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The current carrying capacity of power cables is an important parameter for the operation and scheduling of power cables, which is limited by the maximum allowable operating temperature of the cables. Establishing a cable temperature field and current carrying capacity model considering the influence of airflow in complex environments is of great significance for studying cable current carrying capacity. Based on the coupling theory of electric field and heat flow field, a temperature field and current carrying capacity analysis model for high-voltage three core cross-linked polyethylene cable and its laying environment was established using finite element analysis technology. Studied the effects of external air velocity and temperature on the current carrying capacity of cables under two laying methods: direct burial and air laying. Research has shown that the allowable operating time of short-term emergency current carrying capacity of cables is positively correlated with their size, and inversely proportional to the initial temperature of the cable core. The steady-state and transient analysis results of this model provide important reference value for cable operation scheduling, and the correctness and effectiveness of the model have been further verified through experiments based on actual scenarios.
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1 INTRODUCTION
Temperature and ampacity are two important dynamic operational parameters of power cables (Yongchun et al., 2012; Qin et al., 2022), which are related to the reliable and economical operation as well as the service life. At present, most power cables are crosslinked polyethylene (XLPE) cables, and their ampacity correspond to the operating current when the steady-state temperature of the cable core reaches 90°C (Zheng et al., 2010a). The calculation of the actual ampacity and the transient analysis of short-term emergency current are of great significance to optimize the construction cost and improve the utilization efficiency of cables (Wang, 2018).
The ampacity of the cable is closely related to the operating temperature, and the maximum operating temperature determines the ampacity of the cable (Ying and Cao, 2007; Zheng et al., 2010b). The analysis of temperature field and ampacity model of cable is a complicated electric-thermal-flow coupling problem. When current flowing through the cable, the temperature of the cable’s different structures increases due to conductor loss, insulation loss, metal sheath and armor loss. But the heat loss of cable is not only related with the parameters of the cable itself, but also related with the laying method and environmental parameters (Yongchun, 2016). In practice, there are two laying methods: burying and laying, and the effect of air current on the scouring and heat dissipation are different with different laying methods, which leads to differences on ampacity. Therefore, taking the influence of air current into consideration, when studying the temperature field and ampacity model is important to ensure the safe operation and improve the utilization efficiency of cables.
There are two main methods to analyze power cable temperature field and ampacity model: analytical calculation and numerical calculation (Callender et al., 2022; Che et al., 2022; Qin et al., 2022; Zhu et al., 2023; Zhu et al., 2024). The former is mainly based on the calculation of thermal resistance and related loss of each unit in IEC60287 standard. It also establishes the thermal circuit model of cables and combines the heat transfer formula to calculate the temperature field and ampacity of cables. However, the formulas in the IEC 60287 standard are so complicated, and they are not compatible to other laying methods and not available for the case of complicated laying environment. The numerical calculation method mainly includes finite element method (FEM), finite difference method (FDM), boundary element method (BEM) and so on. Compared with the other two methods, FEM is more suitable for dealing with complex boundary environment. It is convenient to analyze and calculate the temperature field and ampacity of cables with complex structures and laying environment, so that it has become a main method in this field in recent years. In reference (Qin et al., 2022), finite element simulation software was used to build an electromagnetic, thermal and current coupling model for 110 kV crosslinked polyethylene cable laid in the tunnel, and the temperature rise characteristics under different service years were analyzed. In reference (Che et al., 2022), using COMSOL multi physical field simulation software, the model of cable to calculate the current carrying capacity is established, and the relationship between cable capacity and temperature field is analyzed. On this basis, the influence of cable placement and convective thermal conductivity on temperature field distribution is further analyzed. In reference (Zhu et al., 2024), the finite element simulation software was used to analyze the variation of the operating characteristics of the electric field-temperature field-stress field of tunnel serpentine laying cables under different arc widths and pitches and their correlation with space occupancy. In reference (Zhu et al., 2023), The finite element simulation software is used to simulate the temperature field and stress field of parallel directly buried cables. cc.
In this paper, aiming at the high voltage three-core XLPE cable, according to the electrical-thermal-flow multi-field coupling theory, a temperature field and ampacity analysis model of cables considering laying environment is established based on finite element analysis. Ampacity differences caused by the two different laying methods at air current velocity of 0–2 m/s and air current temperature of 10–30°C are respectively studied. Taking the cable laying model as an example, the steady-state temperature of cables under different initial current is further analyzed, and the allowable time duration and variation of short-term emergency current of different magnitude are determined. The analysis and calculation of temperature field and ampacity in complex environment is helpful to improve the utilization efficiency of cables and provides important data support and reference values for dynamic capacity assessment and load dispatching.
2 MODELING ELECTRICAL-THERMAL-FLOW MULTI-FIELD COUPLING
The analysis of temperature field and ampacity model of cables in complex environment can be equivalent to the study of electrical-thermal-flow multi-field coupling between the cable itself and its laying environment. The following mathematical model is established to describe the process of heat generation in the conductor, heat conduction within the cable body, and convective heat transfer in flowing air current.
1) The model of electric field module can be formulated as:
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In the formula: ∇ is the vector differential operator; J is the current density vector, A/m3; [image: image] is the current source, A/m3; σ is the conductivity, S/m; E is the electric field intensity vector, V/m; φ is the electric potential, V; Je is the external injection current density, A/m3. In this set of equations, the basic parameter solved is φ, and the other parameters are obtained on the basis of φ.
2) The conductor, insulation, metal sheath and armor of cable produce loss and emit heat, and the heat is transmitted in the cable body. The mathematical model is as follows (Zhang et al., 2020):
[image: image]
In the formula: ρ is the density of the material, kg/m3; C is the specific heat capacity of the material at atmospheric pressure, J/(kg⋅m); T is the temperature of the material, K; λ is the thermal conductivity of the solid material, W/(m⋅K); Q is the heat source in the material, W/m3.
3) The heat is transferred from the cable body to the cable surface, and then the convective heat transfer with the air current occurs at the cable surface. Finally, the heat is transferred into the flowing air current. The model of air current heat transfer module can be formulated as (Yanbang et al., 2017):
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In the formula: ρ1 is the density of the fluid material, kg/m3; C1 is the specific heat capacity of the fluid material at atmospheric pressure, J/(kg⋅m); T is the temperature of the material, K; v is the velocity vector, m/s; q is the conduction heat flux, W/m2; τ is the viscous stress tensor, Pa; S = 0.5 (∇v+(∇v)T) is the strain rate tensor, 1/s; p is the pressure, Pa; Q1 is the heat source in fluid materials (excluding viscous heating), W/m3.
3 SIMULATION MODEL
3.1 Establishment of the finite element model
In this paper, the 35 kV three-core XLPE cable is taken as the main study object. Its actual structure is shown in Figure 1. The cable is mainly composed of the conductive wire core, optical fiber unit and outer material. From the inside to the outside, the conductive wire core is copper conductor, conductor shield, XLPE insulation layer, insulation shield, semi-conductive tape, alloy sheath and PE sheath. The outer materials from the inside to the outside are filling layer, cladding, PP inner cushion, armor, and PP outer coating.
[image: Figure 1]FIGURE 1 | Schematic diagram of cable structure.
In order to reduce the computational burden of the finite element analysis and shorten the calculation time, the structural layers of cable with similar heat transfer coefficient and contact with each other are combined. The conductor shield, the XLPE insulation and the insulation shield are combined and collectively referred to as the insulation layer; the cladding and the PP inner cushion are combined and collectively referred to as the inner cushion layer. Figure 2 shows the geometric model of the merged cable, and Table 1 shows the structural performance parameters of the cable after combination.
[image: Figure 2]FIGURE 2 | Simplified model of cable.
TABLE 1 | The performance parameters of each layer structure of cable.
[image: Table 1]In the simulation analysis of the temperature field and the current carrying capacity of the cable, the finite element model with certain laying methods should be established, including the burying and laying of the cable. The cable laying environment is equivalent to two different layers of material, the upper layer is “air current,” including one inlet and one outlet, and the lower layer is “soil area.” When the burying method is adopted, the burying depth is more than 0.5 m; when the laying method is adopted, the cable is laid flat on the soil, while considering the gravity the cable will slightly sink in the soil. Previous studies have shown that areas more than 2 m away from the cable are not affected by cable heating (Xu, 2013). The cable analysis models of two different laying methods are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Cable analysis model under different laying methods. (A) The model of buried cable. (B) The model of cable during laying.
3.2 Meshing and boundary condition setting
The calculation of the finite element analysis is carried out in the grid element, and the higher the density of the grid, the higher the accuracy, while the computational burden and time will correspondingly increase. In this paper, a higher density gird is applied in analyzing the cable itself and important parts surrounding it, and a relatively low density grid is applied on the distant air current and soil areas, which ensures the accuracy of the temperature field and ampacity calculation of the cable, while reducing the computational burden and time. The schematic diagram of the grid density is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic diagram of grid division. (A) Local grid density map of the cable. (B) Global grid density map.
The finite element analysis model of temperature field and ampacity includes the following three modules, and the specific boundary conditions are set as follows.
(1) Electrical field module: voltage level of 35 kV is applied to the conductor of the cable to inject current in the form of normal current density.
(2) Flow module: Let the air current flows in from the left interface of the air current region and flows out from the right interface; there is no air current flowing in or out from other interfaces.
(3) Heat transfer module. The boundary under the overall model of submarine cables and their laying environment is a constant temperature of 15°C, which is the first type of thermal boundary condition. The horizontal temperature gradient at the left and right boundaries of the overall model is 0, which is the second type of thermal boundary condition. In the model, the upper boundary of the soil directly convective heat transfer with the air, with a heat transfer coefficient of 5 W/(m2•K), is the third type of thermal boundary condition.
4 EXPERIMENTAL VERIFICATIONS
4.1 Example analysis
Taking Qinhuangdao as an example, the annual average temperature (Ta) is 22°C; air velocity (v0) is 0.8 m/s; and bottom temperature (Tb) is 20°C. Based on the above settings, the ampacity (Is) under two different laying environments can be calculated. Figure 5 shows the local temperature cloud map of the ampacity under two different laying environments based on finite element analysis model, corresponding to 604.89A and 935.65A.
[image: Figure 5]FIGURE 5 | Local temperature cloud map of cable under ampacity. (A) Local temperature distribution of buried cable. (B) Local temperature distribution of cable during laying.
As shown in Figure 5, due to the low thermal conductivity and high specific heat capacity of the soil in the buried state, the heat generated by the cable is difficult to transfer, resulting in a high surface temperature of about 57.43°C; Under the laying method, the steady-state temperature field is more distributed, and the surface temperature is about 21.28°C, which is almost the same as the air temperature.
The formula of the analytical method for the ampacity calculation of AC cables in IEC60287 standard is shown as (6). Its calculation results and relative errors are shown in Table 2.
[image: image]
TABLE 2 | Comparison of the calculation results of ampacity.
[image: Table 2]In the formula, [image: image] is the difference between the maximum allowable operating temperature of cable core and ambient temperature; Wd is the dielectric loss of cable; T1, T2, T3, and T4 are insulation thermal resistance, inner cushion thermal resistance, outer coating thermal resistance and ambient thermal resistance respectively; R is the AC resistance of cable conductor; n is the number of conductor cores; λ1 and λ2 are cable alloy sheath loss factor and armor loss factor.
It can be seen from Table2, the calculation results of the FEM, and the analytical method are close and their relative errors are all within the range of engineering requirements (5%).
4.2 Steady-state analysis of ampacity in complex environment
In the case of laying method, the main environmental factors that affect the temperature field distribution and ampacity of the cable are air current velocity and temperature.
4.2.1 Analysis of the influence of air current velocity
In order to quantitatively analyze the effect of air flow velocity on cable current carrying capacity, we set Tb = 20°C and control the inlet flow velocity v0 in the air area to be between 0 and 2 m/s. We determined the steady-state current carrying capacity of cable burial and air under different flow velocities, and the results are shown in Figure 6.
[image: Figure 6]FIGURE 6 | Ampacity of cable at different current velocity.
Under the condition of v0 = 0 m/s, [image: image] with burying method is 569.05A. By contrast, the number is 776.69A with laying method. The relationship between ΔIs and Δv0 is shown in Table 3.
TABLE 3 | The relationship between ampacity of cable and air velocity.
[image: Table 3]It can be seen from Table 3 that no matter when the cable is buried or laid, a slight change in air current velocity will lead to a significant increase in Is of the cable compared with v0 = 0 m/s. Moreover, the air current velocity is different and the degree of rise is different. The influence of the air current velocity is much greater in the low velocity range than in the high velocity range, but it will soon reach the bottleneck, that is, when the air current flow rate is greater than 0.2 m/s, the steady-state capacity changes tend to be stable.
Under different laying methods, the ampacity of cables could increase with different degrees with the change of air current velocity. The reason is that under the burying method, the heat generated by the ampacity of cable is transmitted into the soil, having only a small share transferred to the surface of the soil, which is carried away by air flow. However, under the laying method, the heat is directly carried away by the air flow, which explains the higher ampacity than the burying method. In addition, under the same air current velocity change, the ampacity increase is more significant as well.
4.2.2 Analysis of the influence of air current temperature
Air current temperature is another important factor in the analysis of temperature field and ampacity model. We set v0 as 0.8 m/s and increase air current temperature from 10°C to 30°C with a step of 1°C to study the change of ampacity under different air current temperatures.
Figure 7 shows the variation of ampacity of buried and laid cables at different air current temperatures. It can be seen from the figure that: 1) Is decreases slightly when buried; 2) under the same air temperature, [image: image] is lower when it is laid; 3) under the same laying mode, Is decreases linearly with the increase of air current temperature. The relationship between Is of the buried cable and the air current temperature is y1 (x1) and y2 (x2) when laying, as shown in the following formula.
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[image: Figure 7]FIGURE 7 | Ampacity of cable under different air temperature.
It is clear from the formula that the first term coefficient between Is and the air current temperature is −3.519 while the cable buried, and it is −6.733 while the cable laid.
4.3 Transient analysis of short-term emergency current
During normal operation of the cable, the temperature of the cable is lower than the maximum allowable temperature because it is usually not the maximum current carrying capacity. The maximum current carrying capacity can be exceeded for a short time if economical permits, although this will lead to increased heating of the cable, but the accumulation in a short time will not cause the cable to be heated above the allowable temperature.
In order to analyze the transient process of core temperature under different initial currents and determine the allowable operating time of short-term emergency currents of different sizes, this paper takes the cable analysis model under laying methods as an example. We set v0=0.8 m/s and respectively set air current temperature and deep soil temperature as 20°C and 15°C. The overall initial temperature of the cable is set as 16.67°C. The steady-state core temperature is determined when the initial current is 80%, 85%, 90%, and 95% of Is. The results are shown in Table 4.
TABLE 4 | Steady-state cable core temperature under different initial current.
[image: Table 4]It can be seen from the results that the steady-state cable core temperature increases uniformly with the increase of initial carrying capacity. On the basis of this steady state, the emergency carrying capacity of 1.05Is, 1.10Is, 1.15Is, and 1.20Is is applied respectively in this specific environment to keep the cable core temperature constant after reaching 90°C, and the temperature rise process of the cable core is shown in Figure 8.
[image: Figure 8]FIGURE 8 | The rising process of cable core temperature under different current. (A) Initial current = 80%Is. (B) Initial current = 85%Is. (C) Initial current = 90%Is. (D) Initial current = 95%Is.
It can be seen from Figure 8 that with the same initial ampacity, the greater the emergency current, the shorter the time taken by the cable core to reach the upper temperature limit of 90°C. The allowable operation time of the emergency ampacity is impacted by the initial ampacity Figure 9 shows the allowable operating time of emergency current under different conditions.
[image: Figure 9]FIGURE 9 | Allowable operating time of emergency current under different conditions.
It can be seen from the results that the allowable running time of the same emergency carrying capacity gradually decreases with the increase of the initial carrying capacity. When the emergency load capacity Is 1.05Is, when the initial load capacity is increased by 5%Is, the allowable running time is reduced by 8.73 min on average. With the increase of emergency load capacity, the allowable running time decreases greatly. When the emergency load capacity Is 1.20Is, the allowable running time is less than 10min. Especially when the initial load capacity is 95% Is, the allowable running time is only 1.18 min.
5 CONCLUSION
In this paper, aiming at the 35 kV three-core XLPE cable, the temperature field and ampacity analysis model of cable and its laying environment are established based on finite element analysis technology. The proposed model can not only analyze and calculate the temperature field and the steady-state and transient results of the ampacity under different laying methods, but also the calculation is fast and efficient. The study is helpful to the reasonable scheduling planning of cable real-time operation, and the following conclusions are drawn.
1) Under the same environmental parameters, the steady-state carrying capacity of the cable in the air is 200–330A higher than that when the cable is buried.
2) Considering the temperature range of air current at the actual laying depth of cable, there is an almost linear relationship between the ampacity and the temperature of air current, that is the ampacity decreases linearly as the temperature of air current increases.
3) The allowable operating time for short-term emergency current of different magnitude of cable is inversely proportional to its magnitude and the initial core temperature. The allowable operating time of the emergency current of the same magnitude decreases uniformly with the increase of the initial current, and the larger the emergency current, the shorter the allowable operating time.
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