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Abstract—In this paper, coupled electromagnetic-
thermal simulations of inductive power transfer (IPT) pads
using finite element simulations are discussed. Derivation
of each electrical and thermal parameters required for
the modelling process is outlined. Simulation models are
used to predict the power loss and the temperature rise
of an IPT pad at different ambient temperatures at steady-
state. Using these simulation methods, the power loss
within an IPT pad operating at 50 ◦C ambient temperature
is predicted. A 10 kW IPT system is set up within an
environmental chamber to validate the predicted losses
within the system.

Index Terms—Electric vehicles, inductive charging, and
road transportation.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) is a method of coupling
power across an air gap without any physical connections

proposed more than a century ago [1]. The operation of an
IPT system relies on magnetic coupling between a primary
coil and a secondary coil similar to a transformer, but a typical
IPT system transfers power at a much larger air gap. The lack
of physical contacts results in moisture, chemicals, dirt and
abrasion having less influence on an IPT system compared
to conductive counterparts. The secondary of an IPT system
also achieves more freedom in movement without the physical
constraints imposed by wired connections. The secondary is
often fully detached from the primary and only returns near
the primary to receive power.

A range of applications from automated guided vehicles,
battery charging, bio-medical devices to material handling
utilise the advantages of IPT systems [2]–[7]. One promising
application in recent years is wireless charging of electric
vehicles (EVs) using IPT systems [8]. As the number of
EVs on the road continue to trend upwards, the relatively
small energy density of the battery packs in the vehicles
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has become more apparent [9], [10]. An IPT system can
complement an EV battery capacity by charging the EV
wirelessly when stationary or in-motion to make the charging
process more ubiquitous, convenient and safer compared to
conductive methods.

Over the past decade, there has been a considerable body of
research focused on novel IPT charging solutions at various
power levels and air gaps [11]–[14]. One critical point of
IPT systems that is only now receiving increased attention
is the thermal aspect of IPT pads in operation [15]–[21]. The
behaviour of the components within an IPT pad change with
temperature and the system potentially faces non-linearity or
ceases operation at temperature extremes. The change in tem-
perature also makes power losses in an IPT pad challenging to
ascertain as the power loss and pad component temperature are
closely intertwined, and one cannot be considered separately
without the other. As the power transfer levels demanded from
EV charging systems increase, a better understanding of the
thermal constraints within the IPT pads is required to ensure
practical and efficient systems are designed.

For electical systems, one method of determining the power
dissipation and the thermal model is to develop the analytical
solution of the system as shown in [22]. The method breaks the
system down into small parts to assign thermal resistances for
individual parts and finds the analytical solution based on heat
dissipation rates, material properties and temperature. An an-
alytical solution is computationally quick and straightforward,
but challenging to be developed for systems with non-linear
material properties and complex shapes, such as an IPT pad.

Another method is using computational fluid dynamics
(CFD), which has been shown in [23], [24] to account for
complex, non-linear systems. Finite element simulations using
CFD can model the flow of a body of liquid or gas to predict
the transfer of heat accurately. However, CFD simulations
often require a significant investment in computational time
and cost that may not be easily justifiable.

This paper investigates the modelling of IPT pads consider-
ing the interdependent nature of power loss and temperature.
The paper substitutes the complex CFD simulation of fluid me-
chanics by averaging the heat dissipation on all of the surfaces
in the IPT pad to speed up the computational requirements, but
still takes into account relevant electrical and thermal proper-
ties to predict the power loss and temperature rise accurately.
The paper first discusses the methodologies used to derive the
modelling parameters including temperature dependent power
loss, component thermal properties and power dissipation rate
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of an IPT pad. With the above parameters defined, coupled
electromagnetic-thermal simulations predict the steady-state
power loss of each component and the temperature field
within an IPT pad at different ambient temperatures. Initial
experiments conducted in an environmental chamber validate
the simulation results of the individual power losses within the
Litz wire and ferrite and local temperature variations of the
IPT pad. Further experiments operated the chosen IPT primary
pad energised to transfer 10 kW at the worst-case ambient
temperature of 50 ◦C to determine the breakdown of power
losses from all components in the system and the resulting
system efficiency.

II. SIMULATION SETUP OF AN IPT PAD FOR
STEADY-STATE TEMPERATURE AND POWER LOSS

A model of a Double-D (DD) pad used for analysis in this
paper is shown in Fig. 1 (a) and (b). This paper analyses
the DD pad as EV charging applications commonly use this
topology, particularly for systems that consider higher power
transfer [25]–[28]. The DD pad has three turns of bifilar
Litz wire that has a length of approximately 9.05 m. The
Litz wire consists of 3200 strands with an individual strand
diameter of 0.1 mm. The DD pad uses 24 ferrite blocks
(Cosmo CF295) arranged in four rows with each block sized
125 mm×100 mm×10 mm. A very thin sheet of Mylar covers
each block of ferrite to ensure adjacent ferrite blocks do not
have small areas of direct physical contact. Any direct contact
between ferrite blocks may cause unintentional concentrations
of the magnetic field to cause partial saturation. A 4 mm
thick aluminium sheet is placed underneath the ferrite to act
as structural support and to reduce any unwanted magnetic
field into the road or a nearby vehicle. A capacitor board is
placed beneath the aluminium sheet to compensate for the
inductance in the pad. The DD pad enclosure was made out of
PET with external dimensions of 783 mm×608 mm×60 mm.
A thermoset polyurethane (Electrolube ER2188) was used
as a potting material to fill any voids within the enclosure.
The potting material holds the components together and also
act as a heat transfer medium that helps to dissipate heat
to the surrounding environment. For this paper, electronics
energising the pad are assumed to be placed at a distance

Fig. 1. (a) The DD pad with dimensions and (b) exploded view of the
DD pad without the potting material.

away from the pad and have minimal thermal interaction with
the pad.

An overview of the electromagnetic-thermal simulations
is shown in Fig. 2. All of the finite element simulations
are conducted in ANSYS for this paper. Initially, an elec-
tromagnetic simulation calculated the power losses in each
of the components in the pad at ambient temperature. The
initial power loss information is then applied to the thermal
simulation to determine the resulting temperature field within
the pad. The temperature information is then passed back
to the electromagnetic simulation, which calculates the new
power losses in each of the components within the pad.
The electromagnetic and thermal simulations continue this
iteration until the temperature field of the model in the thermal
simulation reaches steady-state. In order for the simulations to
calculate accurate outputs, several input parameters have to be
derived. The following sections outline each input parameter
and the methods used to obtain them.

A. Electrical properties of materials
The Litz wire is usually the most significant contributor

of power loss in the magnetics of an IPT system and the
resistance of the Litz wire against temperature needs to be
accurately identified for simulation of power loss. The initial
resistance of the Litz wire in the DD primary pad at 20 ◦C
was measured to be 13.55 mΩ using an LCR meter (Hioki
IM3536). The resistance of copper is assumed to be linearly
related with temperature and can be extrapolated in the operat-
ing range by using the temperature coefficient of copper, which

Fig. 2. Overview of the coupled electromagnetic-thermal simulations
that show critical input and output parameters.
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Fig. 3. Ferrite loss per volume against temperature at different magnetic
field magnitudes when energised at 85 kHz.
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finds copper resistance to increase by approximately 0.4% per
◦C [29]. The resistance of the Litz wire is also impacted
by the external magnetic field due to proximity effects, but
the impact of the external magnetic field is usually relatively
small and difficult to be quantified exactly. As such, the Litz
wire resistance was measured with the Litz wire and ferrite
blocks already placed within the pad to consider the intended
field shape of the pad and the proximity effect. These LCR
measurements are usually in the order of tens or hundreds of
mA and do not generate sufficient magnetic field to distort this
measurement by introducing meaningful loss in the ferrite for
a pad rated at hundreds of A.

Another contributor to the power loss in the pad is ferrite,
losses from which are non-linearly related to temperature,
frequency and magnetic field. Due to this non-linearity, the
ferrite losses were measured empirically at the relevant op-
erating ranges to provide accurate parameters for the model.
The ferrite losses were determined using a toroid of CF295
using the core loss measurement method from [30]. This
method uses the toroid as part of a transformer with an open-
circuit secondary. The primary winding is compensated with
capacitors connected in parallel and energised with different
currents to find the core losses at different magnitudes of the
magnetic field. The temperature of the toroid is controlled over
the range of 20 ◦C to 140 ◦C by submerging the toroid inside
a beaker filled with mineral oil then heating the beaker with a
ceramic hotplate. In Fig. 3, the measurement results for ferrite
loss against temperature is shown when the ferrite is energised
with different magnitudes of the magnetic field.

For IPT systems implemented within the roadway, there
can be a substantial length of cabling connecting the pad
embedded into the road and the converter positioned on the
roadside. By placing the compensation capacitors within the
pad, as shown in Fig. 1 (b) and Fig. 10, the cables to the
pad would only carry the bridge current and not the large
resonant current. The losses in the compensation capacitors
are assumed to be constant by utilising stable multi-layered
ceramic capacitors (TDK C0G capacitors) that have little
variation in its properties with voltage stress or temperature.
The resistance in the capacitors was measured with the LCR
meter to be 4.5 mΩ.

The power loss in the aluminium sheet is difficult to measure
directly as its loss is due to the magnetic field inducing eddy
currents. The losses can be measured indirectly using the LCR
meter to measure the resistance of the pad with and without
the aluminium sheet. At the maximum LCR output current of
50 mA, the resistance of the aluminium sheet was equivalent
to 2.1 mΩ. A series of simulations were conducted to measure
the power loss in the aluminium sheet using several thin layers
of mesh in the simulations. The resistance and the subsequent
losses in aluminium remained essentially constant throughout
the simulations. As a reference, the effective resistance of the
aluminium sheet was calculated to be 2.0 mΩ when the pad
was energised with 90A at an ambient temperature of 20 ◦C
in the experiments.

TABLE I
THE THERMAL PROPERTIES OF THE MATERIALS WITHIN THE DD PAD.

Material Density
(kgm−3)

Isotropic
thermal conductivity

(Wm−1K−1)
Aluminium 2700 237.5

Ferrite 4800 4.01
Litz wire 4800 159

PCB 3100 1.7
Potting material 1690 0.91
PET (enclosure) 1400 0.25
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Fig. 4. Convection coefficients for all surfaces on a DD pad in air at
ambient temperature of 20 ◦C.

B. Thermal properties of materials

The thermal properties of the simulated materials at room
temperature are shown in Table I. The thermal conductivity
was measured using a Mathis Instruments TC-30. An absolute
axial heat flow method was then used to determine the
axial thermal conductivity of Litz wire without any magnetic
material nearby [31]. The average thermal conductivity of the
PCB was measured with consideration for both the copper
tracks and the circuit board. The density of each material was
taken from published literature [32], [33]. For the Litz wire,
its density was calculated using the rule of mixture [34]. This
approach estimates the density based on the volume-weighted
average of the materials within the Litz wire.

C. Power dissipation due to convection

The simulation tool was constrained only to consider the
pad and not the airflow surrounding the pad to simplify the
simulation complexity and reduce simulation time. As the
airflow is not part of the simulation, average convection coef-
ficients for all surfaces exposed to air need to be calculated to
quantify the heat dissipated away from the pad by convection.
The enclosure for the DD pad is designed to be as close as
possible to a rectangular box with completely flat surfaces to
simplify the calculations for average convection coefficients.
The average convection coefficient, h, of a surface can be
calculated using (1).

h =
kairNu

Lc
(1)

Here, kair is the thermal conductivity of air, and Nu is the
average Nusselt number. Lc is the characteristic length scale,
which is 0.1711 m for the DD pad shown in Fig. 1. The

Authorized licensed use limited to: University of Auckland. Downloaded on August 26,2021 at 06:54:38 UTC from IEEE Xplore.  Restrictions apply. 



0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3055186, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

equations for calculating Nu differ depending on the geometry
of each surface and can be found in [35]–[37]. Regardless of
the geometry, Nu is described as a function of several factors
as shown in (2).

Nu = f(g, β, Ts, Ta, Lc, v, Pr) (2)

Here, g is the acceleration due to gravity, β is the coefficient
of thermal expansion of air, Ts is the average temperature of
the surface, Ta is the ambient temperature, v is the kinematic
viscosity, and Pr is the Prandtl number.

As an example, the average convection coefficients for all
pad surfaces against surface temperature are shown in Fig. 4.
The analysis represented in Fig. 4 assumes the pad is sus-
pended in mid-air inside a room with an ambient temperature
of 20 ◦C. The side surfaces of the pad, both length-wise and
width-wise, have very similar convection coefficients, so one
set of coefficients is used for all side surfaces. New sets of
convection coefficients need to be calculated for all surfaces
for models with different ambient temperatures. Note that use
of an average convection coefficient at each surface simplifies
the simulations, but introduces some error in the model as
convection coefficients in practice are not constant across a
surface. For a more accurate and comprehensive analysis of
heat transfer using complex surfaces, a CFD simulation may
be needed to model the flow of air around the pad.

D. Power dissipation due to radiation
The DD pad in this paper is modelled to be suspended

in mid-air, so thermal radiation is another source of heat
dissipation that needs to be considered for accurate simulation
of the temperature fields. The majority of the convective heat
dissipation occurs on the top and bottom surfaces of the pad as
these surfaces have much larger areas than the side surfaces.
However, the top and bottom surfaces have relatively low
convection coefficients as shown in Fig. 4 so heat dissipation
via radiation becomes relatively significant. In some simulated
cases, radiation contributed up to 40% of the heat dissipated
from the pad. In practice the pad would be placed on or under
the ground, resulting in increased heat dissipation through
conduction and less from thermal radiation.

The power loss from a surface with elevated temperature
due to thermal radiation can be calculated using (3) [38].

Prad = εσA(T 4
r − T 4

a ) (3)

Here, ε is the emissivity of the radiator, σ is the Stefan-
Boltzmann constant, A is the area of the radiator, Tr is mean
radiant temperature, and Ta is the ambient temperature of
the surroundings in K. The typical emissivity of PET that
was used for the enclosure is approximately 0.82 at room
temperature and increases with temperature [39], [40]. The
radiator temperature is not uniform in the simulations, thus
the simulation software is used quantify the thermal radiation
based on the different modelled radiator surface temperatures.
New convection and radiation power dissipation factors need
to be calculated for applications that design the pad with differ-
ent external shapes or place the pad in different surroundings
other than air.
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Fig. 5. Initial and steady-state Litz wire and ferrite losses against
ambient temperature.

Fig. 6. Experiment setup for energising the DD pad to measure power
loss and temperature variation.

III. ELECTROMAGNETIC-THERMAL SIMULATION AND
EXPERIMENTAL RESULTS

Using the parameters as determined in the previous sections,
the power losses and the temperature field within the DD pad
at steady-state can be simulated. The initial and steady-state
power loss of Litz wire and ferrite in the simulation at different
ambient temperatures is shown in Fig. 5. The simulations were
conducted with the DD pad suspended in mid-air with ambient
temperatures varied from 20 ◦C to 50 ◦C at 10 ◦C intervals.
The pad was energised with 90 A of RMS current, which was
approximately the rated current required to transfer 10 kW of
output power as shown later in this paper. The cumulative
cross-sectional area of the copper in the Litz wire is 50 mm2,
and this translates to a current density of 1.79 A mm−2.

Measuring the power losses directly in an IPT pad is
challenging as the pad contains large reactive components and
operates with a rated current at a high frequency. In order to
accurately measure the power losses of the Litz wire and ferrite
in the pad and validate the simulation results, an experiment
was set up as shown in Fig. 6. The inductance of the pad,
L, and capacitance from the capacitor board, C, formed a
parallel resonant tank that was driven by a power amplifier
(Amp-Line AL-600-HF-A) using a transformer at the resonant
frequency to draw minimal reactive power. With minimal
reactive power injected to the resonant tank, a power analyser
(Yokogawa WT1800) could accurately find the real power
by measuring the voltage, Vb, and current, Ib into the tank.
A computer receives these values from the power analyser
and controls the excitation levels and operating frequency
of the power amplifier using a signal generator (Keysight
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33500B). As the pad heats up due to this energisation, the
computer continuously track the resonant frequency and adjust
the excitation levels of the power amplifier to minimise the
reactive power in the resonant tank while maintaining the pad
current, Ip, at 90 A.

Under these conditions, the power loss was calculated to
be constant at 36.5 W for the capacitors and 16.0 W for the
aluminium sheet using the assumptions from the previous
section. The remaining real power into the pad is due to
the Litz wire and the ferrite. After the temperature within
the pad reached steady-state, the power amplifier output was

Fig. 7. Steady-state thermal model of the DD pad without the enclosure
at ambient temperature of 20 ◦C viewed from (a) the top, (b) the side of
ferrite blocks and (c) the bottom.

Fig. 8. (a) Steady-state thermal model of the DD pad with the enclosure
external surface at ambient temperature of 20 ◦C and (b) the experiment.

temporarily reduced under computer control to a very low
level, and the real power into the resonant tank was measured.
At this low level of energisation, the real power can be
considered to be entirely due to the power loss in the Litz
wire, as the ferrite losses are negligible at low magnitudes of
magnetic fields. The power loss for the ferrite was quantified
by subtracting the power loss of Litz wire, capacitors and
aluminium sheet from the total power loss at the rated current.
The resultant power loss of Litz wire and ferrite from the
experiment at different ambient temperatures is shown in
Fig. 5. Experimentally, steady-state was observed after 12
hours for all ambient temperatures.

In the laboratory, an LCR meter is one of the simpler
tools used to measure the resistance of the Litz wire in a
pad. As discussed in the previous section, the LCR meter
was used to measure the resistance of the coil of Litz wire
in situ with ferrite blocks in the DD pad as 13.55 mΩ.
From the measurement, the pad was determined to have a
Q factor of 784 at an ambient temperature of 20 ◦C. This
resistance measured by the LCR is equivalent to a power loss
of 109.76 W when the pad is energised with 90 A. However,
this neglects the losses in the ferrite due to the LCR meter
generating very low levels of magnetic field. The simulation
results for the initial power loss in Fig. 5 show that when
more appropriate levels of the magnetic field were applied for
a brief moment to the pad at the same ambient temperature
of 20 ◦C, the power loss of Litz wire and ferrite blocks are
predicted to be much higher at 194.34 W. This power loss
corresponds to resistance of 23.99 mΩ and a much lower Q
factor of 443. This discrepancy shows the need to energise
the pad at the rated current to accurately determine the losses
for measurements and simulations. Additionally, the losses
in the Litz wire and ferrite are temperature dependent so
changes in the temperature field within the pad need to be
taken into account for accuracy. Once the pad reached steady-
state temperature, the power loss was found to have increased
to 216.20 W, which is equivalent to a resistance of 26.69 mΩ
and a Q factor of 398. Using these methods, the steady-state
electromagnetic-thermal simulations and experiment results of
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Fig. 9. Temperature in the DD pad from experiments and simulations at
different ambient temperatures.
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the pad operating at rated current show good agreement as
shown in Fig. 5.

Steady-state temperature fields of the simulated models at an
ambient temperature of 20 ◦C are shown in Fig. 7 and Fig. 8.
The enclosure and the potting materials are omitted to show
the internal temperature fields of the DD pad in Fig. 7. The
thermal model in Fig. 7 (a) shows the temperature field for the
Litz wire and the ferrite slabs from the top of the pad. The
model in Fig. 7 (b) shows the temperature field across one row
of ferrite near the centre of the pad. The model in Fig. 7 (c)
shows the temperature field of the capacitor board and the
aluminium plate viewed from the bottom of the pad. The
temperature field across the enclosure is shown in Fig. 8 (a)
viewed from the top of the pad.

The temperature of the DD pad in the experiment was
measured using a combination of Fibre Bragg Grating (FBG)
sensors, thermistors and a thermal camera (FLIR T540). The
thermal camera was used to measure the temperature field
on the external parts of the DD pad as shown in Fig. 8 (b).
The FBG sensors were selected to measure the temperature
of the internal parts of the pad as FBG sensors are not
sensitive to magnetic fields [41]. Temperature measurements
without exposure to high magnetic fields were measured with
thermistors. The positions of the FBG sensors and thermistors
in the DD pad are shown as T1 to T10 in Fig. 7 and Fig. 8.
The sensors T2, T3 and T4 are mounted on the side surface of
the ferrite blocks as there is no space for the sensors between
the Litz wire and the ferrite blocks.

Steady-state temperature measurements from the experi-
ments and the simulation results at different ambient temper-
atures are shown in Fig. 9. The experiments took place in an
environmental chamber that controlled the ambient tempera-
ture by continuously circulating heated air to the room at a low
rate. This circulation of air was not reflected in the simulation
model as the convection coefficients were calculated assuming
that there was no external airflow into the system as shown in
Fig. 4. It is likely that these differences in convection skewed
the measured temperatures slightly in the experiments to be
lower than those predicted by the simulations. In the case
where a more accurate simulation of the temperature within
the pad is required, computational fluid dynamic simulations
could be utilised to model the heat dissipation within the pad
more precisely, but reconciling this error is considered beyond
the scope of this paper.

Another source of error is due to the enclosure made from
PET gradually deforming as the pad underwent continuous
cycles of thermal stress. This deformation formed small voids
between the capacitor board and the enclosure that introduced
variances in the measurements, especially near the capacitor
board. The most significant error between the experiment and
simulation was reported by T6 as 12.4% when the pad was
energised at the ambient temperature of 50 ◦C. The accuracy
would be improved by building an enclosure with another
material that deforms less with temperature.

IV. EFFICIENCY AND POWER LOSS DISTRIBUTION

The power loss and temperature simulation methods out-
lined in this paper were validated in an IPT system transferring

Fig. 10. Circuit diagram of the IPT system.

TABLE II
COMPONENT PARAMETERS FOR THE IPT SYSTEM.
Vi 612 Cpi 230.8nF
Lpt 19.9 µH Cpt 180.3nF
N 1.85 k 0.21
Llk 38.4 µH Lsi 10.2 µH
Lst 20.2 µH Cst 182.8nF
Fs 81.2 kHz Ta 50 ◦C

MOSFET C2M0025120D Diode GDP30P120B
Po 10.0 kW η 93.5%

Fig. 11. Experimental setup of (a) the primary and secondary pads and
(b) the electronics.

10 kW by placing the DD pad in a circuit shown in Fig. 10.
The circuit uses an LCL network on both the primary and
the secondary sides [42]. The primary pad is denoted as Lpt

and forms an LCL network with Cpi, Llk and Cpt. The LCL
network acts as a bandpass filter to only pass the fundamental
harmonic of the H-bridge voltage, Vpi. The DC blocking
capacitors, Cpi, prevent possible saturation of the transformer
and partially compensates Llk. The effective impedance of
Cpi and Llk viewed from the secondary of the transformer is
designed to be equal to the impedance of Lpt at the resonant
frequency.

The operating frequency of the H-bridge is adjusted to
be lower than the resonant frequency of the LCL network
to guarantee zero voltage switching (ZVS) operation of the
switches to minimise switching loss. The input and output
DC voltages are tied together, so the transmitted power to the
secondary side circulates back to the power supply. The power
supply provides only the required losses in the electronics
and the magnetics. The nominal component parameters for
the circuit at room temperature are shown in Table II. The
secondary pad was designed to be identical to the primary
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Fig. 12. A picture of the capacitor board during the pad building process.

Fig. 13. Waveforms from the (a) primary and (b) secondary of the IPT
system.
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Fig. 14. Power loss distribution across the IPT system.

DD pad to simplify the process of deriving the losses within
the secondary pad. An image of the pads placed within the
environmental chamber is shown in Fig. 11 (a). The primary
and secondary electronics constructed for the IPT system are
shown in Fig. 11 (b). The air gap between the primary and
the secondary in the experiment is 220 mm. A picture of the
capacitor board is shown in Fig. 12. The various bundles
within the Litz wire were separated, terminated and connected
individually to better distribute the current in the capacitor
board as shown in Fig. 12.

The primary and secondary pads were operated within the

Fig. 15. Steady-state thermal model of the DD pad without the enclo-
sure at ambient temperature of 50 ◦C.

environmental chamber at an ambient temperature of 50 ◦C
to emulate the worst-case operation. The DC power supply,
inverter and the rectifier were placed outside the chamber
at room temperature. The IPT system was operated with an
RMS primary current, Ipt, of 93.6 A to transfer 10 kW to
the secondary. The waveforms of the primary bridge voltage,
Vpi, the bridge current, Ipi, and the pad current, Ipt, are
shown in Fig. 13 (a). The waveforms of the secondary bridge
voltage, Vsi, and the secondary bridge current, Ipi, are shown
in Fig. 13 (b). The measured DC to DC efficiency of the IPT
system in the experiment is 93.5%.

The power loss of the pads within this IPT system trans-
ferring 10 kW can be simulated at steady-state as shown in
Fig. 14. The losses in other components within the IPT system
are measured experimentally. The estimated power losses are
summed to predict the efficiency of the entire IPT system to be
94.2%. The majority of the simulated losses were in the mag-
netics with the primary contributing 2.9% and the secondary
0.7%. The corresponding predicted steady-state temperature
of the primary pad is shown in Fig. 15. It should be noted
that the operating frequency in the experiment was slightly
lower than the resonant frequency to achieve ZVS operation
conditions and contributed to the experiment having a lower
efficiency than the simulated efficiency. The experiment also
had additional losses due to external connectors and cablings,
in the electronics and the pads, that were not considered in
the simulation models.

V. CONCLUSION

Numerous IPT designs have been proposed to date without
consideration of the thermal aspects. This paper provides a
methodology to interdependently evaluate power loss and tem-
perature in a pad by iterating electromagnetic-thermal coupled
finite element simulations. The complexity of simulations can
be reduced by removing considerations for external airflow
and simplifying the geometry of the IPT pad. The methods
used to derive each electrical and thermal factor required for
the simulations were outlined. The simulated power loss and
temperature rise of a DD pad at different ambient temperatures
were presented and validated experimentally against a DD
pad energised inside an environmental chamber. The methods
outlined in this paper were used to simulate the power loss
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of IPT pads in an IPT system transferring 10 kW to show the
breakdown of power losses in each component of the system
and temperature field at steady-state.
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