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Abstract. The analysis of the magnetic properties of alloys with low Curie tem-
perature used in domestic induction heating is presented. These alloys allow the
development of cookware with additional benefits with respect to regular cookware
oriented to improve temperature control and the user’s safety. Firstly, an experi-
mental method to characterize the magnetic permeability with respect to the mag-
netic field strength and temperature in the material is presented. Secondly, a finite
element simulation method is proposed which, considering the previous character-
ization, allows the calculation of the electrical equivalent of an inductor-load sys-
tem as a function of temperature and magnetic field. This method makes possible
the application of finite element simulation in the frequency domain with nonlinear
materials, which is of interest for the design of electronics associated with domes-
tic applications of induction heating. Simulation results are experimentally verified
with various ferromagnetic alloys with low Curie temperature at different power,
temperature, and operating frequency ranges.
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Introduction

In the last decades, domestic applications of induction heating (IH) have become very
popular, as its superior advantages have been recognized by a market increasingly con-
cerned about energy efficiency and the progressive decarbonization of society [1]. Apart
from these aspects, domestic induction heating technology has been traditionally appre-
ciated by users because of its fast dynamics and ease of cleaning [2]. Domestic induction
heating technology has three main pillars [3]: magnetic elements (inductors, EMI filters),
power electronic converters, and digital control and user interface. Although induction
technology has reached a remarkable degree of maturity, innovations are currently be-
ing introduced especially aimed at increasing performance [4, 5], improving user safety,
and enhancing the cooking experience [6, 7]. These innovations are due, among other
reasons, to the use of semiconductor materials for electronic devices with improved per-
formance or the inclusion of magnetic materials with specific properties such as low



Curie temperature alloys [8, 9]. The electromagnetic properties of the vessel materials
(relative magnetic permeability and electrical conductivity) have a direct impact on the
electrical equivalent circuit of the induction cooktop electromagnetic system. In general,
the electrical equivalent of the inductor-load system is represented by an equivalent re-
sistance Req, which represents the power dissipated in the system, connected in series
with an equivalent inductance Leq. These parameters depend on the frequency, the exci-
tation current, the temperature of the vessel, and the B-H curve of the material among
others [10]. The cooktop control electronics detect variations in the equivalent circuit of
an inductor-load system, and these changes can be used for different purposes, such as
automatic pot detection or protecting the user against overheating. The latter feature can
be implemented with vessels manufactured with low Curie temperature [11]. The Curie
temperature determines the transition of a material from its ferromagnetic phase to its
paramagnetic phase, therefore, when exceeding this temperature, considerable changes
in the Req and Leq of the system can be detected.

Currently, there are several alloys whose electromagnetic properties, and in particu-
lar their Curie temperature, are suitable for domestic induction heating applications [12].
This temperature should be high enough to allow cooking processes such as boiling in
water and frying with oil (>100◦C), but it should be sufficiently low (<300◦C) to protect
the user in the case that, due to misuse or negligence in the cooking process, danger-
ous temperatures are reached. However, alloy manufacturers usually provide very little
information about the magnetic performance of these materials. Usually, only the Curie
temperature is provided, and other information about magnetic permeability, the depen-
dence of permeability with the magnetic field or temperature is not available. Therefore,
the simulation of domestic induction systems with these materials requires an adequate
characterization of the materials in order to obtain precise results. Moreover, the sim-
ulation presents some challenges, for example, the properties of the involved materials
depend on both temperature and magnetic field [13, 14]. For this purpose, the finite ele-
ment method [15, 16] has been used, which can lead to convergence problems when the
coupled dependence of thermal and electromagnetic simulation is considered [17].

This work proposes an experimental method to characterize magnetic alloys with
low Curie temperature and a method to perform the simulation of IH systems using finite
elements considering the magnetic field strength and temperature dependence of the ma-
terial properties. Both the experimental characterization method and the computational
model are verified through experimental results with several FeNiCrMn alloys with low
Curie temperature at various frequencies and operating conditions.

1. Magnetic and thermal characterization of materials

This work considers two materials, specifically an alloy with a Curie temperature of
120ºC (Mat. A) and another alloy with a Curie temperature of 230 ºC (Mat. B). First,
using EDX (energy dispersive X-ray) and SEM (scanning electron microscopy) tech-
niques, the structure and composition of both materials were analyzed. The composition
of both materials is shown in Table 1. As can be observed, even though they are alloys
of the same elements (FeNiCrMn), remarkable differences are found in the composition
of the materials, which will result in different magnetic properties. From the images ob-
tained by SEM, it can be seen the microstructure of the mat. A(Fig. 1(a)) and mat. B



Table 1. Composition of the tested materials.

MATERIAL TCURIE (◦C) FORMULAE
ALLOY COMPOSITION (%)

Fe Ni Cr Mn

Material A 120 Fe66.92Ni30.49Cr2.14Mn0.45 66.92 30.49 2.14 0.45

Material B 230 Fe40.24Ni49.03Cr10.29Mn0.44 40.24 49.03 10.29 0.44

(a) (b)

Figure 1. SEM Images, microstructure: Mat. A (a) and Mat. B (b).

(Fig. 1(b)). The material A has a much coarser grain structure than B. According to [18]
the more compact alloys, with finer grain size have a broader magnetization curve, so it
is expected material B to be magnetically harder than material A.

The method used in this work for the magnetic and thermal characterization of the
materials considered, it is based on the preliminary study presented in [19]. This study
only covered up to H=150 A/m and, therefore, hardly covers the magnetic field strength
(H) usually reached in domestic induction heating, between 1000 A/m and 10000 A/m.
The method consists of measuring the inductance of a toroidal coil, whose magnetic
core is one of the materials to be characterized. The inductance measurements and the
subsequent obtention of the relative magnetic permeability are performed at different
conditions of temperature, excitation current, and frequency.

The experimental setup for the magnetic characterization is shown in Fig. 2(a). It
consists of a precision LCR meter (Agilent E4980A) which measures the self-inductance
of the toroidal-shaped coils. This instrument has an internal oscillator whose rated power
is up to 2 VA, so it allows measurements with a maximum excitation current of 100
mA. Regarding the thermal characterization, the setup also includes a custom furnace,
built for that purpose, covered with an insulation blanket. The furnace temperature is set
by means of a regulation system based on a proportional-integral controller, consisting
of the Eurotherm 3216 controller and an SSR relay. A set of thermocouples is used to
measure the temperature of the toroidal core. The temperature measures are recorded
employing the Agilent 34972A data logger.

The samples of the toroidal cores have a Φext=35 mm, Φint=23.5 mm, and t=0.5
mm, where Φext , Φint , and t are the outer diameter, the inner diameter, and the core thick-
ness, respectively. One of the analyzed samples is shown in Fig. 2(b). The toroid shape
is appropriate to obtain the magnetic permeability by measuring the self-inductance of a
device consisting of a core and a winding; since in this geometry, there is a direct rela-



(a)

(b)

(c)

Figure 2. Elements of the experimental setup for the magnetic and thermal characterization. (a) Experimental
setup. (b) Core shape. (c) Core with winding.

tionship between the winding current and the magnetic field inside the core. The wind-
ing consists of N=3500 turns of a copper strand with a diameter ΦCu=200 µm. Fig. 2(c)
shows the toroidal core after the winding. Considering the dimensions of the core and
the number of turns of the winding, the maximum field at the center of the toroid will be:

H =
NI

π(Φext +Φint)/2
(1)

where I is the excitation current. The magnetic permeability can be deduced from the
measured inductance L by means of the following expression [19]:

µr =
2πL

tN2µ0 · ln(Φext
Φint

)
(2)

Some characterization results are shown in Fig. 3. Fig. 3(a) shows the magnetic per-
meability for different magnetic field strength levels and several temperatures. As ex-
pected, the results obtained are very different for the two materials. Mat A has higher
permeability and therefore saturates at a lower field. Mat. B has lower permeability and
higher saturation field. Regarding the thermal characterization, Fig. 3(b) shows the rela-
tive permeability for both materials as a function of temperature for three different values
of the magnetic field. As expected, the measured Curie temperature of both materials is
close to that given by the manufacturer. From these results, it can also be deduced that for
higher fields the dependence of the drop of the permeability with temperature is softer.
It should be noted that once the maximum temperature of the experiment was reached,
the samples were cooled to room temperature. Consequently, it was possible to verify
that the material of the samples recovers its magnetic permeability as it cools down and
moves away from its Curie temperature.



(a) (b)

Figure 3. Results of the magnetic and thermal characterization. (a) Relative permeability at different temper-
atures with respect to the magnetic field. (b) Relative permeability with respect to the temperature for different
magnetic fields.

As it has been observed, both materials have a good relative magnetic permeability,
which allows them to be heated with induction cooktops with the same performance as
the traditionally used materials. It also provides natural temperature control and protec-
tion against overheating by preventing the cookware from exceeding its Curie tempera-
ture.

2. Finite element simulation model

Domestic induction heating systems are simulated in order to obtain an electrical equiv-
alent circuit for the inductor-load system. This circuit is required to design properly the
associated power electronic converter [20] and to implement the automatic pot detection
or the user protection against overheating based on impedance variations [11]. As was
above commented, the electrical parameters, Req and an Leq, depend on the material’s
electromagnetic properties, which in turn change with the H field and temperature. The
analysis of magnetic systems with nonlinear materials has traditionally been approached
by using finite element simulation tools [21–23]. However, papers dealing with nonlinear
simulation including thermal dependence of materials in domestic IH applications are
uncommon in the literature. On the other hand, the frequency-dependent analysis (which
results in interest in the design of IH systems) often doesn’t cover the case of non-linear
materials. However, from the point of view of induction heating system design, frequency
domain simulation is more useful [24] because the delivered power is usually controlled
by means of the switching frequency.

In this work, it is proposed a decoupled simulation method that allows to carry out
frequency-domain simulations with nonlinear magnetic materials whose properties de-
pend on temperature. As shown in Fig. 4(a), the simulated system consists of the ves-
sel, the inductor, a ferrite disk, and an aluminum plate placed below for shielding pur-
poses. The model is based on the developments presented in [25]. As shown in Fig. 4(b),
the peculiarity of this method is that it divides the vessel, into smaller elements, each
with a different relative magnetic permeability, µr(T, H=Hdis). The µr function assigned
in each element corresponds to the µr(T) functions for a given H field (Hdis) shown in



(a) (b)

Figure 4. Simulation model. (a) Domestic induction heating system comprised, from bottom to top, of alu-
minum shielding, ferrite disk, inductor, and vessel/load. (b) Relative permeability at each point of the material.

Fig. 3(b). The value of the magnetic field (Hdis) in each element is previously calculated,
for various excitation currents. Thus, the simulation model consists of two steps:

• First, the magnetic field strength distribution (Hdis) is obtained at each point of
the vessel considering the system at room temperature for each of the excitation
currents to be studied. These Hdis results are stored for the second part of the
simulation.

• Second, an algorithm is used to introduce the functions of the magnetic perme-
ability with respect to the temperature in each of the elements of the vessel µr(T,
H=Hdis). Where the Hdis at each element corresponds to that calculated in the
previous step.

It should be noted that although the distribution of the magnetic field strength inci-
dent on the load varies as the load heats up, since its µr varies, the Hdis can be considered
independent of temperature. By decoupling the problem into two steps, the model allows
simulations in both, the frequency and time domains. This permits to obtain not only the
parameters of the equivalent circuit at different frequencies and operating points but also
the temporal evolution of the temperature in the vessel. Moreover, it avoids the problems
of convergence and parameter cross-dependence that occur when directly introducing
the nonlinear dependences with the H field and temperature in the finite element analysis
software.

Some simulation results are shown in Fig. 5. The parameters of the study are as
follows: It has been used a copper inductor with 210 mm outer diameter, 46 mm inner
diameter, 22 turns and 3 mm height. A vessel whose bottom base has a height of 1
mm and a diameter of 230 mm. The materials used for the vessel correspond to those
analyzed in the previous section; whose µr correspond to those shown in Fig. 3 and
whose electrical conductivity is 1.1·106 S/m. The distance between the inductor and the
load is 6 mm. Finally, the ferrite disk has an equivalent µr of 16, an outer diameter of
206 mm and an inner diameter of 55 mm. As shown in Fig. 5(a), although the H field
and µr have cross dependencies, the change with temperature hardly modifies the field
distribution (Hdis). In Fig. 5(b) it can be observed that each radial position of the load has
a different magnetic permeability assigned to it, which is also affected by temperature.

Additionally, simulation results of the equivalent impedance are also shown in Fig. 6.
This figure shows that the simulation model captures the dependencies of the equivalent
impedance with respect to both excitation current and temperature. The temperature dis-



Figure 5. Simulation results at the bottom surface of the load with Mat A. (a) Magnetic field and (b) Relative
magnetic permeability at different temperatures and coil excitation currents

(a) (b)

Figure 6. Simulated results of equivalent impedance with respect to the current for different temperatures at f
of 35kHz. (a) Equivalent resistance. (b) Equivalent inductance.

tribution in the vessel is usually not uniform along its surface, being the areas that heat
up the most the ones that have the greatest contribution to the equivalent circuit [17]; that
is why the highest temperature reached in the vessel has been chosen as the reference
temperature in the graphs. According to these figures, for the considered geometry the
impedance drop occurs when the current is higher than 10 Amps. The changes in the
equivalent impedance shown in Fig. 6 can be used for the overheating detection above
mentioned.

3. Experimental results

Several experimental tests have been performed to verify the proposed simulation model.
The experimental setup is shown in Fig. 7. It has been used a commercial Bosch induc-
tion cooktop to heat the material samples, a Lecroy MDA805A oscilloscope to measure
the voltage and current values to obtain the equivalent circuit parameters, and a ther-
mographic camera FLIR-A655sc to measure the temperature evolution. The purpose of



Figure 7. Elements of the experimental setup used for model validation

(a) (b)

Figure 8. Simulated and experimental results of equivalent impedance with respect to the frequency for dif-
ferent temperatures. (a) Equivalent resistance. (b) Equivalent inductance.

these tests is to obtain values of the equivalent impedance to be compared with the results
of the simulation model.

Considering that cookware manufacturers do not usually provide technical informa-
tion (composition, Curie temperature, electrical properties. . . ) about their products, there
may be uncertainty in the nature of the material. In order to verify the model as closely
as possible, commercial cookware was not used in this study. Instead of that, 230 mm
diameter disks made of a thick plate of both materials, Mat. A and Mat. B, were used.
This ensures that the induction load is made of the right material. On the other hand,
the disadvantage of the disks is that they have a low mass, which means that their tem-
perature rises rapidly. For this reason, it is not possible to supply them with high power.
The disks were placed on a 210 mm diameter inductor fed by the electronic stage of a
commercial induction cooktop. In this converter, the power is controlled by varying the
switching frequency.

The experimental results of equivalent impedance as a function of frequency for
different temperatures are shown in Fig. 8. For the reasons mentioned in the previous



section, the highest temperature reached along the surface of the vessel has been cho-
sen as the reference temperature. In addition, as already mentioned, each of the exper-
imental frequencies corresponds to an excitation current in the coil and therefore a dif-
ferent H field, which has been considered in the simulation. As shown in the figures, the
measure impedance tendencies follow the simulation model predictions. Moreover, the
experimental results adequately match the simulations.

4. Conclusions

In this work, it has been presented a method to magnetically characterize materials as
a function of temperature and H-field. In addition, a decoupled method that considers
these nonlinearities has been introduced. In contrast to the linear models widely studied
in the literature, which either do not consider or only take into account the dependencies
of magnetic permeability on temperature or magnetic field strength, this method allows
taking into account both dependencies. By comparing simulated and experimental results
with the FeNiCrMn alloys with low Curie temperature, a good agreement between re-
sults has been observed. This method allows a more accurate design of the electronics as-
sociated with domestic induction heating systems that incorporate low Curie temperature
materials to improve their security.
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