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Abstract 

Purpose – The aim of this paper is the identification of the magnetic characteristics of the induction 
load by means of the B-H curve proposed by Fröhlich. 

Design/methodology/approach – An electromagnetic description of the inductor system is 
performed to substitute the effects of the induction load, for a mathematical condition, the so-called 
impedance boundary condition.  

Findings – A reduction of the computational cost of electromagnetic simulation through the 
application of the impedance boundary condition, reaching a computation time approximately 400 
times faster with respect to time domain simulation. An alternative way to identify experimentally the 
parameters that determine the magnetic behavior of the induction load. The dependence of the 
equivalent impedance of an induction load on the excitation current level has been further investigated. 

Practical implications – This work is performed to achieve a better understanding of the 
fundamentals involved in the electromagnetic modeling of an induction heating system.  

Originality/value – In this paper, we introduce the dependence on the excitation level based on a first 
harmonic approximation and extend the impedance boundary condition to non-linear magnetic 
materials which allows the identification of the magnetic characteristics of the induction load.  

Keywords Electromagnetism, induction heating, electromagnetic modeling, home appliances. 

Paper type Research paper.    

 
Introduction  

Eddy currents are generated by placing a conductor in an electromagnetic field of 
medium variable frequency, and a strong variation of the fields is observed inside the 
material at position near to the surface (Fawzl et al., 1985). The numerical simulation 
of eddy current systems using numerical methods requires a very fine discretization 
due to the rapid decay of the fields on the surface of the conductive media. In this 
case, the computational cost is high and the accuracy of the results is quite limited. 

With the aim of simplifying the description of the behavior of this kind of systems, 
the effects of the conductive medium are replaced by the so-called impedance 
boundary condition (IBC) (Mohsen, 1982; Yuferev, 2009), which is defined as the 
ratio of the tangential components of the electric and magnetic fields in the boundary 
between two media. This approach is particularly accurate for medium to high 
frequencies. The concept of IBC was introduced in (Schelkunoff, 1938) and allows 
to neglect the meshing of the conductor when numerical methods are applied, (Dong 
& Di Rienzo, 2020). Therefore, the main effect of the application of IBC is a 
considerable reduction of the computational cost required in the simulation of the 
induction heating systems. The impedance boundary condition is well-defined for 
linear material properties by a close expression. However, IBC expressions cannot 
be easily found to include some non-linearities, e.g., the magnetic saturation of the 



medium (Agarwal, 1959; Del Vecchio & Ahuja, 2013; Guerin et al., 1996; 
Krahenbuhl et al., 1997). 

This paper will commence with a concise exposition of the Fröhlich model 
(Bossavit & Verite, 1983; Labridis & Dokopoulos, 1989) which will be used to obtain 
the impedance boundary condition by numerical methods, due to the difficulty of 
finding a closed solution to the diffusion equation describing the behavior of the 
fields. Subsequently, field solutions will be computed under sinusoidal excitation, 
with focus placed on deriving the boundary impedance condition exclusively for the 
first harmonic, while higher harmonics will be disregarded. Lastly, the proposed 
modeling framework will be applied to a domestic induction heating (DIH) system, 
facilitating a comparative analysis between simulated and experimental outcomes. In 
DIH systems, eddy currents are primarily responsible for heating the vessels. The 
modeling of these pots, also referred to as induction loads, is essential as it allows for 
understanding the system's response under the application of external excitation. 
Having prior knowledge of the system's behavior allows for controlling a series of 
parameters such as supplied power and temperature, aiming to enhance the quality 
of the final product and, overall, the user experience. 

Therefore, the experimentally measured results will be taken as a reference to 
validate the results obtained through simulation in the frequency domain. This will 
ultimately allow for analysing if the proposed model is appropriate and solidify the 
application of the impedance boundary condition as a valid method for modeling the 
electromagnetic properties of the induction load in DIH systems. 

 
Induction system model 
Fröhlich model 

The description of a magnetic material with saturation in its B-H curve, such as 
the induction load, is a very complex task. Simplicity of the model is always a 
desirable feature, thus, a reduced number of parameters in the analytical expression 
of the model may be positively rated. Moreover, inaccurate results are often achieved 
even with the most elaborated methods. In order to address the preceding problems 
with a simple and reliable mathematical model, the Fröhlich saturation B-H curve 
has been proposed, (Labridis & Dokopoulos, 1989), whose expression is given as 
follows, 
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The previous B-H relation depends exclusively on two parameters. On the one 

hand, the parameter b  controls the saturation field level, and replacing (1) with 
H   , the saturation magnetic flux field is sat 1/B b , as depicted in Fig. 1(b). 

On the other hand, the parameter   stablishes the rate at which the material becomes 
saturated, as it can be observed in Fig. 1(a). From expression (1), it can be noted that 
  introduces an effective excitation field eff /H H  . When   is increased, more 

amplitude of exciting field is required to saturate the material, due to the effective 
field is reduced. The Fröhlich parameters   and b  are characteristic of each 
material, both variables describe the response of the material by applying an external 
magnetic field.  

The expression for the differential magnetic permeability, diff, ( )r H , can be 

deduced from the derivative of the B-H curve, 
 

 
 diff, 

0 0

1 1 1
( ) .

1 /r

B
H

H b H


   


 
 

 (2) 

where 7
0 4 10    Tꞏm/A is the magnetic permeability of the vacuum. The 

previous equation will prove useful in the following section for determining the 
boundary impedance condition of the induction load, as it encapsulates the non-linear 
magnetic characteristics of the material. 
   
Impedance boundary condition 

The impedance boundary condition (IBC) at the surface of a conductive material 
is given by the following relation (Fawzl et al., 1985):  

 

 IBC
ˆ ˆ ˆ ,Z    n E n n H  (3) 

where n̂  is the unitary normal vector out of the conductor. The preceding expression 
enforces a relationship between the tangential electric and magnetic fields at the 
conductor surface. Assuming that fields exhibit a time dependence j te   which 
corresponds to an oscillation of angular frequency , the tangential components of 
the electric and magnetic fields in the surface are perpendicular. Selecting the 
adequate reference system, the normal vector can be expressed along z-direction, 



whereas the electric field amplitude xE  and magnetic field amplitude yH  are along 

the x-direction and y-direction, respectively. In the latter case, the impedance 
boundary condition, IBCZ , is defined as: 
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The relationship (4) for the IBC in linear media can be deduced analytically by 
using the Maxwell-Ampère equation with a magneto-quasi-static approach 
(Carretero et al., 2011; Özakın & Aksoy, 2016). This approximation leads to 
neglecting the displacement currents i.e., D / t   J D 0 , which is an accurate 

assumption at the working frequencies of induction heating systems. Thus, the linear 
impedance boundary condition, IBCZ , can be expressed as: 
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where σ and μ are the electrical conductivity and magnetic permeability of the 

material. The skin depth 2 /  (Bay et al., 2003; Wentworth et al., 2006; 

Wheeler, 1942) represents the characteristic distance of the exponential decaying of 
the fields inside the medium. In this scenario, accurate results are obtained by 
substituting the conductor domain with this boundary condition when the skin depth 
is significantly smaller than the dimensions of the system, this is directly related to 
the magneto-quasi-static approximation applied previously, as the penetration depth 
depends on the frequency. The preceding relationship establishes that the electric and 
magnetic fields are 45º out of phase at the surface of a conductor material, being these 
characteristics independent on the physical properties of the medium or the operating 
frequency. In addition, the ratio between the amplitudes of the fields at the surface 
depends on the physical properties as well as the frequency but it is independent on 
the exciting field amplitude.  

However, under nonlinear magnetic material properties, such as those 
encountered with magnetic saturation, which is the case for the induction loads, a 
closed expression of the IBC cannot be derived. The fields distribution within a 
nonlinear magnetic material will be obtained by applying the following diffusion 
equation, (Jufer & Apostolides, 1976): 
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The previous expression can be simplified by considering that the diffusion direction, 
z, is the direction of maximum variation of the fields penetrating the conductor. 
Therefore, the plane-wave assumption is adopted to approximate the Laplacian 
operator as 2 2 2/H H z    and the nonlinear B-H curve is incorporated by the 

factor diff ( ) /H B H     which is given by the analytical differential permeability 

provided in (2) within the Fröhlich model. Thus, expression (6) becomes: 
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The preceding non-linear diffusion equation is analytically unsolvable. Numerical 
methods are therefore applied to obtain valid solutions. In this work, a finite 
difference method (FDM) (Jufer & Apostolides, 1976) was applied due to its good 
trade-off between complexity and accuracy. In order to ensure convergence, an 
unstructured mesh implicit method (Carretero et al., 2024) was employed and whose 
solution corresponds to the spatial-temporal magnetic field,  ,yH z t , inside the 

conductor material. The constraints    00, sinyH z t H t  and 

 max , 0yH z z t   are applied varying the amplitude 0H . In addition, the electric 

field  ,xE z t can be deduced by applying Ohm’s and Ampère laws: 
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Furthermore, when subjected to harmonic magnetic field excitation, the electric 
field  ,xE z t  comprises not only the first harmonic but also higher harmonics. 

Depending on the degree of nonlinearity, the significance of these higher harmonics 
can vary. While the non-linear impedance boundary condition cannot be precisely 
defined, the first harmonic approach will be considered as follows: 
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where 1
xE  and 1

yH  are the first harmonic of the transversal components of the electric 

and magnetic fields at the conductor surface, respectively, extracted by means of the 
discrete Fourier transform (Apolinário & Diniz, 2014; Sevgi, 2014) . On the contrary 
to linear media, the non-linear IBC depends on the excitation field level, 
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Figure 2.  
Impedance 
boundary condition 

IBCZ  at different 

Fröhlich 
parameters  : (a) 
modulus IBCZ , (b) 

phase IBCZ . 
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Fig. 2 and Fig. 3 depict the non-linear impedance boundary condition  NL

IBC ,Z b  

in relation to the field amplitude for a Fröhlich B-H curve. As it can be seen, at small 
signal levels, non-linear IBC is equal to the linear IBC considering the initial 
permeability of the material, but, increasing the excitation field level, the modulus 
and the phase of the non-linear IBC decrease, on the contrary to the linear material 
behavior. Moreover, the absolute value of the non-linear IBC depends on the 
parameter b  but the phase is independent on it. Conversely, the parameter   
influences both modulus and phase of the non-linear IBC. 
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Figure 3.  
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Simulation Model 

The expression of the IBC based on a Fröhlich B-H curve will be employed to 
model the induction load. The advantage of using this approach is twofold: firstly, 
the load meshing is avoided, which thereby reducing computational cost; secondly, 
the dependence behavior with the excitation level is captured. Although the geometry 
of the reference system is simple, a commercial FEA simulation tool will be used, 
i.e., COMSOL® (COMSOL Multiphysics Programming Reference Manual, 1998), 
in order to consider the proposed modelling for other complex induction heating 
system. 

 
 

Figure 4.  
2D-axisymmetric 
model of the 
induction heating 
system. 

 
The reference system shown in Fig. 4 consists of a spiral inductor composed of 
23n   turns evenly distributed between the internal radius int 20r   mm and the 

external radius ext 105r   mm. The thickness of the coil is coil 2.3t   mm. The coil is 

placed a distance f 3d   mm above the flux concentrator plate composed of high-

permeability ferrite. The load is located at a distance of l 4.5d   mm above the coil. 

The physical configuration of the FEA tool model is performed by bearing in mind 
simplicity. The coil is modelled by an impressed constant current density assuming 
the homogenization of the turns into the cross-section area of the coil, 

coil 0 coil ˆ/nI SJ φ , directed along the azimuthal axis, where 0I  is the current 

amplitude and  coil coil ext intS t r r  . The flux concentrator is substituted by the 

Perfect Magnetic Conductor or ˆ  n H 0  (Lindell & Sihvola, 2020; Orton & Seddon, 
2003) in its surface, being the preceding condition equivalent to an infinite relative 
permeability of the ferrite. Finally, the non-linear impedance boundary condition is 
applied to the surface of the induction load. 

A coarse meshing is implemented to the model because the fields exhibit a smooth 
spatial dependence on the domains simulated. Also, the numerical results have been 
calculated in the frequency-domain. The model presents a high accuracy at a low 
computational cost; thus, multiple configurations can be simulated with reduced 
computational cost. The equivalent impedance of the induction load, denoted as               

indZ , can be readily determined from the simulated results, particularly from the 

induced coil voltage, coilV , which is computed by integrating the azimuthal 



component of the electric field along the coil turns, (Carretero et al., 2012). In the 
frequency domain, the induced voltage is complex-valued, thus, the equivalent 
impedance ind coil 0/Z V I is also complex-valued. The real part of the equivalent 

impedance corresponds to the equivalent resistance of the induction system and the 
imaginary component is associated with its equivalent inductance. Not only does 
impedance vary with frequency, but it also exhibits a dependency on current 
amplitude, stemming from alterations in the load's magnetic properties in response 
to the excitation field strength. Therefore, the equivalent impedance with the 
dependencies described above can be decomposed into resistive and inductive 

contributions  ind
ˆ,Z I R j L   . The resistance models the dissipation of 

transferred power and the inductance takes into account the magnetic energy stored 
in the system. 

 
Experimental results 

In order to prove the feasibility of the proposed modelling of inductive heating 
systems based on impedance boundary condition from Fröhlich B-H curve, some 
experimental measurements have been conducted. The experimental set-up consists 
of a spiral coil of 23n   turns placed over a rectangular ferrite plane. The load of the 
induction heating system is a pot of enamelled magnetic iron. The induction heating 
system is fed-up by a resonant converter connected to the mains. The electronics are 
composed of an ac-dc converter which rectifies the voltage of the mains, then, a 
modulated dc-bus is generated, busv . Next, a half-bridge inverter provides a pulsed 

voltage between 0 V and busv , working at the switching frequency swf  to the resonant 

tank composed of the induction-load system and the matching network. The current 
through the coil is modulated by the dc-voltage busv  and the first-harmonic of the 

switching frequency swf  is the dominant. 

The experimental set-up consists of a power converter connected to an inductor-
load system. The power converter is controlled by an open-loop software.  Current 
and voltage in the coil have been measured by means of a Tektronix DPO7354 
oscilloscope, using a Pearson current probe and a differential voltage probe, 
respectively. Data have been stored to be processed in MATLAB®. Harmonics of 
waveforms have been extracted by applying the Fourier analysis at each switching 
period, as well as other parameters of interest, e.g., the current amplitude for each 
period. Equivalent impedance for each switching period were calculated by the ratio 
between the complex-valued first-harmonic inductor voltage and the current.  

The magnetic properties of the induction load, i.e., magnetic iron, have been 
identified from the experimental measurements by fitting Fröhlich parameters   and 
b  to several equivalent impedance at key current levels. The measured equivalent 
impedances at 35 kHz have been chosen for the identification of the parameters. 
Equivalent impedances at small currents have been discarded because the behavior 
of the load cannot be explained by the proposed model. An iterative algorithm based 

on FDM extraction of the  IBC , ,Z H b ,  ind
ˆ,Z I R j L    calculation in 

COMSOL® and adaptive gradient (Kingma & Ba, 2014; Kochenderfer & Wheeler, 
2019; Zaheer & Shaziya, 2019) descend has been used to obtain the values of   and 

b . Thus, assuming a typical iron electrical conductivity 71.12 10    S/m and a fixed 
temperature of 100ºC (boiling point of water), the Fröhlich parameters obtained for 
the enamelled ferromagnetic load are 151.21   A/m and 0.34b   1/T. 



A comparison between the measured equivalent resistance with respect to the 
current amplitude and the values calculated from the FEA tool for the preceding 
Fröhlich values are given in Fig. 5(a). Besides, a similar comparison is given for the 
equivalent inductance in Fig. 5(b). Two different switching frequencies of 30 and 45 
kHz, respectively are represented for each electrical parameter. As it can be seen, a 
good accuracy is achieved by the modelling because the maximum resistance error 
is around 6%, whereas the maximum inductance error is around 3% at 30 kHz. At 
the frequency of 45 kHz, lower current amplitudes are reached because the resonance 
frequency can be found below 30 kHz. Due to the appearance of higher order 
harmonics with increasing frequency, the error in both resistance and inductance is 
higher. Related to this, the main source of error between experimental measurements 
and simulation data is the first harmonic approximation in the IBC calculation. 

Figure 5.  
Comparison between 
experimental 
equivalent 
impedance and the 
simulated values 
from the Fröhlich 
model with respect to 
the current amplitude 
at 30 kHz and 45 
kHz (lines: 
simulation results; 
points: experimental 
data): (a) equivalent 
resistance, (b) 
equivalent 
inductance. 
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From the proposed modeling based on the impedance boundary condition of the 

Fröhlich B-H curve, the dependence on the current of the equivalent impedance can 
be explained associated with the magnetic saturation of the material. Therefore, the 
aforementioned non-linear IBC extend the accuracy of the frequency domain 
simulation of induction heating systems. 

It is worth noting that, despite using a simple model for the electromagnetic 
simulation of the DIH system, reasonable results have been achieved, and the 
behavior of the induction load has been satisfactorily captured. This suggests that 



increasing the complexity of the model may not necessarily yield results that justify 
the considerable increase in computational cost required by such simulations. 
 
Conclusions 

In this work, the potential of the IBC extracted from the Fröhlich model has been 
explored. As the most important result, the dependence of the equivalent impedance 
of an induction load on the excitation current level has been further investigated. 
Typical linear IBC is derived from only a single magnetic property parameter, 
namely, relative permeability of the material, but, the proposed model just extends 
the magnetic properties to two parameters including saturation effects. Consequently, 
the B-H curve remains simple but increasing the explanatory power of the modelling. 

The application of the proposed Fröhlich B-H curve-based impedance boundary 
condition implies a slightly increase in the computational cost of the simulation with 
respect to the linear IBC feature included in commercial FEA tools. However, the 
proposed method also allows frequency domain simulation, therefore, complex 
system geometries can be simulated. 

The experimental validation has proven the feasibility of the proposed non-linear 
modeling, because the error in the estimated components of the equivalent 
impedances is small under different configurations. 
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