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Coupled design approach for an integrated
GaN-based wireless power transfer rotating
system
Koen Bastiaens∗ , Dave C.J. Krop, Mitrofan Curti, Sultan Jumayev and Elena A. Lomonova
Department of Electrical Engineering, Eindhoven University of Technology, Eindhoven,
The Netherlands
Abstract. This paper concerns the design of a high-frequency GaN-based rotating transformer conﬁned by conductive materials.
The design approach combines the high-order spectral element method for the magnetic modeling, an electronic circuit model,
and the ﬁnite element method for the thermal modeling. The objective of the design analysis is to minimize the ratio of core
inertia to eﬃciency. Two diﬀerent transformer topologies are considered, in which the power is either transferred in the axial or
radial direction. The resulting designs are compared in terms of eﬃciency, core inertia, and transferred power. The radial design
shows the best performance within the optimization problem.
Keywords: Design optimization, eddy currents, ﬁnite element analysis, gradient methods, inductive power transmission,
numerical models, spectral element method

1. Introduction
Wireless power transfer (WPT) by means of an inductive coupling is widely applied in applications
where reliable power transfer across rotating parts is required, e.g. in aerospace and medical applications,
as well as a replacement for slip rings in electrical machines [1,2]. Typically, a highly permeable
cylindrical transformer is used, where the primary and secondary side are separated by an air gap in either
the axial or radial direction. The performance is enhanced by applying a high-frequency power supply,
additionally resonance techniques can be employed [3,4]. Gallium-Nitride (GaN) transistors are emerging
in WPT applications, since switching frequencies in the range of several MHz are realized compactly and
eﬃciently [5,6].
The design of an integrated high-frequency WPT system can be challenging, especially in applications
where restrictions on the ﬁeld penetration into surrounding objects are of importance [7,8]. Consequently,
shielding techniques are applied in order to mitigate undesirable eﬀects of the magnetic ﬁeld. Inclusion
of the shielding technique in the design phase is crucial, since the performance might degrade signiﬁcantly [9].
The ﬁnite element method (FEM) is often applied during the design phase [1–4,7,8]. However,
for high-frequency applications in which the skin-depth is several orders of magnitude smaller compared to the model dimensions, the locally diﬀerent requirements on the mesh density cause meshing
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Fig. 1. Schematic system overview, including indication of components. For visualization purposes, the aluminum shield is
partially transparent.

problems [10,11]. In order to overcome this problem, the conductive regions are often replaced by
surface impedance boundary conditions (SIBCs). The discrepancy introduced by a SIBC is dependent
on the relation of the radius to the skin-depth [12,13], thus SIBCs are not applicable to any arbitrary
problem. Furthermore, a SIBC is unable to obtain the magnetic ﬁeld distribution inside the conductive
region. Alternatively, for this type of problem, higher-order methods can be applied, such as the spectral
element method (SEM), which with respect to the FEM, can provide superior accuracy at the expense of
geometrical domain ﬂexibility [14,15].
The SEM is being applied to a wide variety of engineering and research disciplines, e.g. seismology,
waveguide analysis, and electrical machines [16–18]. The formulation of the SEM for magneto-static
problems was presented in [15]. In [18], the formulation was applied for the magnetic modeling of a linear
synchronous actuator. In [10], a single spectral element was used to model the losses induced in a highspeed rotating cylinder. In [19], it was demonstrated that by applying the SEM for the magnetic modeling
of a high-frequency eddy current problem, with respect to the FEM, a higher accuracy per degree of
freedom and lower computation time were obtained. In [11], a coupled FEM-SEM approach was applied
to an induction machine, where the SEM was used for the non-linear modeling of eddy current losses in
the rotor, and the FEM was used for the remaining machine parts. In [20], a coupled FEM-SEM approach
was applied for the investigation of magneto-convection for transformer cooling.
In this paper, the SEM is applied for the magnetic modeling and design of a high-frequency rotating
transformer conﬁned by conductive materials. The design approach is complemented by a thermal FEM
model, and an electrical circuit model. The objective is to minimize the ratio of core inertia to eﬃciency.
Two diﬀerent transformer topologies are considered, having a varying air gap construction. Furthermore, a
frequency range up to and including 1 MHz is considered, by the application of a GaN half-bridge inverter.
2. System overview
A schematic overview of the WPT system is shown in Fig. 1. The system consists of a dc supply
(48 Vdc ), a high-frequency dc/ac GaN half-bridge inverter, which supplies the primary coil of a cylindrical
transformer (consisting of a set of coils, each of which is placed inside an individual magnetic core). The
secondary coil is connected to a single-phase rectiﬁer and ﬁnally to a load. The secondary side of the
transformer will be mounted to a stainless-steel shaft, whereas the primary side will be mounted to an
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Fig. 2. Investigated transformer topologies including aluminum shield, stainless-steel shaft, element discretization, material
properties, geometrical parameters, and boundary conditions (magnetic and thermal). The direction of power transfer is either
in (a) the axial, or (b) the radial direction.

aluminum shield, which surrounds the design space. The system is required to have a constant output
voltage (independent of the load), which is an advantageous feature for achieving good controllability [21].
The two investigated transformer topologies are shown in Fig. 2, the corresponding ﬁxed geometrical
parameters (the remaining parameters are determined through a design optimization) and linear material
properties are shown in Table 1. The mechanical connections indicated in the ﬁgure are assumed to be
magnetically and thermally equivalent to air. The power is either transferred in the axial or radial direction,
which corresponds to the geometry shown in Figs 2(a) and 2(b), respectively. The topology shown in Fig.
2(a), is also included in the system overview shown in Fig. 1 and is most commonly referred to as a pot
core transformer. In this paper, the topologies are henceforth referred to as axial and radial topology,
corresponding to the direction of power transfer. Both transformer topologies have been discussed and
applied in WPT systems in various research papers for a wide range of frequencies, power levels, and
applications [4,22–27].
The axial topology oﬀers a number of advantages with respect to the radial topology. Firstly, the
geometries of the primary and secondary side are symmetrical, which is advantageous for large-scale
production. Secondly, a wide variety of core sizes is commercially available [28]. Thirdly, the axial
topology is favorable in terms of magnetic coupling and losses [29]. Consequently, the axial topology
is more frequently applied in WPT systems. However, a major drawback of the axial transformer occurs
in case the transformer is integrated in the design space shown in Fig. 2, since the aluminum shield and
stainless-steel shaft are directly positioned in the fringing-ﬂux paths parallel to the air gap. As a result,
signiﬁcant eddy current losses are expected to be induced. As a result of the diﬀerent air gap construction
in the radial topology, the fringing-ﬂuxes will induce signiﬁcantly lower losses in the surrounding
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Table 1
Fixed geometrical parameters and material properties
Geometrical parameters
Parameter

Symbol

Value

Unit

1.50
7.50
8.50
0.50
4.00
22.5

mm
mm
mm
mm
mm
mm

Value

Unit

2300
1.00
1.00
3.77 × 107
1.45 × 106
10.6
1.30
2.70
0.016
250
0.0987

S∕m
S∕m
W ⋅ s𝛼 ∕T 𝛽 ∕m3
mm
Ω∕m

Rs
Ri
Ro
lag
he
ht

Outer radius stainless-steel shaft
Inner radius aluminum shield
Outer radius aluminum shield
Air gap length
Axial height aluminum shield
Axial height full domain

Material properties
Quantity

Symbol

Relative permeability core
Relative permeability aluminum
Relative permeability stainless-steel
Electric conductivity aluminum
Electric conductivity stainless-steel
Core iron loss parameter
Core iron loss parameter
Core iron loss parameter
Strand radius
Number of strands
Nominal dc resistance (20 °C)

𝜇r, c
𝜇r, a
𝜇 r, s
𝜎a
𝜎s
Cm
𝛼
𝛽
rs
ns
Rdc,0

materials. An additional advantage of the diﬀerent air gap construction of the radial transformer is that
the secondary side naturally occupies a smaller radius. Therefore, the radial topology, the radial topology
is expected to have a lower core inertia, which is an important characteristic for a rotating system.
3. Design models
Both transformer topologies are designed by adopting a multi-physical approach, consisting of coupled
magnetic, electrical, and thermal models, which is comparable to the design approach discussed in [22].
3.1. Magnetic
In order to obtain the magnetic ﬁeld solution, the investigated domain is discretized into rectangular
elements and a Dirichlet boundary condition is applied to the domain boundaries (by assuming perfect
shielding), as shown in Fig. 2. The nodal Galerkin approximation is applied to obtain the solution of the
diﬀusion equation in the frequency domain in each element, which is given by
𝜈
1
∇ ⋅ ( ∇(𝑟𝐴𝜃 )) = 𝐽𝜃 − 𝑗𝜔𝜎(𝑟𝐴𝜃 )
(1)
𝑟
𝑟
where, 𝜈 is the relative magnetic reluctivity, r is the radial coordinate, A𝜃 and J 𝜃 are the vector potential
and current density in the circumferential direction, respectively, 𝜔 is the electrical frequency, and 𝜎 is
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Fig. 3. Electrical equivalent circuit model of the wireless power transfer system, including indication of the various components.

the electric conductivity of the material. The del operator in (1) is evaluated as if the coordinate system is
Cartesian [30].
Legendre–Gauss–Lobatto polynomials are applied for the local approximation of the magnetic ﬁeld.
The degree of the polynomial directly relates to the number of grid points in an element. The accuracy
of the results can be improved by increasing the polynomial degree, i.e. p-reﬁnement. This feature is
particularly useful for solving high-frequency eddy current problems where a high ratio between the
object dimensions and the skin-depth exists [19]. Furthermore, the SEM applies Gaussian quadratures
in order to perform numerical integration, whereas divergence operators are evaluated using Lagrangian
basis functions. Additional details on the formulation and implementation of the method can be found
in [14,15,19,31].
From the resulting magnetic ﬁeld solution, the self- and mutual-inductances of the coils are obtained,
which serve as an input to the electrical circuit model. Furthermore, the eddy current losses in the
conductive regions are calculated as
1
|𝐽𝑒 |2 d𝑉
𝜎∫
𝑉
(2)
1
𝐽𝑒 = − 𝑗𝜔𝜎(𝑟𝐴𝜃 )
𝑟
where, J e is the induced current density, and V is the volume. Finally, the core losses are calculated using
Steinmetz’s equation, given by
𝑃𝑒 =

𝑃𝐹 𝑒 =

∫
𝑉

𝐶𝑚 𝑓 𝛼 𝐵̂𝛽 d𝑉

(3)

where, 𝐵̂ is the peak value of the magnetic ﬂux density, f is the frequency, C m , 𝛼, and 𝛽 are empirical
parameters, the corresponding values considered in the model are given in Table 1 [32]. The integrals in (2)
and (3) are evaluated numerically by Gaussian quadratures in the corresponding regions. The calculated
eddy current and core losses serve as an input to the thermal model and eﬃciency calculation.
3.2. Electrical
The electrical equivalent circuit model of the system is shown in Fig. 3, which is based on the transformer T-model, consisting of the magnetizing inductance, leakage inductances, and the coil resistances.
The components on the secondary side are reﬂected to the primary side through the winding ratio.
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Resonant capacitors are added in series with the coils, such that the leakage inductances are compensated
and a load independent output voltage is created [21]. The required primary and secondary capacitances
are calculated as
1
𝐶𝑝 = 2
(4)
𝜔 𝐿𝑙𝑘𝑝
𝐶𝑠′ =

1
𝜔2 𝐿′𝑙𝑘𝑠

(5)

where, Llkp and 𝐿′𝑙𝑘𝑠 are the primary and secondary leakage inductance. As a result of the resonant
capacitors, only the output current is dependent on the load. Consequently, the power can be controlled
by varying the load, while the voltage remains constant.
Additionally, Litz wire is used in the coils, such that the losses caused by the skin and proximity eﬀect
are minimized. The additional losses as a result of these eﬀects are approximated in the model by the ac
resistance, which is obtained by scaling the dc resistance according to
𝑅𝑎𝑐 = 𝑅𝑑𝑐

𝛾𝑅2
1
1+
( 𝑘𝑠 ) (
192 + 𝛾𝑅2 )

if 𝛿 ≥ 𝑟𝑠
⎧1,
⎪ 2
𝑘𝑠 = ⎨ 𝑟𝑠 − (𝑟2𝑠 − 𝛿)2
, otherwise
⎪
⎩
𝑟2𝑠
2𝜇 𝑓
𝛾𝑅 = 0
𝑅𝑑𝑐

(6)

(7)

(8)

where, Rdc is the dc resistance of the wire, 𝛿 is the skin-depth and r s is the strand radius [33–35]. The
parameters of the Litz wire considered in the model are included in Table 1 [36]. The Litz wire has been
selected such that the strand diameter is smaller than the skin-depth at the maximum frequency.
The electrical circuit model is solved by the LT-Spice circuit simulator [37]. Non-ideal device models
of the GaN transistors and Schottky diodes are included in the model [38,39]. The switches are controlled
by a square-wave gate signal. From the circuit simulation, the output power and losses are obtained, i.e.
Joule, switch, and diode losses, where the Joule losses serve as an input to the thermal model.
3.3. Thermal
The iron losses, Joule losses in the windings, and eddy current losses in the conductive materials, cause
the temperature of the domain to rise. In order to approximate this temperature rise, a thermal model
is employed. Under the assumption that, the heat sources are uniform within their respective elements,
the advantage of applying the SEM is less evident, since the locally diﬀerent requirements on the mesh
density have vanished. Therefore, in the thermal model, the FEM is applied, which is solved by commercial
software (Altair Flux) [40].
In order to create a worst-case scenario, the exchange of heat between the various elements can only
take place by means of conduction. Furthermore, on the top axial boundary of the domain, a thermally
insulated boundary condition is included, and the eﬀect of rotation is neglected. Heat transfer as a result
of convection and radiation to the ambient environment is included on the boundaries of the domain.
The thermal boundary conditions are included in Fig. 2. The convection coeﬃcient at the boundaries is
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Table 2
Optimum axial and radial transformer topologies
Geometrical design
Parameter

Symbol

First core radius
Second core radius
Third core radius
Fourth core radius
Fifth core radius
Winding area height
Tooth height
Core inertia
Primary core volume
Secondary core volume

R1
R2
R3
R4
R5
hw
hc
Jc
Vp
Vs

Benchmark Axial

Radial

Unit

1.69
2.71
5.22
6.22
5.93
1.02
47.2
0.412
0.412

1.61
2.62
4.13
6.21
7.30
4.38
1.02
5.70
0.408
0.151

mm
mm
mm
mm
mm
mm
mm
g ⋅ mm2
cm3
cm3

Benchmark Axial

Radial

Unit

1000
12
13
5.27
3.81
3.81
6.70
6.69

950
5
6
1.55
0.170
0.129
170
216

kHz
—
—
𝜇H
𝜇H
𝜇H
nF
nF

Benchmark Axial

Radial

Unit

33.1
96.2
2.37
1.36
24.9
1.63
74.7
184

W
%
Arms
Arms
V rms
V rms
mT
mT

1.60
2.95
5.90
7.00
2.80
1.10
46.4
0.339
0.339

Transformer design
Parameter

Symbol

Frequency
Number of primary turns
Number of secondary turns
Magnetizing inductance
Primary leakage inductance
Secondary leakage inductance
Primary resonant capacitance
Secondary resonant capacitance

f
Np
Ns
Lm
Llkp
𝐿′𝑙𝑘𝑠
Cp
𝐶𝑠′

1000
6
7
1.65
0.481
0.481
53.0
53.1

Physical quantities
Quantity

Symbol

Output power
Eﬃciency
Primary current
Secondary current
Primary resonant capacitor voltage
Secondary resonant capacitor voltage
Peak ﬂux density primary core
Peak ﬂux density secondary core

Po
𝜂
Ip
Is
V c, p
V c, s
𝐵𝑝̂
𝐵𝑠̂

30.9
93.4
2.43
1.28
25.7
5.29
127
91.5

26.3
95.2
1.33
1.18
40.3
33.2
142
104

given by
𝑁𝑢𝑘𝑎
(9)
𝑋
where, k a is the thermal conductivity of air, X is the characteristic length (given by 1.8Ro and 2Ro at the
axial and radial boundaries, respectively), and Nu is the overall Nusselt number, which is given by
ℎ=

1

⎧
⎪𝐶 (𝐺 𝑃 ) 4 if 𝐺𝑟 ≤ 105 (laminar ﬂow)
𝑁𝑢 = ⎨ 1 𝑟 𝑟 1
⎪
⎩𝐶2 (𝐺𝑟 𝑃𝑟 ) 3 otherwise (turbulent ﬂow)

(10)
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where, Gr and Pr are the Grashof and Prandtl number, respectively, C 1 and C 2 are empirical coeﬃcients,
which at the axial boundaries are assumed to be equal to 0.54 and 0.14, respectively, whereas, at the radial
boundaries, the coeﬃcients are set to 0.47 and 0.10, respectively [41].
The thermal model is solved iteratively, updating the heat transfer coeﬃcients and coil resistances at
every iteration until steady state conditions are reached. Additionally, the thermal conductivity of the air
in an element is recalculated at every iteration according to
𝑘𝑎 = 0.02624

𝑇𝑖 0.8646
( 300 )

(11)

where, T i is the average air temperature in the element [42].
4. Design optimization
Two diﬀerent design optimizations are considered. First, a standard P14/8 pot core geometry [28]
(i.e. the axial topology) is optimized for maximized eﬃciency. The optimum design will serve as the
benchmark design. Second, both the axial and radial topologies are considered in a full geometrical optimization, in order to determine the optimum design and improvement over the commercially
available design. In this case, the objective is to minimize the ratio of core inertia to eﬃciency (i.e.
minimizing the former, while maximizing the latter). In both cases an output power of at least 25 W is
required.
4.1. Benchmark topology
In order to ensure the validity of the design, constraints on the peak value of the magnetic ﬂux density
in a core element, average value of the temperature in an element, and electrical load in the power
electronic components are added. In order to ensure that the system is classiﬁable as a low-voltage system,
the rms voltage across the resonant capacitors is limited to 48 V. The optimization problem is given
by
⇀

𝜂( 𝑥)

maximize:
⇀

𝑥

⇀

𝑥 = {𝑓 , 𝑁𝑝 , 𝑁𝑠 }

where:

⇀

𝑃𝑜 ( 𝑥) ≥ 25 W
⇀
𝐵𝑖̂ ( 𝑥) ≤ 350 mT

subject to:

(12)

⇀

𝑇𝑖 ( 𝑥) ≤ 100 ∘ C
⇀

𝐼𝑝 ( 𝑥) ≤ 7.00 A
⇀

𝐼𝑠 ( 𝑥) ≤ 3.00 A
⇀

𝑉𝑐,𝑖 ( 𝑥) ≤ 48.0 V
⇀

where, 𝜂 is the eﬃciency, 𝑥 is the set of design variables, Po is the output power, 𝐵𝑖̂ is the peak value of
the magnetic ﬂux density in a core element, T i is the average value of the temperature in an element, I p
and I s are the rms values of the primary and secondary current, respectively, and V c, i is the rms voltage
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across the resonant capacitors. The set of design variables consists of: the frequency (f ), the number of
primary (N p ) and secondary (N s ) turns, respectively. The values of the geometrical parameters for the
P14/8 geometry can be found in [28] and Table 2. The remaining geometrical parameters deﬁning the
design space and (linear) material properties are given in Table 1. Furthermore, the load resistance is
ﬁxed to 23.5 Ω and the ambient temperature is assumed to be equal to 20 °C. The design optimization is
carried out using the parametric search method.
4.2. Geometrical optimization
For the full geometric optimization, the geometrical parameters deﬁning the two transformer geometries are added to the set of design variables. The objective is changed to minimize the core inertia to
eﬃciency ratio. The constraints as shown in (12) remain unchanged, however additional constraints on
the geometrical parameters are added, such that a feasible geometry is ensured. Furthermore, the values
of the ﬁxed geometrical parameters, material properties, load resistance and ambient temperature remain
unchanged. The optimization problem, excluding the unchanged constraints, is given by
⇀

minimize:
⇀

𝑥

where:

⇀

𝐹 ( 𝑥) =

𝐽𝑐 ( 𝑥)
⇀

𝜂( 𝑥)
⇀
𝑥 𝑎 = {𝑓 , 𝑁𝑝 , 𝑁𝑠 , 𝑅1 , 𝑅2 , 𝑅3 , 𝑅4 , ℎ𝑐 , ℎ𝑤 }
⇀

𝑥 𝑟 = {𝑓 , 𝑁𝑝 , 𝑁𝑠 , 𝑅1 , 𝑅2 , 𝑅3 , 𝑅4 , 𝑅5 , ℎ𝑐 , ℎ𝑤 }

subject to:
axial:

radial:

{ℎ𝑐 , 𝑅2 − 𝑅1 , 𝑅4 − 𝑅3 } ≥ 1.00 mm
{𝑅1 − 𝑅𝑠 , 𝑅𝑖 − 𝑅4 } ≥ 0.10 mm
{ℎ𝑤 , 𝑅3 − 𝑅2 } ≥ 1.50 mm
2ℎ𝑐 + 2ℎ𝑤 + 𝑙𝑎𝑔 ≤ 14.5 mm
{ℎ𝑐 , 𝑅2 − 𝑅1 , 𝑅5 − 𝑅4 } ≥ 1.00 mm
{𝑅1 − 𝑅𝑠 , 𝑅𝑖 − 𝑅5 } ≥ 0.10 mm
{ℎ𝑤 , 𝑅3 − 𝑅2 , 𝑅4 − (𝑅3 + 𝑙𝑎𝑔 )} ≥ 1.50 mm
2ℎ𝑐 + ℎ𝑤 ≤ 14.5 mm
⇀

(13)

⇀

where, F is the objective function, J c is the core inertia, 𝑥 𝑎 and 𝑥 𝑟 are the set of design variables for
the axial and radial topology, respectively, Rs is the outer radius of the shaft, Ri is the inner radius of
the aluminum shield, and lag is the height of the air gap. For the axial transformer, the set of design
variables consists of: the frequency (f ), the number of primary (N p ) and secondary (N s ) turns, respectively,
the core radii (R1 − R4 ), the height of the tooth (hc ), and the height of the winding area (hw ). For the
radial transformer, an additional core radius (R5 ) is added to the set of design variables. The geometrical
parameters are indicated in Fig. 2.
The design analysis is conducted using a gradient-based optimization algorithm, which is evaluated
for several diﬀerent initial points. As a result of the transformer winding ratio being a discrete variable,
the required number of primary and secondary turns is computed in a parametric search loop within the
electrical model.
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Fig. 4. Contour plots of the magnetic vector potential and temperature distribution in the domain including indication of the
geometry: (a) benchmark, (b) axial, and (c) radial design.
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Fig. 5. Separation of power losses for the benchmark, axial, and radial design; Joule losses in the windings (Pc ), eddy current
losses in the aluminum shield (Pa ) and stainless-steel shaft (Ps ), iron losses in the core (PFe ), diode losses (Pd ), and switching
losses (Psw ), respectively.

5. Results
The benchmark geometry and the two resulting optimum geometries together with contour plots
of the magnetic vector potential and temperature distribution in the domain are shown in Fig. 4. The
corresponding geometrical parameters, transformer designs, and physical quantities are shown in Table 2.
The contribution of the various loss components to the overall power losses for all designs are shown in
Fig. 5. As a result of the benchmark design being integrated closely to the shaft, a signiﬁcant amount of
eddy current losses are induced in the shaft, as shown in Fig. 5. Consequently, the temperature constraint
is not satisﬁed, as shown in Fig. 4(a). In the geometrical optimization, the inertia is minimized by the
minimization of the core radii. However, for the axial design, the thermal limit poses a lower bound on
the inner core radius (R1 ), as a result of high eddy current losses being induced in the shaft. The total
available axial space is occupied by the axial design, such that a high number of turns can be ﬁtted and a
high magnetizing inductance is obtained, while the outer core radius (R4 ) is minimized for the required
output power level. The large axial height and small radial depth of the transformer, results in high leakage
inductances, as shown in Fig. 4(b) and Table 2. The high leakage inductances are compensated by resonant
capacitors. In case of the radial topology, the diﬀerent air gap construction results in low eddy current
losses being induced in the shaft and shield regions, as shown in Fig. 5. Consequently, contrary to the
axial topology the minimization of the core inertia (and consequently the core radii), is not limited by the
thermal constraints, as shown in Fig. 4(c). However, the small available radial depth and tight constraints
largely deﬁne the geometry in the radial direction. Therefore, the optimization is mainly determined by
the winding area height.
As a result of the transfer of power being more eﬃcient at higher frequencies, in all three cases
the optimum design is obtained at approximately the maximum electrical frequency; 1.0 MHz for the
benchmark and axial designs, whereas for the radial design the optimum is obtained at 950 kHz. The
benchmark design is the least favorable design, as a result of the high temperatures and relatively low
eﬃciency, thus demonstrating the advantages of the custom topologies. The radial design is the preferred
design in terms of eﬃciency, output power, and core inertia. With respect to the benchmark design, the
radial design improves the eﬃciency, output power, and core inertia by 2.8%, 7.1%, and 88%, respectively,
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whereas with respect to the axial design, the quantities are improved by 1.0%, 26%, and 88%, respectively.
The radial design reaches the highest output power, as a result of the discrete step in the winding
design.

6. Conclusions
A multi-physical design approach for high-frequency rotating transformers encapsulated by conductive
materials has been proposed. The design approach couples diﬀerent physical domains, i.e. magnetic,
electrical, and thermal. The magnetic model employs the high-order SEM, which allows for eﬃcient and
accurate calculation of the eddy current losses, especially for problems where the skin-depth is several
orders of magnitude smaller compared to the model dimensions. The electrical model employs a Spice
circuit simulator, such that the losses in the power electronic components are approximated. Finally, the
design approach is complimented by a FEM model for the calculation of the temperature rise in the
investigated domain.
Two diﬀerent transformer topologies were considered, in which as a result of the air gap construction,
the power is either transferred in the axial or radial direction. Both transformer topologies are enclosed
by a stainless-steel shaft and aluminum shield. Two diﬀerent design optimizations were carried out, ﬁrst a
benchmark design was established by maximizing the eﬃciency of an industry standard axial transformer,
i.e. the P14/8 pot core. Second, a geometrical optimization of the transformer topologies was performed
where the objective is to minimize the core inertia to eﬃciency ratio. In both cases an output power of
at least 25 W was required and a frequency range up to and including 1 MHz was considered. Within
the optimization problem, the radial topology has shown the best performance, whereas the benchmark
design was the least favorable as a result of excessive heat production. The radial design improved the
eﬃciency, output power, and core inertia, with respect to the benchmark design, by 2.8%, 7.1%, and 88%,
respectively, whereas with respect to the optimum axial design the quantities are improved by 1.0%, 26%,
and 88%, respectively.
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