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Abstract—We present a reduced-order dynamic model of an
industrial induction heating system working beyond the Curie
temperature and operated by a regulated input-voltage resonant
inverter. On the one hand, a modular hardware design for
power electronics is proposed, which allows great flexibility
in operation while maintaining simplicity in its control. On
the other hand, a co-simulation model has been derived to
ensure inverter control stability under the variable operating
conditions intrinsically associated with the physical properties of
the induction load. This model is based on applying a reduction
of the parameters obtained from simulations carried out by
employing a finite element analysis tool to use the results in
CAE simulation software. To validate the obtained experimental
results, a comparison has been made with the numerical results
obtained from the simulation.

Index Terms—induction heating, inverter, nonlinear load, dy-
namic modeling, Curie temperature, finite elements.

I. INTRODUCTION

INDUCTION HEATING (IH) technique has gained signifi-
cant attention in recent years due to its potential to replace

traditional heating technologies in various fields, e.g., indus-
trial, household, or medical applications [1], [2]. Induction
heating is a contactless, efficient, easy-to-control, fast, and
durable heating system that offers numerous advantages over
other traditional heating technologies [3].

The general power conversion scheme for IH systems is
shown in Fig. 1. The main feature of this type of system is
the IH load, composed of a coil and the workpiece, whose
electrical equivalent consists of an inductance, L, in series
with a resistance, R, [4]. The ac-dc rectifier supplies the dc-
bus from the ac mains voltage. The simplest constructions
consist of diode bridge rectifiers, although controlled options
have advantages [5], [6]. On the other hand, the dc-ac stage
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Fig. 1. Basic structure of an IH system.

generates the medium frequency current that will feed the
inductive type load. The different configurations used distin-
guish between the type of electronics employed, either single
switch [7], [8], half-bridge [9] or full-bridge topologies [10].
Depending on the structure of the resonant tank, a distinction
can be made between LC-series [11], [12], which stands
out for its simplicity; LC-parallel [13], [14], that achieves
favorable working conditions for the electronic inverter but
increasing the control complexity; and LCL [15], [16], which
features robustness. Recently, proposals have also been made
for direct ac-ac converters applied to induction heating, but
the larger number of devices to be switched complicates the
generation of gating signals [17]–[19]. Additionally, there are
several proposals for multiple output topologies [20], [21],
mainly focused on specific applications.

Different modulations can be applied to vary the power
delivered to the inductor-workpiece system. Taking advantage
of the resonance curve of the IH systems, Frequency Density
Modulation, FDM, [22], [23] is usually applied. On the
other hand, in the case of using full-bridge inverters, it is
possible to apply Phase-Shift Modulation, PSM, [24]. Finally,
Pulse Density Modulation, PDM, [25], [26] stands out due
to its simplicity. Several methods for resonant inverters in
IH systems have been proposed regarding control variables.
The control of the induction coil current is discussed in [27];
strategies focused on temperature control are proposed in
[28]; and power regulation is addressed in [29], [30]. The
dynamic behavior of the inductor-workpiece load has been
described in some works, although it is not fully captured due
to the complex dependencies of the physical properties of the
inductor [31].

The electrical behavior of the inductor-workpiece sys-
tem depends on electromagnetic, thermal, and metallurgical
factors. Electromagnetic-thermal numerical simulations are
needed to fully describe this behavior [32]–[35]. On the other
hand, some works have been devoted to study the dynamics
of power converters applied for IH heating. An analysis based
on experimental results is proposed in [36]. The robustness
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of the control of an induction hardening system can be found
in [37]. In [38] the dynamics of the induction load is studied
by applying phase shift control and in [39] an analysis of
the dynamics of a matrix power converter is performed but
both focused exclusively on the circuit behavior of the IH
load, which need to be properly identified. However, the co-
simulation of the power electronics and the induction load,
including its complex dependencies between the temperature
and the magnetic and resistive properties, is still challenging
and computationally expensive. Therefore, a reduced-order
model that can diminish the computational burden without
significantly sacrificing accuracy is highly recommended.

This paper is an extension of the work entitled “Dynamic
DC-Bus Voltage Control of Induction Hardening System
Under Load Temperatures from Ambient to Beyond Curie
Point”, [40], presented on the IEEE Applied Power Electronics
Conference and Exposition (APEC) 2024 in Long Beach, CA.
This extended paper not only focuses on the dynamic dc-bus
voltage control at fixed switching frequency of the IH process,
but it goes into more detail regarding the electromagnetic-
thermal modeling by Finite Element Method (FEM) of the
inductive load, considering the material’s nonlinear electric,
magnetic, and thermal properties, and their inter-dependencies.

The remainder of this paper is organized as follows. Section
II describes the versatile power converter used for both model-
ing and simulation. Section III provides the characteristics of
the electromagnetic-thermal model of the nonlinear induction
load implemented in a finite element analysis tool. Section IV
gives the procedure to reduce the results of the above model
for using in a circuit simulation tool. Experimental validation
of the results is given in Section V. Finally, some conclusions
are drawn in Section VI.

II. DC-BUS VOLTAGE-REGULATED INVERTER FOR
FLEXIBLE FEEDING OF LIGHT INDUCTIVE LOAD

A. Proposed Electronic Topology

The induction heating system required for industrial hard-
ening must work under a wide range of conditions to achieve
accurate thermal processing of materials. This system in-
volves a nonlinear, light, inductive load, where the equivalent
impedance depends on both the workpiece’s temperature dis-
tribution and the applied excitation level during processing.

In order to facilitate the control of the power converter, a
versatile inverter topology able to supply the required power
to loads of varying characteristics while maintaining robust
behavior is proposed. The power converter has to be able to
control the power delivered to the load despite the change in
its properties with the purpose of modulating the metallurgical
process in the workpiece. Moreover, it should cover a wide
range of power levels to ensure proper operation. Additionally,
the electronics has to be capable of handling inductive loads
with a small resistive component, which may vary consid-
erably throughout the hardening. The basic structure of the
proposed system is illustrated in Fig. 2.

This proposal was designed to prioritize both flexibility and
robustness, under a wide variety of operational requirements.
That is the main reason why the intermediate dc-dc stage
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Fig. 2. Schematic of the proposed IH system for hardening of metallic
workpieces.

was added. The current modular design not only improves
functionality but also provides a clear pathway for upgrades
and adjustments, making it a practical choice for a wide range
of applications.

The induction heating system operates by supplying a
medium-frequency current to the load. The heating element
consists of a solenoidal type coil with few turns. When
operating without a workload, the system load is mainly
inductive with a small resistive component due to losses in
the wiring and winding. When the workpiece is inserted, the
equivalent inductance of the system may change according to
the temperature and magnetic conditions, and the system re-
sistance increases due to power delivery to the load. Induction
heating generates high heat flux to the workpiece’s surface,
and therefore, controlling the delivered power enables the pre-
cise application of metallurgical treatment to the workpiece’s
superficial layer.

In this proposal, the power electronics is designed using
three sequential stages, as shown in Fig. 3, to achieve a
versatile operation. Firstly, a three-phase rectifier featuring
controlled switching devices transforms mains voltage into a
low-ripple dc-bus. Secondly, a dc-dc buck converter regulates
the dc-bus voltage level to feed the last electronics stage.
The output voltage of this stage becomes the variable to be
controlled for regulating the power delivered to the workpiece.
The dynamics of the dc-bus voltage are determined by the
evolution of the impedance associated with the workpiece
throughout the metallurgical treatment cycle. Finally, the third
power stage consists of an inverter operating at a fixed switch-
ing frequency, determining the power delivered from the input
voltage provided by the dc-bus. The physical implementation
of the complete electronic stage is captured in Fig. 4.

B. Practical Implementation

The first electronic stage includes a three-phase boost-type
controlled rectifier that converts the 380 V, 50 Hz three-phase
mains voltage into a 650 V dc-bus voltage. A vector control
integrating a power factor corrector has also been included
to ensure a low ripple output and power factor close to one
at the input by canceling the reactive power consumption. In
addition, in order to comply with existing standards, a Schurter
FMBC-A91G-J010 EMC filter and an LCL filter were placed
at the input of the converter. The controlled devices used are
three Wolfspeed CAB425M12XM3 1200 V and 425 A SiC
modules, each implementing a half-bridge inverter composed
of two MOSFETs with Rds = 3.5 mΩ. A Dual channel
differential isolated gate driver XM3 CPM3 SiC connected
to each module has been used to generate the trigger signals
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Fig. 3. Power electronics converter for the IH industrial applications test bench: 3-phase rectifier, dc-dc buck, and half-bridge inverter with inductive load
and resonant capacitors.

Fig. 4. Power electronic converter.

at a fixed switching frequency of f3−ph = 16.67 kHz. The
control of the modules is achieved by applying asymmetrical
voltage control by modifying the duty of each module. The
output of the controlled three-phase rectifier consists of a bus
capacitor Cdc,1 = 600 µF in a configuration of six KEMET
C44UOGT6100A8TK 100 µF capacitors connected in parallel
to provide a low ripple 650 V bus voltage.

The intermediate power stage consists of a dc-dc buck
converter regulating the variable bus voltage Vdc,2. In this
case, two inverting branches working in two-channel in-
terleaved mode is used, each consisting of a Wolfspeed
CAB425M12XM3 SiC module. Fixed switching frequency
modulation at fbuck = 16.67 kHz is used, applying asym-
metrical voltage control on each branch. At the output of each
of the inverting branches, a 330 µH inductor has been placed,
and the regulated bus voltage, Vdc,2, is obtained by means of
the filtering provided by the bus capacitor Cdc,2 = 400 µF
in a configuration of four KEMET C44UOGT6100A8TK
capacitors of 100 µF connected in parallel. The regulated bus
voltage, Vdc,2, dynamics will be determined by the power cycle
to be delivered in the hardening process.

Finally, the output stage will comprise two half-bridge
inverters working in parallel at a fixed switching frequency
of fsw = 14.2 kHz. Two Wolfspeed CAB425M12XM3 SiC
modules have been used, and a series LC-circuit has been
selected as the resonant tank to optimize the delivered power.
The value of the resonant capacitor is 36.4 uF. Working
at a fixed switching frequency makes the work of the ac-
dc converter independent of the output power regulation,

simplifying the control of the electronics.

C. Digital Control
The entire system was controlled using a digital system

implemented in a National Instruments sbRio 9607 embedded
controller. The trigger signals for the 3-phase rectifier were
generated from the measurements of the current and voltage
signals of each phase and the output voltage Vdc,1. We used
a 200 A rms LEM LF 210-S current transformer for the
current measurements and a LEM DVL 250 voltage transducer
for the voltage measurements of each phase of the mains,
respectively. The voltage at the output of the 3-phase rectifier
was monitored with a LEM DVL 750-UI voltage transducer.

To generate the regulated dc-bus, Vdc,2, through the dc-
dc buck, the current delivered to the load, io, was used as
the control variable. The current setpoint, I∗rms, was provided
through a CAN-bus communication in an open loop system,
allowing flexibility in the cycle to be applied depending on the
type of workpiece under treatment. Additionally, the current
supplied by each branch of the dc-dc buck stage, monitored
by two 200 A rms LEM LF 210-S current transformers, was
also used as input. The bus voltage Vdc,2 was provided by a
LEM DVL 750-UI voltage transducer. The current delivered
to the load was determined by measuring the current of each
of the two half-bridges working in parallel using a 300 A
rms LEM LF 306-S Hall current probe. The trigger signals
were generated by two PWMs of the same frequency as the
3-phase rectifier, fbuck = 16.67 kHz, and out of phase by
180º to reduce the interference generated by the system when
applying interleaving of the two branches.

Finally, the gating signals of the two half-bridges are gener-
ated as fixed frequency signals fsw = 14.2 kHz, which is high
enough to ensure the ZVS conditions at the interest heating
treatments despite the existing small inductance variations.

The specific definition of the power cycle to be applied
will be obtained empirically in the future for each of the
workpieces to be treated, ensuring the repeatability of the
process. The proposed control includes overcurrent protection
so that the modulation in the half-bridge inverter is suppressed
when a malfunction is detected.

III. ELECTROMAGNETIC-THERMAL MODEL OF
NON-LINEAR INDUCTION LOAD

A. Characteristics of Induction Load
The system load is mainly inductive with some resis-

tive contribution, resulting in a primarily reactive equivalent
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impedance. The workpiece processing requires the system to
operate under varying conditions due to the load fluctuations
over time. This complexity requires simple and robust system
designs. When the system operates without the workpiece
inside the coil, the load exhibits a stable equivalent induc-
tance under different working conditions, such as switching
frequency, current level, or temperature variations. In any
case, there is a resistive component associated with current
losses through the coil, the connecting cables, the ESR of the
resonance capacitors, and, to a lesser extent, the resistance of
the printed circuit board tracks. When the metal workpiece is
inserted, the load inductance is altered due to two opposing
phenomena: induced currents on the surface tend to reduce the
magnetic energy stored by the coil, while the magnetic proper-
ties of the load tend to increase it. Nonetheless, the inductance
variation, although noticeable, only represents a fraction of
the total inductance, owing to the coil’s construction and the
workpiece’s dimensions. Additionally, a resistive component is
involved in transferring energy to the workpiece, attributed to
the dissipation of the currents induced by the variable magnetic
field on the material’s surface.

The characteristics of the load determine the selection of the
inverter resonant tank. A series resonant tank has been chosen
by connecting the corresponding resonance capacitor because
it allows simple control of the current flowing through the load,
facilitating the real-time regulation of the power delivered to
the load under time-varying conditions. Alternative resonant
tank topologies have been used in induction heating systems,
including the LCL resonant tank, which allows reducing the
current delivered by the electronic stage but whose control-
lability is more complex. As the inverter stage will work at
a fixed switching frequency, a resonance capacitor has been
chosen to ensure that the resonance frequency is always below
the working frequency, thus guaranteeing smooth switching
conditions, while there is no excessive difference between
the two frequencies, which would impede the delivery of the
required power.

The distribution of electromagnetic fields in the workpiece
is determined by the current flowing through the winding.
Since the material has ferromagnetic properties, its response to
electromagnetic fields is characterized by the B-H curve. The
maximum field level reached in each switching cycle plays a
crucial role. Therefore, it is appropriate to consider the depen-
dence on the current envelope associated with the maximum
reached in each switching cycle. The current envelope varies
smoothly, which can be associated with a moderate equivalent
impedance variation. Another important consideration is that
the temperature of the part has a variation in relation to its
main axis. Selecting the temperature of the intermediate region
of the workpiece as the reference temperature seems conve-
nient, as it is the region with higher field values and power
density transfer; moreover, after comparing temperatures at
different coordinates of the billet, it has been concluded that
it is when this point saturates that the equivalent resistance
and inductance change their behavior drastically. However, it
is important to keep in mind that the effect of temperature
distribution irregularities can significantly influence the heat-
ing treatment, particularly in processes that are slower. It’s

essential to establish the dynamics of the converter to ensure
safe working conditions, as the working conditions change
throughout the power cycle.

B. Computational Model of the Nonlinear Induction Load

Induction heating involves the combination of electromag-
netism, heat transfer, and metallurgy. For this reason, numeri-
cal simulation tools that incorporate multiphysics analysis are
necessary to obtain the equivalent impedance of the inductor-
workpiece system. The changes in the metallurgical structure
of the workpiece will not be discussed in detail, as they
are accounted for in the variation of the material’s physical
properties with temperature. Therefore, it will be necessary
to create an electromagnetic-thermal model that considers
the nonlinear properties of the induction load to accurately
estimate the equivalent impedance.

Regarding the electromagnetic modeling of the inductor-
workpiece system, it will be based on the following assump-
tions: first, only the response at the operating frequency will
be considered, as this is the fixed working frequency of the
inverter, and the current in the coil corresponds mainly to the
fundamental harmonic. Second, the model will just consider
the inductive effects of the current flowing through the coil.
This means that the source of the electromagnetic fields is
associated with the uniform current distribution, denoted as
Jcoil in the turns section of the winding. Consequently, the
magnetic potential vector, A, will describe the system’s fields.
The electric field is given by E = −∂tA and the magnetic field
is given by B = ∇×A.

The fields are obtained by solving the diffusion equation for
the magnetic vector potential [41]:

σ∂tA− 1

µ
∇2A = Jcoil (1)

where σ is the conductivity and µ is the permeability of the
material media.

The primary challenge lies in accurately representing the
nonlinear properties of the workpiece, which are dependent on
the field levels at each point and the temperature distribution.
In eddy current problems, obtaining results in the frequency
domain is generally more straightforward. In this domain, the
equation simplifies to jωσA − 1

µ∇
2A = Jcoil, where the

angular frequency ω = 2πf .
To address the diffusion equation (1), a crucial step involves

discretizing the system’s geometry using a mesh. In general,
the mesh elements used in numerical simulations should
be smaller than the characteristic distances over which the
modeled fields vary. In the case of electromagnetic simulations
involving induction loads, there is a rapid exponential variation
when the fields enter a conductive material, which is deter-
mined by a characteristic distance known as the penetration
depth, δ, [42]. Therefore, it is essential to include several mesh
elements that are a fraction of the penetration depth when
modeling the induction charge. This requirement leads to a
high number of degrees of freedom that need to be solved,
resulting in increased computational costs. To address the
challenges of meshing the induction charge, the impedance
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boundary condition (IBC) is applied. By using this IBC,
it is possible to achieve accurate simulation results while
significantly reducing computational costs. Thus, given that
the characteristic dimensions of the system are on the order
of millimeters, it can be confirmed that the results derived
from applying the IBC are accurate, [43].

However, when working with nonlinear material properties
and the saturation of the billet by the magnetic field, the treat-
ment becomes notably complicated. To face this challenge, an
equivalent magnetic permeability, µ, dependent on the mag-
netic field amplitude and material temperature, is derived via
1-D numerical simulation, as detailed in [44]. This procedure
has also been described for a practical COMSOL simulation
in the paper [45]. Combining this equivalent permeability with
the boundary impedance condition yields accurate electromag-
netic modeling without excessive computational costs. As a
result, the power distribution on the workpiece surface and
the equivalent electrical impedance of the inductor-workpiece
system are obtained, the latter being:

Z =
Vind

Icoil
= − 1

Icoil

1

Sturn

∫
vcoil

E∥dv (2)

where Vind is the voltage induced in the winding, Icoil is the
current amplitude flowing through the winding, Sturn is the
cross-sectional area of a turn, vcoil the volume of the coil, and
E∥ is the electric field longitudinal to the turns of the coil.

Concerning the thermal behavior of the workpiece, it is
essentially determined by the expression of heat diffusion
in the workpiece because the delivered powers are high and
metals are good thermal conductors:

ρcp∂tT −∇(k∇T ) = Q (3)

where ρ is the density of the material, cp is the specific heat,
k is the thermal conductivity, and Q is the heat source arising
from eddy currents, Q = 1

2σ |Jcoil|
2 = σω2

2 |A|2.
Heat capacity values play a crucial role in temperature

evolution since they represent the amount of energy required
to raise the temperature at each point, as well as the energy
needed to increase the temperature of the entire workpiece.
In conclusion, accurately modeling the transient behavior of
temperature requires considering both thermal conductivity
and heat capacity, as they are essential factors.

The thermal processes encompass thermal radiation, which
holds significant importance at elevated temperatures, and
thermal convection, whose impact becomes notable when the
part is subjected to quenching through a water shower.

Unlike its electromagnetic counterpart, the thermal model
will be executed in the time domain. Consequently, when
substantial variations in physical properties occur due to
changes in temperature distribution, a new electromagnetic
simulation in the frequency domain will be performed.

C. Computational Simulation Results of the Inductor-
Workpiece System

In industrial induction heating processes, solenoid-shaped
windings are commonly used with cylindrical workpieces. In
this article, the inductor-workpiece system has the geometrical

TABLE I
IH LOAD’S GEOMETRY

Parameter Value Unit
Coil’s turn number 6
Coil’s inner radius 15 mm

Turn inner diameter 4 mm
Turn outer diameter 6 mm

Distance between turns 9 mm
Billet radius 10 mm
Billet length 75 mm

R(t), L(t)

Tm(t)

Pind(t)

Icoil = 500 A rms, t = 15 s

Icoil = 250 ÷ 500 A rms

f = 14.2 kHz

t = 30 s

ºC

Material properties:

B(H,T), �(T)

k(T), CP(T)

Fig. 5. Schematic of the electromagnetic-thermal Comsol-based simulation.

dimensions shown in Table I. The current flows through a
solenoid-shaped coil consisting of 6 turns of radius 18 mm,
spaced 9 mm apart. Copper tubing has been used in its
construction to allow liquid cooling by circulating water so
that at all times, its operating temperature is guaranteed to be
below the boiling point of water. The copper tube has an outer
diameter of 6 mm and an inner diameter of 4 mm. The metal
part to be heated consists of a 42CrMo4 - AISI 4140 steel
cylinder of radius 10 mm and length 75 mm.

The 42CrMo4 steel has been thoroughly employed in liter-
ature because it is a typical steel used in industrial hardening
applications through electromagnetic induction. It is a well-
known material, and its properties are known. Therefore, these
properties can be directly implemented in electromagnetic-
thermal simulations, reducing the computational and economic
costs of the characterizing process. The physical properties
of this common steel are compiled in [46]. Although the
temperature of the material considerably influences all the
physical properties of importance, the disappearance of the
magnetic properties from the Curie temperature, TC = 783 ºC,
which is reflected, in turn, in a substantial variation of the
thermal capacity of the material, stands out especially. From
the analytical expression of the B-H curve with respect to
temperature presented in [47], it is straightforward to apply
the methodology proposed in [44] to obtain the equivalent
magnetic permeability of the material with respect to field and
temperature.

In order to obtain simulation results, a commercial finite
element-based analysis tool, which integrates electromagnetic
simulation with thermal simulation, such as Comsol Multi-
physics®, has been used, as schematically depicted in Fig. 5.
Transient simulations of 30 s duration have been performed,
starting with the part at room temperature. In each simulation,
a current of 14.2 kHz and fixed amplitude ranging from 250 A
rms to 500 A rms has been applied, covering a wide range of
operating conditions.
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Fig. 6. Simulation results for a transient of 30 s: (a) equivalent resistance, R, (b) equivalent inductance, L.
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Fig. 7. Temperature in the middle region of the billet’s surface, Tm.

In Fig. 6, the results of the equivalent impedance of the
inductor-workpiece system, Z = R + jωL, are plotted. In
Fig. 6a, it can be seen how the equivalent resistance initially
increases due to the temperature increase of the workpiece,
but its value starts to decrease, possibly due to the magnetic
saturation of a region of the workpiece exceeding the Curie
temperature. The volume of this saturated region increases
with time. On the other hand, in Fig. 6b, a similar behavior
of the equivalent inductance, L, is observed, although with a
smaller relative variation.

The temperature distribution of the workpiece shows high
gradients due to the high transferred power levels. In Fig. 7,
the temperature of the central region of the workpiece, Tm,
has been plotted to observe its behavior as it approaches close
to the Curie point of the material. It is observed that Tm stops
increasing abruptly because the efficiency of the induction
energy transfer process decreases as the magnetic properties
are lost.

(a)

(b)
Fig. 8. Temperature distribution through the billet with 500 A rms and
14.2 kHz coil’s current at t = 1, 5, 10, 15, and 20 s, respectively: (a)
Comsol-based thermal simulation, and (b) thermal camera captures during
the experimental heating process.

D. Comparison of Electromagnetic-Thermal Simulations and
Experimental Measurements

In this section, the finite-element thermal simulations are
compared with an experiment realized on the induction hard-
ening test bench in Fig. 8. The heating process was recorded
with a Fluke RSE300 thermal camera to compare the simulated
and real temperature distributions during the heating process.
Both the simulation and test are carried out under 500 A rms
and 14.2 kHz coil’s current excitation. With these working
conditions, the steel billet should be heated for 30 seconds to
reach the desired temperature in the central areas of the billet’s
surface.

The temperature distribution on the surface of the work-
piece, as illustrated in both Fig. 8a and Fig. 8b, is notably
inhomogeneous. However, it exhibits a clear pattern where
the maximum temperature is found in the central zone of the
billet. Temperatures significantly above the Curie temperature
are not observed, primarily due to magnetic saturation and,
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Fig. 9. Schematic of the dynamic model: dc-dc buck, inverter, and reduced-order IH load.

to a lesser extent, the increased heat capacity. In the capture
of images with the thermal camera, a behavior that performs
as a gray body of the workpiece is assumed, with properties
that remain consistent throughout the process. This means that
the emissivity is considered independent of the wavelength
and remains constant with respect to the temperature. As
shown in Fig. 8, there is a considerable correlation between
the simulation and experimental results, indicating that the
electromagnetic-thermal simulation has been validated.

IV. REDUCED-ORDER DYNAMIC MODEL

A. Inductor-Workpiece Equivalent Impedance

The results from the previous Section provide a good
description but are not practical for predicting the entire
system’s performance because of the high computational cost.
It can be beneficial to combine the simulation results from the
finite element analysis tool with electronic circuit simulation
software like Matlab/Simulink®. An accurate definition of
the reduced-order model based on physical considerations for
modeling the induction-workpiece load and its inclusion into
the electronic simulation tool can be valuable.

The equivalent impedance of the induction load with the
workpiece has several parameter dependencies. Although it
does not constitute a complete description of the electrical
behavior, it is appropriate to indicate that the equivalent
impedance can be determined as follows since it presents a
good balance between complexity and descriptive power:

Z
(
f, Irms, T̂m

)
= R

(
f, Irms, T̂m

)
+ jωL

(
f, Irms, T̂m

)
,

(4)
where f represents the working frequency, and Irms is related
to the amplitude of the applied current, and T̂m is the estimated
temperature of the central region of the workpiece.

The proposed reduced-order equivalent impedance at a
fixed frequency will be represented as Z

(
Irms, T̂m

)
=

R
(
Irms, T̂m

)
+ jωL

(
Irms, T̂m

)
, which is represented inside

the highlighted area in Fig. 9. The detailed procedure to esti-
mate the equivalent impedance of the IH-load Z

(
Irms, T̂m

)
will be detailed as follows.

B. Current Level and Estimated Temperature

In the reduced-order model, the level of current feeding
the inductor-workpiece system plays an important role. As
mentioned in assumptions, the current has almost the only

component at the fundamental frequency. Therefore, being a
practically sinusoidal waveform, the relationship between the
current amplitude and its root mean square value, Irms, is
immediate, so both values can be used interchangeably. Note
that the current Irms will be determined by the operational
conditions in the circuit simulation model.

On the other hand, the reduced-order model also depends
on the temperature, Tm, in the central region of the workpiece;
and at the same time, Tm depends on the total energy delivered
to the workpiece, ÊIH, obtained from the integral of the
delivered power at each moment. Moreover, a second factor
related to the heating rate of the workpiece is also considered
in the Tm estimation. The heating rate will be given by the
amplitude of the current, Irms, with which the load is fed. In
order to simplify the treatment, a factorization into two terms,
each dependent on the estimation of the total energy, ÊIH, and
the current, Irms, respectively, is proposed as follows:

T̂m(ÊIH, Irms) = T̂E(ÊIH) · T̂I(Irms) (5)

where T̂E(ÊIH) and T̂I(Irms) are factors dependent on the
provided energy to the workpiece and the current level, re-
spectively.

The temperature of the workpiece has different dependen-
cies according to the regions observed in Fig. 7; this approach
considers two dependencies. The induction energy transfer
process is more efficient below the Curie temperature, TC,
where the material possesses ferromagnetic properties. Above
TC, a phase transition occurs where the material no longer has
magnetic properties and the temperature rise is slower. In order
to capture this behavior, the following temperature factors are
proposed with respect to the estimated delivered energy:

T̂E(ÊIH) =

{
T0 + CTE

Ê
nTE

IH T̂m < TC

Tbrk + C ′
TE

(ÊIH − Ebrk)
2 T̂m ≥ TC

(6)

where T0 = 22 ºC is the initial temperature, nTE
= 0.6777

and CTE = 0.6055 are the exponent and proportion-
ality factor, respectively, fitted to a potential function for
the dependence below the Curie temperature. Ebrk and
C ′

TE
= 4.0017 × 10−8 are the cumulative energy to reach

the Curie temperature in the above temperature range and
the factor of proportionality of the quadratic dependence with
excess energy from the Curie temperature, respectively.

Regarding the current-dependent factor T̂I(Irms), a sim-
pler expression has been considered because of its minor
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Fig. 10. Comparison of simulated data and fitted curves for the middle point
temperature of the billet’s surface.

importance, including only the dependence below the Curie
temperature, as follows:

T̂I(Irms) =

{ ∑2
i=0 CTI,i

Ii∑2
i=0 CTI,i

Ii
ref

T̂m < TC

1 T̂m ≥ TC

(7)

where the adjustment provides the coefficients CTI,0 =
621.1191, CTI,1 = 0.6627, and CTI,2 = 1.0691 × 10−5,
respectively.

In Fig. 10, the comparison between fitted curves and sim-
ulation results in Comsol® with respect to the temperature in
the central region of the workpiece is shown. As can be seen,
the fit is quite good, although a larger error is observed at the
lowest values of current, Irms, due to the difficulty of capturing
the behavior accurately with a small number of parameters. In
any case, the accuracy achieved will be sufficient to obtain
valid results.

C. Impedance Dependence on the Estimated Parameters

Polynomial expressions are used to model the equivalent
impedance Z

(
Irms, T̂m

)
because they provide an analytical

solution that can precisely capture an extended range of
behaviors. The equivalent resistance (R) and inductance (L)
expressions are dependent on the estimated temperature, T̂m,
and current level, Irms. These expressions are obtained by
factorizing each dependency equation, as it is provided as
follows:

R(Irms, T̂m) = RT(T̂m) ·RI(Irms) (8)

and

L(Irms, T̂m) = LT(T̂m) · LI(Irms) (9)

The expressions for (8) and (9) have a similar structure but
with different coefficients. These coefficients are associated
with the temperature, T̂m, and current level, Irms dependen-
cies, respectively. The fitting is divided in the two regions
delimited by the material’s Curie Temperature, TC: below
and above the Curie temperature, TC, with a transitional
temperature ∆T to ensure stability in the simulation without

sacrificing precision. Additionally, the temperature dependence
requires a higher order polynomial compared to the current
dependence to accurately approximate the behavior.

The factors for the temperature dependence are as follows:

RT(T̂m) =

{∑6
i=0 CRT,iT̂

i
m T̂m < TC∑3

i=0 C
′
RT,iT̂

i
m T̂m ≥ TC +∆T

(10)

and

LT(T̂m) =

{∑6
i=0 CLT,iT̂

i
m T̂m < TC∑3

i=0 C
′
LT,iT̂

i
m T̂m ≥ TC +∆T

(11)

Conversely, no current level dependence, Irms, is observed
above the Curie temperature, TC as the magnetic properties
of the workload vanish, and consequently, the equivalent
impedance loses its dependence on this parameter. As a result,
the factor with respect to the current level, Irms, can be
expressed as:

RI(Irms) =

{ ∑2
i=0 CRI,i

Ii∑2
i=0 CRI,i

Ii
ref

T̂m < TC

1 T̂m ≥ TC

(12)

and

LI(Irms) =

{ ∑2
i=0 CLI,i

Ii∑2
i=0 CLI,i

Ii
ref

T̂m < TC

1 T̂m ≥ TC

(13)

As can be observed in Fig. 11a and Fig. 11b, both R
and L exhibit sharp and non-monotonic variations during the
steep decrease after the Curie temperature. These variations
may be associated with instabilities in the model. To prevent
convergence issues in the subsequent electrical simulation, this
transition has been represented as a negative linear slope for
the following ∆T = 30 ºC above the Curie temperature TC.

Table II and Table III present the coefficients to fit the
temperature-dependent impedance below and above TC, re-
spectively. On the other hand, in Table IV, current-dependent
coefficients are shown for temperatures below TC. In con-
sequence, the polynomial curves obtained are depicted in
Fig. 11a and Fig. 11b, along with their corresponding curves
obtained from Comsol Multiphysics®. As can be seen, the
factorization of the equivalent resistance and inductance gives
a quite accurate representation for an extended range of
parameters.

TABLE II
TEMPERATURE-DEPENDENT COEFFICIENTS FOR BELOW CURIE’S POINT,

T̂m < TC

i CRT,i CLT,i

0 −0.0331 −7.6398× 10−10

1 5.1118× 10−4 5.6922× 10−9

2 −2.0662× 10−6 −2.3673× 10−11

3 4.6521× 10−9 5.4237× 10−14

4 −5.8262× 10−12 −6.8645× 10−17

5 3.8162× 10−15 4.5309× 10−20

6 −1.0197× 10−18 −1.2184× 10−23
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Fig. 11. Comparison of simulated data and fitted curves: (a) equivalent resistance, and (b) equivalent inductance.

TABLE III
TEMPERATURE-DEPENDENT COEFFICIENTS FOR ABOVE CURIE’S POINT,

T̂m ≥ TC

i C′
RT,i C′

LT,i

0 1.1953 1.3487× 10−5

1 −0.0029 −3.0867× 10−8

2 2.3028× 10−6 2.4655× 10−11

3 −6.2056× 10−10 −6.6043× 10−15

TABLE IV
CURRENT-DEPENDENT COEFFICIENTS FOR BELOW CURIE’S POINT,

T̂m < TC

i CRI,i CLI,i

0 0.0585 1.1819× 10−6

1 −7.3044× 10−5 −1.4958× 10−9

2 4.9189× 10−8 1.2137× 10−12

V. COMPARISON OF CO-SIMULATION MODEL AND
EXPERIMENTAL RESULTS

The reduced-order induction load model developed in the
previous section can be used in a circuit simulation tool such
as Matlab/Simulink®. This allows for obtaining the system’s
dynamic response under different conditions involving non-
linear load behavior variations. Fig. 9 shows the model used,
where the 3-phase rectifier has been replaced with a dc voltage
source, Vdc,1 = 650 V. This approach allows for simulating the
last two stages to reduce computational costs without affecting
the results. The objective is to simulate the complete IH
process to ensure that the dynamics of the control loops remain
stable even if the Curie temperature is exceeded and the load
presents a substantial variation in its electrical characteristics.

For illustrative purposes, the variation of the equivalent
impedance of the induction load has been represented when
a cycle of 30 s duration is applied, with a current setpoint of
500 A rms. It should be noted that the model includes parasitic
elements, such as the impedance of the Litz cables. These
cables comprise 16000 strands, each with a diameter of 70 µm,
connecting the load to the inverter output. The resistance
of the wires is 7.23 mΩ, and their inductance is 2.88 µH.

Additionally, the conduction resistance of the MOSFETs is
Rds = 1.1 mΩ. In Fig. 12, it is observed that at around 5
seconds, the Curie temperature is reached at the center point of
the load’s surface, causing both components of the equivalent
impedance to decrease.

Experimental validation of the results has been performed
using the setup shown in Fig. 13. The abovementioned con-
ditions were applied to obtain the results shown in Fig. 14.
As depicted in Fig. 14a, the current control dynamics are
fast enough to maintain a stable high current in the load
during the initial transient and rapid impedance variation as the
Curie temperature in the workpiece is exceeded. The simulated
current follows the 500 A rms set as reference correctly with a
slight ripple, which cannot be captured on the measured signal
due to the bandwidth of the current sensors and sample ratio.
There is observed a current overshoot at around 5 seconds,
just when the middle point of the billet reaches the Curie
temperature, the error on the peak is of 3.4 %; and after it
the current drops slightly until it reaches an error of 2.8 %
at the end of the process. These inaccuracies are within the
acceptable tolerance range for this kind of industrial processes.
On the other hand, in Fig. 14b, a ripple is also observed in
the measured signal, which can be due to the noise effects
of such small voltage values. Comparing the evolution of the
dc-bus voltage with simulation results, it is concluded that it
is reasonably well-regulated, considering the simplifications of
the reduced model. There are two transitions clearly marked on
the simulated results, related to the same transitions resulting
in the equivalent resistance. This is due to the temperature-
dependent expression of the equivalent resistance, divided into
three ranges. As detailed in Section IV, the resistance below
Curie temperature is modeled as a polynomial; then, there is
a transition where a linear dependence is assumed; and for
higher temperatures, its descent slope is modeled as another
polynomial of lower order.

Finally, Fig. 15 shows the voltage in the resonant tank,
vtank, as well as the output current, io, waveforms just before
to reach the Curie point and at the end of the process, verifying
the proper operational conditions of the power converter.
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VI. CONCLUSION

In this paper, a comprehensive description of an induction
heating system for metallurgical treatments has been provided.
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(a)

(b)
Fig. 15. Waveforms of the voltage in the resonant tank, vtank, and the load
current, io, at fsw = 14.2 kHz: (a) t = 5 s and (b) t = 25 s.

The associated electronics have been designed with a focus
on modularity to facilitate the design process and simplicity
in control to ensure robustness.

Additionally, a complete co-simulation model has been
presented, which describes the physical behavior using a finite
element analysis tool. The results are then used to create
a reduced-order model of the load, capturing the essential
characteristics of the load’s nonlinear behavior. This reduced-
order model is integrated into an electrical simulation tool
to determine the main parameters of the electronics through
computational results.

Finally, the results of the dynamic co-simulation model have
been experimentally validated under real operating conditions.
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