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Abstract

:

In order to clarify the magnetic-thermal-force changing rule of high-frequency transformers under different winding arrangements, this paper tests the magnetization and loss characteristics of nanocrystalline materials at different temperatures, and based on the magnetization and loss data, establishes a magnetic-thermal-force coupling calculation model of 15 kVA, 5 kHz nanocrystalline high-frequency transformers, and calculates and analyzes the magnetic flux density, loss and temperature rise distributions of high-frequency transformers with three different winding arrangements under no-load and short-circuit conditions, respectively. Through comparative analysis, it was found that under no-load conditions, the cross-transposition of winding has less influence on the magnetic flux of the high-frequency transformer core, but it can reduce the iron-core loss and transformer temperature rise. The cross-transposition of winding under short-circuit conditions can significantly reduce the leakage magnetic field strength of high-frequency transformers; complete cross-transposition weakens the high-frequency transformer losses and temperature rise better than partial cross-transposition. According to the winding current density and core leakage field distribution under short-circuit conditions, we calculated and analyzed the distribution of its the axial and radial electromagnetic forces. The results show that the axial electromagnetic force causes the winding to be squeezed from both ends to the middle, the radial electromagnetic force causes the primary winding to shrink inward and the secondary winding to expand outward, so cross-transposition can greatly reduce electromagnetic force and weakening the deformation of the winding. Therefore, high-frequency transformers of winding cross-transposed should be used in actual projects to reduce transformer temperature rise and improve efficiency and security. This research has theoretical significance for the multi-physical field coupling of high-frequency transformers and its structural design.
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1. Introduction


Magnetic components in traditional power grids are usually large due to their size and weight, causing considerable power losses during energy transmission [1]. With the development of high-voltage direct-current transmission systems and the construction of smart grids, power electronic transformers, due to their smaller size and weight and higher power density, not only have functions such as voltage transformation, isolation and power transmission, but can also achieve power flow control and power quality. With adjustment and other functions [2], they have been widely used in the power grid. However, with the increase in frequency and power, the problems of loss and temperature rise of power electronic transformers, especially high-frequency transformers (HFT), are more prominent. Temperature rise exceeding the threshold will affect the service life and operational safety of the transformer [3]. In addition, the electromagnetic force of the winding of a high-frequency transformer is closely related to the leakage magnetic field and winding current intensity of the transformer, and the mechanical strength of the winding will affect the reliability of the transformer operation [4]. When a short-circuit fault occurs in a power electronic transformer, the maximum short-circuit current of the transformer winding can reach 10 to 20 fold the rated value, and the winding will withstand electromagnetic forces that may cause it to deform or even be destroyed [5]. Therefore, it is crucial to accurately calculate the losses and temperature rise of high-frequency transformers. The analysis of winding electromagnetic forces is also one of the key points that needs attention and research in the design process of high-frequency transformers.



For the calculation of winding losses of high-frequency transformers under non-sinusoidal excitation, the influence of the skin effect and the proximity effect needs to be considered, and the Dowell method can be used [6]. This method uses the AC winding coefficient to characterize the influence of the winding skin effect and the proximity effect, and can more accurately calculate ground winding losses at high frequencies [7]. For the calculation of core loss, the improved Steinmetz empirical formula method can be used. The formula has fewer parameters, is easy to fit, and has high calculation accuracy [8]. The main methods for calculating temperature rise of transformers include the empirical formula method, the thermal network model method and the finite element method [9,10]. The study in [11] established an equivalent thermal circuit model based on the heat dissipation path of the high-frequency transformer, calculated the steady-state temperature distribution and compared it with the finite element simulation, verifying the feasibility of the thermal circuit model method to calculate the temperature rise distribution of the high-frequency transformer. The study in [12] used finite element simulation software to simulate and calculate the transient magnetic field and the temperature field of high-frequency transformers, and designed and manufactured 5 kHz, 10 kVA shell-type and core-type high-frequency transformers, verifying the feasibility of the finite element method. The study in [13] aims at the accurate calculation of the temperature field of medium-frequency transformers under non-sinusoidal excitation, using the calculation method of two-way coupling of transient electromagnetic field and temperature field, and designing a 200 kVA/10 kHz nanocrystalline transformer. Experimental comparisons were conducted with iron-core medium-frequency transformers to verify the effectiveness of the simulation. For the simulation modeling of magnetic components, the study in [14] analyzes the use of SPICE (version 17.2) software for modeling the characteristics of magnetic components such as inductors, coupled inductors, and transformers. The results are of calculations and measurements illustrating the correctness and practical usefulness of the described models.



The magnitude of the winding electromagnetic force is determined by the winding current and spatial magnetic flux density. When calculating the winding electromagnetic force, it is necessary to analyze the leakage magnetic field in the space where it is located. The study in [15] established a three-dimensional finite element model of the transformer, and used a non-linear solution to accurately analyze the three-dimensional leakage magnetic field distribution of the transformer in steady-state and short-circuit conditions. The study in [16] takes a three-phase three-winding transformer as the research object and analyzes the transient leakage magnetic field and maximum magnetic density distribution rules under three winding tapping modes when a short-circuit fault occurs in the medium-voltage side winding. The study in [17] analyzed the leakage magnetic field and electromagnetic force of high-frequency transformers under different winding arrangements based on the finite element method. Cross-transposition can effectively weaken the proximity effect, and the leakage magnetic field intensity and electromagnetic force are significantly reduced. However, the current study does not consider the effect of winding cross-transposition on the temperature distribution of high-frequency transformers.



Based on the magnetization and loss characteristics of nanocrystalline materials at different temperatures, this paper established a three-dimensional finite element calculation model for two-way coupling of electromagnetic and temperature fields of a 5 kHz, 15 kVA high-frequency transformer, we calculated and analyzed the magnetic field of the high-frequency transformer under no-load and short-circuit conditions, loss and temperature rise distribution characteristics, and analyzed the influence of different winding arrangements on leakage magnetic flux, temperature rise and the winding electromagnetic force of high-frequency transformers. Winding cross-transposition can improve its efficiency and safety. The research in this article provides theoretical and data support for the optimal design of high-frequency transformers.




2. Analysis of a Multi-Physics Coupling Model of a High-Frequency Transformer


In the electromagnetic field calculation of high-frequency transformers, the magnetic density loss curve (B–P curve) and magnetization curve (B–H curve) are closely related to the temperature field. Changes in temperature cause changes in the loss characteristics and magnetic characteristics of the transformer, and changes in the loss characteristics and magnetic characteristics It will also affect the distribution of the transformer temperature field. Therefore, the electromagnetic field and the temperature field of the high-frequency transformer are bidirectionally coupled. The calculation process of electromagnetic field and temperature field coupling of a high-frequency transformer is shown in Figure 1. Among them, tm is the electromagnetic cycle calculation time; t1 is the power excitation cycle; t2 is the time required for the thermal field calculation temperature to reach a stable value after the electromagnetic cycle calculation is completed; kw is the number of cycles of coupling calculation.



The electromagnetic force of a high-frequency transformer is affected by factors such as the leakage magnetic field distribution inside the transformer, winding current density, and winding arrangement. Therefore, the analysis of the electromagnetic force requires coupling the electromagnetic field of the transformer.



2.1. High-Frequency Transformer Electromagnetic Field Calculation


The analysis of the electromagnetic field of high-frequency transformers is based on Maxwell’s equations, whose expression is:


   {    ∇ ·  B  = 0 , ∇ ·  D  = ρ     ∇ ×  E  = − ∂  B  / ∂ t , ∇ ×  H  =  J  + ∂  D  / ∂ t      



(1)







In Equation (1), B is the magnetic flux intensity; D is the electric displacement vector; r is the body charge density; E is the electric field intensity; H is the magnetic field intensity; J is the current density.



Since the high-frequency transformer uses a non-sinusoidal excitation source, the transient electromagnetic field calculation method is used. The following assumptions are made before calculation [12,18]: (1) the overall structure of the transformer model is axially symmetrically distributed; (2) the materials in the high-frequency transformer are all isotropic; (3) ignore the influence of lead current and displacement current on leakage magnetic field. According to Maxwell’s equations, the transient leakage magnetic field equation of a high-frequency transformer is derived as:


   1 μ   ∇ 2   A  = σ   ∂  A    ∂ t   −   J  s   



(2)






   I Γ   A  = C  



(3)







In Equations (2) and (3), μ is the magnetic permeability; σ is the electrical conductivity; A is the vector magnetic potential; Js is the non-sinusoidal excitation current density that changes with time; IΓ is the Dirichlet boundary condition, which indicates the value of boundary Γ; C is the value of the vector magnetic potential A at the boundary and it is a constant.



The losses of high-frequency transformers are mainly core losses and winding losses. When calculating the iron-core loss, it is divided into hysteresis loss and eddy current loss. According to the B–P curve of the iron core, the iron-core loss expression is obtained [11]:


  P =  C h   f α    B  β  +  C e    ( s f  B  )  2   



(4)







In Equation (4), Ch is the hysteresis loss coefficient; Ce is the eddy current loss coefficient; f is the rated frequency of the transformer; B is the magnetic flux intensity; α is the magnetic induction intensity index; β is the frequency index; s is the fill factor.



Winding losses at high frequencies are mainly subject to the skin effect and the proximity effect. When calculating winding losses under non-sinusoidal excitation, it is necessary to Fourier decompose the excitation to obtain the effective value of each harmonic current. Then, based on the Dowell theory, the AC winding coefficient index at each harmonic frequency is calculated, and the winding loss calculation expression under non-sinusoidal excitation is obtained [7]:


   P w  =  r  ac    I  rms  2  =  r  dc    (   I  dc  2  +   ∑  n = 1  ∞    R  rn    I n 2     )   



(5)







In Equation (5), rac is the AC winding coefficient; Irms is the effective value of the non-sinusoidal current; rdc is the DC resistance value of the winding; In is the effective value of the nth harmonic current; Rrn is the AC winding coefficient under the nth harmonic.




2.2. Calculation of the Temperature Field of a High-Frequency Transformer


High-frequency transformers cause uneven temperature distribution due to uneven losses, so the heat transfer phenomenon is more obvious. The heat transfer forms of high-frequency transformers are mainly heat conduction, heat convection and heat radiation.



(1) Thermal conduction is the transfer method with the highest proportion of heat transfer in high-frequency transformers [10]. In the magnetothermal coupling calculation process, the average loss of the transient magnetic field in one cycle is used as the stimulus to iteratively calculate the temperature field, and the calculation of the average loss is related to B–P curves of materials at each temperature. Therefore, the transient process of the temperature field needs to be considered, and the transient calculation equation of heat conduction is as follows [9]:


   λ x     ∂ 2  T   ∂  x 2    +  λ y     ∂ 2  T   ∂  y 2    +  λ z     ∂ 2  T   ∂  z 2    + Φ = ρ c   ∂ T   ∂ τ    



(6)






   {       S 1  : − λ   ∂ T   ∂ n   = q +  q c  +  q r         S 2  :   ∂ T   ∂ n   = 0        



(7)







In Equations (6) and (7), λ is the thermal conductivity of the material; T is the temperature of the transformer; Φ is the intensity of the internal heat source; r is the specific heat capacity of the material; S1 is the heat dissipation surface of the transformer; S2 is the symmetry plane of the transformer; q is the heat flux density of heat conduction; qc is the heat flux density of convection heat transfer; qr is the heat flux density of thermal radiation.



(2) Thermal convection dominates the heat exchange on the outer surface of the high-frequency transformer. Each surface of the high-frequency transformer has different contact methods and areas with the air, so it is necessary to accurately calculate the convection heat dissipation coefficient of each contact surface. In the case of natural convection heat transfer, the convection heat transfer boundary is generally treated as a constant wall temperature in engineering. The relevant formula for calculating the convection heat transfer coefficient is as follows [10]:


  G r =   g α Δ T  l 3     ν 2     



(8)






  P r =  ν a   



(9)






  R a = G r P r  



(10)







In Equations (8)–(10), Gr is the Grashof number, which represents the relative size of the buoyancy force and the viscous force, reflecting the strength of natural convection; Pr is the Prandtl number; Ra is the Rayleigh number; g is the gravitational acceleration; α is the body expansion coefficient; ΔT is the temperature difference; l is the characteristic length of the heat exchange area; ν is the kinematic viscosity; a is the thermal diffusivity.



When finding the convective heat transfer coefficient under the boundary condition of equal wall temperature, take the qualitative temperature as:


   T m  =  1 2   (   T w  +  T ∞   )   



(11)







In Equation (11), Tw is the wall temperature; T∞ is the ambient fluid temperature away from the wall;



The natural convection flow conditions at different contact surfaces are shown in Figure 2, and the corresponding convection heat transfer coefficient calculation formula is shown in Table 1 [19].



(3) Thermal radiation accounts for a small proportion of the heat transfer of high-frequency transformers, and the amount of radiation heat transfer is related to the temperature and blackness of the material. The calculation formula of the radiation heat transfer of a high-frequency transformer is as follows [19]:


   Φ b  = ε σ A  (   T 1 4  −  T 2 4   )   



(12)







In Equation (12), ε is the emissivity of the radiation heat transfer surface; σ is the Stefan–Boltzmann constant, which is generally taken as 5.67 × 10−8 W/(m2·K4); A is the Radiation heat transfer area; T1 and T2 represent the average temperature of the radiation heat transfer surfaces 1 and 2, respectively.




2.3. Calculation of the Electromagnetic Force on High-Frequency Transformer Windings


For the electromagnetic force of high-frequency transformer windings, the “field-circuit coupling” theory is generally used for analysis. When performing finite element calculations, the transformer windings are equivalent, and the field-circuit coupling model is shown in Figure 3. Combine the equivalent circuit and the finite element equation to solve the vector magnetic potential A and magnetic flux density B.



According to Figure 3, the circuit equation can be deduced as:


  u  ( t )  = i  ( t )  R + L   d i   d t   − e  ( t )   



(13)







In Equation (13), u(t) is the power supply voltage; i(t) is the winding coil current; e(t) is the winding induced electromotive force; R is the winding resistance; L is the winding inductance.



According to Equation (1), the vector magnetic potential A is introduced, and the induced electromotive force is obtained by integrating the electric field intensity as [16]:


  e = −  n S   ∂  ∂ t      ∫ V    A  ·  h  d v     



(14)







In Equation (14), n is the number of turns; S is the cross-sectional area of the winding; h is the unit vector in the tangential direction of the winding.



Combining Equations (13) and (14), the equivalent circuit equation is obtained:


  u = R i + L   d i   d t   +  n S   ∂  ∂ t      ∫ V    A  ·  h  d v     



(15)







The magnetic field and the circuit are connected through Equation (15), thereby realizing the field-circuit coupling calculation.



It can be seen from the electromagnetic force calculation formula that the magnitude of the winding electromagnetic force is related to the winding transient current and the spatial leakage magnetic field intensity. The calculation formula of the winding electromagnetic force is [20]:


   F  =    ∫ V    J  ×  B  d V     



(16)







In Equation (16), V is the volume of the winding coil; J is the current density; B is the leakage magnetic flux density.



In order to facilitate the calculation of the electromagnetic force of the winding, the cylindrical coordinate system is generally used in engineering, and the magnetic leakage flux is divided into axial magnetic leakage flux and radial magnetic leakage flux. The formula is expressed as [21,22]:


   {        B  φ  = 0         B  r  = −   ∂   A  ϕ    ∂ z           B  z  =  1 r    ∂ ( r   A  ϕ  )   ∂ r          



(17)







In Equation (17), Bφ, Br and Bz are the components of the leakage magnetic flux density; Aφ is the vector magnetic potential.



Correspondingly, the winding electromagnetic force is divided into the axial electromagnetic force Fz and the radial electromagnetic force Fr, expressed as [22,23,24]:


   {       F z  =    ∫ V   (  J τ   B z  ) d V           F r  =    ∫ V   (  J τ   B r  ) d V           



(18)







In Equation (18), Fz and Fr are the axial and radial electromagnetic forces of the coil, respectively; Bz and Br are the axial and radial magnetic flux densities, respectively; Jτ is the current density in the tangential direction of the coil.





3. Establishment of the Finite Element Simulation Model of High-Frequency Transformer


3.1. Model Building and Meshing


The high-frequency transformer studied in this article has a shell structure, a rated capacity of 15 kVA, an operating frequency of 5 kHz, and a primary and secondary rated voltage of 760 V. The structural parameters are shown in Table 2.



Based on the structural symmetry and field distribution symmetry of the high-frequency transformer, Magnet electromagnetic field analysis software is used to establish a three-dimensional model of the quarter structure, as shown in Figure 4.



Nanocrystalline magnetic materials have the characteristics of low loss and high magnetic flux density, so high-frequency transformer cores are made of nanocrystalline materials. The iron-core lamination coefficient is 0.78, and the saturation magnetic flux density is 1.2 T. The iron-core structure and its parameters are shown in Figure 5.



When dividing the finite element model, taking into account the influence of the skin effect and the proximity effect of the copper foil winding at high frequencies, the winding is divided into layers using the layer-by-layer method, and each layer is divided into 0.1 mm within the skin depth; the main body of the iron core. The maximum meshing method is used, the maximum side length of the grid is 2 mm, and the manual meshing tool is used for each side length of the core, which is set to a logarithmic meshing form with a density factor of 3. Air pockets and other structures are meshed using an adaptive mesh with default boundary conditions.




3.2. Material Properties


High-frequency transformers are mainly composed of nanocrystalline iron cores, copper foil windings, insulating paper, epoxy resin and other materials. The magnetic properties of various materials are shown in Table 3. Use Brockhaus measurements to measure the material properties of the nanocrystalline iron core. Place the nanocrystalline magnetic ring on the measurement platform. Wrap two sets of coils on the magnetic ring and connect them to the platform. The magnetization characteristics and loss characteristics of the magnetic ring material are calculated through automatic testing software. The measurement system is shown in Figure 6. When the ambient temperature was measured to be 20 °C, the B–H curve and B–P curve of the nanocrystalline material under non-sinusoidal excitation with a frequency of 5 kHz are shown in Figure 7 and Figure 8, respectively.



Considering the influence of temperature on nanocrystalline materials, the magnetization curve and loss curve of the nanocrystalline iron core at 20~110 °C under 5 kHz non-sinusoidal excitation are measured, as shown in Figure 7 and Figure 8, respectively [13]. Among them, the magnetic permeability of nanocrystalline materials decreases as the temperature increases, and the loss generally shows an upward trend as the temperature increases.



The thermal characteristics of high-frequency transformer materials are shown in Table 4.




3.3. Non-Sinusoidal Excitation Waveforms and Temperature Field Boundary Conditions


The structure of the isolated bidirectional active bridge DC–DC converter based on phase shift control is shown in Figure 9. The duty ratio of the inverter output square wave voltage is 50% [25,26]. MATLAB Simulink is used to build the DAB circuit, and the non-sinusoidal excitation waveform is shown in Figure 10.



In the temperature field simulation, the ambient temperature is 20 °C, and assuming the steady-state temperature of the transformer is 100 °C, the qualitative temperature is 60 °C. According to the position and size of each convection heat dissipation surface, the convection heat dissipation coefficient according to Table 1 and Formulas (8)–(10) is shown in Table 5.





4. High-Frequency Transformer Multi-Physical Field Simulation


4.1. Magnetic-Thermal Simulation Calculation under No-Load Conditions


The main purpose of the no-load simulation of high-frequency transformers is to compare the changes in core magnetic density, calculate core losses and analyze the temperature field. During simulation, the high-voltage winding of the transformer is open circuited, and non-sinusoidal voltage excitation is applied to the low-voltage winding. MagNet and ThermNet solvers are used to couple the electromagnetic field and temperature field. Set the solution time of the MagNet solver from 0 ms to 0.60 ms with a step size of 0.01 ms; set the solution time of the ThermNet solver from 0 s to 8000 s with a step size of 10 s. Calculate the electromagnetic field and the temperature field of the windings under the conditions of no cross-transposition, partial cross-transposition and complete cross-transposition, respectively. The three winding arrangements are shown in Figure 11 [24,27]. P and S, respectively, represent the single-layer primary winding and secondary winding.



4.1.1. Core Magnetic Density and Loss under Different Winding Arrangements


The loss of the high-frequency transformer under no-load conditions is mainly iron loss. The core magnetic density and loss are shown in Figure 12. Under the three winding arrangements, the core magnetic flux density is larger at the inner vertex corner and the smallest at the outer vertex corner. Due to the manufacturing process of the iron core, there is an air gap, which results in the maximum magnetic density approaching to the air gap. At 0.60 ms, the core magnetic flux density of the three winding arrangements is the largest. Through comparison, it was found that the core magnetic density when the windings are not cross-transposed is slightly larger than the core magnetic density when the windings are partially cross-transposed and completely cross-transposed. The peak magnetic density of the core with no cross-transposition is approximately 1.130 T, and the peak value of partial cross-transposition and complete cross-transposition is approximately 1.127 T. Although the main magnetic flux in the core decreases slightly after the winding cross-transposition, the overall change is not significant.



Through observation, it can be seen that the core loss distribution and the magnetic flux density distribution have the same characteristics. In addition, the loss in the core center column is larger because the magnetic flux in this part of the core is the largest, which increases the local eddy current loss accordingly. Through simulation calculation, the core loss is 56.10 W when the windings are not cross-transposed, the core loss is 52.82 W when the windings are partially cross-transposed, and the core loss is 52.48 W when the windings are completely cross-transposed. Winding cross-transposition can reduce core loss during no-load operation, and there is little difference between partial cross-transposition and complete cross-transposition.




4.1.2. Transformer Temperature Rise under Different Winding Arrangements


The steady-state temperature distribution of the high-frequency transformer under no-load conditions is shown in Figure 13. The highest temperature of the transformer is located at the core column. This is because the core loss in this part is large and the core column is enveloped by the low-voltage side winding and insulating medium, which is poor at heat dissipation.



Under the condition of self-heating and convection heat dissipation, the temperature of the no cross-transposition transformer begins to remain stable at approximately 6280 s, with a maximum temperature of 111.6 °C and a minimum temperature of 72.9 °C at the core.



The temperature of the partially cross-transposed transformer begins to remain stable at approximately 5450 s, with a maximum temperature of 107.9 °C and a minimum temperature of 64.1 °C at the core.



The temperature of complete cross-transposed transformer begins to remain stable at approximately 5360 s, with a maximum temperature of 107.4 °C and a minimum temperature of 63.3 °C at the core. Since half of the low-voltage windings are located on the high-voltage side after cross-transposition, their heat is transferred to the high-voltage side windings. Therefore, there is a lower temperature rise on the high-voltage side, and the overall temperature of the transformer is lower than before cross-transposition.





4.2. Magnetic-Thermal Simulation Calculation under Short-Circuit Conditions


The main purpose of high-frequency transformer short-circuit simulation is to calculate winding losses and electromagnetic forces. During simulation, the low-voltage winding is short circuited and the high-voltage winding is excited by non-sinusoidal current. The two-way coupling solution settings of MagNet and ThermNet are the same as those under no-load conditions. The loss generated by the transformer with a short-circuit duration of 0.60 ms is used as the heat source. The overall temperature rise of the transformer is calculated, and the distribution and magnitude of the electromagnetic force in the winding under the short-circuit condition are also solved. The winding arrangement is shown in Figure 11.



4.2.1. Winding Magnetic Density and Loss under Different Winding Arrangements


The winding magnetic density and loss under short-circuit conditions of a high-frequency transformer are shown in Figure 14. When there is no cross-transposition, the leakage magnetic field intensity is larger due to the proximity effect between the primary and secondary windings. After partial cross-transposition, the maximum value of the leakage magnetic field intensity is reduced by 65.24%, and the leakage magnetic field is mainly concentrated between the winding layers. The maximum leakage field intensity after complete cross-transposition is lower than that of partial cross-transposition and the interlayer leakage field intensity is significantly reduced. It can be seen that cross-transposition of windings can effectively reduce magnetic flux leakage.



By observing Figure 14, we can see that the loss of the secondary winding is greater than that of the primary winding. When there is no cross-transposition, the loss at both ends of the winding is significantly greater than the loss in the middle. According to the simulation calculation, the loss of the non-cross-transposed winding is 41.60 W, the loss of the partial cross-transposed winding is 32.88 W, and the loss of the complete cross-transposed winding is 30.65 W. After the winding part is cross-transposed, the loss of both ends is significantly reduced, and the overall loss is also significantly reduced. Compared with partial cross-transposition, the loss distribution of complete cross-transposition is more even, and the loss of both ends and overall loss are further reduced.




4.2.2. Transformer Temperature Rise under Different Winding Arrangements


The steady-state temperature distribution of the high-frequency transformer under short-circuit conditions is shown in Figure 15. Since the secondary winding has a large loss and is close to the core, which is not conducive to heat dissipation, its temperature is higher than the overall temperature of the transformer.



When there is no cross-transposition, the stable temperature of the secondary winding is 64.0 °C. The maximum core temperature is 46.8 °C and the minimum core temperature is 27.3 °C.



After the winding part is cross-transposed, the stable temperature of the secondary winding drops to 44.2 °C, and the overall temperature of the transformer drops significantly. The maximum core temperature is 33.5 °C and the minimum core temperature is 23.1 °C. This is because the winding loss is greatly reduced, and the cross-transposition is more conducive to winding heat dissipation.



After complete cross-transposition, the temperature of the secondary winding is reduced to 43.1 °C, which increases the heat dissipation efficiency. The maximum core temperature is 31.6 °C and the minimum core temperature is 22.4 °C.




4.2.3. The Winding Electromagnetic Force under Different Winding Arrangements


According to Equation (16), it can be seen that in order to calculate the electromagnetic force of the winding, it is necessary to clarify the magnitude of the winding current density and the distribution of the spatial leakage magnetic field. The current density and leakage magnetic field distribution under the three winding arrangements are shown in Figure 16.



It can be seen from Figure 16 that when there is no cross-transposition, due to the influence of the skin effect and the proximity effect, the maximum current density is located at both ends of the windings of each layer, with a size of 5.60 × 106 A/m2; after partial cross-transposition, the winding skin effect Both the effect and the proximity effect are weakened, and the maximum current density is reduced by 31.78% to 3.82 × 106 A/m2; after using complete cross-transposition, the winding current density is more evenly distributed, and the maximum current density is reduced to 3.76 × 106 A/m2.



It can be seen from Figure 16 that the maximum leakage magnetic field intensity when there is no cross-transposition is 2.38 × 104 A/m, which is located in the air gap of the iron core. The leakage magnetic field mainly exists in the middle area of the primary and secondary windings, the value is 8.80 × 103 A/m. After using partial cross-transposition, the maximum leakage magnetic field intensity is reduced to 31.66% of that without cross-transposition, the value is 7.55 × 103 A/m, located between S2, P1 and S4, P3 windings. The leakage magnetic field is mainly concentrated between the winding layers, and its distribution corresponds to the winding magnetic density distribution in (c) of Figure 16. After using complete cross-transposition, the maximum leakage magnetic field intensity is reduced to 5.48 × 103 A/m, the leakage magnetic field between S2, P1 and S4, P3 winding layers almost disappears, and the leakage magnetic field mainly exists between the remaining winding layers.



Number each layer of windings from top to bottom according to the number of turns, as shown in Figure 4. Based on the electromagnetic field calculation results of the high-frequency transformer under the above three winding arrangements, the field integrator in MagNet is used to extract the volume component of the transient Lorentz force density of each turn coil, and the axial force of each turn coil and maximum radial force.



The axial electromagnetic force distribution curve of each turn coil is shown in Figure 17. It can be seen from the figure: (1) the axial electromagnetic force distribution law corresponds to the current density distribution law shown in Figure 16. The minimum is on the coil in the middle and maximum on the both ends, the winding is in a state of extrusion from both ends to the middle; (2) when there is no cross-transposition, the maximum axial electromagnetic force on the 1st turn and 7th turn of the P3 layer winding is, respectively, −0.00261 N and 0.00278 N; (3) after using partial cross-transposition of windings, the maximum axial electromagnetic force is on the 1st and 7th turns of the P4 winding, and the magnitudes are −7.02 × 10−4 N and 6.96 × 10−4 N, respectively, which is 75% less than the maximum value of no cross-transposition; (4) after using complete cross-transposition of windings, the maximum axial electromagnetic force is on the 1st and 7th turns of the P4 winding, which is approximately half of the partial cross-transposition, respectively −3.55 × 10−4 N and 3.49 × 10−4 N.



The radial electromagnetic force distribution curve of each turn coil is shown in Figure 18. From the figure, the following conclusions can be drawn: (1) the maximum radial electromagnetic force of each layer of coils is on the middle turn coil, and the radial electromagnetic force is smaller when it is closer to the end of the winding; (2) when there is no cross-transposition, the maximum radial electromagnetic force of the primary and secondary windings is on the adjacent two-layer windings S4 and P1, which is consistent with the leakage magnetic field distribution pattern shown in Figure 18. The maximum radial electromagnetic force is −0.00488 N; (3) after adopting partial cross-transposition, the maximum radial electromagnetic force of the original and secondary sides is on P3 and S4, which are −0.00276 N and 0.00265 N, respectively, which is approximately half of no cross-transposition; the original side winding shrinks inward and the secondary winding expands outward; (4) after adopting complete cross-transposition, the radial electromagnetic force of the original secondary winding is more uniform, and the maximum radial electromagnetic force of the original secondary winding is on P4 and S4. They are −9.08 × 10−4 N and 8.78 × 10−4 N, respectively, which are approximately 32.89% of partial cross-transposition.






5. Conclusions


In this paper, Brockhaus measuring equipment was used to test the magnetization and loss characteristics of nanocrystalline materials. Based on the nanocrystalline material data at different temperatures, a 15 kV, 5 kHz nanocrystalline high-frequency transformer simulation model was established. The electromagnetic and temperature fields of high-frequency transformers with three different winding arrangements under no-load and short-circuit conditions were calculated and analyzed, respectively. The simulation results in this article show that cross-transposition can reduce core loss because cross-transposition reduces iron loss and is beneficial to transformer heat dissipation, the temperature rise of the transformer is lower than that with no cross-transposition.



For high-frequency transformers under short-circuit conditions, the effect of complete cross-transposition in weakening magnetic leakage is better than that of partial cross-transposition. The complete cross-transposition weakens the overall loss, and the distribution of loss is more even, so the overall temperature of the transformer is lower when windings are completely cross-transposed, and the maximum hot spot temperature rise is 23.1 °C.



Under the short-circuit condition of the high-frequency transformer, the field-circuit coupling analysis method was used to calculate the winding current density and the leakage magnetic field intensity of the core window under three winding arrangements, and the distribution of the winding electromagnetic force was obtained: the axial electromagnetic force causes both ends of the winding to be squeezed toward the middle. The radial electromagnetic force causes the primary winding to shrink inward and the secondary winding to expand outward. Complete cross-transposition can significantly reduce the electromagnetic force on the winding compared with no cross-transposition.



Through the above analysis, it can be seen that the high-frequency transformer winding cross-transposed can reduce the core loss and the temperature rise, and weaken the leakage magnetic flux and deformation of the winding. This research can provide support for the optimal design of high-frequency transformer and multi-physical field simulation and analysis.
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Figure 1. Flow chat of electromagnetic field and temperature field coupled calculation of a high-frequency transformer. 






Figure 1. Flow chat of electromagnetic field and temperature field coupled calculation of a high-frequency transformer.



[image: Electronics 12 05008 g001]







[image: Electronics 12 05008 g002] 





Figure 2. Schematic diagram of natural convection. 
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Figure 3. Circuit-coupled magnetic field model. 
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Figure 4. Simulation model of a high-frequency transformer. 
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Figure 5. Schematic diagram of the core structure. 
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Figure 6. Nanocrystalline measurement system. 
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Figure 7. Magnetization curves of nanocrystalline core within the temperature range from 20 °C to 110 °C. 
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Figure 8. Loss curves of nanocrystalline core within the temperature range from 20 °C to 110 °C. 
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Figure 9. Schematics of the dual-active-bridge DC–DC converter. 
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Figure 10. Non-sinusoidal voltage and current waveforms. 
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Figure 11. Winding arrangement of high-frequency transformers. 
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Figure 12. Distribution of magnetic density and loss fields of core under no-load conditions. 
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Figure 13. Temperature of a high-frequency transformer under no-load conditions. 
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Figure 14. Distribution of magnetic density and loss fields of windings under short-circuit conditions. 
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Figure 15. Temperature of a high-frequency transformer under short-circuit conditions. 
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Figure 16. Current density and leakage magnetic field intensity of windings under short-circuit conditions. 
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Figure 17. Winding axial electromagnetic force. 
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Figure 18. Winding radical electromagnetic force. 
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Table 1. The convection heat dissipation coefficient.






Table 1. The convection heat dissipation coefficient.





	
Surface Number

	
Flow State

	
h

	
Ranges of Ra






	
vertical plane (Figure 2a)

	
laminar flow

	
   h =  λ l  × 0.59 × R  a  1 / 4     

	
104 < Ra < 109




	
turbulent flow

	
   h =  λ l  × 0.10 × R  a  1 / 3     

	
109 < Ra < 1013




	
horizontal hot surface (Figure 2b)

	
laminar flow

	
   h =  λ l  × 0.54 × R  a  1 / 4     

	
104 < Ra < 107




	
turbulent flow

	
   h =  λ l  × 0.15 × R  a  1 / 4     

	
107 < Ra < 1011




	
horizontal hot surface (Figure 2c)

	
laminar flow

	
   h =  λ l  × 0.27 × R  a  1 / 4     

	
105 < Ra < 1011











 





Table 2. Structural parameters of HFT.
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	Structural Parameters
	Number





	number of primary layers × number of turns in a single layer
	4 × 7



	number of secondary layers × number of single layer turns
	4 × 7



	distance between secondary winding and core/mm
	5



	primary and secondary winding spacing/mm
	13



	copper foil thickness × width/mm2
	1 × 5










 





Table 3. Magnetic characteristics of high-frequency transformers materials.
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	Materials
	Relative Magnetic Permeability
	Conductivity(S·m−1)
	Loss/(W·kg−1)





	iron core
	B–H curve
	—
	B–P curve



	windings
	1
	5.77 × 107
	—



	insulating paper
	1
	—
	—



	epoxy resin
	1
	—
	—



	air
	1
	—
	—










 





Table 4. Thermal characteristics of high-frequency transformer materials.
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	Material
	Density/(kg·m−3)
	Thermal Conductivity/[W·(m·k)−1]
	Specific Heat Capacity/[J·(kg·k)−1]
	Emissivity





	iron core
	7180
	8
	450
	0.8



	windings
	8954
	386
	383
	0.78



	insulating paper
	900
	0.178
	800
	0.25



	epoxy resin
	1400
	0.400
	1700
	0.25










 





Table 5. The convective heat transfer coefficient of a high-frequency transformer.
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	Part of HFT
	Hot Surface Facing Upwards
	Hot Surface Facing Down
	Vertical Plane



	iron-core surface
	14.002
	7.001
	7.643



	iron-core side pillar
	—
	—
	9.939



	high-voltage winding
	7.176
	3.588
	5.738



	low-voltage winding
	7.917
	3.959
	6.329
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