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ABSTRACT Induction cooktops are a key element in home electrification. This paper presents a new use of
induction cooktops, which allows the preparation of infusions directly in a ceramic mug. It is proposed the
design of a water heater with an immersible metallic load. The dimensions of the load allow its embedding in
small ceramic vessels. Despite being smaller than conventional inductors, the immersible load has a specific
shape that allows it to efficiently receive the energy from the induction cooktops and quickly heat the liquid
inside the mug. Its geometry consists of a flat disk with sidewalls on its edge, which provides low reluctance
paths for the magnetic field, resulting in improved transmitted power and efficiency. The load is arranged
in a multilayer structure consisting of a ferromagnetic alloy with low Curie temperature at the bottom and
aluminum on the top, which confers self-detection capabilities against dangerous overheating. The study of
the proposal has been carried out with a finite element analysis model, and the feasibility of this proposal
has been demonstrated through experimental results of its performance. Finally, the immersible water heater,
powered by an induction cooktop, has been compared to other liquid heating systems, such as the microwave
and the kettle, with promising results.

INDEX TERMS Home appliances, induction heating, magnetic devices, electromagnetic induction.

I. INTRODUCTION An induction cooktop usually comprises the power elec-

Induction heating (IH) provides contactless, fast, and efficient
heating of conductive materials. Its application in a domestic
scenario is widely used in commercial applications and is
an active research field with numerous contributions and
improvements. In recent years, IH cooktops have become
more efficient [1], [2], safer [3], cleaner, faster, and easier
to use [4], as well as more flexible in terms of cooking
surface [5], [6] and cookware materials [7], [8], [9], [10].
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tronic converter, the control unit, and the inductor-load
system [11]. Induction cooktops take power from the mains
voltage, rectified by a complete diode bridge. This is followed
by a bus filter designed to allow a large voltage ripple
resulting in an input power factor close to one. Then, the
resonant inverter supplies an alternating current between
20-100 kHz to the inductor. Due to the balance between cost,
ease of implementation, and performance, the most widely
used inverter in domestic IH is the half-bridge topology [12].
Lastly, the coil generates an alternating magnetic field in
which the heating target, the ferromagnetic load, is immersed.
As a result, two physical phenomena heat the load: eddy
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FIGURE 1. Representation of the immersible heater load powered by an
induction cooktop (a) and its geometry and materials (b).

currents and magnetic hysteresis [13]. Eddy currents oppose
the applied magnetic field of the load and produce heat due
to the Joule effect, which is usually the main heat source in
induction heating processes. In addition, magnetic hysteresis
creates additional heating in ferromagnetic materials.

Among all the advantages of induction heating technol-
ogy [14], its high efficiency stands out, making it highly
suitable for promoting the efficient electrification of homes.
As a result, new uses for this technology are emerging, such
as its application to the development of small wireless appli-
ances (cooking robots, rice cookers) that can be powered
from an induction cooktop [15], [16]. Compared to others, the
efficiency and speed of this technology are currently desirable
for any food or liquid (water, milk) heating process.

Preparing tea and coffee is one of the most recurrent
processes in every household. The preferred solution for
preparing infusions is to use a kettle that quickly provides
a high-quality infusion. However, it is usually a bulky instru-
ment that requires some time for preparation and cleaning,
as well as storing space. In addition, a survey of 86,000
British households by the Energy Saving Trust [17] found
that three-quarters of households admitted to overfill the
kettle when boiling water. It is estimated that, on average,
the kettle wastes about 15% of the energy used and the water
heated due to water overfilling [18]. Another product used to
prepare infusions is the microwave oven. Some users choose
it over the kettle because the infusion preparation process is
more convenient. However, it is slower, has an uneven heat
distribution that worsens the final quality of the infusion [19],
and is less efficient, since microwave ovens typically have
a conversion efficiency from electrical mains to microwave
energy close to 50% [20].
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FIGURE 2. Equivalent circuit of the induction system.

This paper proposes the water heater with an immersible
load for domestic IH systems depicted in Fig. 1(a). It can be
embedded or built into a ceramic mug and combines the con-
venience of the microwave with the temperature uniformity
and efficiency of the kettle. In addition, it requires little space
for storage and allows the preparation of the infusion directly
in the cup where it is to be consumed, making the process
more convenient for daily use.

The design of this inductive water heater has to cope with
three main problems. The immersible load has to fit in a
standard mug; therefore, its size is much smaller than that
of conventional inductors. In addition, the distance between
the inductor and the load is increased since it is added the
mug base height. These two factors disperse the magnetic
fields and consequently decrease the transmitted power and
efficiency considerably [21]. For this reason, it is proposed
the load geometry shown in Fig. 1(b), consisting of a disk with
sidewalls made of a ferromagnetic material with low Curie
temperature at the base united with a layer of aluminum on
the upper part. The walls on the edges of the load facilitate
low reluctance paths to the magnetic field and increase the
efficiency and power delivered to it. Lastly, the heating sys-
tem should incorporate an overheating detection mechanism
to prevent the load from reaching dangerous temperatures in
the event of liquid depletion. The materials chosen in the
load design provide this protection system [3]. In induction
heating, overtemperature can be detected without additional
sensors by using a multilayer load design, such as the one
shown in Fig. 1(b). This design causes changes in the equiva-
lent impedance of the inductor-load system at a predefined
temperature, which, can be automatically detected by the
induction cooktop. The validation of the proposal has been
carried out at a theoretical level by analyzing its electrical
efficiency, and its overall performance has been validated
experimentally by means of a prototype. In addition, the
system has been compared to the microwave and the kettle,
as they are the most commonly used appliances for heating
liquids at home.

The paper is organized as follows. Section II is focused on
describing the finite element model and the calculation of the
system efficiency. Section III shows the technical problems
of the inductive water heater and how they have been solved.
Section IV and V describe the experimental setup and show
the results. Finally, in Section VI, some conclusions are
drawn.

51481



IEEE Access

A. Pascual et al.: Small-Sized Immersible Water Heaters for Domestic Induction Heating Technology

Il. FINITE ELEMENT MODELING AND INDUCTION
EFFICIENCY

To evaluate the performance of an induction heating system
is essential to know the distribution of electric and magnetic
fields in it. For this purpose, the system has been electro-
magnetically modeled using the finite element analysis tool
COMSOL. The model is based on Fig. 1(a) and consists of
the ferromagnetic load, whose geometry and size are adapted
to this specific situation, under which are placed, from top to
bottom, the planar inductor, the flux concentrators (ferrites)
to improve the coupling, and the aluminum shielding that
protects the electronics located below the inductor. The model
employs 3D geometry and has been used to study differ-
ent load shapes in order to optimize the efficiency and the
power dissipation for size-constrained situations. The finite
element model has been developed considering the following
simplifications:

— The multiturn winding composed of an intricate Litz
wire is replaced by an ideal constant current density J
of a rectangular cross-section area Sc;;-

— Materials are linear, homogeneous, and isotropic and are
characterized through their electrical conductivity o and
the relative magnetic permeability 1.

— The thickness of the aluminum shielding is assumed to
be greater than the skin depth at the operating frecuency.
The skin depth determines the effective area through
which current flows in a conductor. Thus, this element
can be replaced by an impedance boundary condition
(IBC) provided by the FEA tool COMSOL.

The induction system, illustrated in Fig. 2, can be electri-
cally modeled by an equivalent impedance (Z.,), which is
defined as the ratio of the voltage (V,,;;) and the current in
the coil (I.i). The voltage is obtained by integrating the
electric field over the entire volume of the coil divided by
its cross-sectional area S.,;; and multiplied by the number of
turns n; [22]. Considering that the inner and outer radii of the
coil are rj,; and rey respectively, and the thickness of the coil
is 1, it is obtained that:

ny Text ty
Veoil = — j[ Edl = — / / 2rrEydidr (1)
Scoil Tint 0

Zeq _ Veoil
Teoil
where w is the angular frequency and E, is the electrical
field in the coil. The Z,, has a real part R, , which represents
the total power dissipated in the system, and an imaginary
part L.y, which represents the magnetic field of the system.
Consequently, the power factor is determined as follows:

Req
| Zegl
Two parameters characterize the performance of an induction
heating system: the load equivalent induced resistance R,
which represents the power dissipated in the load, and the
induction efficiency 7;,q [23]. According to the ideal current
density model of the coil, the R; together with the dissipation

= Reg + jwLeq (@)

PF =
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in the ferrites and the aluminum shielding, Ry, constitutes
the R.,. However, for the calculation of the system efficiency,
it must be taken into account that the measured R, in the
real system also includes the winding losses, R,,. The R; and
Ry, can be obtained by integrating the flux of the Poynting
vector S at the load and shielding boundaries, respectively.
Considering normalized fields per Ampere E = E/ fa,,-l, H=
H/ fwil, these resistances can be expressed as follows:

Ry = Re [/ [(ExH) ~ﬁ]dSa] o =1,sh “4)
Sa

where 7 is the normal vector to the load or shielding surface
and Sy is the area of the corresponding surface. The winding
losses can be divided into those caused by dc, and skin effect,
Rcona, and those caused by the magnetic field’s proximity
losses, Rprox. It has been considered that the coil is wounded
with n; turns of Litz wire with ng strands of radii r;. In addi-
tion, it has been taken the approximation that the strands are
equivalent and are placed at the position of the mean length of
turn (MLT = 7 (exs +7ine ). Consequently, Roong 1S calculated

as follows [24]:
s
Poona (%) s)
8
where o, is the electrical conductivity of the strand, § is the
skin depth, and ®.onq(7s/8) is the ac resistance of a strand per
unit of length. The skin depth can be obtained by meas of:

§ = v 1/(f 1opro) (6)

being f the operation frequency, (o the magnetic permeabil-
ity of vacuum and o and p, the electromagnetic properties
of the medium. In addition, since the coil is immersed in a
variable magnetic field, proximity losses are also generated.
The proximity losses of the conductors in windings are pro-
portional to the length of the conductor multiplied by the
squared amplitude of the external magnetic field over the
conductor. This can be approximated by the spatial average
of the norm of the magnetic field in the coil volume generated
by one turn placed in the MLT position [25]:

2

n; MLT

Rcond = T T s
ng 0y, (7T r_yz)

=2 n =2
) = 7 [ Ve )
coil J Veoit
4 s\ =2
Romox = gty = Dpeon () () ®)
Oy 8

where V¢, is the volume of the coil. ®prox (75/6) takes into
account the ac dependence on the proximity losses of the
strand; for cases where r;/§ <1 it can be approximated

by [26]:
o (5) =5 (5) ©
PY\s /) T als
Finally, the induction efficiency is the ratio of the power
delivered into the load with respect to the electrical power

supplied to the coil. It is usually be represented by the fol-
lowing relationship between resistances:

Ry
Nind = (10)
" R] + Rsh + Rcond + Rprox
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FIGURE 3. Simulation results at f=30 kHz for various load geometries when immersed in mugs with different base heights (hmug)-
Efficiency and Req as a function of the load/inductor size ratio (a). 5,4 (b), Req (c), and Leq (d) with respect to the height of the load
lateral wall (hj4¢) in a inductor-load system with ¢;,q = 150 mm and ¢jy,4= 65-75 mm.

Ill. ANALYSIS AND DESIGN OF INDUCTIVE HEATERS FOR
NON-METALLIC SMALL-SIZE COOKWARE

As it was above commented, three main challenges were
faced in the design of the solution presented in Fig. 1: the
reduced ferromagnetic load size with respect to the inductor,
the increased distance between the inductor and the load,
and the overheating protection. The induction system analysis
has been performed using the finite element model described
above. The system consists of a commercial circular coil with
an external diameter of 150 mm and an internal diameter
of 45 mm, wound with 24 turns of Litz wire of 32 strands
with a diameter of 0.3 mm each. In addition, the coil incor-
porates five equiangularly arranged ferrite bars underneath.
The mugs, as they are made of ceramic materials, do not
directly interfere with the induction heating process. How-
ever, it should be noted that the distance between the load
and the inductor comprises a fixed part which is the distance
between the inductor and the top surface of the ceramic glass,
and a variable part which depends on the height of the base
of the mug, /imyg, in which the load is embedded above.

A. ADAPTATION OF THE LOAD GEOMETRY
As mentioned above, one of the requirements of this appli-
cation is that it must fit inside the mug, and, therefore, its

VOLUME 11, 2023

diameter should not exceed 70-80 mm. However, as can be
seen in Fig. 3(a), the smaller the load size compared to the
inductor’s size, the lower the efficiency and power dissipation
in the system. To compete with other liquid heating sys-
tems, the excellent efficiency of induction systems must be
maintained and the equivalent resistance must be sufficient
to rapidly heat the liquid.

The main problem when the load covers a low percentage
of the inductor is that a part of the magnetic field flux, depend-
ing on the percentage of uncovered area, is not captured by
the load and, therefore, the induced currents and the surface
of the load where the power is dissipated is small. In addition,
the magnetic field directed towards the aluminum shielding
and ferrites is higher, increasing the Ry, and the system
losses. These effects are further increased when an additional
distance is added between the inductor and the load, as in the
case of the height of the mug base, Amyg, Which causes the
magnetic fields to spread out more. For these reasons, this
work proposes the geometry shown in Fig. 1(b). It consists of
a disk with a reduced diameter of 65 mm and 75 mm, which
allows it to be inserted into a mug. This disk incorporates
lateral walls at the edge to facilitate low reluctance paths for
the magnetic field directing it towards the load, allowing more
power to be dissipated more efficiently.
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FIGURE 4. Power dissipated per unit current (a) and magnetic field
strength (b) in the 20 mm sidewall load and the planar load. Both with a
diameter, ¢,,,4, of 75 mm.

Fig. 3(b) shows how the efficiency of the inductor-load
system (Ping = 150 mm, ¢joag = 65-75 mm) increases as the
height of the lateral wall (k1) does. The n;,q stabilizes at
the wall height of 20 mm where an increase in efficiency of
17% and 29% is achieved in loads with diameters of 75 and
65 mm embedded in a mug with Anyg = 5 mm. It can also
be seen in Fig. 3(c) how the power that can be dissipated
increases as the hjy does. The disk with the 20 mm sidewall
receives more than twice the power it receives with a planar
disk (hjr = 0 mm). Moreover, Fig. 3(d) shows how the
system becomes more inductive as the lateral wall increases.
As already mentioned, since the ferromagnetic load is located
above the base of the mug, it can be observed in all the
graphs that the performance of the system worsens when used
in mugs with higher base height (/imug), since the distance
between inductor and load increases.

The effect of the sidewalls on the power dissipated per
unit of current and the magnetic field strength can be seen in
Fig. 4. It shows the difference between the disk with 20 mm
of lateral walls and the planar disk, both with a diameter of
75 mm and powered by an inductor of 150 mm diameter.
It can be seen in Fig. 4(a) that although most of the power
dissipation occurs at the base of the load, the inclusion of the
lateral walls provides a low reluctance path for the magnetic
fields, which allows the total power dissipation throughout
the load to almost double. Similarly, it can be seen from
Fig. 4(b) that the incident magnetic field strength at the
load’s surface also increases significantly with the incorpo-
ration of lateral walls. In contrast, in the planar load, the
magnetic field tries to concentrate at the edge of the load.
The effect of the five ferrites existing in the commercial
inductor system can be also appreciated in the shape of the
field.

Finally, it is worth mentioning that the special geometry
of the load allows to attract the magnetic field lines avoid-
ing field dispersion and Radiated Emission (RE) problems.
According to [27] when the distance between the load and the
inductor is small, less than 30 mm, the near field emission is
not so high as to compromise the standard IEC 62233 [28].
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B. SELF-PROTECTION METHOD AGAINST
OVERTEMPERATURE

Another technical problem with the proposed water heater is
that the overtemperature protection system currently incor-
porated in induction cooktops is designed for the case of the
cookware in contact with the ceramic glass [29]. In commer-
cial cooktops the cookware temperature is estimated from
the temperature measurements of an NTC, which, as seen in
Fig. 1(a), is located below the ceramic glass. Therefore, the
mug adds an extra thermal resistance and consequently the
overtemperature protection system does not work correctly.
Thus, it is necessary to incorporate a feature that protects the
user and the system from possible damage due to overheating
the load; as the temperature can increase considerably when
there is no liquid or the liquid has evaporated completely.

The method for self-detection of overtemperature in induc-
tion heating proposed by [3] is employed to solve this issue.
It uses a multilayer load structure with aluminum on the
top and a layer with a specific thickness of 0.5 mm with
a ferromagnetic alloy with low curie temperature for the
bottom. The Curie temperature is the temperature at which
a ferromagnetic material becomes paramagnetic, losing its
magnetism. This multilayer load presents two different states:
a normal state, in which it can be heated efficiently, and a
protection state, above the Curie temperature, in which the
power factor decreases abruptly, limiting overheating and
making this state easily detectable by the cooktop.

The principle of the self-protection method is shown
schematically in Fig. 5. On the one hand, it shows the vari-
ation of the relative magnetic permeability p, with the tem-
perature of the material chosen for the bottom layer, which is
an alloy, analyzed in [30], of Fesq3Nis9Crig3Mng 44 with a
Curie temperature of 230°C and an electrical conductivity o
of 1-10° S/m. On the other hand, it shows the variation of the
skin depth as the temperature changes. It is observed that for
temperatures below the Curie temperature, the magnetic field
does not overpass the ferromagnetic alloy layer, allowing
it to heat up efficiently. However, when this temperature is
exceeded, the magnetic field reaches the aluminum layer.
Since aluminum is non-ferromagnetic and a good conductor,
this causes considerable change in the power factor of the
equivalent circuit [31]. The changes in the equivalent circuit
are constantly monitored by the vessel autodetection system
incorporated in commercial cooktops [32], [33]. This system
is built into all induction cooktops and stops transmitting
power when it detects loads made of non ferromagnetic mate-
rials, such as copper or aluminum, whose equivalent PF is
low. It should be noted that when the low T, alloy cools
down, it recovers its original magnetic permeability and can
be reheated normally [30].

IV. PROTOTYPE AND EXPERIMENTAL SETUP
The inductive water heater performance has been tested with

a commercial induction cooktop composed of a half-bridge
series resonant inverter with a resonance capacitor C, =
540 nF. The electrical circuit diagram of the application is
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FIGURE 6. Experimental circuit diagram.

shown in Fig. 6, which corresponds to the experimental setup
shown in Fig. 7(a). The prototype, shown in Fig. 7(b), has
a diameter of 75 mm and a lateral wall of 20 mm. It con-
sists of a bottom layer with 0.5 mm thickness made of the
ferromagnetic alloy with low Curie temperature described in
Section III-B and a top layer of 1 mm made of aluminum
(ur = 1and 0 = 3.3 - 107 S/m). The mugs employed have
the same diameter of 80 mm, and different height of the base
(hmug), varying between 3 mm, 5 mm, and 10 mm. The mugs
are made of a material that is an electrical insulator, so it
does not interfere with the induction heating process. Besides
the material has low thermal conductivity (0.5 W/mK) which
minimizes the thermal losses, since the lower this value, the
higher the proportion of heat absorbed by the water. As for
the inductors, it has been proved the adaptation of the water
heater to the two different types of coils shown in Fig. 7(c).
It has been tested in a circular inductor, as the one analyzed
in Section III and an elliptical inductor, with the same type
of cable as the other one and the dimensions shown in the
figure. As for the relative position between inductor and load,
the center of both have been placed in alignment, as shown
in Fig. 7(a). Although the incorporation of the sidewalls
allows the magnetic field to be attracted to the load reducing
the adverse effects due to misalignment between the two
elements, it is always recommended, as in any wireless power
transfer application, that both elements be aligned to improve
coupling.

A Lecroy MDABOSA oscilloscope was used to acquire the
voltage and current waveforms, which, conveniently post-
processed, allow to obtain the equivalent circuit parameters
(Req and L,;). To measure the power consumed from the
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FIGURE 7. Experimental setup (a), inductive water heater prototype
(b) and the elliptic, above, and circular, bellow, inductors used in the
experimental measurements (c).

mains was employed a PM 100 wattmeter. In addition, several
thermocouples were used to obtain the temperature evolu-
tion in the water and the load, since infrared cameras are
not suitable for measuring the temperature of a water mass
because water behaves like a black body. Two experiments
were conducted. The first one aims to test the performance of
the load proposed for the water heater. It has been measured,
at various frequencies, the Ry, the L.y, and the power in
the inductor-load system. Based on the formulas described
in Section II, the electrical efficiency at various frequencies
has been calculated. It has also been proved that the PF
varies when the temperature delimited by the Curie temper-
ature of the load base material is exceeded, which allows to
self-protect the system against overheating.

The second experiment compared the inductive heater with
the microwave and kettle. A “Balay 3WGB2018 (800 W)”
microwave oven and a ‘“Bosch TWK3P420 (2200 W)’ kettle
were used. The test was performed with both at maximum
power, and in the case of the inductive heater, it operated close
the resonant frequency. For each, the power consumed, the
preparation steps, the heating time, and the power transferred
were obtained. The power transferred to the water Pyager Was
calculated using the following relation:

E = mC,AT (11)
E
Pyater = E (12)

where E is the thermal energy, m is the mass, C,, is the specific
heat of the water, AT is the temperature increment, and At
is the duration of the experiment in seconds. The tests have
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FIGURE 8. Performance at various frequencies of the equivalent resistance (a), equivalent inductance (b), power (c), losses (d) and electric efficiency of
the inductor-load system (e) for the immersible load of 75 mm diameter and 20 mm h;; with the circular inductor of 150 mm diameter.

been carried out with 300 ml of water, whose temperature
has been increased from 25°C to 90°C to avoid the effects of
evaporation and to facilitate the power calculation.

V. EXPERIMENTAL RESULTS

Fig. 8 shows the experimental (with dots) and simulated ele-
ments of the equivalent circuit for the immersible load used
with the circular inductor. The study ranges from 20 kHz to
100 kHz, the usual operating frequency in domestic induction
heating. Fig. 8(a) and Fig. 8(b) show the variation of the
equivalent circuit parameters R.; and L., respectively, with
the frequency when used in mugs with different base heights.
As previously mentioned, when the /iy increases, the equiv-
alent resistance of the load decreases as the inductor-load dis-
tance increases. Fig. 8(c) shows the power that can be reached
as a function of frequency. The simulation values have been
obtained by analyzing the series resonant half-bridge inverter
of the induction cooktop. Considering the R, values at fre-
quencies close to resonance and that the cooktop components
specifications recommend not exceeding an I, of 30 A,
it can be supplied between 850 W and 1500 W depending on
the height of the mug. Fig. 8(d) shows the losses calculated
by FEM in the aluminum shielding (Ry;) and the losses in
the winding, which are independent of the mug. Finally,
Fig. 8(e) shows the electric efficiency of the inductor-load
system. It can be observed that the efficiency increases with
frequency, until 70 kHz where it starts to slowly decrease.
This is caused by the fact that as the frequency increases, the
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FIGURE 9. Experimental power measurements at f = 31.5kHz of the
inductive heater with 300 ml of water.

power dissipated in the load increases in greater proportion
than the losses. However, above 70 kHz, the proximity losses
in windings, Ry, start to become more relevant, causing
the ratio between resistances and, therefore, the efficiency to
decrease.

Fig. 9 shows the power values obtained from a performance
test of the inductive water heater in a mug with a base height
of 5 mm and a circular inductor of 150 mm diameter at a fre-
quency close to resonance (31.5 kHz). The power consumed
from the mains was measured using the wattmeter and the
input power to the inductor using the oscilloscope. By means
of the water temperature evolution measured with the thermo-
couples and the Eq. 12, was estimated the power absorbed by
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TABLE 1. Comparative results between the inductive water heater and other typical applications for domestic heating of liquids.
MICROWAVE KETTLE INDUCTIVE HEATER
Ind. circular Ind. elliptic
Total efficiency (%) 44.5 85.8 73.4 72.1
Econs, per use (kWh) 0.051 0.026 0.029 0.030
Pdemanded (W) 1274 1884 1312 1263
Pwater (W) 567 1616 964 911
Preparation steps 2 6 2 2
ati 3 _ o
Heating time from 25-90°C 144 51 85 88
of 300 ml water (s)
. ¢ Uneven temperature dis- * Water overfilling  Better results in inductors of similar
Additional comments I S . .
tribution » Longer preparation time load size

0.150
0.125 1
E 0.100
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—— f = 70 kHz
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FIGURE 10. Experimental variation of the inductor-load system power
factor with respect to temperature at different frequencies.

the water (Pyater). Considering the power consumed and the
total power absorbed to the water, a total efficiency (o) of
73.4% was obtained. This efficiency includes the losses due
to the induction cooktop electronics (rectifier stage, inverter),
the losses in the inductor-load system,n;,s, as well as the
losses of thermal origin since part of the heat is transferred
to the mug, the environment and the ceramic glass among
others. Fig. 10 shows the variation of the power factor (PF)
with respect to the temperature of the load. This measure has
been made without water inside the mug to allow the load
to overheat. It can be observed that the PF drops clearly
when the Curie temperature of the base material is exceeded,
which is 230 °C. The PF =0.1 is used as a threshold; below
this value the power electronic converter is switched off
protecting the system and the user.

The Table 1 compares the performance, at maximum
power, between the microwave, the kettle, and the water
heater used in different inductors. It also shows the number
of manual steps involved in preparing hot water with each of
them. In the case of the microwave, being an appliance that is
always at hand in any kitchen, only two preparation steps are
necessary: fill the cup with water and turn on the microwave.
The inductive heater with the immersed load requieres the
same steps: fill the cup with the heater embedded and turn
on the induction cooktop. Finally, the kettle requires more
preparation steps. First, it should be taken from storage and
installed; second, it must be filled with water; third, it must
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be activated; fourth, the hot water must be poured into the
mug; fifth, the kettle must be returned to the storage; finally,
a sixth step is added which corresponds to the additional task
of cleaning the kettle after each use.

From the table it can be extracted that the kettle is the one
that transfers more energy to the water with better perfor-
mance. However, it requires much longer preparation steps
that make it uncomfortable for daily use, and, as mentioned
above, it tends to be overfilled and part of the heated water
is discarded, also causing a waste of energy. The microwave
is more convenient in terms of preparation steps, but the
temperature distribution in the water after being heated by
this technology is not homogeneous making the infusion of
poorer quality and also has low overall efficiency. Finally, the
inductive heater combines both advantages: it is convenient
to prepare and provides fast and efficient heating of the liquid
inside. In addition, it takes up very little space. The results for
the two types of inductors analyzed have been very similar,
however, for the proper operation of the heater it is preferable
to use it in inductors of similar size to the load.

VI. CONCLUSION

This paper proposes a water heater with an immersible load
for domestic induction heating systems. It can be embedded
or built into a ceramic mug and combines the convenience
of the microwave with the temperature uniformity and effi-
ciency of the kettle. The proposed load consists of a reduced
diameter disk that incorporates lateral walls on the edge.
This geometry allows it to be inserted, or be embedded into
small vessels such as mugs, and to receive energy efficiently
from induction cooktops with conventional inductors. The
sidewalls provide a low reluctance path to the magnetic field,
which increases the efficiency and the power transmitted to
the load. However, to obtain fast and efficient heating of the
liquid, it is advisable to be embedded in standard mugs with-
out an excessively base height, since the increased distance to
the inductor worsens the performance of the heating system.
The performance and the power losses in the inductor-load
system have been calculated by finite element analysis and
measured experimentally with good agreement. Compared
to traditional solutions such as microwave, it is more effi-
cient and faster and obtains a homogeneous heat distribution
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improving the final quality of the infusion. With respect to
the kettle, it is easier to calculate the exact dosage of water,
so it does not waste water and energy due to overfilling and
is more convenient for daily use.

In this work, the technical feasibility of the inductive water
heater has been studied, but there are still some points of
improvement that could increase its competitiveness. For
example, some product improvements include adding a cavity
above the load to accommodate tea bags, or implementing the
load geometry directly on the bottom of the mug.
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