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Oil-immersion transformer plays an important role in the operation of power system, and its reliable operation is the basis of the safe and economic operation of power system. Transformer internal failure will not only cause the transformer to stop, but also damage, affecting the proper operation of the power system. The transformer is often in a high-temperature and high-pressure environment during its operation, so it is difficult to effectively and accurately protect the transformer from failure in the harsh working environment. Because the existing methods can not detect and protect the faults of transformer equipment sensitively and accurately, based on this, this paper carried out the research on the detection and protection of oil immersed transformer. By analyzing the calculation results, the relationship between the temperature rise of the transformer structure and the ambient temperature is discussed. It is found that the higher the ambient temperature of the transformer, the greater the harm to the equipment. High temperature area is mainly concentrated at the pull plate of transformer. This provides a reference for making the starting strategies of transformers in different environments, and helps to avoid mechanical structure damage and insulation aging damage caused by temperature.
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1 INTRODUCTION
The energy storage industry plays an increasingly important role in the development of power technology (Guo et al., 2022a; Li et al., 2022; Sun et al., 2022; Zhang et al., 2023a). Power transformers play an important role in energy conversion and transmission in power system. It is an indispensable and expensive equipment in power systems. From the perspective of power supply reliability, whether the power transformer can operate safely and reliably determines whether the power grid can reliably supply power to power users. If the transformer is damaged, it will directly lead to large-scale power outages. In terms of economy, the economic loss caused by large area power failure due to transformer damage is also huge (Guo et al., 2022b). Therefore, the safe, reliable and economical operation of transformers is crucial to the whole power grid (Lin et al., 2020).
The proper monitoring system of power transformer can help to reduce the failure rate and improve the system reliability and economic efficiency. Yang et al. (2022) proposed a new type of double stack automatic encoder (DSAE), which is mainly used to quickly and accurately judge the health of power transformers with unbalanced data structure. Due to the adaptability of the conventional model structure, the performance of the diagnosis model is difficult to improve under theoretical support. In order to fill this gap, Qi et al. (2020) proposed a new power transformer self-diagnosis model. The existing transformer fault diagnosis methods need to locate specific components, so correct modeling is of great significance for transformer fault diagnosis.
The oil flow velocity is low in oil-immersed transformer, and the influence of oil flow and heat transfer is very complicated. In order to improve the cooling performance of oil-immersed transformers (Susa et al., 2005; Ahmadi et al., 2022). It is very important to study the internal heat transfer process, oil flow characteristics, temperature rise and temperature rise of reverse winding (Li et al., 2016; Liu et al., 2022). The hot spot temperature of the transformer determines the load capacity of the transformer and the thermal aging of the insulation materials (Singh and Bandyopadhyay, 2010). The hot spot temperature is too high, the internal insulation aging is accelerated, and the operating life is shortened. The low temperature of the hot spot will not make full use of the transformer capacity, which will seriously affect the efficiency and economy of transformer operation (Wang et al., 2017; Zhang et al., 2020; Wang et al., 2023). Therefore, it is of great practical significance to accurately obtain the hot spot temperature of the transformer to extend the service life of the transformer and improve the capacity utilization ratio of the transformer (Perise et al., 2020; Cui et al., 2022a; Cui et al., 2022b; Zhang et al., 2023b).
In this paper, the oil immersed power transformer is modeled in three dimensions, simplified reasonably according to the requirements of electromagnetic field calculation, and the thermal field of transformer is simulated. The temperature variation law of the maximum structure of transformer under different ambient temperatures is analyzed.
2 ESTABLISHMENT OF SIMULATION MODEL OF OIL IMMERSED TRANSFORMER
2.1 Temperature field
Because the temperature of different positions of objects is different, it can lead to the spread of heat. From the actual observation experience, we can draw a conclusion that every point in the space position of an object has only one unique temperature value. The temperature values of all points on the object constitute the temperature field or temperature distribution (Faiz et al., 2008).
The temperature field can be described as a function of space coordinates and time:
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The primary objective of thermal process analysis is to determine the temperature field of an object in the process of heat transfer. It is classified according to the relationship between temperature field and time.
Stable temperature field means that the temperature field is independent of time, which is accurately expressed as the change of temperature relative to time and space is small enough to be negligible. In this case, the heat transfer system is stable, and the mathematical expression of the temperature field can be expressed as follows:
[image: image]
The thermal module in Simcenter MagNet can be used to solve for the steady-state and time-varying temperature distributions caused by time-varying heat sources, in the presence of the mally conducting materials and convective/radiative boundary losses. It handles heat transfer through conduction, convection, and radiation. The equations to be solved are as follows:
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where [image: image] is the thermal conductivity: [image: image] is a given source density: [image: image] is the mass density: [image: image] is the specific heat. All the material properties are a function of temperature.
Boundary conditions are specified temperature T or specified heat flux:
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Where [image: image] is a prescribed outward heat flux (W [image: image]). [image: image] is the heat flux due to convection. And [image: image] is the heat flux due to radiation:
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where [image: image] and [image: image] are user-specified convection and radiation heat transfer coefficients (functions of temperature) and [image: image] is the user-specified temperature of the surrounding environment.
2.2 Transformer modeling and grid generation
Based on the size of oil-immersed transformer, the three-dimensional model can completely simulate the actual situation of the transformer operation. The model includes the structure and oil tank composed of iron core, coil, magnetic permeability and conductive materials on the leakage path, and the related insulating materials that affect the heating and cooling of the structure when the temperature field is coupled. Establish a complete model including pulling plate, electromagnetic shield, oil tank, iron core, coil and lead-out.
The MagNet electromagnetic field simulation results are coupled to the ThermNet thermal field, the heat dissipation boundary is established, and the magnetic thermal coupling simulation is carried out to obtain the temperature field distribution of the structural parts. The quality and quantity of mesh generation have a great influence on the calculation results. High quality and large quantity can improve the accuracy of calculation (Szczepaniak and Klosinski, 2012; Zhao et al., 2018). However, the calculation speed will be greatly affected by the quantity, so it should be controlled reasonably when setting the type and size of grid elements. The grid is manually set according to the experience of electromagnetic simulation, and the whole model has about 4.8 million tetrahedrons. Because the magnetic field and the thermal field use the same grid, the thermal field does not set a separate grid, but uses the grid established by the magnetic field. Because the magnetic field model and grid are used, only the components that affect the transformer leakage magnetic field are considered in the modeling. It mainly includes the iron core, coil, lead wire and metal structure of transformer, as well as the electromagnetic shielding system involved in electromagnetism. The modeling for transformer is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Model of oil-immersed transformer (A) Main structure of transformer (B) Grid of transformer field thermal model.
2.3 Temperature distribution of transformer windings at typical temperature
ThermNet heat sources are all replaced by magnetic field MagNet. The parameter settings of magneto-thermal coupling field are shown in Table 1. After the heat sources under work conditions 1 (5% rated capacity) and 2 (85% rated capacity) are replaced respectively. Different temperature distribution nephograms have detailed differences in temperature appreciation, which are two orders of magnitude different in value. The heat source distribution clouds are shown in Figure 2.
TABLE 1 | Magneto-thermal coupling field parameter setting.
[image: Table 1][image: Figure 2]FIGURE 2 | Cloud map of electromagnetic heat source density distribution of transformer structure under working condition of (A) 5% capacity (B) 85% capacity.
3 SIMULATION RESULTS OF COUPLED THERMAL FIELD
3.1 Analysis of transformer temperature field of startup at 0°C
The transient process of transformer at 0°C and capacity of 5% and 85% is simulated. The temperature field results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Cloud Map of Temperature Field Distribution in Oil Tank with Coupled Thermal Field at 0°C (A) 5% capacity (B) 85% capacity.
As can be seen from Figure 3, the temperature rise of the transformer is not high at ambient temperature of 0°C. From the temperature distribution of the windings and cores, the flow of transformer oil contributes to the heat loss of the windings and cores. At 5% capacity, the maximum structure temperature of transformer is 6.5°C. the maximum structure temperature rise is 6.5K. At 85% capacity, the maximum structure temperature of transformer is 74.8°C. the maximum structure temperature rise is 74.8K.
3.2 Analysis of transformer temperature field of startup at 20°C
The transient process of transformer with 5% and 85% capacity at room temperature of 20°C is simulated. The temperature field results are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Cloud Map of Temperature Field Distribution in Oil Tank with Coupled Thermal Field at 20°C (A) 5% capacity (B) 85% capacity.
The temperature of upper winding of transformer is higher than that of lower winding from the distribution of core temperature and hot spot of winding at 20°C. The flow of transformer oil is conducive to heat dissipation. At 5% capacity, the maximum temperature of transformer structural parts is 26.1°C. the maximum temperature rise of structural parts is 6.1K. At 85% capacity, the maximum temperature of transformer structural parts is 86.8 °C. the maximum temperature rise of structural parts is 66.8K.
3.3 Analysis of transformer temperature field of startup at 30°C
The transient process of transformer with 5% and 85% capacity at room temperature of 30°C is simulated. The temperature field results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Cloud Map of Temperature Field Distribution in Oil Tank with Coupled Thermal Field at 30°C (A) 5% capacity (B) 85% capacity.
As shown in Figure 5, the temperature of transformer is symmetrically distributed at 30°C, and the flow property of oil is not obvious. At 5% capacity, the maximum temperature of transformer structural parts is 36.0°C. the maximum temperature rise of structural parts is 6.0K. At 85% capacity, the maximum temperature of transformer structural parts is 94.1°C. the maximum temperature rise of structural parts is 64.1K.
3.4 Analysis of transformer temperature field of startup at 40°C
The transient process of transformer with 5% and 85% capacity at room temperature of 40°C is simulated. The temperature field results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Cloud Map of Temperature Field Distribution in Oil Tank with Coupled Thermal Field at 40 °C (A) 5% capacity (B) 85% capacity.
As shown in Figure 6, the temperature rise of transformer oil surface is about 5.3K at 40°C. The temperature distribution of transformer is symmetrical and the flow of oil is not obvious. At 5% capacity, the maximum temperature of transformer structural parts is 45.8°C. the maximum temperature rise of structural parts is 5.8K. At 85% capacity, the maximum temperature of transformer structural parts is 102.0°C, the maximum temperature rise of structural parts is 62.0 K.
4 RELATIONSHIP BETWEEN TEMPERATURE OF TRANSFORMER STRUCTURE AND ENVIRONMENT TEMPERATURE
The analysis of simulation results in the previous section shows that transformers exhibit different temperature characteristics under different temperature conditions. Through many simulation calculations, the temperature rise of transformer structure at different ambient temperatures is obtained. When the transformer is directly, the relationship between the temperature rise of hot spot and the ambient temperature is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Relationship between transformer structure temperature and environment temperature under different capacities.
As shown in Figure 7. Because the ambient temperature is between 0°C and 40 °C, which is the normal working temperature of the transformer, the temperature of the transformer components changes little with the increase of the ambient temperature. It has a linear relationship with it. At 5% of the capacity, the high temperature area of the transformer is mainly concentrated at the pull plate and support plate. At 85% of the capacity, it is only concentrated at the pull plate.
5 CONCLUSION
Abnormal operating temperature accounts for a considerable proportion of all kinds of transformer faults. Due to the variety of fault location and performance, it is difficult to diagnose the fault. Abnormal temperature is a vicious cycle process, which not only increases the loss of transformer, causes unnecessary waste of energy, but also damages the internal insulation, resulting in more serious faults. In this paper, a calculation model for temperature field of oil-immersed power transformer is established, and the temperature field of transformer is calculated at 0, 20, 30°C and 40 °C. The relationship between temperature of each component of the transformer and the ambient temperature is obtained, and the curve of their relationship is drawn. The higher the ambient temperature, the higher the maximum construction temperature, and the greater the natural harm to the equipment. By comparing the two capacities, it can be found that proper increase of transformer capacity can achieve certain protection effect. The model and method presented in this paper can be extended to the calculation of internal fault pressure of various transformers, which has some reference value for setting the setting value of pressure protection relay.
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