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ABSTRACT:Wireless power transfer (WPT) for electric vehicles (EV) is a promising technology that can help with e-mobility because of
its convenience and ability to reduce range anxiety issues. The safety concerns of such systems have received a lot of attention recently.
Magnetic coupler is the most important component of WPT systems in terms of thermal safety as its temperature rises because of power
outages during the charging process, which could cause damage to the surroundings and other components associated with the system.
This article proposes a new thermal and magnetic coupler design by utilizing a Silicon-Cobalt wafer using the Spin Seebeck effect (SSE)
phenomenon fabricated through the sputtering technique which can enhance the efficiency of the transmission coil as well as act as a heat
exchanger to remove the heat from the coil as well as reduce temperature with the design model.

1. INTRODUCTION

Electric vehicles (EVs) have gained much popularity
throughout the modern world due to their increased energy

efficiency and ability to lower pollution and carbon diox-
ide emissions [1, 2]. Compared to plug-in electric vehicles,
wireless electric vehicles are one of the most promising
technologies in recent times having the potential to resolve
the problems and challenges that occur in conductive charging
including range anxiety, battery capacity cost, and size of
the cables utilized during charging and operating of the
vehicle [3–6]. Ref. [7] has addressed the study of EV tech-
nology and the advances that have been made in substantial
fields like batteries, charging, electric motors, and charging
infrastructure. Static wireless charging and dynamic wireless
charging are the two basic categories into which WPT systems
can be divided [8, 9]. When using the static wireless charging
technique, a vehicle is parked over a charging mechanism that
is embedded or mounted alongside a platform known as the
transmitter (Tx) [10]. A matching charging pad that is mounted
on the vehicle’s underside, known as the receiver (Rx), detects
the transmission signal and charges the car as illustrated in
Fig. 1.
There are several locations for the transmitter and receiver

that are suitable for wireless EV charging: One method is
to bury the transmitter coils underground and place the re-
ceiver coils beneath the EV’s chassis. The EV can then be
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charged by driving the vehicle over the below-ground transmit-
ter coils. Another option is to install the transmitter coils in the
walls of the garage or charger infrastructure and the receiver
coils vertically just behind the front bumper or grilles (for ex-
ample, replacing the radiators in ICE vehicles) [10]. The car
charges when it is parked facing these embedded transmitter
coils. Compared to conductive charging systems, WPT tech-
nique’s main limitation is its lower power transfer efficiency
over longer distances. Coupling coefficient (CC) has been
highlighted in the literature as a crucial area of study for WPT
systems since it offers the maximum output power and drasti-
cally impacts the system’s overall efficiency [11].
The loosely coupled (LC) transformer’s size at a specific air

gap establishes the CC, hence the coil’s geometry, shape, num-
ber of turns, width, and distance between turns contribute to the
WPT system’s overall efficiency. Many resonant circuit com-
pensation topologies and control approaches for the inverters
and converters on either end of the charger have been exam-
ined in a wide range of literature that can assist with the de-
velopment of WPT systems. For the transmitter and receiver
side resonant circuits, there are two common topologies: par-
allel and series connected circuits and series circuits [12, 13].
Each compensation topology has pros and cons of its own. The
selection must be made in compliance with the application’s
specifications [14–16]. For the widely used resonant topolo-
gies, the authors [17, 18] have addressed the magnetic coupling
effect as a general design technique.
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FIGURE 1. Transmitting and receiver coil magnetic coupling (MC).

Nevertheless, losses in wireless charging system (WCS) con-
tribute to the emission of heat, which increases the temperature
and contributes to likely risk concerns [19]. The magnetic cou-
pler’s effectiveness could be adversely affected by an increase
in temperature. Thus, to avoid more than the thermal limits,
the system’s steady-state temperature must be established dur-
ing the WCS design process [20]. On the contrary, the WCS
vehicle assembly (VA) and ground assembly (GA) are normally
housed in boxes. The volume of the WPT system is increased
by cooling mechanisms like liquid cooling, air cooling, or com-
posite phase-change materials, which makes it unable to meet
the high compactness requirement [21–24]. In real-world ap-
plications, it is preferable to maximize the magnetic coupling
coefficient and transmission efficiency while minimizing the
volume and weight of the magnetic coupler. For this reason,
it is essential to concentrate on thermal design and WCS opti-
mization.
The component losses have been the source of the thermal

energy in the WPT EV magnetic coupler. For this reason, de-
veloping a precise loss computationmodel is necessary for ther-
mal analysis. Establishing the loss model requires calculating
the losses in the litz coil. Litz wire, which is made up of several
twisted, insulated strands of fine copper wire, lowers the coil’s
skin effect losses in high-frequency magnetic fields [25]. When
it performs at lower frequencies, the proximity effect’s influ-
ence is often ignored [26], with only the existence of conduc-
tion resistance taken into account. However, in high-frequency
systems, this method may result in important errors.
In [27], the average magnetic field strength of each turn’s

cross-section in the litz coil is determined via the finite ele-
ment approach (FEM) software. Following this, using theoreti-
cal formulas, the coil’s proximity effect resistance is calculated.
A more accurate measurement of the internal resistance of the
litz coil can be achieved through modelling the litz wire and
obtaining formulas for its ac resistance using analytical calcu-
lation techniques like the Biot-Savart law and Maxwell’s equa-
tions [28, 29]. An improved approach for calculating ac resis-

tance is utilized in [30], which retains good accuracy even in sit-
uations where the litz coil has sparse winding. The optimized
method is performed automatically by the particle swarm op-
timization algorithm. The thermal network method (TNM), a
thermal-electric analog analysis technique, offers quick and ef-
fectively manageable calculations for the thermal analysis of
WCS. Its ability to entirely understand temperature distribution
and hot spot locations is limited, though. As such, it might not
be appropriate for applications requiring real-time temperature
monitoring. Electric motor and transformer thermal analyses
frequently employ TNM [31, 32]. To analyze temperature char-
acteristics qualitatively, an improved thermal resistance system
for the magnetic coupler was established, and the experimental
results showed that the thermal simulation was reliable [33].
The thermal hazards associated with angular and horizon-

tal displacements were analysed in [34] which determine the
risk levels, and four evaluation criteria were put forth. In high-
power systems, consideration needs to be made for the heat-
ing generated by eddy current losses in metal objects with an
air gap. These things frequently have temperatures higher than
those of magnetic couplers resulting in higher hazards. In [35],
force-air cooling can be used to strengthen WCS’s thermal reli-
ability. This can be seen fromMoghaddami and Sarwat [36] via
a time-varying model of CFD simulations using multiple phys-
ical fields. In addition, cardiac pacemaker prototype selection
and safety assessment utilize thermal analysis [37, 38]. To en-
hance the WCS’s performance, the magnetic coupler needs to
be maximized after the thermal and loss analysis models have
been established. With the optimization objective of kQ, the
inner and outer diameters of the coil, its mutual inductance,
and its number of turns are determined as optimization param-
eters in [39]. New design criteria have been identified as op-
timization aims in [26] and [40] complying with an analysis
of the relation between coil parameters and efficiency. The
temperature of the magnetic coupler is rarely included in the
optimization objectives in literature, mainly focusing on elec-
tromagnetic field aspects. The surface power loss density has

62 www.jpier.org



Progress In Electromagnetics Research M, Vol. 128, 61-69, 2024

been used in [41] and [42] as a constraint to filter towards some
feasible options, but the temperature is not considered as an op-
timization goal.
Combining the energy conservation rule with an analysis of

the heat transfer generated during operation, which is grounded
in basic heat transfer theories and fluid mechanics, allows for
the calculation of the temperature increase surrounding the coil.
There are three methods for transferring heat: conduction, con-
vection, and radiation. The fundamental law of heat conduction
originates from Fourier’s law, which quantifies the amount of
heat that travels over a given area for a given length. The con-
duction heat flow rate is determined by the temperature gradi-
ent and the cross-sectional area perpendicular to the direction
of heat conduction. Alternatively, the expression can be stated
as follows:

Q1 = −λA1
dt

dx
(1)

in which A1 is the cross-sectional area in the vertical thermal
conductivity direction (m2), λ the material’s thermal conduc-
tivity (W/(m·◦C)),Q1 the heat transfer heat flow (W), and the
temperature gradient along the isothermal surface average to
the direction (◦C/m). A negative sign indicates that the direc-
tion of heat transmission is the opposite of the temperature gra-
dient. The amount of heat dissipation via heat transfer can be
increased by using a material with a high thermal conductivity
and increasing it. Eq. (2), given below, compares convection
heat transfer. Q2 is the convective heat exchange quantity (W),
and hc is the convective heat exchange coefficient (W/(m·◦C).
The effective convective heat exchange area of the contact sur-
face, or A2, is measured in units of (m2). The cooling fluid
temperature, or tf , is measured in units of (◦C); the solid sur-
face temperature, or tw, is measured in units of (◦C). It makes
it clear that increasing the convective heat transfer area and co-
efficient are two ways to improve convective heat transfer

Q2 = hcA2 (tw − tf ) (2)

Themeans of releasing energy from an object to its surround-
ings by electromagnetic waves is known as radiant heat transfer.
Anything that is warmer than absolute zero both absorbs and re-
leases energy from the surrounding environment at a particular
wavelength into space. When there is a temperature difference
between the objects, mutual thermal radiation happens; other-
wise, no thermal radiation will occur. Eq. (3) can be used to
determine the radiation heat exchange between the surfaces of
two objects.

Q3 = δ◦A3ϵxtF12

(
T 4
1 − T 4

2

)
(3)

Equation (3) uses Q3 to represent the convective heat ex-
change rate. The Stephan-Boltzmann constant (δ_◦) is 5.67 ×
10−8W/(m2·K4). The system emissivity is denoted by ϵxt. The
surfaces of the high- and low-temperature objects are repre-
sented by ε1 and ε2. F12 is the angular coefficient connecting
surface 1 and surface 2, and their absolute temperatures (K) are
T 4
1 and T 4

2 . The object’s surface area used for radiative heat
exchange is denoted by A3. The equation demonstrates that in
order to enhance the radiation heat exchange between the ob-
ject surfaces, one can increase the emissivity of the heat source

surface, the angle coefficient from the hot surface to the cool-
ing surface, and the surface area of the increased radiation heat
exchange.

1.1. Main Works and Contributions
This article shows a thermal reduction for the magnetic coupler
in WCSs after evaluating the previously mentioned informa-
tion. The method develops a heat dissipation model to design a
high-performance wireless charging system. Also, the work in
this article can contribute to the expansion of theWCS’s present
research. The following are the principal and basic contribu-
tions.

1. Considering the Spin Seebeck Effect (SSE) phenomenon a
Silicon-Cobalt wafer connected with the Copper wiring is
designed and fabricated through laser cutting and sputter-
ing technique, and SSE of the designed wafer is measured
through the low-cost SSE measuring instrument.

2. Set up a WPT system for analysing the temperature of the
magnetic coupler with and without the designed wafer.

3. Utilize the fabricated design wafer with a static wireless
power transfer system, and analyze temperature with the
system to limit the amount of heat from the magnetic cou-
pler.

The rest of the article is organized as follows. Section 2 ex-
plains the principal Spin Seebeck effect (SSE). Section 3 pro-
vides detailed information about the design and wafer fabrica-
tion through the sputtering technique and its SSE analysis and
results. Section 4 contains a detailed static WPT experiment
setup with the utilization of the designed fabricated wafer with
the system. Section 5 shows the model experiments and their
results with and without the utilization of the design wafer and
heat sink as well as the simulation analysis with and without
placing samples utilizing the SSE phenomenon. In the end,
Section 6 concludes the article.

2. COBALT AND SPIN SEEBECK EFFECT
Due to the common and abundant availability of heat, it is nec-
essary to utilize thermal energy sources likewaste heat recovery
and solar heat power generation efficiently to realize a sustain-
able society in the future. One of the more promising meth-
ods for efficiently utilizing heat is thermoelectric generation,
which allows for the direct conversion of thermal energy into
electrical power [43–45]. The Seebeck effect, identified by
T. J. Seebeck in 1821, is the fundamental basis for a major-
ity of commonly utilized thermoelectric-generating technolo-
gies [46, 47]. The term “Seebeck effect” describes the creation
of an electric field (ESE) in a conductor due to a temperature
gradient ∇T with the direction of ESE parallel to the temper-
ature change. Spin voltage is also defined as the spin current
potential, denoted by µ′′

1 µ2 where µ1 and µ2 stand for the
electrochemical potentials for spin-up and spin-down electrons,
respectively. As two conductors with different S values were
naturally present in one magnet, spin-up and spin-down con-
duction electrons in a metallic magnet have significantly vary-
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(a) (b)

FIGURE 2. (a) Spin Seebeck Configuration and (b) Spin Peltier effect because they are both reciprocal to each other because spin pumping is the
reciprocal of spin accumulation and ISHE is the reciprocal of SHE.

(a) (b)

FIGURE 3. (a) Silicon cobalt wafer connected via copper winding through sputtering technique. (b) SSE measurement instrument for Si-cobalt wafer.

ing scattering rates and densities which leads to different See-
beck coefficients. Therefore, when a metallic magnet comes
into contact with a temperature gradient, it must generate dif-
ferent electron-driving powers across different spin channels
along the gradient [48–51]. Typically, SSE is measured in a
junctionmade up of paramagnetic (NM) and ferromagnetic ma-
terials (FM). The spin-orbit interaction in the NM layer gener-
ates the inverse spin Hall effect (ISHE) to electrically detect
the spin current inserted in the NM layer (SSE voltage) [52–
56]. The NM usually comprises a heavy metal, mainly Pt, to
enhance detection efficiency [57, 58]. The following equation
provides the ISHE-driven electric field (EISHE).

EISHE = θSHρ (JS × σ) , (4)

where θSH and ρ stand for the NM layer’s electric resistivity
and spin Hall angle. The spin polarisation (parallel to the FM
magnetization) and the spin current injected into NM across the
FM/NM interface (parallel to∇T ) are denoted by spatial direc-
tions JS and σ, respectively. The reciprocal of the SSE, the spin
Peltier effect (SPE), describes the generation of heat current in
a linear response to spin current injection. Seebeck and Peltier
spin configurations are shown in Figs. 2(a) and (b). As SHE
is the Onsager reciprocal of the ISHE and spin pumping is the
Onsager reciprocal of spin accumulation, they are reciprocals
of one another.
In fields where high-temperature capabilities, energy stor-

age, process efficiency, and environmental advantages are crit-
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FIGURE 4. Layout diagram of WPT system.

(a) (b)

FIGURE 5. (a) Designed WPT system for analysis of temperature. (b) Air Gap between Tx and Rx.

ical requirements, cobalt is a valuable metal which is utilized
in the production of materials needed for a variety of applica-
tions, including industrial catalysts, lithium-ion batteries, hard
metals, magnets, and gas turbine components [59].

3. DESIGN METHODOLOGY OF CO-SI WAFER

Firstly, an aluminium sheet is utilized and designed through a
laser cutting technique to deposit the cobalt film on the silicon
wafer substrate.

RF magnetron sputtering technique was operated to coat Co
films and connect in a zigzag manner with copper on a Si wafer
substrate.
The sample surface was cleaned by applying the argon

plasma ion at a flow rate of 50 cm with 25W (DC) and 40W
(DC) for 3 minutes and 5 minutes, respectively. A 100W (DC)
power was applied to the Co target for 8 minutes (∼ 10 nm) to
deposit on the Silica substrate and about 3 minutes and 4 sec for
the copper to deposit and connect the cobalt films in a zig-zag
manner. Fig. 3 above shows the fabricated Co-Si wafer which

65 www.jpier.org



Farooq et al.

(a) (b)

FIGURE 6. (a) Temperature analysis before the operating of WPT system. (b) Temperature analysis after operating condition at 100 seconds.

(a) (b)

FIGURE 7. (a) WPT system with silicon cobalt wafer design. (b) Maximum temperature reach with wafer design.

(a) (b)

FIGURE 8. (a) Maximum temperature w.r.t time of WPT. (b) Temperature w.r.t time with of WPT setup with wafer design.
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will be utilized at the TX side of the static WPT system, while
measuring the SSE of the designed model is shown in Fig. 3(b).

4. EXPERIMENTAL SETUP
An experimental layout and setup of theWPT system are shown
in Figs. 4 and 5(a) which consists of a high frequency (HF) H-
bridge system, a power supply, and a DC to AC inverter system
on the Transmitter side. In contrast, the receiver side (Rx) con-
sists of an Rx coil AC to DC rectifier and a resonant tuning ca-
pacitor connected directly to the load while the air gap between
the TX and Rx coils is shown in Fig. 5(b).

5. RESULTS AND DISCUSSIONS
The thermal performance of a wireless power transmission sys-
tem shown in Figs. 6(a) and (b) is the main concern of this
study. Thermal sensors monitored the magnetic coil’s temper-
ature when equipment was in operation, and it reached a max-
imum of 70–79◦C in about 100 seconds. Temperatures above
this level reduced the overall efficiency of the system by im-
pairing the functioning of other components, even while power
efficiency stayed constant. In order to minimize this effect,
the magnetic coupler was coupled with a silicon wafer design
shown in Figs. 7(a) and (b) which led to a significant tempera-
ture drop to 62–64◦C without an apparent impact on efficiency
in same time i-e 100 seconds. The results suggest that while
heat rise can significantly impact system components, its effect
on efficiency is limited; therefore, minimizing temperature-
related component errors and achieving effective thermal con-
trol are essential. Figs. 8(a) and (b) show the accompanying
graphs of temperature distribution with respect to time of the
magnetic coupler in both setups i-e with and without the de-
signed wafer model.

6. CONCLUSION
In this research, wireless power setups are arranged and an-
alyzed to evaluate thermal performance both with and with-
out the designed wafer. The transmission coil’s temperature
is compared between Si-Cobalt Wafer TX system and conven-
tionalWPT system. The working frequency was preferred to be
the frequency at which it is enhanced between the transmitting
and receiving coils. The Si-Cobalt wafer with the transmitter
system performed better than a conventional transmission sys-
tem at an air gap of 20 cm from the Rx coil. Results imply that
heat rises can have significant impacts on system components,
and they have a limited effect on efficiency. The graphs above
illustrate the temperature distribution across various positions
of the magnetic coupler. In order to minimize temperature-
related component errors and accomplish efficient thermal con-
trol, it is crucial to implement effective cooling strategies and
optimize the thermal management design.
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