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This work provides a comprehensive analysis of the thermal behavior of wireless power transfer systems for electric vehicles. This
is achieved by employing the reduced-order modeling approach considering radiation heat transfer. The analyses are performed
using finite element analysis modeling software ANSYS workbench. We show that the accuracy of the system-level simulations
utilizing the reduced-order model is sufficient compared to the results obtained from the corresponding magnetic-thermal coupled-
field simulations. Moreover, experimental validations are carried out to determine the agreement of the reduced-order model with

the test platform.
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I. INTRODUCTION

HE analysis of wireless power transfer (WPT) systems

through computational simulations is constantly a chal-
lenging task. This is due to the high complexity and resolution
of the resulting numerical model and the needed computational
power to solve it. Depending on the desired accuracy, the
computational effort is considerable and hence the solution
time is very long, leading to delays and limitations in asso-
ciated design processes. The use of reduced-order modeling
techniques to solve the mathematical equations of large-scale
models is widely acknowledged as a mean to tackle the
computational complexity, resulting in a substantial decrease
in the solution time [1]. Moreover, it is essential to understand
the thermal behavior and the extent of the temperature-rise of
the WPT components. First, because of safety reasons (e.g.,
thermal runaway), second, because temperature rise negatively
affects the system’s efficiency [2]. Hence, based on that
understanding, proper measures such as cooling or passive
thermal systems using heat shields are needed to guarantee the
operational safety and reliability of the WPT system [3]. Most
of the studies addressing the thermal behavior of the WPT
system do not analyze radiation heat transfer [2], [4]-[6]. The
authors in [5] mention the amounts of radiative heat dissipation
of a WPT system. Yet, no detailed modeling or analysis of its
effects on the thermal behavior of the system is provided. Our
previous work in [2] focused on the magneto-thermal coupled-
field dynamic simulations of a WPT system and analyzing
the operation frequency effect on its thermal characteristic.
The WPT system was considered thermally decoupled, which
means the reduced-order model did not consider the radia-
tion between the surfaces of the ground assembly (GA) and
the vehicle assembly (VA) modules. However, including the
radiation heat transfer in the reduced model is necessary to
correctly describe the thermal behavior and therefore extract
a reduced-order model (ROM) that best matches the physical
system. The model-order reduction approach is applied to the
thermal field problem and the resulting behavioral ROMs are
incorporated into the system-level simulations.

II. PROPOSED APPROACH

Thermal radiation in wireless power transfer applications
usually involves only heat fluxes through the surfaces since
the model materials do not allow internal radiation at the
temperatures the system is expected to reach [8]. In that
case, thermal radiation breaks up into radiation to ambient
and surface-to-surface radiation, see (Fig. 1a). Our approach
approximates the emitted radiations from the system surfaces
and integrates them as effective thermal resistances in the
system-level simulations. Extending the behavioral reduced-
order model of the WPT system with approximated-radiation
thermal resistances creates more accurate results.

In thermal radiation, the heat exchange depends on three
factors: the size of the surfaces through which the energy ex-
change occurs, the separation distance between those surfaces,
and the orientation angle of each surface to the other. These
factors are accounted for by a geometric view factor function F.
In the case of a stationary wireless power transfer, two surfaces
are mainly involved in thermal radiation consideration. In the
case of our experimental setup, these are the surfaces of the
GA and VA acrylic plates. Accordingly, two view factors are
required, F;_5 and F5_;. The view factor (F;_5) defines the
fraction of the field-of-view of the GA side surface occupied
by the VA side surface. In the same way, the view factor
(F2_1) defines the fraction of the field-of-view of the VA
side surface occupied by the GA side surface. Generally, for
different surfaces in size, shape, or orientation, the view factors
are not equal and can be calculated using the equations in [9,
p- 5561,
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where, s is the distance between the surfaces, 5; and (35 are
the angles between the surface normals, and a ray between
the two differential areas dA; and d A5 of the surfaces s; and
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Fig. 1. (a) Radiative heat transfer between the surfaces of the acrylic plates of the GA and VA modules, based on the discussion in [7]. (b) shows an illustration
of the GA and VA modules representative of the experimental setup considered in this work. The different thermal boundaries and contact conductances are

given.

59, respectively. The direct calculation of these equations is
cumbersome. For our considered model configuration, we use
the evaluation expressions given in [10, p. 605]. It suffices to
calculate one view factor and use the view factor reciprocity
theorem, A;F1_2 = AsF>_1, to calculate the other one.
The heat transfer at an interface is generally described by
Q = hAAT, where, h (W - m~2) is the heat transfer
coefficient. AT (K) is temperature difference. For the wireless
charging system under consideration, the equation of heat
transfer through the acrylic plates involves both convection
and radiation Q = Q. + Qr = hww AAT. The convective heat
transfer coefficient is determined as discussed in our earlier
work [2], the radiation heat tranfer coefficient is determined
as follows. The rate of radiative heat transfer of a body with
absolute temperature Ty, is governed by the Stephan-Boltzman
equation: Q. = eo’ATé, where, the parameter € is the emmisiv-
ity of the surface of the body, which is constant for diffuse-
gray surfaces, the parameter o =5.67 x 10718 W/m?K* is
the Stephan-Boltzman constant, and the parameter A is the
surface area (m?) of the body surface of radiation. The net
rate of radiated heat flow of a body with temperature 73, in a
surrounding with an average temperature 7, is:

Qrnet = €CA(TH — T). (3)

In wireless power transfer, to describe the net rate of heat
transfer by radiation between the upper and downward surfaces
of the GA and VA acrylic plates, respectively, (3) is updated
to consider the view factors F of the surfaces:

Qr net = FoeA(T* — TH) 4+ (1 — F)oeA(T* — T). (4)

Looking at the differential form of Fourier’s law of thermal
conduction, considering that the thickness of the acrylic plates
is constant, then the thermal resistance R(K - W) is given as,

R=AT/Q =1/(hA). (5)
To build the extended reduced-order model in the system-
level simulations, the thermal resistances for coupling the GA
and VA modules need to be defined. From (4) and (5) the
thermal resistances between two radiating surfaces Ry and
between each surface and the surrounding Ry, can be defined
as follows:

Rins,, = 1/F1_o0€(Ty + 1) (TE + T3) A, (6)
Ripa, = 1/(1 = Fioa)oe(Ty + TL)(TF + T2A, (D)
Ripay, = 1/(1 = Fo_1)oe(To + T,)(T5 + T3)A.  (8)

where the temperatures 7,, 77, and T correspond to the
temperatures shown in Fig. la. Comparing equations (6)-(8)
with (5), the radiation heat transfer coefficient is determined.

III. THE SIMULATION MODEL

Fig. 2 depicts the model of the WPT system considered
in this work. This arrangement resembles the model used
in the experimental setup shown later in Section V. The
calculated view factors by (1) and (2) for this arrangement are:
Fi_5 =0.1628, and F>_; = 0.8372. The coils are embedded
in carrying acrylic plates, illustrated in Fig. 1b, are not shown
in this figure for clarity. The lumped parameters of this model
are [Ly, Ly, M] = [169.7, 53, 32] uH, [Rp, Rs| = [76, 23] mQ2
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Fig. 2. Arrangement illustration of the GA and VA modules representative
of the experimental setup.

The boundary conditions and the thermal contact conduc-
tances for the transient thermal simulations are shown in
Fig. 1b. The defined thermal contact conductance coefficient
between the coils and both the acrylic plates and the fer-
rite bars is based on the calculations in our previous work
[2]. The contact conductance coefficient between the ferrite
and the aluminum plates is set to 2000 Wm—2-K~!, and
between the acrylic plate and the aluminum plate is set to
130 Wm~2 - K%

For the order reduction of the WPT model, we used
MORACT [11] (Model Order Reduction Application Cus-
tomization Toolkit), which implements the second-order
Arnoldi reduction (SOAR) algorithm in ANSYS. Each WPT
module is reduced separately, with the dimensions of each
reduced model being n =20, this concerns reducing the thermal
problem only. The result of the reduction is two behavioral
models that are included in the system-level simulations. For
that, we used Twin Builder from ANSYS Electronics Desktop.



At this point, the WPT modules are thermally-decoupled. In
the system-level simulation, the resulting reduced-order mod-
els are extended and connected through the thermal resistances
approximating the radiation heat transfer described by (6)-
(8). This approach has many advantages: the solution time
in the system-level simulations using the ROM models is in
seconds which is a substantial speedup compared to the 3D
magneto-thermal coupled-field simulation time, which might
take several hours to converge. The complexity of the resulting
models is manageable, so no specialized simulation clusters
are required. Furthermore, the applied loads of the system can
be defined or imported flexibly and without much loss of time.
However, before the reduced models are used in subsequent
simulation steps, it is essential to identify the accuracy of the
reduced models separately, as addressed in the next section.

IV. ACCURACY OF THE REDUCED-ORDER MODEL

For determining the reduction error, the GA and VA mod-
ules are order-reduced and analyzed separately in transient
thermal analyses. The power loss of the coils is considered
homogeneous. A convection film coefficient of 5 W /(m? - °C)
is applied to the surfaces of the aluminum and acrylic plates
of each module (see Fig. 1b for more details on the applied
thermal boundary conditions). Figure 3 shows the average
temperatures of the coil and the aluminum plate of both the
GA and VA modules in the system-level and the 3D magneto-
thermal coupled-field simulations. The co-simulation between
the magnetic and thermal fields in ANSYS Workbench serves
as a reference model. The applied joule heating for each coil
is 50 W. The reduction error, in this case, is 1.6% and 0.6%
for the VA and GA modules, respectively. This discrepancy is
considered acceptable for our application.
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Fig. 3. The results of the system-level simulations of the reduced-order model
of the GA and VA modules compared to the results of the corresponding 3D
coupled-field simulations in ANSYS Mechanical.

The next step is determining the reduction error of the
complete WPT system, which means the GA and VA modules
are thermally coupled both in the system-level and transient
thermal simulations, as the workflow illustrated in Fig.4 shows.
Using the MORACT tool and APDL (ANSYS Parametric
Design Language), it is possible to export the eddy and ohmic

losses calculated in the magnetic field solver to be used as
inputs to the modules ROMs in the system-level simulation.
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Fig. 4. Workflow of the ROM verification procedure.

Table I lists the average temperatures of the different WPT
components and the accuracy of the reduced-order model
(ROM). The values in Table I correspond to a transferred
output power of 5kW with 98% efficiency. Comprehensive
magento-thermal field analyses of the WPT system, as ex-
plained in the previous work [2], serve as a verification of the
reduced-order model and are listed in the second column of
the table.

TABLE I
ACCURACY OF THE WPT-ROM

Average temp. Coupled-field System-level Reduction

°C sim. sim. error [%]
Tavg,Ccil 606 66 89
GA Tave Alu. 62.5 63.4 6.7
Tang,Coil 454 532 ]7
VA Tdvg,Alu. 45 534 18.6

V. EXPERIMENTAL SETUP AND RESULTS

The WPT system of the experimental setup consists of GA
and VA modules, with GA and VA coils that are designed
following the design specifications of the Test Stand GA
WPT2 and Test Stand VA WPT2/Z2, respectively, given in
the SAE standard J2954 [12]. The coils are made of AWG41
Litz wires made of 1575 single wires. The total conductor
cross-section is 6.2357 mm?. Each coil is embedded in an
acrylic plate fixture. The ferrite bars are fixed directly on the
aluminum plate. Serial-serial compensation is used and built
with type MLCC (Multilayer ceramic capacitors) capacitors.
For the thermal measurements, three thermometers of type
PCE-T390 are used, with four temperature sensors each.

TABLE II
THE ELECTRICAL PARAMETERS OF THE EXPERIMENT.

Vin [V] Tin [A] Vout [V] Iout [A] RI Q]
250 20.7 238 19.7 2

The measured total power dissipation is 500 W. The power
dissipation of the inductive coupler is measured to be 300 W.
The measurements are done using the power analyzer Hioki
PW6001. The results of the ROM simulations agree with the
records of the experiment for the VA module, as shown in
Fig. 6. The discrepancy between simulation and experiment
results for the GA module is around 14% at worst for the
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Fig. 6. The results of the ROM system-level simulations versus the records of the experiment for the (a) aluminum plate, and the (b) coil of the VA module.
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Fig. 7. Top and side view thermal camera images of the experiment, left-hand side at t=60 min and t=180min at the right-hand side.

coil. This is an improvement of 44% compared to our work
in [2] where radiation was not considered. The corresponding
infrared images of the thermal camera are shown in Fig. 7.

VI. CONCLUSION

Our approach develops a validated basis for a realistic
evaluation of the thermal characteristics of wireless charging
systems. Validating the use of reduced-order modeling renders
the examinations of the thermal behavior of wireless power
transfer systems under varying influencing parameters and
conditions such as different power levels and misalignment
feasible. That is key to conceiving measures ensuring the
efficiency and safety of those systems.
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