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Abstract—The thermal performance affects the reliability and
safety of the inductive power transfer system. This paper studies
the thermal design process and method of wireless charger for
electric vehicle. The thermal resistance of materials is calculated,
and the thermal networks of heating components are established.
Then power losses are applied to the nodes in the form of heat
sources. The calculated hotspot temperatures are close to those
obtained by finite element method by comparison. A prototype of
30kW onboard wireless charger with liquid-cooled shell is set up,
and the steady-state temperature error of less than 10% proves
the effectiveness of the thermal design scheme. This paper expands
the application of thermal network method in the field of wireless
charging.
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L. INTRODUCTION

Thermal design is quite important for the normal operation
of wireless charging system, especially for high-power and
compact wireless chargers. However, only in recent years that
this field has gained attention. To ensure the thermal balance of
the wireless charger in a confined enclosure, the thermal
feasibility needs to be rapidly evaluated in the preliminary stage
of thermal design. The most widely used approach employed in
thermal design is finite element method (FEM). Power losses are
calculated and imposed to the finite element model as heat
source inputs to obtain the temperature distribution of
components [1]. To obtain more accurate loss and temperature,
thermal and magnetic field simulation are coupled using FEM
[2]-[4]. In addition, computational fluid dynamics (CFD) and
FEM are proposed to study the air-cooling conditions [5] and
multi-physical field characteristics [6] of the system. The
accuracy of FEM is high, but the calculation is time-consuming
and the use is complicated. This is especially true in the early
thermal design stage where multiple schemes need to be quickly
evaluated.

Instead, thermal network method (TNM) is suitable for early
evaluation, rapid verification and analysis in engineering
applications due to its advantages of simplicity, flexible nodes
selection, and less calculation time. TNM has been used to
calculate the temperature rise of motors [7], [8]. For the
conventional power transformer composed of windings and E
type or U type magnetic cores, the thermal network has been
proposed in [9]-[11]. As for the application in wireless charging,
the thermal resistance model of the receiver is presented in [12],
but it is only a schematic diagram, and researchers still rely on
FEM to obtain temperature of components. To accelerate the
computations used in the optimization process, the maximum
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surface-related power loss density p;, ;45 1S adopted as thermal
limit[13], [14]. Furthermore, simplified thermal networks of
magnetic core and coil as well as capacitor and heatsink [15]
have been established. In the end, FEA is used for simulation to
ensure the thermal feasibility .

Considering the issues of the current research, it can be
found that TNM is more suitable for the preliminary thermal
design and evaluation than FEM. However, it is rarely used in
wireless charging system, and mainly exists in the form of
qualitative concept map, so it cannot be applied in engineering.
Besides, most studies focus on air cooling method, and the
scheme using liquid cooling in high-power system has not been
studied. To supplement the above deficiencies, this paper takes
the onboard wireless charger for electric vehicle as the research
object, studies the thermal design and modeling methods, and
expands the application of TNM in the field of wireless charging.
In Section II, thermal design process of wireless charging system
is proposed, and the topology, specifications, and parameters of
IPT system are introduced. In Section III, power losses are
modeled. Thermal design and analysis of heating components
are carried out in Section I'V. Simulation and experiment results
are shown and discussed in Section V. Finally, key conclusions
are drawn in Section VI.

II.  THERMAL DESIGN PROCESS AND SYSTEM PARAMETERS

Combined with the design experience of wireless charging
system, a detailed flow chart of thermal design progress for [PT
system is proposed in Fig 1.
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Figure 1. Thermal design process of IPT system for EV
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Figure 2. Schematic diagram of the IPT system

TABLE L PARAMETERS OF THE IPT SYSYTEM
Parameter Value
Rectangular winding size(mm) 440 X380
Number of turns 10
Self-inductance (uH) 75.1
Mutual inductance (uH) 134
Ferrite core size (mm) 540X390X15
Compensation capacitors(pF) 7X0.33
Air gap (mm) 170
Frequency (kHz) 85

Taking a set of 30kW IPT system as an example, the thermal
design and experimental verification are carried out according
to the flowchart. Firstly, S-S compensation topology is adopted
and the schematic diagram of IPT system is shown in Fig 2.
Transmission frequency and air gap are chosen according to the
standard SAE J2954. To transfer rated power, proper self-
inductance and mutual inductance should be designed properly.
As for compensation capacitances, they could be obtained as
long as the compensation topology is determined. According to
voltage grade and current density, the materials of Litz wire,
ferrite, compensation capacitors as well as power electronic
devices are selected.

Because of limited space, the design and optimization of
resonant circuit parameters are not shown in this paper. After
finite element simulation and circuit simulation in the
preliminary design stage, the specifications and parameters of
the IPT system are listed in Tab I. It’s pointed out that identical
winding, ferrite cores as well as compensation capacitors are
chosen for simplicity.

III. MODELING & CALCULATION OF POWER LOSSES

The system power losses consist of: (a) magnetic coupling
components (Litz wire, ferrite core, aluminum), (b)
compensation capacitors, and (c) power electronics devices

(mosfet, diode) [16]. They are briefly discussed in the following.

At the transmission frequency of 85 kHz, the skin depth &
is around 0.23mm. To significantly reduce the power losses
generated by skin effect, the Litz wire strand diameter is
selected as 0.lmm. And strand number is 2500 to ensure
sufficient current carrying capacity. Nevertheless, the
proximity effect losses can’t be ignored, and the ac-to-dc
resistance ratio k,._q4. 1S used to describe this effect. The
winding copper losses can be calculated by

=I'R -k (1)

loss _ winding rms” de ac—dc
Where R, and k,._4. can be estimated according to the table
provided by manufactures once the number of strands and
frequency are determined, and /,,,5 is the effective value of the
current flowing through the winding.

The power losses in the employed ferrite cores can be
calculated by the integration of core loss density p.,.. over the
volume of cores in FE tool. And Steinmetz equation is as
follows.

~B
=C, "B 2)

where B is the peak magnetic flux density. C,,, o, and B are
three coefficients of the ferrite material, which are typically
provided by the material manufacture.

Similarly, the eddy current losses on the aluminum liquid-
cooled shell can be obtained from the FE tool.

For polypropylene film capacitors of type CSP 120/200,
due to their voltage rating, a series connection of seven devices
is required through copper busbars. Dissipation factor tan § is
the key parameter in modeling the capacitor losses, and its
value is around 1.4 X 1073 at selected frequency.

P =tans-I’ [2nf-C 3)

loss _cap

loss _core

The power electronic losses of onboard wireless charger are
mainly caused by the rectifier. SiC schottky diode of type
C4D40120D are used for the high-frequency operation and
1.2kV voltage class. And each switch is composed of two
discrete devices in parallel. The switching and conduction
losses are computed using the data provided in the
manufacture’s datasheet and equations presented in [17].

IV. THERMAL ANALYSIS AND THERMAL NETWORK

In this section, employed theory and formulas of heat
transfer are introduced. After that, the cooling method,
arrangement and installation of heating components are
designed. In terms of the proposed thermal design scheme, heat
transfer path and temperature rise of components are analyzed
using TNM.

A. Basic theory and formulas of heat transfer

The heat transfer mechanisms are conduction, convection,
and radiation. In this paper, only conduction and convection are
considered. The steady state temperature of the system is more
concerned in the thermal design process and the thermal
behavior is characterized by a single resistance R,,. The formulas

to determine resistance are given as follows.

In the mechanism of conduction, for a cube with conduction
length L, cross section A, and thermal conductivity k, its
thermal resistance inside the material can be calculated by

R, ., =L]k4 “

In the mechanism of convection, the thermal resistance

between the surface and the ambient can be calculated by

R, =1k A, )

This is the accepted version of an article published in 2021 IEEE Applied Power Electronics Conference and Exposition - APEC
http://dx.doi.org/10.1109/APEC42165.2021.9487097



"© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other
uses, in any current or future media, including reprinting/republishing this material for advertising or promotional purposes,
creating new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other works."

Where h.,y, is the convection coefficient of the surface and
Agyurs 1s the area of exposed surface.

When we calculate the heat transfer convection coefficient
between flow channels and liquid coolant, the relevant formulas
of fluid dynamics and heat transfer are shown below.

For liquids flowing in flow channels, its Reynolds number
and Prandt]l number are calculated by

Re = pVL / U )
Where V is mean flow rate, u is hydrodynamic viscosity, p is
fluid density, L is equivalent diameter of the flow channel.

Pr = uc / A 9
Where c is the specific heat at constant pressure and A is the
thermal conductivity of liquid coolant.

If Re is between 2100 and 10000, heat transfer factor j
follows the equation[18]

j=0.116(Re’—125)/Re (10)

If Re is more than 10000, heat transfer factor j follows the
equation

J =0.023/Re” (11)
Then convection coefficient o can be calculated by

2

azj'gm-c'Pri" (12)

Where g,,, is mass velocitsy of liquid coolant.

B. Thermal design of components

Conventional onboard wireless chargers typically have only
magnetic coupling components inside, while compensation
capacitors and power converters are placed outside.
Nevertheless, in this IPT system all these components are
integrated into the shell of onboard wireless charger. The
integrated design makes full use of the limited space under the
chassis to achieve compactness. In addition, the energy
transmission components and the power convert devices make
awhole, and DC is drawn directly from the interface of onboard
wireless charger. From the point of view of thermal design, it’s
convenient for uniform and integrated cooling of heating
components.

Fig 3 shows the inner arrangement of components in onboard
wireless charger. The rectangular winding and ferrite cores are
closely adjacent to improve the magnetic properties. The coil
frame attaches the Litz wire winding tightly to the ferrite cores
in the middle, and the four edges of the cores are fixed to the
liquid-cooled plate by the ferrite fixture. The compensation
capacitors are fixed on the liquid-cooled plate by a fixture. The
inner surface of the fixture is equipped with thermally
conductive interface pads (also known as thermal pads), so as
to realize high-voltage insulation and heat conduction. The
rectifier diodes are fixed on the aluminum plate and then
mounted on the liquid-cooled plate. The flow channel is evenly
distributed under the above components. Finally, the shell is
sealed with plastic covers, and the air inside is not flowing.
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Figure 3. Layout of inner components in wireless charger

TABLE II. THERMAL CHARACTERISTICS OF KEY MATERIALS
Component Thermal conductivity Thern}al limit
(W/mK) §%)
Ferrite core 4 120
Litz wire 1 155
Metallized film dielectric 43.6 90
Diode \ 175

The heat transfer from hotspots to the ambient takes several
different paths, and each path is composed of series and or
parallel thermal resistances. Then the power losses are applied
to the nodes of two-dimensional thermal networks in the form
of point heat sources, and temperature rise can be calculated.
It’s easy to understand the principle of thermal design is to
provide heat transfer paths whose thermal resistance is as low
as possible. Besides, key components and their thermal
characteristics are summarized in Tab II.

In order to simplify the thermal model, three assumptions are
made. First, thermal contact resistance is ignored, and the
surfaces of components fit together as closely as possible by
adding thermal interface materials or applying external force.
Second, characteristic parameters like thermal conductivity and
resistivity are temperature dependent. But for simplicity, the
thermal characteristic parameters at room temperature are
adopted. Third, thermal cross coupling effects are not
considered because each component in the model is basically
independent.

C. Thermal analysis and thermal network

1) Litz wire winding and ferrite cores

The served Litz wire winding is sticked to the coil frame with
a thin layer of hot melt adhesive, with potting compounds on
the other side. When modeling their radial thermal resistances,
the contact area between the winding and hot melt adhesive or
potting compounds is considered to be 60% of the wire cross-
sectional area. Polyimide tape provides electrical insulation at
high temperature, so it’s used in many positions inside the
wireless charger. Because the onboard shell is mounted upside
down, there will be a tiny air gap between ferrite cores and
liquid-cooled plate under the action of gravity.

Assume that hotspot temperatures are homogeneous and
occur in the central plane of the winding and cores, respectively.
Then suppose that the material is symmetric about the central
plane, and equal models are assumed for the top and bottom
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Figure 4. Thermal analysis and modeling of Litz wire winding and ferrite
cores (a) heat transfer path (b)thermal network

winding surfaces as well as ferrite cores surfaces. Due to the
limited side area of winding and ferrite cores, the path of side
heat transfer is not considered.

As shown in Fig 4(a), the direction of arrows indicates the
transfer path of winding losses and core losses, and the thermal
network is established accordingly in Fig 4(b). The thermal
resistance Ry ps—surs models the heat conduction from the
hotspot inside the winding to the winding surface and R,
models the heat conduction from one side to the other of potting
compounds. R, models the heat conduction from the vertical
plane of heat sources to the central vertical plane of the nearby
flow channel. While R, ., models the heat convection between
the wall of flow channel and liquid coolant, and others are
similar.

Note that the temperature of liquid coolant is not always the
same, as the coolant passes through more components, its
temperature increases. And the temperature rise from inlet to the
specific position can be calculated by the following formula.

T;iquid _];nlet - ZP/cm 13)
Where ). P; is the sum of power losses of components which
have been passed through, and m is the mass flow of coolant.
By calculation, it’s obvious that most winding losses and
core losses are transferred down to the liquid-cooled plate by
conduction, and taken away by liquid coolant, while the heat
dissipation to the air inside the shell is little, which proves the
significance of liquid cooling. The main heat transfer path is
shown in the form of solid arrows while others are dotted arrows,
and the same is true to other thermal networks.
2) Compensation capacitors
The capacitors and installation environment is symmetric
about the center plane, therefore, only the left side of a capacitor
is analyzed. Considering the material of electrodes and busbars
are all copper and they are regarded as whole. We estimate that

50% of capacitor bank losses are evenly distributed in the
dielectric and others are distributed evenly in copper electrodes
and busbars. They are regarded as point heat sources and hotspot
positions inside the material, and hotspot temperatures are T s
and T, s, respectively.

Heat transfer path of dielectric losses and copper losses is
illustrated in Fig 5(a). Most heat is transferred to the liquid-
cooled plate and only a small fraction of the heat is transferred
to the air inside the shell by conduction and convection, which
is similar to the case of winding and ferrite cores. Fig 5(b) shows
the thermal network, where Ry,,¢q_, models heat conduction of
metallized film dielectric in the horizontal plane, while Ry, zq_,
models heat conduction in the vertical plane. And others are
similar.

3) Rectifier diodes

The rectifier diodes as well as rectifier PCB is mounted on a
4mm-thick aluminum plate, between which thermal grease,
alumina ceramics heat conducting sheets and thermal grease are
applied to enhance the heat conducting effect. For similar
reasons, thermal pads are employed between aluminum plate
and liquid-cooled plate. The junction temperature 7; is
commonly regarded as the hotspot temperature of diodes. The
heat transfer path and thermal network are illustrated in Fig 6(a)
and 6(b). R;. models the thermal resistance from junction to the
case. As an important property parameter, it can be looked up in
the datasheet. By calculation, it’s evident that the thermal
resistance of thermal pads and thermal grease ( R, and R;;) has
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Figure 5(b). Thermal analysis and modeling of the compensation
capacitor (a) heat transfer path (b) thermal network
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a great effect on the temperature rise of diodes, and attention
should be paid to the choice of their material and thickness.

D. Working conditions and others

The working conditions of the wireless charger are
summarized in Tab III. Eddy losses are distributed in the liquid-
cooled plate, and most of them are conducted to flow channels
easily due to the high thermal conductivity of aluminum.
Therefore, it has little effect on the temperature of Litz wire and
so on, and they are ignored in the thermal network but
considered in finite element model.

To sum up, the liquid-cooled method relies on heat
conduction and fluid convection to carry heat away, while
internal air convection carries away limited heat.

V.  SIMULATION AND EXPERIMENT VERIFICATION

In this section, FEM is adopted to make a comparison with
the results by TNM. Next, the experiment is carried out and the
temperature of above components is obtained.

A. Simulation in FE tool

In order to verify the feasibility of TNM, corresponding
model is established in FE tool. To reduce the required number

TABLE IIL. 'WORKING CONDITIONS OF THE WIRELESS CHARGER
Parameters Value
Ambient temperature (°C) 25
Inlet liquid coolant temperature (°C) 25
Inner ambient temperature (°C) 50
Inner convection coefficient (W/mK) 2
Natural convection coefficient (W/mK) 6[19]
Liquid coolant flow (L/min) 8
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Figure 7. Temperature distribution of onboard wireless charger

of finite element simulations, the feedback of the calculated
component temperatures to the power loss calculation is not
included. Water is selected as liquid coolant by right of its
cheapness and accessibility in simulation as well as in prototype
experiment. In addition, Y+ algebraic model of turbulence is
employed by virtue of its low calculated strength and good
approximation of the internal flow. For better approximation to
the actual situation, the losses in the finite element model are
uniformly distributed in the volume of winding, cores, and
capacitors in the form of heat sources, which is different from
the point heat sources in the thermal network. Initial temperature
of these components is set to 25°C. The temperature distribution
of each component in wireless charger is obtained and illustrated
in Fig 7.

The highest temperature of each component is selected as its
hotspot temperature. They are summarized and compared in Tab
IV. By contrast, the difference between TNM and FEM is less
than 10%. This indicates that TNM can be used in the thermal
design of wireless charging system, and the accuracy is
acceptable.

B. Experiment

Onboard wireless charger is built according to the thermal
design scheme proposed above. The temperatures are measured
with thermocouples and fiber temperature sensors that are glued
to the Litz wire, cores, capacitor and ceramics sheet. the position
of measurement points are shown in Fig 4 to Fig 6. Note that due
to the limitation of the measuring devices, we can only obtain
the temperature of material surface or the temperature of
adjacent component, rather than the hotspot temperature inside
the material. Then we build the experiment set up, as shown in
Fig 8. The working conditions are in accord with that of FE
model. The output power of the system is kept at 28.6kW, and
the dc-dc efficiency is as high as 95.9%. The system basically
reaches steady state after working 35 minutes.

TABLE IV. COMPARISION OF HOTSPOT TEMPERATURE OBTAINED
BY TNM AND FEM
Tiw,hs Tfe,hs Tmfd,hs T;
TNM(°C) 55.3 47.6 67.5 86.1
FEM(°C) 58.9 52.7 69.1 89.4
Difference(%) 6.1 9.7 2.3 3.7
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Figure 8. Experimental set up of the proposed IPT system

TABLE V. TEMPERATURE AT THE MEASURED POINT OBTAINED BY TNM,
FEM, AND EXPERIMENT
Teoil Tte Tcap Teer
TNM 55.2 47.0 66.9 64.2
FEM 57.6 52.0 64.3 60.4
Experiment 58.0 51.4 69.5 66.6

Tab V summarizes the temperature at the measured point
obtained by TNM, FEM and experiment. The TNM and FEM
show the same performance and are close to the experiment
values ( the error is less than 10%), indicating the feasibility of
the proposed thermal design process and scheme in the field of
wireless charging. Considering the simplification and
approximation when modeling, the accuracy is sufficient to
judge the thermal design schemes and ensure the thermal
reliability during operation.

VI. CONCLUSIONS AND FUTURE WORK

A thermal design process of IPT system is proposed, and a
30kW onboard wireless charger prototype is built accordingly.
The heat transfer path of the heating components are analyzed
and thermal networks are established. By comparing the results
by TNM and FEM, the error is less than 10%, proving the
feasibility of the TNM in the field of wireless charging thermal
design. The experiment results are close to the calculated and
simulated results, indicating the effectiveness of the proposed
thermal design scheme. Nevertheless, the work presented in this
paper only studies the thermal characteristics at the aligned
position. Future research could, therefore, explore the thermal
performance of the system at misaligned position.
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