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Abstract—The aim of the paper is to present a simple but well
applicable development, to generate the waveform of the magnetic flux
density, and so the magnetic hysteresis, for any signal frequency. The
proposed approach is based on the knowledge of the signal spectrum
for one given frequency. It allows to construct the spectrum for any
other frequency. Then, the constructed signal is transformed back to
the time domain.

1. INTRODUCTION

Studying in detail the electromagnetic or electromechanical phenomena
in electromagnetic devices, like electrical machines, actuators, sensors,
often results in solving Maxwell’s equations. The performance of
electromagnetic devices may be strongly related to the behavior of
the magnetic materials of which they are constructed. Therefore,
the development of solution techniques of Maxwell’s equations in
materials with complex constitutive relations, in addition to the
experimental identification of the magnetic and magneto-elastic
behavior of ferromagnetic materials, become important issues.

The hysteresis is in the heart of the magnetic behavior of materials.
All the applications concerning the fields of electrical engineering are
strongly related to the particular aspects of magnetic hysteresis. The
interest carried to hysteresis is not only due to a technological urgency
but also to the need for the comprehension of the physical mechanism
responsible of this phenomenon.
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The diversity of the operating conditions of the systems requires
a thorough knowledge of the phenomenological aspect of hysteresis
because it can guide or modify their magnetic behavior. For example,
in an induction heating system, where the materials are subjected to
several types of constraints such as those due to the frequency of the
excitation and the temperature. In this case, the magnetic hysteresis
has an impact on the losses dissipated in the considered material.
Indeed, under these constraints the magnetic behavior of materials
can be modified considerably and it hysteresis loop evolves according
to the frequency and of the temperature.

Modeling of magnetic hysteresis can be approached from a variety
of viewpoints. Most models are successful in producing realistic low
frequency hysteresis loops, but differ in ability to follow material
magnetization dynamically. Model parameters may be chosen to give
reasonable results for single frequency sinusoidal excitations. Some
models may also be tuned to give reasonable results for excitation by
high speed pulses [1].

In preceding work [2], we have proposed a method allowing to
identify the modified Lorentz function modeling magnetic hysteresis,
from the measured loops. The major handicap of this approach and all
others which are based on the parametric identification, is the recourse
to the experience each time the frequency varies.

In this paper, we propose a simple method based on the spectral
analysis, allowing to describe the frequential behavior of the magnetic
hysteresis for an unspecified frequency without making each time the
experiment. The measurements and the obtained results are specific
to the studied ferromagnetic sample NO FeSi (3 wt%). It can not in no
case generalized because each sample has its own frequential behavior.

2. FREQUENCY DEPENDENT HYSTERESIS

Frequency-dependent hysteresis modeling is often developed via
generalization of an existing static hysteresis model. For instance,
Bertotti [3] generalized the Preisach model by adding dynamic behavior
to each elementary loop to synthesize the finite switching rate between
magnetization polarities. This model was experimentally verified for
soft ferromagnetic materials in [4], and was subsequently applied
to computer aided design in [5]. At the macroscopic level, rate-
dependent hysteresis is taken into account by adding a second order
differential equation [6] or a second-order low-pass filter [7] to the static
magnetization. This approach has been generalized in the paper to
obtain a dynamic hysteresis model accurate over the practical range of
magnetization frequency and amplitude for MnZn power ferrites used
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in power electronics [8].

The frequency has as effect to inflate the hysteresis loop and
consequently to increase the coercitive field. The hysteresis losses
are proportional to the surface of the cycle. So, the increase in
the frequency results in a greater heating of the magnetic parts.
The control of the variation of the hysteresis loop according to the
frequency becomes primordial. The following figure show the frequency
dependent hysteresis for NO Fe Si (3wt%) [2,9].

3. BASIC IDEA AND SIMULATION RESULTS

Let’s consider a ferromagnetic material excited by a field H of
frequency f. The application of the Fourier discrete transform (FFT)
to the magnetic induction allows the passage from the time domain to

the frequency domain.
For a signal X of N samples, the Fourier discrete transform (FFT)

and its inverse transform (FFTI) are given by the following relations:
N . e

X(k) =3 wme V) 1<k <N M)
N . n—

2(n) =" X(k)e P ENOF) 1<n <N (2)

The Fig. 2 and Fig. 3 show, respectively, the magnetic induction B
and its spectrum for two frequencies fi = 50Hz and fo = 200 Hz.
According to these figures one can notice:
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Figure 1. Frequential effect on the magnetic hysteresis for NO Fe Si
(Bwt%).
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Figure 2. (a) The magnetic induction for a frequency f; = 50 Hz. (b)
The spectrum of the magnetic induction for a frequency f; = 50 Hz.
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Figure 3. (a) The magnetic induction for a frequency fo = 200 Hz. (b)
The spectrum of the magnetic induction for a frequency f; = 200 Hz.

e The most significant harmonic is that of the same frequency than
the excitation field (the fundamental);

e According to both Figs. 1 and 2, we notice that most significant
harmonics are characterized by a multiple of the excitation
frequency. For example, harmonic 2 of frequency 2f has a
magnitude 3.13 for the excitation frequency of 50 Hz and 3.11 for
the frequency 200 Hz.

Table 1 gives the amplitudes of the harmonics for two different
frequencies of the excitation signal.

This result is very interesting because it enables us to reconstruct
the wave form of the magnetic induction for a frequency of excitation
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Table 1. The amplitudes of the four first harmonics for two frequencies

fi =50Hz and f, = 200 Hz.

Signal excitation
frequency fi=50Hz | fo =200Hz
Harmonics
Fundamental 113.38 113.11

2f 3.13 3.11

3f 36.40 36.19

4f 3 2.99
2 2
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Figure 4. Hysteresis loop for a
frequency 400 Hz.
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Figure 6. Hysteresis loop for a
frequency 2000 Hz.
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Figure 5. Hysteresis loop for a
frequency 800 Hz.
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Figure 7. Hysteresis loop for a
frequency 4500 Hz.
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fo starting from the knowledge of its spectrum for a frequency f;. This
will enable us to avoid renewing the experiment and acquiring variable
frequencies excitation sources.

Our idea is to make an analysis by the fast Fourier transform
(FFT) the magnetic induction B due to a magnetic Field H for a
frequency f; taken as reference.

Let Ay, Ay...An_1 be the amplitudes of the harmonics for the
frequencies fi, 2f1, 3f1... (N — 1) f1.

If one wants to trace the hysteresis loop for a new frequency fo,
it is enough to construct the wave form of the magnetic induction
for this new frequency from the knowledge of its spectrum for the
frequency fi1. With this intention, one transforms back, with inverse
Fourier transform (FFTI), the spectrum built by the harmonics fa,
2fa, 3Fy ..., (N — 1) fa, of amplitudes, respectively, A;, Ay... An_1.

The Figures 4, 5, 6 and 7 show the reconstructed magnetic
induction as well as the corresponding hysteresis loops for different
values of the frequency. The reference frequency is 50 Hz.

These results show that there is a good agreement between the
measured and the reconstructed cycles.

4. CONCLUSION

The paper presents a new method based on the spectral analysis and
allowing to generate the hysteresis loop of a ferromagnetic material
for any unspecified frequency without making additional experiments.
Starting from the knowledge of the spectrum of the magnetic induction
for a frequency f1 taken as reference, we can construct its wave form
for another frequency fo. Simulation results show the feasibility of our
approach.
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