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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 in-
fluenced 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 pa-
rameters, 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-fre-
quency 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 con-
tend 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 trans-
fer element to shape the current [7]. To accomplish zero-voltage switching (ZVS), the 
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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: 

𝐿𝐿𝑘𝑘 =  
𝑉𝑉𝐷𝐷𝐷𝐷 × 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

2 × 𝜋𝜋 × 𝑓𝑓𝑠𝑠 × 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑥𝑥 𝑛𝑛
𝑠𝑠𝑠𝑠𝑛𝑛∅ (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 de-
picted 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 switch-
ing frequency. 
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Figure 1. Schematic circuit diagram of a dual active bridge converter. 

This inductance, as seen in Figure 1, may be viewed as an integrated leakage induct-
ance, 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 induct-
ance 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 con-
verter’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 cou-
pling 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 [10–13]. Further-
more, 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 leak-
age inductance on the planer and conventional core-type or shell-type transformer [16–
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]. 



Energies 2022, 15, 6176 3 of 19 
 

 

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 compo-
nents become dominant and accurate calculation of the parasitic parameters is required 
to achieve better results in resonant converters. Undesirable leakage inductances and par-
asitic capacitances can disrupt the design and create unwanted resonant frequencies, lead-
ing 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 appli-
cations. Various transformer core geometries and winding configurations result in vary-
ing 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. 

Low Voltage Winding
High Voltage Winding

Ferrite Core

 
Figure 2. 2D Model of a toroidal transformer. 

In this article, the design of a toroidal transformer is conducted using ANSYS-Max-
well 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 con-
figurations 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 con-

verter, therefore leakage inductance as a function of frequency is studied under dif-
ferent 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, de-
sign, 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 
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PExprt modeler, allowed us to define the toroidal core geometry and its winding config-
uration 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 den-
sity B and electric flux density D. Maxwell’s equations are the set of mathematical equa-
tions 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 funda-
mental vector E, D, B, H contains three components corresponding with the three-dimen-
sional 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 pri-
mary considerations influence the magnetic material used in any design i.e., cost, perfor-
mance 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 ma-
terials 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. 

  
(a) (b) 

Figure 3. Core shapes: (a) Toroidal Core (b) Shell-Type Core. 

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 trans-
former, 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. 
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Figure 4. Winding Design: (a) Toroidal Winding (b) Shell Type Winding. 

3. ANSYS Maxwell Simulations of Toroidal Transformer 
In this section, FEA simulations of various toroidal transformer are presented. Dif-

ferent distributions of windings were assigned to a toroidal core. Transformers have pri-
mary 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 geomet-

ric dimensions and features. Equations (2) and (3) may be used to compute the effective 
area and effective length of the toroidal core, respectively. 

𝐴𝐴𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝑇𝑇𝑜𝑜𝑐𝑐𝑜𝑜𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) = ℎ (
𝑂𝑂𝑂𝑂 –  𝐼𝐼𝑂𝑂

2
) (2) 

𝑙𝑙𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐(𝑜𝑜𝑜𝑜𝑐𝑐𝑜𝑜𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) =  𝜋𝜋 (
𝑂𝑂𝑂𝑂 +  𝐼𝐼𝑂𝑂

2
) (3) 

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

ID OD

h  
Figure 5. Toroidal Core Dimensions Diagram. 

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

𝐴𝐴𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐 =  
1

4.44 × 𝑓𝑓 × 𝐵𝐵𝑚𝑚𝑇𝑇𝑚𝑚 × 𝑇𝑇𝑐𝑐
 (4) 

where, 
f is the operating frequency in Hz, 
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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; 

𝑠𝑠 =
𝑆𝑆

𝑉𝑉𝑉𝑉𝑙𝑙𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (𝑉𝑉)
 (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; 

𝑠𝑠 =  
𝑆𝑆

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; 

𝑁𝑁 = 𝑉𝑉𝑡𝑡𝑡𝑡𝑛𝑛𝑠𝑠 𝑝𝑝𝑉𝑉𝑡𝑡 𝑣𝑣𝑉𝑉𝑙𝑙𝑉𝑉𝑠𝑠 × 𝑣𝑣𝑉𝑉𝑙𝑙𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 (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 modifica-
tions 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 wind-
ings 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]. 

Table 1. Toroidal Core Dimensions and Properties. 

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 

Table 2. Design Summary of Transformer Design. 

 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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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. 

 
Figure 6. Hysteresis curves of the ferrite core material. 

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. 

 
Figure 7. Mesh of a Toroidal Transformer. 

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. 
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Figure 8. Input Voltage to a Transformer. 

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. 

Table 3. Electrical Information for Toroidal Transformer Design. 

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 

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

 
Figure 9. Magnetic field density on transformer core. 

The magnetic field strength is also determined by the research study. Figure 10a de-
picts 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 
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can cause insulation to degrade or even deform [32], whereas the toroidal transformer 
showed less winding stress compared to the shell-type. 

 
(a) 

 
(b) 

Figure 10. Magnetic Field Intensity Distribution (a) Toroidal transformer (b) shell-type 
transformer. 

 
Figure 11. Magnetic flux. 

5. Leakage Inductance of a Toroidal Transformer 
To compare the computation and finite element analysis (FEA) simulation, the mag-

netic 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 

A [Wb] 
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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. 

 
Figure 12. MMF variation due to high frequency. 

Consequently, the leakage inductance was drastically decreased as the frequency in-
creased. 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 leak-
age inductance for a DAB converter [33,34]. 

𝐿𝐿𝑘𝑘 =
𝑉𝑉1𝑉𝑉2

8𝑓𝑓𝑃𝑃𝑚𝑚𝑇𝑇𝑚𝑚
(1 −  𝑑𝑑)𝑑𝑑𝑇𝑇 (8) 

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

𝐿𝐿𝑘𝑘1 = 𝐿𝐿11  −   
𝑁𝑁𝑝𝑝
𝑁𝑁𝑠𝑠

𝐿𝐿𝑀𝑀 (9) 

𝐿𝐿𝑘𝑘2 = 𝐿𝐿22  −   
𝑁𝑁𝑝𝑝
𝑁𝑁𝑠𝑠

𝐿𝐿𝑀𝑀 (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 dif-
ferent winding configurations were compared. DAB converter-based leakage inductance 
is analytically calculated using Equation (8). 

Table 4. Design parameters for different cases of toroidal transformer. 

 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 
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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 

5.1. Case: 1 
In this scenario, the current density distribution at 50 kHz and the investigated wind-

ing arrangement, illustrated in Figure 13 consisted of 5 and 120 foil conductors in the pri-
mary 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 operat-
ing frequency was swept from 50 Hz to 300 kHz. An analysis was performed of the in-
ductance behavior of overlapping windings in cases where they were not entirely distrib-
uted around the ring core, and they were not fully overlapped. 

 
Figure 13. 2D toroidal transformer (NP = 5 & NS = 120). 

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%. 

  
(a) (b) 

Figure 14. Leakage inductance of toroidal transformer (Np = 5 & Ns = 120). (a) Primary winding (b) 
Secondary winding. 
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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, respec-
tively, 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.  

 
Figure 15. 2D toroidal transformer (NP = 15 & NS = 375). 

The analysis of the leakage inductance graphs in Figure 16 represents more signifi-
cant 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 re-
sults in a completely induced current on the secondary, resulting in less leakage induct-
ance while the flux due to the secondary current results in more flux and hence less cur-
rent is generated on the output, hence more leakage inductance is produced. Leakage in-
ductance in this scenario was 6.65 at 1 kHz and 5.98 uH at 1 MHz, reducing the leakage 
inductance by 11%. 

  
(a) (b) 

Figure 16. Leakage Inductance of toroidal transformer (Np = 15 & Ns = 375). (a) Primary winding, (b) 
Secondary winding. 

  



Energies 2022, 15, 6176 13 of 19 
 

 

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 in-
ductance 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 pri-
mary leakage inductance. Leakage inductance at 1 kHz and 1 MHz was 9.5 and 8.2 µH, 
respectively. The reduction was approximately 14%. 

 
Figure 17. 2D Toroidal Transformer (NP = 24 & NS = 600). 

  
(a) (b) 

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

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 illus-

trated in Figure 1. Figures 19 and 20 represent simulation results of a dual active bridge 
converter. Parameters used in the simulation and experimental setup are presented in Ta-
ble 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. 
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Table 5. Parameters for the proposed scheme. 

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 

Table 6. Comparison between simulated and experimental values. 

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 

 

 
(a) 

 
(b) 

Figure 19. Transformer voltages (a) Primary and secondary winding (b) Leakage inductance voltage 
and current. 
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DC voltage of the DAB converter is represented in Figure 20. 

 
Figure 20. DC output voltage of DAB converter. 

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, respec-
tively. A ferrite core with a high permeability of 10,000 was selected to reduce winding 
complexity and the number of turns. Figures 22 and 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 Fig-
ure 25. 

F 

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. 

. 

Figure 23. Secondary voltage of high-frequency transformer. 
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Figure 24. Output voltage of a DAB converter. 

 
Figure 25. Experimental and simulated comparison of Leakage Inductance. 

8. Discussion 
By FEM analysis proposed in this article, leakage inductance was obtained accu-

rately, which maximized the power transfer in a DAB converter. The error between the 
analytical, simulated and experimental results were negligible. Furthermore, the follow-
ing outcomes have been identified: 
• Instead of employing a conventional shell-type or core-type transformer, a high-fre-

quency 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 con-
verter 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. 
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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 sim-
ulation 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 proto-
typing, manufacturing and measurement. More accuracy in analytical and simulated val-
ues 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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