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Abstract

:

The large differences in the load peak and valley of rural distribution networks always bring severe problems to system planners and operators. Given this issue, this paper deals with the hot-spot temperature (HST) of the transformer and its overload capability, and proposes a modeling method-based online monitoring of practical parameters. In the current work, a temperature-fluid coupling field of the 315 kVA vegetable oil distribution transformer is developed in both the two-dimensional and three-dimensional geometry, by which the convection and heat dissipation process can be studied. The grid of the model is divided into regions to increase the calculation speed and ensure the accuracy of the calculation. Secondly, tests related to the temperature rise of the transformer are carried out. The accuracy of the three-dimensional model is later discussed in terms of temperature and fluid velocity distribution. Finally, the temperature distribution laws of the amorphous alloy vegetable oil distribution transformers (AVDT) are compared and analyzed under different load conditions. Findings reveal that the AVDT has low no-load loss and strong overload capacity, which is capable of reducing the internal overheating accidents of the transformer.
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1. Introduction


Distribution transformers are a critical and expensive component serviced in the power distribution network. According to statistics, the power loss of distribution transformers would reach 40–50% of the total value during power transmission [1]. In the framework of the smart grid (SG) paradigm, the demand for high-efficiency and energy-saving transformers in the distribution network is more and more crucial [2,3]. In the rural power grid system, the distribution network is under the operating conditions of long-term light load and seasonal overload, which leads to the large difference in the load peak and valley to impact the security of the SG. Therefore, more environmentally friendly and safer distribution transformers are required by the SG.



Relying on online monitoring, it is found that the temperature distribution of various parts of the transformer is not uniform during operation [4]. The durability and service life of transformers would be reduced once it is overheated locally [5]. In addition, hot-spot temperature (HST) is an important factor in transformer oil–paper insulation deterioration. Therefore, it is rather vital to accurately calculate the temperature rise and HST of the transformer to ensure its safe and stable operation [6,7,8,9].



At present, the commonly used methods for calculating HST mainly include the IEEE guide formula method, thermal circuit model method, and finite element method (FEM). The empirical formula is a fast and simple method. However, it bears considerable inaccuracies and needs correction, since the impact of the actual transformer parameters and ambient factors were not being considered [10,11]. The thermal circuit model considers the actual situation when calculating the HST of the transformer. This method mainly relies on experimental parameters, so it is difficult to promote and develop due to its poor universality [12,13]. On the contrary, research shows that the FEM has high efficiency and accuracy for calculating the HST of the transformer [14,15,16].



Referring to [17], the FEM was used to calculate the HST of the traditional silicon steel mineral oil transformer, then the velocity and temperature distribution of the local winding were obtained. Compared with mineral insulating oil, vegetable insulating oil has many advantages, including a wide range of sources, high biodegradability, high ignition point, and strong equipment overload capability [18,19,20]. Therefore, the research on vegetable oil transformers has attracted extensive attention; HST is determined by the load loss given these facts.



To improve the overload capacity of the transformer, Ref. [21] replaced mineral insulating oil with vegetable insulating oil and calculated HST of the silicon steel vegetable oil distribution transformer. However, given the long-term “migratory bird-style” load situation in rural distribution networks, traditional silicon steel transformers have drawbacks in dealing with the above-mentioned situation. As a result, the study of the amorphous alloy vegetable oil distribution transformers (AVDT) with lower magnetic density and lower no-load loss has engineering significance for reducing HST, improving equipment overload capacity, and extending equipment service life [22,23,24,25,26,27].



Given this issue, to reduce the no-load loss of the distribution network and improve the ability of overload operation, this paper constructs the HST simulation model of the AVDT under different load conditions and proposes a differentiated evaluation method considering the part and its performances. Based on this model, the characteristics of HST and load capacity of the AVDT have been fully analyzed. In this paper, (1) a two-dimensional and three-dimensional model of a new vegetable oil distribution transformer is constructed using the FEM, the HST of them has been calculated and compared by COMSOL; (2) an online monitoring heat transfer test platform for the transformer is built to verify the simulation results; (3) for state evaluation, the HST and temperature rising limit of the AVDT are compared and analyzed under different load coefficients.



The results show that the proposed model can be used to predict the HST of AVDT on the operation. This work is expected to promote the safe and stable operation of rural distribution networks. The working ideas of this paper are shown in Figure 1.




2. Construction of the Transformer HST Prediction Model


In this paper, FEM is used to calculate the temperature distribution of the coupled multi-physical field of the transformer. The flow field-temperature field coupling field is calculated by the iteration method. The flowchart for calculating the transformer temperature rise is shown in Figure 2.



2.1. Theory of Multi-Physical Field Analysis


Before the numerical simulation, it was necessary to compare the viscosity, buoyancy, thermal, and inertial effects through the dimensionless Grashof number, Prandtl number, Rayleigh number, and Reynolds number. The flow regime was estimated, and the numerical settings of the modeling process were determined. Then the effects of buoyancy and viscous transportation were compared by Grashof number. The Grashof number is defined [28,29]:


   G r  =   g  α p  Δ T  l 3     v 2     



(1)




where g is the acceleration of gravity; αp is the thermal expansion coefficient of the fluid; ΔT is the temperature change; l is the height of the transformer tank; v is the kinematic viscosity of the fluid. As shown below (1), gravity should be considered by this model.



Prandtl number is a dimensionless parameter in fluid mechanics, which is used to characterize the relative importance of momentum exchange and heat exchange in fluid flow.


   P r  =  v α   



(2)




where α is the thermal diffusivity of the fluid, the calculated Pr is 0.5, indicating that the system has reached thermal equilibrium.



The Rayleigh number is given as below (3). It is necessary to calculate and estimate the typical fluid velocity U0 when comparing the buoyancy effect and the thermal diffusion coefficient. When the fluid is guided only by buoyancy, according to the Grashof number, its typical velocity U0 can be estimated, as given in (4).


  R a =  P r  ×  G r   



(3)






   U 0  =    G r     v l   



(4)




where v/l is the velocity generated by viscous friction.


  U =    U 0       P r       



(5)







Considering the thermal diffusion coefficient based on the speed U, the calculation result can be more accurate, as shown in (5). Ra = Pr(U0l/ν)2 can be rewritten as Ra = U2l/α.



When calculating the fluid velocity field and pressure field, determine the fluid module based on the comparison with the critical value of Reynolds number.


  R e =   U l  v   



(6)




where Re is calculated to be 1271, which is less than the critical value of the laminar flow of 2000 [30], therefore, the laminar flow model is used for calculation.




2.2. Geometric Model


The two-dimensional and three-dimensional models were constructed for simulating the actual transformer, including the geometric structures and size of the equipment, as shown in the upper left of Figure 2. To simplify model construction and improve computational efficiency, the three-dimensional model was a 1/4 structure of the actual transformer intermediate phase winding. The two-dimensional model was derived from the three-dimensional model, and it was simplified for one side of the three-dimensional axis. The simplifications and assumptions were as follows when constructing the model.



	(1)

	
Set the core and winding as heat sources. Consider the influence of the air duct velocity by the structure of the clamp and ignore the base part, which is less affected by heat dissipation and oil flow.




	(2)

	
Set the physical parameters of the transformer core and windings as constants. It is assumed not to change with temperature changes.




	(3)

	
Since the two-dimensional transformer model is axisymmetric, only one side of the axis is analyzed. That includes the tank wall, transformer oil, core, windings. In addition, the fuel tank, core, and winding of the temperature rise test platform are simplified into rectangles.




	(4)

	
The three-dimensional model of the transformer includes the box, core, winding, and transformer oil. When constructing the geometry, the actual core is simplified to a cylinder, and the winding is simplified to a series of rings with the same core as the core. In addition, the three-dimensional model is improved, taking into account the axial distribution characteristics of the oil flow in the horizontal oil passage and the temperature distribution along the circumferential direction.







When calculating, we first divided the simulation model into non-overlapping grids, as shown in the lower left of Figure 2. To improve the calculation speed of the simulation, the calculation domain was divided by a structural grid. Since the temperature gradient at the fluid-solid interface was obtained from the temperature difference between the adjacent grid points, the mesh at the interface was divided into a higher degree of fineness. To ensure the accuracy of numerical simulation, a prismatic boundary layer grid was set in this area.




2.3. Boundary Conditions


In the calculation model, the boundary conditions of each area were set [31].



(1) Set the boundary conditions at the symmetry plane. In the heat transfer field, the heat flux boundary condition at the wall meets the Neumann boundary.


  −  n  ⋅ ( − k ∇ T ) =  q 0   



(7)




where k is thermal conductivity and q0 is the heat flux. At the symmetry plane, the left and right sides of the symmetry boundary are set to be error-free, so the flux is zero.



(2) Set the inlet boundary conditions. In this simulation, since convective heat transfer was dominant at the entrance, the temperature gradient and the conduction heat along the normal direction of the entrance boundary were transferred less. Assuming that the contribution of pressure to enthalpy is zero, the boundary conditions were set:


  k ∇ T ⋅  n  =    ∫   T   up       T    C p       d T ρ U ⋅  n   



(8)




where Tup is the upstream temperature, Cp is the heat capacity and U is the velocity vector. Since Cp is a positive value, the inflow boundary condition is required to satisfy T = Tup. The above-mentioned inflow boundary condition can be equated to the Dirichlet boundary. It can be used to describe the boundary conditions of the upstream temperature of the inlet.



(3) Set the boundary conditions of the fuel tank wall. The heat exchange at the interface between the tank wall and the external environment is mainly convective heat exchange q0.


   q 0  = h  (   T   ext      − T  )   



(9)




where Text is the external temperature; h is the heat transfer coefficient.


  h =   k N u  l   



(10)




where Nu is Nusselt Number, which is the characteristic function of Ra. Nu can comprehensively consider the effects of convection and heat conduction.


  N u =    (  0.825 +   0.387 R  a  1 / 6        [  1 +   ( 0.429 /  P r  )   9 / 16    ]    8 / 27      )   2   



(11)







(4) Set momentum boundary conditions. At the fluid-solid interface, the momentum boundary was set as a non-slip boundary condition.



Since the simulation is an axisymmetric model, the velocity and diffusion were both zero on the axis. Assuming the wall is relatively static, the relative velocity of the oil flow was set to zero when the fluid “film” was close to the wall.





3. Construction of Transformer HST Prediction Model


3.1. Test Setup


The prototype for simulation in this paper was the S-M-315/10-NX2 transformer, a 10 kV transformer insulated with environment-friendly vegetable oil. The high voltage winding and low voltage winding of the transformer were pie-shaped, which was wound by copper wires. For guaranteeing the overload capacity, the heat-resistant grade of the turn insulation was H. Besides, the materials used for other insulation structures were of various heat-resistant grades. The core, with the three-phase three-column structure, was laminated by silicon steel sheets. Compared with mineral oil, vegetable oil used in the test had a higher viscosity and weaker heat dissipation capacity. To meet the specified standards for the temperature rise and the HST, the transformer oil adopted a directional natural cooling circulation structure. The specific structure of the transformer is shown in Figure 3.



The transformer coils were pie-shaped, and the connection group was labeled YNd11. The rated voltage of the low-voltage winding is 0.4 kV and the rated current was 454.7 A. The rated voltage of the high-voltage winding was 10 kV and the rated current was 18.2 A. The specific parameters of the simulation are shown in Table 1.



In the calculation of the multi-physical coupling field of the transformer, silicon steel and amorphous alloy were used for the core comparison. In addition, vegetable oil was used for the transformer oil, and copper was used for the winding material. The physical parameters are shown in Figure 3. When the temperature, pressure, and other parameters in the tank change, the physical parameters such as the density, thermal conductivity, and viscosity coefficient of the transformer oil will change accordingly. The law of change can be fitted to the above mathematical function.




3.2. Comparison and Analysis of Temperature Rise Calculation Results and Test Data


3.2.1. Simulation Results of the Temperature Field


The two-dimensional and three-dimensional temperature field distribution of the transformer is obtained by the FEM, and the results were compared with the test data. The temperature rise in the winding area was caused by the winding loss [32]. Transformer core loss and winding loss were used as initial heat sources, and they were coupled to the temperature field according to the grid nodes. Under rated load operating conditions, the distribution of transformer temperature rise was simulated. Through the transformer temperature rise test, the no-load loss and the load loss are obtained. For silicon steel and amorphous alloy transformers, their core materials were different, so no-load losses were different. When the heat source was loaded, for the convenience of calculation, the average loss density was uniformly applied to each heating element. The heat generation rate of the heating part of the transformer is shown in Table 2.



When the axial height increased, the temperature of the core and winding increased, as shown in Figure 4 and Figure 5. Under the effect of losses, such as the copper loss and the iron loss, the transformer continues to generate heat, causing the internal temperature to rise. When the temperature of the transformer oil in the oil passage rises after being heated, oil density will decrease, resulting in poor buoyancy. As a result, the insulating oil flows upward along the oil passage, and the internal oil flow outlet temperature will be higher than the inlet temperature. Since the lower end of the transformer has a better heat dissipation effect than the upper end, the temperature of the upper end is higher than the lower end. When the transformer was running stably, its HST was about 9/10 of the upper part of the low-voltage winding. The reason is shown as:



(1) During operation, the heat generation rate by the low voltage winding was higher than that of the high voltage winding. (2) The low-voltage winding had a poor heat dissipation ability because it was located between the high-voltage winding and the core. (3) The upper and lower ends of the winding had a larger contact surface with the transformer oil, which was beneficial to dissipate heat and reduce temperature. (4) The outer side of the high-voltage winding had a large contact area with the transformer oil, so the oil flowed violently here. The last two points were conducive to convection heat dissipation, and radiant heat dissipation to the wall of the fuel tank and the radiator could be improved. The heat dissipation effect was better than that of low-voltage winding. Therefore, the internal HST of the transformer was located at the position of the low-voltage winding, which conforms to the actual distribution.




3.2.2. Simulation Results of Oil Flow Field


The key factor that affects the heat dissipation of the transformer was the oil flow circulation, and its driving force was the difference in buoyancy caused by the distribution of oil flow density [33]. To simulate the flow field distribution efficiently and accurately in the transformer, (1) the natural oil circulation was adopted in the fluid field; (2) the winding was refined; (3) the influence of the transverse winding on the flow velocity of the oil duct was considered; (4) the part that had less influence on the heat dissipation was ignored.



The distribution diagram of the transformer fluid field is shown in Figure 6. The direction of the oil flow velocity is represented by red arrow. The transformer oil flows through the inlet, splits into various oil ducts, then mergers and flows out at the outlet. The speed of the oil flow at the inlet and outlet and the wide side of the high-voltage winding is relatively high, which is consistent with the heat dissipation effect of the temperature field there. The oil flow has the same velocity distribution at the inlet and outlet, and the incompressibility of the liquid is satisfied. In addition, due to the influence of the core and winding, the inner oil flow is subjected to the pressure of the outer oil flow, causing a small vortex to form below the inlet. These are in line with the theory of fluid mechanics, and the validity of the calculation method in this paper has been verified.




3.2.3. Transformer HST Calculation and Test Verification


To verify the rationality and accuracy of the simulation model, the short-circuit test method was used in this paper to conduct a temperature rise test. The actual test data were used as a standard and then compared with the simulation results. The test platform is shown in Figure 7 and Figure 8.



When calculating the HST of winding and measuring the cooling effect of the transformer, the influence of the top oil temperature rise and the average oil temperature rise is considered. Therefore, the above data is determined in the temperature rise test.



Given the small rated capacity of the test transformer, only one temperature sensor needs to be installed on the thermometer seat on the tank cover to take the temperature of top oil, which is used to determine the temperature of the top oil. In addition, to measure the temperature of the bottom liquid, another temperature sensor is installed at the header where the corrugated radiator returns to the fuel tank. The temperature sensors are installed at the measurement points of the high-voltage winding and the low-voltage winding, respectively. The average temperature of the oil can be calculated from test data,


   θ  om   =    θ o  +  θ b   2   



(12)




where θo is the top oil temperature, θb is the bottom oil temperature.



The test data of temperature rise is shown in Figure 9. It can be seen that the top oil temperature was 71 °C, and the bottom oil temperature was 54.4 °C when the thermal equilibrium was reached. The comparison of simulation result data and test results are shown in Table 3, and the relative error is shown in Table 4.



Synthesizing Table 3 and Table 4, for the calculation of the HST of the transformer, the error rate of the improved three-dimensional model was 0.31%, the three-dimensional simplified model was 5.86%, and the two-dimensional model was 2.78%. The accuracy of the improved three-dimensional model was significantly improved, and the calculation results are more in line with the actual HST of the transformer. Comprehensive analysis of the velocity field and temperature field, the improved three-dimensional calculation method proposed in this paper deviates from the two-dimensional and three-dimensional calculation results in some aspects: (1) the two-dimensional model does not consider the gradient change of the transformer temperature field along the circumferential direction. (2) The three-dimensional grid is a second-order element, which is inconsistent with the grid elements used in the two-dimensional model. (3) In the actual transformer, when the actual parameters are converted into the initial conditions of the plane simulation, where the error is relatively large. (4) The three-dimensional, simplified model does not consider the influence of oil flow in the axial direction on the heat dissipation of the winding. Therefore, compared with the actual transformer, the calculation results of the improved three-dimensional model are more in line with the internal distribution.






4. Performance Analysis of AVDT


4.1. Performance of AVDT under Rated Load


AVDT belongs to a major scientific and technological research field with far-reaching development prospects in high-efficiency energy-saving and green power. To evaluate the performance of AVDT, the temperature distribution was calculated through the improved three-dimensional model as mentioned above. The loss of each component was applied uniformly to each heating element as a heat source. By comparing the temperature law of silicon steel transformer and amorphous alloy transformer, the special performance of amorphous alloy transformer could be determined.



The amorphous alloy has the characteristics of high magnetic saturation, high permeability, low coercivity, and low saturation magnetic density, which results in a smaller no-load loss of the corresponding transformer, and a smaller heat source is applied to the transformer during no-load operation. Therefore, the average temperature rise of the core was lower than that of the traditional silicon steel transformer. The temperature rise of the core components when the transformer is running at no load is shown in Figure 10. It can be seen that the average temperature rise of the core using amorphous alloy material dropped by 4.66 K. Therefore, the use of amorphous alloys in the transformer core has engineering significance in the application of energy-saving for rural distribution networks.



The temperature distribution cloud diagram of the two transformers under rated load is shown in Figure 11. For the AVDT, the HST is still located at about 9/10 of the upper part of low-voltage winding. The distribution trend of the temperature field inside the transformer is the same as that of the silicon steel transformer, and the theoretical results of the temperature field are in line. However, under the rated operating load, the temperature of each part of the amorphous alloy transformer is slightly lower than that of the silicon steel transformer. These include a decrease in the average temperature rise of the core low-voltage by 1.25 K. For transformers of the same structure, the iron loss of amorphous alloy cores is lower than that of transformers using silicon steel materials. As a result, not only the no-load loss is reduced, but also the internal temperature rise and the HST is decreased. In addition, with the help of the decline of the electrical stress on the internal insulation, the reliability of operation is increased. Subsequently, the service life of the transformer can be prolonged.




4.2. Performance of AVDT under Overload


The HST of the transformer is an essential factor that affects the deterioration of the transformer oil-paper insulation. Excessive HST will accelerate the thermal aging of the transformer, which will have negative impacts on the performance of the transformer. In addition, load capacity is one of the critical factors that determine the HST. Therefore, to obtain various HST, different load coefficients are applied to the transformer to assess the ability of the transformer to withstand overload by analyzing the change of the HST with the load parameters and comparing the HST with the temperature rise limit.



The temperature rise distribution of the transformer under different load coefficients was obtained by changing the load parameters (K) during the simulation. Then, the overload capacity assessment of the AVDT is carried out. The comparison results of the hot-spots are shown in Table 5. Figure 12 represents the temperature rise of the winding.



When the amorphous alloy transformer is overloaded, the temperature rise of the winding gradually increases with the increase of the load coefficients, as can be seen in Figure 12. Under different load coefficients, the comparison results of the internal temperature rise and hot-spot of the transformer and its temperature limit are shown in Table 5. It can be seen that when the ambient temperature is 25.3 °C, and the load coefficients are 1.05 and 1.1, the HST and the temperature rise in each area of the transformer are less than the temperature rise limit. It indicates that under the working condition of K = 1.1 and the transformer can run for a long time without overheating. Therefore, it has a strong overload capacity. The characteristics of the AVDT can not only reduce the load loss during light-load operation but also improve the capacity of the rural distribution network during overload operation. It is of great significance to alleviate the problem of the sizeable peak-valley difference of the rural distribution network load. In the SG paradigm, transformers could be loaded beyond their nameplate rating in favorable thermal conditions, without loss of rated life or breakdown.





5. Conclusions


In this paper, the temperature distribution inside the silicon steel transformer is comparatively analyzed by two-dimensional and three-dimensional fluid-temperature field coupling models. Furthermore, the thermal characteristics of AVDT under different load coefficients are analyzed. Finally, the calculation of temperature rise prediction of winding HST, and evaluation of the overload ability to withstand overload is realized for the AVDT. The conclusions are summarized:




	(1)

	
By improving the three-dimensional model to analyze multi-physical fields of transformer and using different shapes of grids to divide different areas, the distribution of temperature field can be studied more accurately inside the transformer, and the inaccurate calculation of the traditional two-dimensional model and three-dimensional model are overcome.




	(2)

	
Compared with the silicon steel core as the core, the saturation magnetic density of amorphous alloy is low, which leads to the reduction of the no-load loss of the transformer and the reduction of the longitudinal thermal conductivity. The average temperature rise of the transformer insulated with amorphous alloy core decreases. When the distribution network is running under light load, the energy-saving effect of the AVDT is significant.




	(3)

	
The overload capacity of the transformer under different load coefficients has been analyzed. It can be seen that the AVDT can withstand the overload of K = 1.1 for a long time within the limit of temperature rise. It is of practical significance to prolong the service life of the equipment and maintain the stable operation of the rural distribution network because of its strong overload capacity.
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Figure 1. Flow chart of the work of this paper. 
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Figure 2. Flowchart for temperature computation. 
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Figure 3. Schematic diagram of the natural circulation of oil. 
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Figure 4. Temperature field distribution of the transformer. (a) Two-dimensional temperature field distribution diagram; (b) three-dimensional temperature field distribution diagram; (c) improved three-dimensional temperature field distribution diagram. 
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Figure 5. Simulated values on winding temperature; (a) Longitudinal temperature rise curve of low voltage winding, (b) Longitudinal temperature rise curve of high voltage winding. 
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Figure 6. Fluid field distribution of the transformer. (a) Distribution diagram of two-dimensional flow field; (b) distribution diagram of three-dimensional flow field; (c) distribution diagram of the improved three-dimensional flow field. 
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Figure 7. Design of S-M-315/10-NX2 distribution transformer. 
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Figure 8. Wiring diagram of temperature rise test. 
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Figure 9. The test data of temperature rise. 
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Figure 10. Longitudinal temperature curve of the core. 
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Figure 11. Temperature distribution of silicon steel transformer and amorphous alloy motor transformer. (a) Temperature field of silicon steel transformer; (b) Temperature field of amorphous alloy transformer. 
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Figure 12. Temperature distribution of silicon steel transformer and amorphous alloy motor transformer. (a) Longitudinal temperature rise curve of low voltage winding; (b) longitudinal temperature rise curve of high voltage winding. 
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Table 1. Parameters of the simulation model.
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	Parameters
	Value





	Core cross-sectional area/cm2
	1353.6



	Core window height/mm
	705



	Core center distance/mm
	390



	Low voltage winding height/mm
	302



	High voltage winding height/mm
	297



	Copper belt specifications/(mm × mm)
	0.3 × 40



	Copper bus specifications/(mm × mm)
	4 × 40



	Low pressure inner and outer diameter/mm
	209, 253



	High pressure inner and outer diameter/mm
	264, 329



	High voltage and low voltage turns
	1319, 29
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Table 2. Loss and heat generation rate of silicon steel transformer and amorphous alloy motor transformer.
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Parts of the

Transformer

	
Silicon Steel Transformer

	
Amorphous Alloy Transformer




	
Loss (w)

	
Heat Generation Rate (w/m3)

	
Loss (W)

	
Heat Generation Rate (W/m3)






	
core

	
323

	
5274.72

	
151

	
2465.89




	
low-voltage

windings

	
1387

	
95,887.88

	
1387

	
95,887.88




	
high-voltage

windings

	
2284

	
84,676.03

	
2284

	
84,676.03
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Table 3. Temperature rise calculated results and test data.
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	Projects
	2-D Value
	3-D Value
	Improved 3-D Value
	Test Value
	Limit of Temperature Rise





	Temperature rise of top oil (°C)
	43.6
	42.4
	44.5
	45.5
	60



	Average temperature rise of oil (°C)
	34.3
	31.7
	35.7
	37.2
	—



	Temperature rise of high voltage winding (°C)
	54
	51.4
	54.7
	55
	65



	Temperature rise of low voltage winding (°C)
	56.8
	54
	57.6
	57.7
	65



	Hot-spot temperature rise (°C)
	63
	61
	64.6
	64.8
	78
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Table 4. The relative error of temperature rise results.
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	Projects
	2-D Error
	3-D Error
	Improved 3-D Error





	Temperature rise of top oil
	4.08%
	6.81%
	2.20%



	Average temperature rise of oil
	7.80%
	14.78%
	4.03%



	Temperature rise of high voltage winding
	1.82%
	6.55%
	0.55%



	Temperature rise of low voltage winding
	1.53%
	6.41%
	0.17%



	Hot-spot temperature rise
	2.78%
	5.86%
	0.31%
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Table 5. The calculated results of temperature rise.
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	Projects
	K = 1.0
	K = 1.05
	K = 1.1
	Limit of Temperature Rise





	Temperature rise of top oil
	43.6
	47.9
	51.7
	60



	Average temperature rise of oil
	34.3
	37.5
	41.3
	—



	Temperature rise of high voltage winding
	54.0
	56.2
	58.7
	65



	Temperature rise of low voltage winding
	56.8
	59.9
	63.1
	65



	Hot-spot temperature rise
	63
	69.1
	75.7
	78
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