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ABSTRACT The operating temperature of the magnetic coupler in wireless power transfer (WPT) systems
for electric vehicles (EVs) determines the system reliability and service life. This paper studies the modeling
and analysis of temperature characteristics of a general magnetic coupler. Firstly, a thermal circuit model is
established to show the heat transfer of the magnetic coupler in the air. Secondly, the heating mechanism of
the coil, core and aluminum (Al) shield plate is studied. The thermal power of each component is calculated,
and the temperature distribution is qualitatively given based on the proposed thermal circuit model. Then, the
temperature distribution of each component is simulated, and the results are consistent with the theoretical
analysis. Finally, a 6.6 kW WPT prototype is set up, and the temperature of each component is measured
after 30 minutes of operation. The temperature of the coil, 34.6 ◦C, is the highest among that of the coil, core,
Al plate and coil base. The agreement between experimental results and the theoretical simulation results
shows that the thermal field simulation can accurately predict the temperature of the magnetic coupler by
reasonably setting the thermal power addition method.

INDEX TERMS Magnetic coupler, temperature characteristic, thermal circuit model, wireless power transfer
system (WPT).

I. INTRODUCTION
With clean energy as the power source, electric vehi-
cles (EVs) have the advantages of pollution-free, noiseless
operation and low maintenance cost [1], [2]. Wired charg-
ing is a traditional way of energy supply for EVs that
requires a cable connection between the charging station
and EVs. Many technical problems, such as oxidation sus-
ceptibility and low universality or compatibility, are often
associated. In the process of charging, due to metal contact,
the living body will be injured in extreme weather condi-
tions such as rain and snow [3]. Wireless power transmis-
sion (WPT) provides electrical isolation and reduces the
cost, weight and volume of on-board charging [4]. Some
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researchers have developed wireless charging systems for
electric vehicles, thus solving many disadvantages of wired
charging [5], [6]. In the related research, the temperature
change of the magnetic coupler in the process of operation
is often ignored [7]. In the WPT system, each component
will produce losses [7], [8]. The loss of the magnetic coupler
accounts for a large part of the total losses and eventually
leads to a temperature rise [9]. Although the temperature rise
of the magnetic coupler will not affect the power flow, the
voltage gain and the power gain of the WPT system, it will
threaten the stability of the WPT system [10], and affects the
parameters of the ferrite material [11]. As with all electrical
systems, significant thermal stresses in magnetic couplers
can cause component failure, which is usually commonly
irreversible and fatal. Especially in some applications, the
maximum temperature is so high that it leads to the core burst.
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Therefore, it is essential to analyze the thermal characteristics
of the magnetic coupler.

Many studies have focused on coupled simulation of mag-
netic and thermal fields. [12] and [13] present an analyt-
ical electromagnetic-thermal model. However, the results
only suitable for a 2-D model. Besides, only eddy cur-
rent loss is considered as the main heat source in [13].
Reference [14], [15] established a time-dependent multi-
physics model for the design and analysis of wireless electric
vehicle charging systems. COMSOL Multiphysics software
is used for performing the finite element analysis based
multi-physics simulations on a case study inductive elec-
tric vehicle wireless charging system. The results show that
using the multi-physics model, the thermal behavior of the
system can be effectively analyzed. However, the loss of
each component can be calculated only when the frequency
or output power changes. Reference [16] investigated the
effect of the operation frequency of an inductive charging
system on the heat generation and its impact on the overall
system efficiency. Considering the influence of frequency
and temperature on material properties, the finite element
modeling software ANSYSworkbench was used for analysis.
To perform subsequent optimization faster, an order-reduced
model is constructed in system-level simulation. Various tests
show that the results of the reduced-order model agree well
with those of the dynamically coupled-field solvers. How-
ever, although the heat loss of each component is discussed,
the temperature distribution of each component is not given,
and only the coil and shell temperature are measured.

Some research results on temperature characteristics and
heating mechanism of magnetic couplers have been pro-
posed. Many studies have been carried out on the loss of
the components of the magnetic coupler [15], [17]–[19].
However, the temperature rise and temperature distribution
caused by the loss have not been studied. Reference [7]
proposed that temperature rise can be effectively improved by
using coil materials and capacitors with strong temperature
robustness and using heat sink in the WPT system. Further-
more, the research on the heatingmechanism and temperature
distribution of the magnetic coupler is very important for
the further thermal optimization of the magnetic coupler.
Based on a typical WPT system for pacemaker charging,
[20] numerically solved the temperature distribution of the
pacemaker and the surrounding area. However, the contin-
uous working time of the charging system is short, and the
thermal problem is not easy to expose. In [12], a thermal anal-
ysis of a buried double-D (DD) primary pad was proposed.
An electromagnetic-thermal simulation was used to predict
the steady-state temperature of the transmitter, but the loss of
the aluminum shield plate, which affects the temperature dis-
tribution significantly, was not considered. The thermal simu-
lationwas used to discuss the thermal behavior of the couplers
operating under load and a thermal equilibrium temperature
measurement of each component was conducted in [22].
However, the relationship between the temperature of each
component of the magnetic coupler has not been discussed,

which is the basis of more accurate thermal optimization. The
thermal analysis of primary coils is also carried out in [10].
The change of temperature around the rectangle-shaped and
the multi-thread primary coils is compared. However, the
mechanism of temperature rise and temperature distribution
are not further discussed. Reference [23] presented an experi-
mental method to accurately measure power loss in magnetic
couplers used in WPT systems. But only the temperature
distribution of the whole magnetic coupler is given, and the
temperature distribution characteristics of each component
are missing. The temperature rise of the magnetic coupler
of a 3.3 kW EV WPT system is studied [24]. Although the
temperature distribution of each component is given, the coil
loss is regarded as the main heat source. The eddy current
loss of the aluminum shield plate and the loss of core are not
considered. Similarly, [25] only considers coil heating.

Considering the issues of the current researches, two defi-
ciencies can be found:

1) Thermal simulation is utilized to predict the temperature
of the magnetic coupler. However, detailed and comprehen-
sive theoretical calculation has not been carried out.

2) There is a lack of research on the temperature distri-
bution of the magnetic coupler. Due to the incomplete heat
source, it is hard to recognize the real temperature relation-
ship of each component.

To supplement the above deficiencies, in this paper, the
thermal characteristic of the magnetic coupler is studied. The
thermal circuit model of the magnetic coupler is established,
and its heat conduction and heat dissipation are analyzed.
The temperature rise mechanism of each component of the
magnetic coupler is studied. Then, the calculation results of
the temperature of each component are simulated, which will
be verified by the experiments finally.

II. MODELING OF MAGNETIC COUPLER AND THERMAL
CIRCUIT MODEL
A. MODEL OF MAGNETIC COUPLER
The coil structure recommended by SAE J2954 [26] is
selected to carry out simulation and experimental research.
The coil design parameters are shown in Table 1. The trans-
mitter is laid on the ground and has certain heat dissipation
conditions. The receiver is a vehicle-mounted device, which
has high requirements for thermal reliability, so this paper
takes the receiver as the research object. The model and
structure ofWPT3 receiver are shown in Fig. 1. The materials
and related parameters used for each component are shown in
Table 2.

The air gap between different components is necessary,
which is determined by the electrical performance of the cou-
pler. The air gap between aluminum plate and core is 6 mm,
and that between core and coil is 2 mm. From the aspect of
thermal analysis, the properties of the materials between the
air gaps have an important impact on the heat conduction in
the receiver cavity. Therefore, in the actual production and
simulation modeling, these parts are filled with appropriate
materials as shown in Fig. 1.
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FIGURE 1. The structure of WPT3 magnetic coupler model.

TABLE 1. Coil design parameters.

TABLE 2. Relevant parameters of materials.

B. THERMAL RESISTANCE CIRCUIT OF MAGNETIC
COUPLER
Due to the temperature difference, heat will be trans-
ferred within or between systems. In thermodynamic theory,
Fourier’s law describes the relationship between temperature
difference and heat flux

φ =
kS1T
δ
=
1T
RT

(1)

where 8 is the heat flux, 1T is the temperature difference,
RT is the thermal resistance, k is the thermal conductivity, S
is the heat transfer area, and δ is the length of the heat transfer
path.

In circuit theory, Ohm’s law describes the relationship
between voltage and current

I =
U
RE

(2)

where I is current, U is voltage, RE is resistance.
Equation (1) and (2) show that the heat transfer is similar

to the charge transfer in the circuit, so the process of heat
transfer can be compared with the process of current flowing
in the circuit. The concept of thermal resistance is introduced

FIGURE 2. The thermal resistance model of the receiver.

to describe the heat resistance on the transfer path. In terms
of expression, the concepts of resistance, voltage and current
in the circuit field can be equivalent to thermal resistance,
temperature and heat flow, respectively.

The thermal circuit model helps analyze the heat trans-
fer situation and gives the temperature characteristics of
each component from a qualitative perspective. Taking the
cross-sectional side view of the receiver as the background,
draw the thermal circuit model, as shown in Fig. 2.Pw,Pc, and
Pa are heat sources, which represent the thermal power of the
coil, core, and aluminum shield plate, namely the loss of the
coil, core, and aluminum shield plate. TW, TC and TA repre-
sent the temperature values of the coil, core, aluminum shield
plate at the selected point, respectively. Heat conduction, heat
convection and heat radiation are three basic forms of heat
transfer. In the receiver cavity, the heat is mainly transferred
by heat conduction, and the main thermal resistance is shown
in Fig. 2. On the upper surface of the aluminum shield plate
and the lower surface of the coil base, heat is transferred in
the form of thermal radiation and natural convection. The
corresponding radiant thermal resistance and convection heat
resistance have been drawn.

A detailed discussion of the heating power will be given
in section III. Here, only the qualitative analysis of the
temperature conditions of the components of the magnetic
coupler brought about by heat conduction will be conducted.
The heating power of the coil is usually the largest, even
accounting for more than half of the total loss of the magnetic
coupler, so the coil usually has the highest temperature. The
closer the core is to the coil, the smaller the thermal resistance
and the closer the temperature to the coil. The wire reel is a
non-metallic material, which does not cause any loss. Due
to the close contact with the coil, its temperature rise comes
from the heat conduction of the coil. The thermal resistance
between the upper and lower surfaces is larger, so there will
be a temperature difference between the upper and lower
surfaces.

III. LOSS ANALYSIS OF MAGNETIC COUPLER
A. LOSS OF LITZ WIRE COIL
The temperature rise of the coil is mainly due to Litz wire coil
losses, including the ohmic loss and the losses associatedwith
skin and proximity effects.
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FIGURE 3. Equivalent circuit model of magnetic coupler.

The ohmic loss in the coil wires can be computed as

Pohmic =
∫∫∫
Vw

j2ρdVw = I2wRw (3)

where Pohmic is the ohmic loss of the coil, ρ is resistivity, Vw
is the volume of the coil, Iw is the current of the coil, Rw is
the resistance of the entire wire [16].

The coil losses associated with skin and proximity effects
can be approximated as

Pskin&prox = (Gskin + Gprox)i2rmsRDC (4)

where Pskin&prox is the coil losses associated with skin and
proximity effects, Gskin is the loss factors that represent the
skin effect,Gprox is the loss factors that represent the proxim-
ity effect, irms is the RMS current of the coil. RDC is the DC
resistance of the coil [14].

In summary, the losses of the coil can be calculated as

Pw = Pohmic + Pskin&prox (5)

B. LOSS OF FERRITE CORE
The temperature rise of the ferrite core is mainly due to its
loss. The loss density in the ferrite cores can be calculated
using the Steinmetz equation as

Pc = ksf αB̂β (6)

where Pc is the core loss per unit volume, f is the operating
frequency of excitation, B̂ is the peak flux density, ks, α and
β are Steinmetz empirical constants [14], [27]. For different
materials, the manufacturer will generally provide a set of
corresponding constants. In general, 1 < α < 3, 2 < β < 3.
The total loss in the ferrite core can be calculated as

Pc = ksf α
∫
Vc

B̂βdVc (7)

where Vc is the volume of the ferrite core.

C. LOSS OF ALUMINUM SHIELD PLATE
The equivalent circuit model is established to analyze the alu-
minum shield plate loss, as shown in Fig. 3. The shield plate

is equivalent to a circuit with resistance R3 and inductance L3
in series.

The matrix equation of the equivalent circuit is
•

Us
0
0

 =
 Z11 jωM12 jωM13
jωM12 Z22 jωM23
jωM13 jωM23 Z33



•

I1
•

I2
•

I3

 (8)

Z11, Z22 and Z33 are expressed as

Z11 = R1 + j
ωL1 − 1
ωC1

(9)

Z22 = R2 + RL + j
ωL2 − 1
ωC2

(10)

Z33 = R3 + jωL3 (11)

In order to simplify the analysis process, the mutual induc-
tance between the aluminum shield plate and the primary
coilM13 is ignored. Only the mutual inductance between the
aluminum shield plate and the secondary coil M23 and the
mutual inductance between the primary and secondary coils
M12 is considered. Then the current of each part can be given
as

•

I
1
= (Z22Z33 − Z2

23)(Z11Z22Z33 − Z11Z
2
23 − Z

2
12Z13)

•

U
s

(12)

•

I
2
=−Z12Z33(Z11Z22Z33 − Z11Z2

23 − Z
2
12Z13)

•

Us (13)

•

I
3
=−Z12Z13(Z11Z22Z33 − Z11Z2

23 − Z
2
12Z13)

•

Us (14)

The loss of the aluminum shielding plate is calculated as

Pa =

∣∣∣∣ •I3∣∣∣∣2 R0 (15)

R0 in (15) considering skin effect can be calculated as

R0 =
ρleff
Aeff

(16)

Aeff is the equivalent conductive cross-sectional area and
leff is the equivalent conducting path distance [28].

D. LOSS RATIO OF EACH PART
The loss of each component of the magnetic coupler is
dissipated in the form of heat energy and finally shows as
temperature rise. A magnetic coupler model is established
according to the parameters listed in Table 1. As shown in
Fig. 4, the losses of each component of the magnetic coupler
are calculated.

The loss of each component corresponds to the 6.6 kW
power level of the WPT system. The loss of the coil accounts
for 78.2 % of the total loss, which makes it have the highest
temperature. The specific temperature distribution of each
component will be discussed in section IV.

173180 VOLUME 8, 2020



C. Liang et al.: Modeling and Analysis of Thermal Characteristics of Magnetic Coupler

FIGURE 4. Loss of each component of magnetic coupler.

FIGURE 5. Thermal equilibrium temperature distribution of coil, core and
coil base.

IV. SIMULATION OF TEMPERATURE DISTRIBUTION
The temperature distribution of the magnetic coupler is sim-
ulated based on the thermal power solved in Section III.
The temperature distribution of each component is shown in
Fig. 5.

Due to the use of Litz wire, the heating power of the coil is
approximately uniformly distributed in the length direction of
the wire, and it has been assumed that the contact between the
coil and the core base is good when setting the characteristics.
As shown in Fig. 5(a), the temperature of each turn in the
radius direction of the coil rises and then decreases from
inside to outside. This is because each turn of the coil is an
independent heat source, the heat source located in themiddle
is hindered by the side heat source, the heat dissipation in the
horizontal direction is restricted, and the heat sources located
at the inner and outer edges have better heat dissipation
conditions. So the middle coil has a larger temperature rise
than the two sides.

The temperature distribution of the core is shown in
Fig. 5(b). Comparing Fig. 5(a), it can be seen that the high-
temperature area of the core reflects the shape of the coil,
and the maximum temperature of the core is close to the
maximum temperature of the coil, while the difference of the

TABLE 3. Internal and external loss ratio of aluminum shield plate.

lowest temperature is larger. This is because the coil is close
to the core, the closer it is to the coil, the smaller the thermal
resistance, and the closer the temperature of them, which is
in line with the law of heat conduction. The coil base itself
does not cause losses, and its temperature rise comes from
the heat conduction of the coil. The temperature distribution
of the coil base is shown in Fig. 5(c) and (d). The upper and
lower surfaces of the coil base also have certain differences.
The upper surface and the coil are bonded, so the temperature
and the surface of the coil are basically the same. The thermal
resistance between the upper and lower surfaces is larger,
so the lower surface temperature is lower.

When the temperature distribution of the aluminum shield
plate is simulated, the heating power is added in different
ways, and the temperature range and temperature distribution
of the aluminum shield plate are quite different. Therefore,
it is necessary to study the actual loss distribution of the
aluminum shield plate and make a reasonable thermal power
distribution so as to improve the accuracy of the simulation.
Due to the high-frequency skin effect of the aluminum shield
plate, the loss decreases with the eddy current distribution
from the edge to the inside. The magnetic simulation soft-
ware is used to calculate the loss by region. The aluminum
shield plate is divided into an outer ring and an inner alu-
minum shield plate, the outer ring width is set as a variable
parameter, and multiple values are taken for simulation. Then
divide the aluminum shield plate into upper and lower lay-
ers. Since the aluminum shield plate is only 2 mm thick,
the thickness of each layer is set to 1 mm. Table 3 and
Table 4 show the distribution of loss in each area under
two conditions. From the data in the table, it can be seen
that the loss of the aluminum shield plate is higher at the
edge and accounts for a larger amount on the side near the
core.

Considering comprehensively, the division of the alu-
minum shield plate and the way of adding thermal power
are as follows: the aluminum shield plate is divided into
upper and lower layers, each 1mm thick. The upper-layer
heating power accounts for 19.5%, and the lower-layer power
accounts for 80.5 %. Then divide it into outer ring and inner
aluminum shield plate, the outer ringwidth is 10mm, the ther-
mal power accounted for 64.0 %, and the internal accounted
for 36.0 %. The temperature distribution of the aluminum
shield plate is shown in Fig. 6.
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FIGURE 6. Thermal equilibrium temperature distribution of aluminum
shield plate.

TABLE 4. Upper and lower loss ratio of aluminum shield plate.

FIGURE 7. Temperature measurement experiment setup.

V. EXPERIMENTAL VERIFICATION
A. EXPERIMENT SETUP
The temperature measurement prototype is built, as shown
in Fig. 7. The system is consists of an inverter, compen-
sation capacitors, magnetic coupler, rectifier and load. The
system output power is 6.6 kW. The H-bridge inverter con-
sists of four SiC MOSFETs (CMF20120D-ND) is utilized
to provide 85kHz AC power for the system. The MOSFETs
are driven by the high-speed gate driver IXDD614PI that is
designed for high frequency and high power applications. The
DSEI60-06A fast recovery diode is used to design the rectifier
bridge. The diode is installed on the aluminum heat sink to
cooperate with air cooling. The load is composed of five

FIGURE 8. Thermo-vision image of the magnetic coupler.

electric furnace wires in series with a total resistance of 7 �,
which can withstand a high temperature above 500 ◦C for a
long time. platinum resistance and thermocouple sensors with
smaller volumes are selected for temperature measurement.

The reference value of the air gap proposed in SAE J2954
(WPT3/Z2) is between 100 mm and 210 mm. The air gap
of the experimental prototype is designed to be 100 mm,
which can be flexibly adjusted within the standard range to
adapt to the output power. The self-inductance and internal
resistance of the magnetic coupler are measured by LCR
meter in cases of alignment and misalignment. The self-
inductance of the transmitter is 45.25 µH and the internal
resistance is 60.5 m�. The self-inductance of the receiver is
38.77 µH and the internal resistance is 41.8 m�. The mutual
inductance is 4.59 µH and the coupling coefficient is 0.11.
The above parameters are within the range recommended by
the standard, which ensures the feasibility of the experiment.

In order to obtain the temperature of each component of the
magnetic coupler and make the experimental phenomenon
more obvious, no passive or active cooler was applied to
the magnetic coupler. In order to make the experimental
prototypework normally and in a goodworking state, temper-
ature measurement is carried out under the condition of coil
alignment. In order to ensure that the temperature of the mag-
netic coupler is normal during the experiment, infrared ther-
mal imager is used to monitor the temperature of magnetic
coupler in real time during the experiment. Thermo-vision
images taken by Fluke TiS20 thermal imager are shown in
Fig. 8.

Fig. 9 shows the oscillogram waveforms of input and out-
put electrical quantities measured at full-load operation by
the current detector and voltage detector. The output voltage
of the inverter and rectifier has been marked, i.e. primary
voltage and secondary voltage of the magnetic coupler. And
the primary current, secondary current and load current are
also marked. The electrical parameters of each stage of power
conversion are measured as shown in Table 5.

B. SELECTION OF TEMPERATURE MEASUREMENRT POINT
In this experiment, hot spots are selected for temperature
measurement to find the most serious part of the temperature
rise problem. The temperature measurement position of each
component refers to the simulation results in Section IV.

As shown in Fig. 10, the yellowmark is the sensor position.
Take the center position of the wire width as the coil, that is,
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TABLE 5. Measured values of electrical parameters in each stage of
power conversion.

FIGURE 9. Experimental system parameters and waveforms.

FIGURE 10. Temperature measurement position of each component of
magnetic coupler.

the fifth turn from the inside to the outside; take the area near
the center square hole as the core, about 50 mm from the edge
of the square hole, close to the side of the aluminum shield
plate; take the edge position as the coil base, corresponding to
the coil the outermost turn; take the center of the outer surface
as an aluminum shield plate.

C. RESULT ANALYSIS
The temperatures of the four channels were recorded by
the Yokogawa GP10 thermometer. The temperature data
of 30 minutes normal operation and 3 minutes after power-off
are recorded, as shown in Fig. 11.

As shown in Fig. 11, the temperature curve is obviously
shaken by magnetic field interference during power-on oper-
ation, and the temperature value changes suddenly after

FIGURE 11. Temperature of each component.

TABLE 6. Experimental data and simulation data of each measuring
point.

power-off. Sensors are placed in the magnetic field during
the experiment. The metal probe of the sensor is heated
by eddy current. When the magnetic field is removed, both
the receiver and the sensor enter the natural cooling stage.
Intercept the temperature curve that begins from powered off
and maintain for 3 minutes, as shown in Fig. 12. The cooling
process of the core, coil base and aluminum plate is always
smooth. For the core and the aluminum shield plate, since the
magnetic field at the sensor position has been shielded by the
core or the aluminum shield plate, the eddy current heating is
not obvious. The temperature measurement position of the
coil base is far away from the coil, and the heating is not
obvious. The temperature of the core, aluminum shield plate
and coil base can be read directly.

The cooling curve of the coil can be divided into two stages.
In the first stage, the temperature of the sensor heated by eddy
current drops to the temperature of the measured point. Due
to the small size of the sensor, the first stage of the process
cools down quickly. When entering the second stage, the
sensor can be regarded as a part of the measured position, and
the temperature decreases slowly. The cooling rate changes
abruptly at the critical point of the two stages, because the
cooling objects of the two processes are different. The second
derivative of the temperature curve of the coil is calculated
and shown in Fig. 13.

As mentioned above, there is an obvious extreme point
at 4 s, which is quite different from nearby values. Therefore,
the corresponding temperature value at 4 s can be taken
as the true temperature value of the measured point of the
coil. Fig. 14 is the temperature data of each measuring point
obtained by thermal field simulation. Experimental data, sim-
ulation data and their errors are shown in Table 6.

After the magnetic coupler works at 6.6 kW power level for
30 minutes, the coil temperature is the highest, followed by
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FIGURE 12. Temperature of each component of magnetic coupler.

FIGURE 13. Second derivative curve of coil temperature.

FIGURE 14. Simulation data of each measuring point.

the core and coil base, and the lowest temperature component
is the aluminum plate. The experimental data is basically
consistent with the simulation data. The above shows that
it is feasible and accurate to use simulation to predict the
temperature of the magnetic coupler.

VI. CONCLUSION
In this paper, a modeling and calculating method of the
temperature distribution of a magnetic coupler is proposed.

Qualitative analysis shows that the temperature distribution
of the components of the magnetic coupler is different. At the
power level of 6.6 kW, coil loss, core loss and aluminum
shield plate loss is 48.3 W, 2.6 W and 10.9 W, respectively,
where the coil loss accounts for the most significant propor-
tion and leads to the maximum temperature. After the 6.6 kW
WPT prototype has been working for 30 minutes, the tem-
perature of each component is consistent with the previous
analysis, respectively. Specifically, the coil temperature is
34.6 ◦C, the core temperature is 31.2 ◦C, the aluminum
plate temperature is 28.6 ◦C, and the coil base temperature
is 24.5 ◦C. The experimental validation proves that the results
of this paper can be applied in temperature prediction of the
magnetic coupler in WPT system.
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