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Abstract

:

High-frequency transformers are becoming an essential component in the integration of power resources that rely on power electronic converters; their efficiency and performance are influenced by parasitic characteristics in the interface. In this article, the design of a high-frequency toroidal transformer has been explained in detail using the ANSYS Maxwell platform. Various parameters, such as leakage inductance, magnetic flux density, magnetic field strength and uniform magnetic flux line are analyzed using Finite element analysis. High-frequency transformers using a toroidal core with different winding configurations are examined and all parameters obtained through simulation are validated by an analytical approach. Analysis of each design is based on its leakage inductances, which will aid in the appropriate selection of transformers as a function of their operating frequency. This analysis is expected to guide designers to optimize the high-frequency transformer parameters based on practical applications. The optimized parameters are then applied for a dual active bridge (DAB) converter within MATLAB/Simulink to verify the design process. A prototype has been built to validate the simulation and design procedure. The results obtained from both simulation and experiments are compared and show great correlation.






Keywords:


toroidal transformer; finite element method (FEM); finite element analysis (FEA); ANSYS Maxwell; magnetic flux; leakage inductance; high frequency












1. Introduction


High-power densities have become a design requirement for power conversion units, especially in high-restriction applications, such as offshore wind farms and traction systems [1]. To accomplish this objective, heavy low-frequency transformers should be altered with high-power DC-DC converters comprised of lightweight and compact high-frequency transformers. However, when subjected to higher frequencies, one must contend with additional losses due to the eddy current in the magnetic core [2], winding losses due to enhanced skin and proximity effects [3], and parasitic elements, such as winding capacitance and leakage inductance [4] producing excess switching losses, which are typically foremost at higher frequencies [5].



Dual active bridge (DAB) converters are becoming extremely popular for use in high-power applications [6]. Figure 1 depicts the equivalent circuit of a DAB converter in which the output signal of the input and output bridges is a square wave form with a nominal phase shift. This provides voltage to the inductance LK, which is utilized as a power transfer element to shape the current [7]. To accomplish zero-voltage switching (ZVS), the phase shift between the bridges must be greater than a specified value [8], which results in a minimum value for the series inductance calculated as:


   L k  =    V  D C   ×  V  o u t     2 × π ×  f s  ×  P  o u t   x   n   s i n ∅  



(1)




where VDC and Vout are the input and output DC voltages, respectively, and   ∅   is the phase shift between the primary and secondary voltages of the high-frequency transformer depicted as the key element of the DAB converter and is the ratio of the primary voltage to the secondary voltage. Pout is the intended output power, n is the number of turns of the high-frequency transformer, and fs is the operating frequency, also known as the switching frequency.



This inductance, as seen in Figure 1, may be viewed as an integrated leakage inductance, Lk, in the high-frequency transformer, allowing for a reduction in the number and size of components [9]. Consequently, it is crucial to precisely estimate the leakage inductance of a transformer during the design phase, as an inadequate leakage inductance causes a shift in the soft-switching area, which might have a negative impact on the converter’s efficiency. Similarly, high-leakage inductance is undesirable since it results in an undesired reactive power circulation inside the converter, which ultimately reduces the converter’s efficiency and output active power, but can widen the soft-switching zone to some extent.



Leakage inductance is a small inductive element which occurs due to improper coupling of flux between one winding and the other. Leakage inductances play a vital role in switching-based power supply resulting in less switching current in the device and the energy stored in it results in switch voltage spikes. Similarly, due to creation of EMI, switching losses increase and hence efficiency of the system decreases [10,11,12,13]. Furthermore, parasitic capacitances cause the infusion of currents due to high frequency, hence amplifying electromagnetic interferences (EMI) and can establish electrostatic connection with other circuit components. The system’s switching waveforms and efficiency can be improved by reducing two parameters, i.e., parasitic capacitance and leakage inductance [14]. Switching frequency in modern technologies is increasing from kHz to MHz in order to minimize the size of inductive components and accurately estimate the high-frequency leakage inductance necessary for the appropriate design of a system. This is done in order to fulfil the requirements of the proper design of a system [15].



Several research articles have been published on the calculation and analysis of leakage inductance on the planer and conventional core-type or shell-type transformer [16,17,18,19,20,21,22,23]. However, the major problem in these articles is the operation at low frequency. It is being concluded in most of the cases that leakage inductance is independent of frequency and current which is uniformly distributed. In fact, leakage inductance is reduced when frequency is increased [24].



The size of passive components reduces with increase in frequency and hence help in the downsizing of a transformer. However, at higher frequencies, the parasitic components become dominant and accurate calculation of the parasitic parameters is required to achieve better results in resonant converters. Undesirable leakage inductances and parasitic capacitances can disrupt the design and create unwanted resonant frequencies, leading to voltage and current waveform distortion and reduced efficiency. This may also cause a disruption in the control system [25]. High-frequency transformer design is a key step for proper working of isolated DC-DC choppers and appropriate core geometry and winding arrangements must be adopted to manage the factors depending upon its applications. Various transformer core geometries and winding configurations result in varying parasitic characteristics. It is vital to comprehend the parasitic parameters of different transformers and their applications require optimizing of these parasitic parameters [26,27]. Figure 2 depicts the schematic diagram of a single-phase 2D toroidal transformer.



In this article, the design of a toroidal transformer is conducted using ANSYS-Maxwell software, 2022 R2, (licensed for NUST, Pakistan) to recognize an FEM-based solution for various transformers. The main objective of this study is to design a high-frequency toroidal transformer in ANSYS-Maxwell, study the leakage inductance of different configurations of windings and use the designed toroidal transformer in a DAB converter.



Scope of the research article:



The scope of this research work is as follows:




	
A high-frequency toroidal transformer is developed using FEM instead of a shell-type or core-type for a dual active bridge (DAB) converter.



	
Leakage inductance is a major factor in reducing the power transfer in the DAB converter, therefore leakage inductance as a function of frequency is studied under different scenarios and minimized leakage inductance is obtained.



	
Other parameters, such as magnetic field lines, magnetic flux density and intensity are discussed and compared with the shell-type transformer. As a result, the best possible uniform parameters are obtained in the case of the toroidal transformer.



	
A reduced leakage-inductance-based toroidal transformer is used in a DAB converter and the simulated results are validated with the help of an experimental prototype.









2. Design of a Toroidal Transformer Using ANSYS Maxwell


2.1. ANSYS-Electromagnetic


Transformers, motors, leakage-fluxes, magnetic fluxes and thermal calculations, design, electromagnetic and electromechanical analyses of 2D and 3D devices along with sensors and coils, were performed using the electromagnetic solvent of the design tools. ANSYS MAXWELL was used to investigate the magnetic and electric fields whose static frequency domain was not uniform. Built-in functionality of ANSYS MAXWELL, namely PExprt modeler, allowed us to define the toroidal core geometry and its winding configuration and further analysis was performed within the design tool.



As stated in [28], the electromagnetic model’s essential relationship is associated with four field vectors: magnetic field intensity H, electric field intensity E, magnetic flux density B and electric flux density D. Maxwell’s equations are the set of mathematical equations that are consistent with the equation of continuity in a time-varying domain of an electromagnetic field. They are based on partial differential equations, and each fundamental vector E, D, B, H contains three components corresponding with the three-dimensional space. The solution of Maxwell’s equations is complicated due to its size and form, but can be achieved by applying the FEM.



The ANSYS MAXWELL platform also provided the ANSYS-PExprt and ANSYS-RMxprt design tools for the design of transformer and motors, respectively. The capability to build designs for use in ANSYS-Simplorer is a key feature of the ANSYS MAXWELL software. This trait generates a strong electromagnetic-based design flow that enables the combination of sophisticated designs with Maxwell’s precise component-models.




2.2. Core Selection


The selection of a transformer’s magnetic core and material is an important stage in the design of high-frequency transformers for power electronics applications. Three primary considerations influence the magnetic material used in any design i.e., cost, performance and size. These variables are impacted by factors, such as relative permeability, core loss, and stability due to temperature and so on. Magnetic materials may be utilized in power electronic equipment, and designers must make a trade-off when selecting materials for each application. The core to be utilized is first chosen, and then its geometric features are defined [29]. The core shapes for toroidal and shell-type are given in Figure 3.




2.3. Design of Windings


Transformers employ concentrated winding, which means that each limb of the core must contain a coil and its consequent terminal. Since the design is a single-phase transformer, the coil design of the shell-type is only for one leg, as illustrated in Figure 4b. After the design of the windings, the geometric characteristics of the windings are calculated [30]. Figure 4 depicts the windings design for toroidal and shell-type cores.





3. ANSYS Maxwell Simulations of Toroidal Transformer


In this section, FEA simulations of various toroidal transformer are presented. Different distributions of windings were assigned to a toroidal core. Transformers have primary and secondary windings made of various wire gauges based on current (A) rating and for different numbers of turns.



3.1. Parametric Analysis of Toroidal Core Transformer


Figure 5 depicts the magnetic core dimension, while Table 1 summarizes the geometric dimensions and features. Equations (2) and (3) may be used to compute the effective area and effective length of the toroidal core, respectively.


   A  c o r e   T o r o i d a l     = h       O D   −   I D  2     



(2)






   l  c o r e   t o r o i d a l     = π       O D + I D  2     



(3)




where Acore(Toroidal), lcore(Toroidal) represents the area of the toroidal core and the length, respectively, OD signifies the outer diameter, ID signifies the inner diameter, and h represents the core height.



Similarly, the Area of the core depends upon frequency, flux density and turns per volts (Te) and is given by [31];


   A  c o r e   =  1  4.44 × f ×  B  m a x   ×  T e     



(4)




where,



f is the operating frequency in Hz,



Bmax is the magnetic flux density in Tesla, and



Te is the number of turns per volts.



Primary and secondary currents in the design play an essential role. Since current i flows in the primary and secondary side of a transformer, the current is obtained as;


  i =  S  V o l t a g e    V     



(5)




where,



i presents the effective current in A flowing through the winding,



S is the apparent power rated in VA, while



V presents the effective winding voltage.



If the design also includes efficiency (η), then (5) can be revised as;


  i =  S  η × V    



(6)




where,



η is the efficiency of a transformer.



Furthermore, number of turns on the primary and secondary side can be observed as;


  N = t u r n s   p e r   v o l t s × v o l t a g e  



(7)







The selection of wire can be done by calculating the current and by crossmatching the standard table of copper wire according to this current handling capability. Table 2 provides the design summary of a transformer.



The windings around the toroidal core can be dispersed in a variety of ways. Each winding distribution alters the transformer’s leakage inductance, permitting modifications to be made to achieve the required inductance value. The distance between the core and primary windings, the distance between the windings, and the location of the windings in the core circumference with and without overlapping are some of the geometrical variables that may be purposefully adjusted. Additional configuration scenarios and their results are presented in [30].




3.2. Material Determination of Cores and Coils


The necessary step in material determination is to specify the sort of vacuum zone as well as the constituents used to construct the intended model. “Assign Material” is an option used for the specification of the materials. Allotment of Material for windings or the core can be created with the program using “Add material” from the library. Copper is used for winding in this article while the core is of ferrite material. Figure 6 represents the material’s hysteresis curves.




3.3. Mesh Configuration


The tool automatically generates a network based on the model created in the ANSYS MAXWELL software. Following the creation of the network, a field solution is generated for each model. If meshing is not done, system-generated results are inaccurate, which may be misleading for practical design. Meshing requires segmentation of the core into smaller areas for finite element analysis and the appropriate result is achieved by raising the mesh number [24]. The findings of the simulation produced from the analysis become highly realistic as the mesh number of the model increases but in parallel simulation time increases. The number of mesh elements used for the design is 1000. Mesh configuration is illustrated in Figure 7.





4. Transformer’s Magnetic Flux Density, Intensity and Flux Lines


For the steady-state scenario, analysis of a magnetic field density (B), magnetic field strength (H) and magnetic flux lines (A) of a toroidal transformer proposed in this section have been discussed. Figure 8 shows an input voltage simulation waveform for analysis.



Boundary conditions for the design of a toroidal transformer, geometric dimensions, and attributes of all materials utilized are defined in the model using the 2D environment of ANSYS MAXWELL. Table 3 shows the electrical data that was used in the transformer study and design.



Figure 9 depicts the magnetic flux density of a toroidal transformer as designed in the ANSYS MAXWELL 2D environment.



The magnetic field strength is also determined by the research study. Figure 10a depicts a high magnetic field at the core, whereas Figure 11 depicts homogenous magnetic flux lines. Excessive stress and strain on the winding is obvious from Figure 10b, which can cause insulation to degrade or even deform [32], whereas the toroidal transformer showed less winding stress compared to the shell-type.




5. Leakage Inductance of a Toroidal Transformer


To compare the computation and finite element analysis (FEA) simulation, the magnetic core of ferrite material was chosen. Using Ansys/Maxwell, the FEA simulation was conducted using 2D rotational symmetry.



At low frequency, the magnetic field strength (H) within the conductors was linearly distributed. As the frequency increased, the high-frequency eddy current effect led the current density to be nonuniform in the cross section of the conductor, and the majority of the currents concentrated on the conductor’s surface [24]. As the number of layers grew, the proximity effect accelerated the movement of conductor currents toward the surface. As illustrated in Figure 12, the magnetic field strength (H) developed the “concave form” at high frequency, particularly for a large number of layers.



Consequently, the leakage inductance was drastically decreased as the frequency increased. Comparing the high-frequency leakage inductances of the four distinct winding layouts, parametric FEM simulations encompassing a broad range of frequencies were conducted up to 300 kHz. The resultant leakage inductances were then compared to those derived by Equations (8)–(10). The following formulae can be used to determine the leakage inductance for a DAB converter [33,34].


   L k  =    V 1   V 2    8 f  P  m a x       1 − d   d T  



(8)







Similarly, leakage inductance associated with the leakage flux of a winding can be determined by [35];


   L  k 1   =  L  11   −    N p     N s     L M   



(9)






   L  k 2   =  L  22   −    N p     N s     L M   



(10)




where,



L11 = Self-inductance of winding 1



L22 = Self-inductance of winding 2



LM = Mutual inductance due to one winding on the other.



Table 4 briefly describes the details of the toroidal transformer defined for different cases as described in detail below. High-frequency leakage inductances for the four different winding configurations were compared. DAB converter-based leakage inductance is analytically calculated using Equation (8).



5.1. Case: 1


In this scenario, the current density distribution at 50 kHz and the investigated winding arrangement, illustrated in Figure 13 consisted of 5 and 120 foil conductors in the primary and secondary winding respectively, two layers and one turn per layer, with a foil thickness of 1.2 mm. All the geometrical dimensions were kept constant while the operating frequency was swept from 50 Hz to 300 kHz. An analysis was performed of the inductance behavior of overlapping windings in cases where they were not entirely distributed around the ring core, and they were not fully overlapped.



The leakage inductance waveforms in Figure 14 show more significant variation when the coils are in different situations. The individual leakage of each coil was more prominent when it was tightly wounded, and the other coil was more dispersed over the core. On the other hand, when the coils were overlapped and wound close to each other, the leakage was small, consistent with the concept that the leakage flux is intense when the turns of a winding are together, but if another winding is placed overlapping the first one, the secondary winding strongly links with the primary, decreasing its leakage flux. Leakage inductances referred to the primary side were 1.93 and 1.85 uH at 1 kHz and 1 MHz, respectively. The reduction in leakage inductance was 5%.




5.2. Case: 2


In case 2, Primary winding consisted of 15 turns while secondary turns consisted of three layers overlapping each other and contained 375 turns covering the whole core of the transformer as shown in Figure 15. Since the number of turns were 15 and 375, respectively, one turn of primary coil was placed for 25 turns of secondary coil. The distance between the core and primary and between the primary and secondary winding was the same.



The analysis of the leakage inductance graphs in Figure 16 represents more significant variation when the coils are in different situations. To cover the core of a transformer, the primary winding is increased and the secondary winding correspondingly increases. Comparing the leakage inductance of the primary side and secondary side, the leakage inductance represents that due to the less-turns ratio, the flux created on the primary results in a completely induced current on the secondary, resulting in less leakage inductance while the flux due to the secondary current results in more flux and hence less current is generated on the output, hence more leakage inductance is produced. Leakage inductance in this scenario was 6.65 at 1 kHz and 5.98 uH at 1 MHz, reducing the leakage inductance by 11%.




5.3. Case: 3


In case 3, 24 turns, covering half of the toroid core of the transformer, were winded on the primary while four layers of secondary winding contained 600 turns, as depicted in Figure 17. The leakage inductance waveform in Figure 18 gives us information about the primary flux linkage with the secondary, hence resulting in minimized leakage inductance while the flux created due to the secondary is not completely induced in the primary flux, therefore resulting in higher leakage inductance in comparison with the primary leakage inductance. Leakage inductance at 1 kHz and 1 MHz was 9.5 and 8.2 µH, respectively. The reduction was approximately 14%.



After studying various cases of the toroidal transformer, it was observed that case 3 resulted in less leakage inductance due to an increased number of turns on the primary side and an assumption can be made that proper winding, covering the area of the core and a decreased distance of winding from the core resulted in proper coupling of flux between the two windings and therefore less leakage inductance was produced.





6. Simulation Results of DAB Converter


This section presents a significant waveform of the dual active bridge converter illustrated in Figure 1. Figure 19 and Figure 20 represent simulation results of a dual active bridge converter. Parameters used in the simulation and experimental setup are presented in Table 5. Vin = 12 volts was applied and the output DC voltage was kept constant to a value of V = 285.6 V, keeping a modulation index of MI = 0.85 and load RL = 100 Ω. Calculated values under SPWM are given in Table 6.



DC voltage of the DAB converter is represented in Figure 20.




7. Experimental Validation


In order to verify the accuracy of the proposed frequency-dependent expressions in (1), a transformer consisting of Ferrite cores, one layer of solid wires consisting of 25 turns as the primary windings and four layers of solid round wire consisting of 600 turns as the secondary windings operating at 10 KHz were manufactured for the DAB converter and is illustrated in Figure 21. The high-frequency transformer was designed to be wound on the toroidal core using 10- and 18-gauge wire on the primary and secondary side, respectively. A ferrite core with a high permeability of 10,000 was selected to reduce winding complexity and the number of turns. Figure 22 and Figure 23 show the primary and secondary voltages of HFT while Figure 24 illustrate the output voltage of DAB converter. Similarly, leakage inductance was less when compared with core-type or shell-type transformers. Simulated and experimental leakage inductance of HFT was compared and shown in Figure 25.




8. Discussion


By FEM analysis proposed in this article, leakage inductance was obtained accurately, which maximized the power transfer in a DAB converter. The error between the analytical, simulated and experimental results were negligible. Furthermore, the following outcomes have been identified:




	
Instead of employing a conventional shell-type or core-type transformer, a high-frequency toroidal transformer was designed using FEM.



	
Since leakage inductance is a crucial component in limiting power transfer in DAB converters, it was analyzed as a function of frequency under various circumstances and minimal leakage inductance was attained.



	
A toroidal transformer with low leakage inductance was employed in the DAB converter and the simulated findings were confirmed using an experimental prototype.



	
Besides leakage inductance, parasitic capacitance could also be obtained using FEM and the behavior of the DAB converter could be studied.









9. Conclusions


In this paper, a single-phase toroidal transformer was discussed in the 2D ANSYS Maxwell platform. The aim was to study the effect of different design configurations on leakage inductance. For this purpose, different toroidal transformers were designed and various parameters, such as magnetic flux density, magnetic field strength and leakage inductance were discussed. The leakage inductance is a small fraction of the magnetizing inductance, but it can be significant in transformers with a high number of turns operating at high frequency. It was observed that minimizing the distance between the core and the winding caused leakage inductance to decrease. Another factor that affected the leakage inductance was the overlapping of windings. Leakage inductance obtained through simulation was similar to the analytical results, which validated the precision and reliability of the analysis. Since transformers are usually symmetrical, the results of 2D modeling in FEA were accurate and the time consumption was considerably less than multiple prototyping, manufacturing and measurement. More accuracy in analytical and simulated values can be achieved by decreasing the size of segments and increasing the number of meshes at the cost of increased computational time. High-frequency toroid used in DAB was further validated with the help of experimental prototypes.
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Figure 1. Schematic circuit diagram of a dual active bridge converter. 
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Figure 2. 2D Model of a toroidal transformer. 
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Figure 3. Core shapes: (a) Toroidal Core (b) Shell-Type Core. 
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Figure 4. Winding Design: (a) Toroidal Winding (b) Shell Type Winding. 
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Figure 5. Toroidal Core Dimensions Diagram. 
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Figure 6. Hysteresis curves of the ferrite core material. 
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Figure 7. Mesh of a Toroidal Transformer. 
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Figure 8. Input Voltage to a Transformer. 






Figure 8. Input Voltage to a Transformer.



[image: Energies 15 06176 g008]







[image: Energies 15 06176 g009 550] 





Figure 9. Magnetic field density on transformer core. 
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Figure 10. Magnetic Field Intensity Distribution (a) Toroidal transformer (b) shell-type transformer. 
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Figure 11. Magnetic flux. 
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Figure 12. MMF variation due to high frequency. 
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Figure 13. 2D toroidal transformer (NP = 5 & NS = 120). 
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Figure 14. Leakage inductance of toroidal transformer (Np = 5 & Ns = 120). (a) Primary winding (b) Secondary winding. 
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Figure 15. 2D toroidal transformer (NP = 15 & NS = 375). 
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Figure 16. Leakage Inductance of toroidal transformer (Np = 15 & Ns = 375). (a) Primary winding, (b) Secondary winding. 
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Figure 17. 2D Toroidal Transformer (NP = 24 & NS = 600). 
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Figure 18. Leakage inductance of toroidal transformer (Np = 24 & Ns = 600). (a) Primary winding, (b) Secondary winding. 






Figure 18. Leakage inductance of toroidal transformer (Np = 24 & Ns = 600). (a) Primary winding, (b) Secondary winding.



[image: Energies 15 06176 g018]







[image: Energies 15 06176 g019 550] 





Figure 19. Transformer voltages (a) Primary and secondary winding (b) Leakage inductance voltage and current. 
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Figure 20. DC output voltage of DAB converter. 
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Figure 21. Toroidal transformer tested in a dual active bridge converter. 
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Figure 22. Output voltage of H-bridge and input to high-frequency transformer. 
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Figure 23. Secondary voltage of high-frequency transformer. 
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Figure 24. Output voltage of a DAB converter. 
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Figure 25. Experimental and simulated comparison of Leakage Inductance. 
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Table 1. Toroidal Core Dimensions and Properties.
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Dimensions and Characteristics

	
Values






	
Outer diameter

	
OD

	
80 mm




	
Inner diameter

	
ID

	
50 mm




	
Core height

	
h

	
20 mm




	
Effective length

	
le

	
197 mm




	
Effective cross-section area

	
Ae

	
295 mm2
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Table 2. Design Summary of Transformer Design.
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Parameter

	
Formula

	
Value






	
Primary Side

	
Power rating (VA)

	
(Known)

	
1 KVA




	
Primary voltage (VP)

	
(Known)

	
24 V




	
Current (IP)

	
(8)

	
41.66 A




	
Wire Gauge

	
(standard table)

	
10 SWG




	
Secondary Side

	
Secondary Voltage (VS)

	
(Known)

	
600 V




	
Current (IS)

	
(8)

	
1.66 A




	
Wire Gauge

	
(standard table)

	
18 SWG
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Table 3. Electrical Information for Toroidal Transformer Design.
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	Design Parameter
	Values





	Rating power
	1 kVA



	High voltage (Secondary Side)
	600 V



	Low voltage (Primary Side)
	24 V



	Frequency
	10 kHz



	Core material
	Ferrite N41
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Table 4. Design parameters for different cases of toroidal transformer.
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	Case: 1
	Case: 2
	Case: 3





	Frequency
	50 k
	20 k
	10 k



	BMAX
	0.1 Tesla
	0.1 Tesla
	0.1 Tesla



	Primary Turns
	5
	15
	24



	Secondary Turns
	120
	375
	600



	Area
	295 mm2
	295 mm2
	295 mm2



	LK (Analytical)
	3 µH
	9 µH
	9.65 µH



	LK (Simulated)
	1.88 µH
	8.5 µH
	9.5 µH
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Table 5. Parameters for the proposed scheme.
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Circuit Parameters

	
Values






	
Input Voltage

	
Vin

	
12 V (DC)




	
Output Voltage (DAB)

	
Vout

	
294 V (DC)




	
Turns Ratio

	
NP:NS

	
1:25




	
Switching frequency

	
fS(VSI)

	
10 kHz




	
Switching frequency

	
fS(DAB)

	
10 KHz




	
DC capacitance

	
C

	
10 mF




	
Nominal Output Power

	
PO

	
1 KW
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Table 6. Comparison between simulated and experimental values.
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	Parameters
	Simulated Values
	Experimental Values





	Primary Voltage
	12 V
	12 V



	Secondary Voltage
	270 V
	275 V



	DAB output Voltage
	286.5 V
	256 V
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Low Voltage Winding
High Voltage Winding

Ferrite Core






media/file39.jpg
ossop

o8

o7

05

or

o3

o7





media/file18.png
B [tesla]
0.0758

0.0708
0.0657

0.0607
0.0556
0.0506

0.0455
0.0404

a
o
...I..'..

0.0354
0.0303
0.0253

vaae
aoo"' 9o,
.‘.

0.0202
0.0152
0.0101
0.0051

0.0000 "% c00ndena®®"






media/file21.jpg
A [Wb]

000035
000032
000030
000028
000025
000023
000021
000018
000016
000014
000011
000009
000007
000005
000002
-0.00000)

®000q0000°





media/file44.png
Voltage (V)

T e Sy o e —

T

L BVidiv

s

B < 10Hz

time (sec)






media/file26.png





media/file7.jpg
Low Valugs

/Wi Lo Voltage
HighVoltge Wi
/' Windng

®)





media/file28.png
(uH)

Ry

Inductanc

205

2.00-
1.95-

1.80-
1.751
1.70

1m-\
1854

100.00 200.00
Frequency (kHz)

(a)

1.20

1.154

1.05-

Inductance (mH)

1.00 4

0.95

1.10-\

! T

100.00 200.00
Frequency (kH2)

(b)





media/file10.png





media/file49.jpg
—e—Experimental Leakage Inductance(u) —8—Simulated leakage Inductance(uH)
10

' —o .
3
3
£
£
Foo— °
3
o
0 10 2 30 w0 50

Frequency (kHz)





media/file11.jpg
Bsat = 343.09 mT, Hsat = 220.00 A/m
Brem = 99.33 mT, Hcoer = 9.84 A/m

483

Magnetic Induction (mT)
=
o o

8t

§

2000 00 2000
Magnetic Field (A/m)





media/file6.png
)

b

(






media/file36.png
Inductance (uH)

10.00

9.50 1
9.00 1
8.50 1

7.50 1
7.00

100.00 200.00
Frequency (kH2)

(a)

Inductance (mH)

o
3

e
g

5.00 1

4.50 1

4.00

100.00 200.00
Frequency (kH2)

(b)






media/file15.jpg
NodeVoltage Plot 1 ==
. e |
50
B
3
P

Tmewel





nav.xhtml


  energies-15-06176


  
    		
      energies-15-06176
    


  




  





media/file2.png
=

‘ aN £TaN 8T @) 3 +-Q4\ T | I
e T T =t

‘VDC() Ve < 3¢ Vs c== § Vour

ml 1 HFT 1 ml ]

l Q1N ZE—I—QZ‘\ KT Q3'\ A TQ4'\ KT )






media/file23.jpg
High Frequency Low Frequency

Pri Sec





media/file24.png
MMEF

A

High Frequency Low Frequency

v

Pri

Sec






media/file29.jpg





media/file1.jpg
=L,

Ta) T

Vs

=

Toad

RIS






media/file12.png
Bsat = 343.09 mT, Hsat = 220.00 A/m
Brem = 99.33 mT, Hcoer = 9.84 A/m

600.0
E 400.0-
_§ 200.0 -
2
E 00-
(&)
= -200.0-
—
S -400.0-
=

-600.0

4000

1

-200.0

0.0
Magnetic Field (Akm)

1

2000





media/file9.jpg





media/file42.png
Secondary voltage Primary voltage AC output voltage
waveform waveform waveform

pe

H-bridge Inverter
connected to primary side

N
’

H-bridge rectifier connected to
secondary side






media/file47.jpg
Voltage (V)

W4

O

200V/div

256V

REEEN

time (sec)






media/file38.png
N
3

Voltage (V)

)
3

] | | | N
0.5 1 15 2 2.5 3 35 4 45 5
x10°

Time (sec)

(a)

L‘eakae Inductance Voltage

Voltage (V)

e

'
p—
o

\
|
f
\
|
Leakage Inductance Current
[ [ |

e L e
- N W

(=]

\ [
| [

Current (A)
S 5

[

\l

| |
> ! e | - - - B

| | | |

4615 462 4.625 463 4.635 4.64 4.645 465 4.655 4.66 4.665
x10°°

Time (sec)

(b)






media/file17.jpg
B [tesla]
00758,

oo7os;
00687
00607,
00555
00506
00455
00404
00354
0033
00283
00202,
00182,
ooto1
o005t
00000






media/file30.png
3¢

*e.
+
o
. e
. :‘,"0 POA
A k&
PAR ks :
s k:
E: i ‘.
R XS ol
X +
:f: “: ..
:.: $3 ‘.
. 334 i
B394 i 2
: “‘ ::0 +*
‘e - 3
+ % i 3
% ’“
+ R i -
: 5 & s o
., :
+
A

. 3%

», 508

*4d 538

*ote. el

Sous I

teitten eettittng
290239000 s e se ettt ot
>4 00"’:;"‘z"“

TR
v

o
o

+
s
:0’:”
o+t
OO
»
",
0:,’
* 30
AT
LASISS
DA
// *y
| /
+
* -
o
S
oy,
dits
*

*e
R

RS
S

*e

+
‘e
LN

‘e
‘e





media/file35.jpg
] B

Frenaney e Froauncy 00

@ ®)





media/file48.png
L S S S S S5 S S S S S S S S S S S S S S S S S S S S S S S S S S S S e e e LI S S S S S S S S S S S S S S S S S S e S S S S S S S S S S aa
3 . . . . . . . . . . . .

T

V=256V 200V/div

Voltage (V)

time (sec)





media/file27.jpg
e

120,

15

e —

o ED om
Froquncy 0021

@

o £ om
Froquancy 0oz

()





media/file3.jpg
Low Voltage Winding

High Voltage Winding \1'

Ferrite Core





media/file22.png





media/file19.jpg





media/file40.png
DAB O/P DC Voltage

—Voltage Measurement

300

DC O/P Voltage(v)

-t -t N N

o (6] o [4))

[ o o (o}
|

a
o
|

0 0.1 0.2 0.3 04 05 06 07 08 0.9





media/file33.jpg





media/file32.png
-
3

Inductance (uH)
> »
5 8

e
S

n
3

100.00 200.00

Frequency (kH2)
(a)

Frequency (kH2)

(b)





media/file14.png
o ...
.'0000000





media/file41.jpg
Secondary voltage.
waveform

Primary voltage
waveform

AC output voltage
waveform






media/file37.jpg





media/file46.png
Voltage (V)

T

----------------

1100 V/div

time (sec)






media/file45.jpg





media/file16.png
Input Voitage [V]

-12.50 =

-25.00

-37.50

NodeVoltage Plot 1

Curve Info

37.50

el

25.00

-

1250

TR T I |

0.00

- A .

;

!

U

NodeVoitage(lVoltm |

;

o
8

L) ' L]
100.00
Time [ms)

Al l L)
12500

150.00

L) I L)
17500

20000






media/file20.png
H [A/m]
60.3381

56.3166
52.2951

48.2736
442522

A2 ot
AENL P
40.2307

36.2092
32.1878

28.1663
241448
20.1233
16.1019
12.0804
8.0589
40374
0.0160

P ——a o araaww. |

==l 1

(b)





media/file50.png
—@— Experimental Leakage Inductance(uH) —@— Simulated leakage Inductance(uH)

Leakage Inductance(p)H

10
H 4
3
6
4
2 . ®
0
0 10 20 30 40 50 60

Frequency (kHz)





media/file5.jpg





media/file31.jpg
Inductance (k)
§ 68 8 &

nductancs ()
A EEEEEE






media/file25.jpg





media/file0.png





media/file8.png
‘..-'-.‘,-.
o %o

Low Voltage

Winding Low Voltage
: High Voltage Winding
o /' Winding High Voltage
. Winding

(a) (b)





media/file43.jpg
Voltage (V)

|

vpn

time (sec)

.o





media/file34.png
R AR EF N
o:o:.’o sl
..............
ooooo

“e, %0 %

00000
oooooooooooo

.03.0". .................

0 43
] .

J
o
o .
o .
s .
o
e
o e
e
0. .0'
. e
Yot OOUDODDDODDDDNNT eeseeteetitiiitsetiee .e
N, AT eeaittenee . .
Po OO ahetetett TRl stee
L P, X A A 6 S
* O R - 4 0 P
., " JAehtet ot 0L, .,
. A ot .
oot L) ‘e,
*eee S’ tet, s ‘e
hNOALY 0.. .0‘ ‘e
LY Sy .:.o.. .0. .
cses ..’."o..' 0:.::0. LN
e Sode e DA
o ® 0.. ** - .
i s s
.o‘. o.::o ..0:.0 *
o L3431 e%e B0
o p$321 F3334 .
. este . .,
04 F2334 3343 ..
* . teel e * .
> . 333 P33 ot .
A et oty ‘ o
‘. *e%e Jets -,
. LA PN "
e K oo
.
o R S o
CARY gty ..o.’: .
DAY QA o”.o..'. il
AR o’..‘.‘o’ .ooo.
tee By oy
ST % LN
PR 50 34 54 TIVUpT T L 2 3254 ‘. .
oooo 4 .,
soos e ot
D AR 22 T 122 2 . ., %
aet® .o. ‘e
.t -
. o . .%*
. ..
o .
B 4.
Oy A
M .t
. o, . LR
T see
.. ‘ e
$iis Dol
.
.
.

* -
oaten?
Y. atelele
RS20 ., RSt
geate s ., sty
* e3eatsitiete’

*
.
‘e
.t .
AN Sogt
000000000 .
PO R I A S A T N
DS I I I 3 S
ooooooo





