 2 × 600 kV divider

The maximum electric field strength of the 2 × 600 kV DC resistive divider is lower than that of the 1200 kV. Therefore, it can be concluded that the design method of 2 × 600 kV is desirable from the view of the electric field.

4.2.3 Electric Field Simulation Results of Measuring Resistor Layer

In the case of 1200 kV DC resistive divider without shielding resistor layer, the electric field distribution of the measuring resistor layer is calculated and measured. The results are shown in Fig. 11. The distribution of the synthetic electric field is not uniform. In addition, the distribution of transverse electric field components is also not uniform, and the maximum electric field strength is about 370 V/mm. However, the distribution of the longitudinal electric field component is uniform, because the measured resistor voltage is uniform along the longitudinal direction.
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Figure 11: Electric field distribution without shielding resistor layer. (a) Synthetic electric field; (b) Transverse electric field components; (c) Longitudinal electric field components

In the case of the 1200 kV DC resistive divider with a shielding resistor layer, the electric field distribution of the measuring resistor layer is calculated and measured. The results are shown in Fig. 12. It can be seen from the figure that the distribution of the synthetic electric field is uniform. In addition, the transverse and longitudinal electric field components are also uniformly distributed, and the transverse component is minimal, almost equal to 0. This is because the shielding resistor layer shielded the measuring resistor layer by equipotential shielding.
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Figure 12: Electric field distribution with shielding resistor layer. (a) Synthetic electric field; (b) Transverse electric field components; (c) Longitudinal electric field components

Therefore, it is necessary to install a shielding resistor layer on the developed 1200 kV DC resistive divider. Finally, the electric field strength of the synthetic electric field along the measuring resistor layer is reduced to 141 V/mm, and the distribution is uniform.

5  Conclusions

This paper investigates the thermal analysis and electric field optimization of a high voltage DC resistive divider. The following conclusions can be drawn:

(1) Most of the heat of the partition is transferred to the air through the insulating bushing. There is a linear relationship between the temperature of the insulating medium, the voltage divider’s power, and the air temperature. Under the same ambient temperature and voltage divider power, the temperature of the insulating oil is slightly higher than that of nitrogen, about 3°C.

(2) If the developed 1200 kV DC voltage divider uses nitrogen or insulating oil of similar size as the insulating medium, when the power does not exceed 400 W and the laboratory temperature is within the range of 20°C ± 5°C, the nitrogen temperature will rise to 40°C around, to meet the ambient temperature requirements of the resistor.

(3) The 1200 kV DC resistive standard voltage divider should adopt the form of main and auxiliary voltage grading rings. After the optimized design, the maximum electric field strength of the 1200 kV DC resistive divider is reduced to 1471 V/mm, about 24% lower than that of the unoptimized design. For the 2 × 600 kV DC resistive standard divider, the maximum electric field strength is reduced to 1348 V/mm.

(4) The developed 1200 kV DC resistive divider must be equipped with a shielding resistor layer. The electric field strength of the synthetic electric field along the measuring resistor layer is reduced to 141 V/mm, and the distribution is uniform.
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Table 3: Heat dissipation

oW oW oW

20°C and 400 W (Nitrogen) 3.5 12.4 384.1
20°C and 500 W (Insulation oil) 3.9 12.8 483.3
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Table 4: Temperature distribution

4(°C) T,(°C) (°C) T.(°0) (O T;(°0) T (0O

20°C and 400 W (Nitrogen) 30.15 30.17  30.81 30.88 30.15 31.03 36.35
20°C and 500 W (Insulation oil) 40.38  40.44  40.83  41.02  37.63 41.24  43.11
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Table 1: The values of ¢, n

Shape and location of heat transfer surface G, x P, ¢ n
. D 10*~10° 0.59 1/4
Vertical cylindrical surface 10°~10" o1 3
4, 6
Horizontal circular plate (hot surface up or cold surface down) ; i 18 6313 O>1<1 10 8?: 173‘
Horizontal circular plate (hot surface down or cold surface up) 10°~10" 0.58 1/5
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Table 6: Maximum electric field strength when the main grading ring at different sizes and positions

Sizes and position of main grading ring (mm)

Sizes and position
of auxiliary

Maximum
electric field

Position of
maximum

R D H grading ring (mm) (V/mm) electric field
950 1824
400 - — 200 External
— 1050 7200 J — 650 1682 surface of
- 1516 auxiliary
500 hr = 8000 grading ring
1471
1150 —
7100 1551
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Table 2: Typical dimensions of dividers

Insulating Bushing Bushing Bushing inner  Cover plate Chassis
medium height (m) thickness (m) diameter (m) thickness (m) thickness (m)
Nitrogen 7.200 0.016 0.600 0.032 0.032
Insulation oil ~ 6.150 0.028 0.380 0.028 0.028
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Table 5: Maximum electric field strength when the auxiliary grading ring at different sizes and positions

Sizes and position  Sizes and position of auxiliary grading ring (mm) Maximum  Position of

of main grading r d h electric field maximum
ring (mm) (V/imm) electric field
150 1946
200 650 8000 1824
250 1677 External
R =400 550 1767 surface of
D =950 200 650 8000 1824 auxiliar
H = 7200 750 1813 ary
grading ring
7800 1655
200 650 7900 1721

8000 1824
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