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DYNAMIC PREISACH MODEL USED FOR ESTIMATION OF
SILICON IRON ALLOY HYSTERESIS CYCLE

Veronica MANESCU (PALTANEA)?, Gheorghe PALTANEA!, losif Vasile
NEMOIANUY, Horia GAVRILA!

The paper describes a dynamic Preisach hysteresis model applicable in the
case of thin non-oriented electrical steels. The model identification procedure is
divided into two steps. The first step uses the Everett function and, as experimental
data, the measured concentric minor loops, introduced in a scalar Preisach model.
The second step consist of putting in evidence the magnetization process, through
the Preisach dynamic model, by using fitted measured data. The last developed
model takes into account the eddy currents and the domain wall displacement. The
hysteresis cycles, obtained through simulations, in the case of different measuring
frequencies, are compared with the experimental ones.

Keywords: dynamic Preisach model, Everett integral, closed form evaluation,
magnetization process, non-oriented electrical steel.

1. Introduction

Magnetic materials present a hysteresis dependence, between other
physical properties. The mathematical implementation of this type of dependence
is more necessary nowadays, because of the increased need of special electrical
devices; therefor a rate dependent B-H cyclic dependence must be taken into
account. The magnetic hysteresis has been numerically implemented through
different approximations, such as Prandtl-Ishlinskii, Preisach, Duhem, Bouc-
Hodgon, Jiles-Atherton, and Stoner-Wohlfarth models. A few models take into
account the whole range of the magnetization processes from demagnetization to
saturation and the most used is the Preisach model.

The classical Preisach model [1-6] explains the static hysteresis
phenomenon in ferromagnetic materials. It is based on the mathematical
assumption that the major hysteresis cycle is composed through a high number of
square hysteresis loops (hysterons) and it is independent on mechanical stress,
temperature and frequency. The static model is inadequate for the real magnetic
materials’ description, because the congruency property of minor loops is not
applicable in all the cases, so general models have to be developed. Also, the
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accommodation or reptation phenomenon [7, 8], which consists of the affirmation
that “it takes many cycles, before a minor loop to close” is not properly put in
evidence.

It is well known that the Preisach density is very important and the
magnetization can be determined through Everett functions, computed from
experimental measurements, based on first order reversal curves or concentric
minor loops. Numerically computed magnetization through experimentally
identified Everett functions can increase the measurement errors, because it can
lead to numerical instabilities. Many papers [5, 9-20] report Preisach functions
that can fit experimental data such as: Gaussian, Lorentzian, Super Lorentzian,
and Log Normal. In [21] it was put in evidence that a Lorentzian distribution is a
very suitable tool to estimate the hysteresis cycle of the electrical steels.

In the case of moving Preisach model [8] the properties of non-congruency
and accommodation are well integrated. The input data are in this case a set of
effective magnetic field strengths He, which are function of the magnetic field
strength H and of the magnetization M as it follows:

He = H +kM. (1)

A remarkable property of this model is the so called “linear skew
congruency”, consisting in a property that the congruent minor hysteresis cycles
are connected trough a line with a slope of 1/k [8, 13]. The factor k is defined as
moving parameter and it is related to the longitudinal magnetostatic interactions
that are associated to the Barkhausen effects in ferromagnetic materials [22]. In
the case of the moving Preisach model, the rectangular hysteresis loop of the
hysterons is replaced by a non-rectangular shaped cycle.

Usually it is considered that an elementary hysteresis cycle is related to a
magnetic particle, whereas the Preisach distribution is linked to a statistical
distribution function [1-20].

In the paper there is presented a mathematical Preisach distribution based
on a closed formalism of the Everett integral [18, 23, 24]. In the second section
the formulation of the model with the closed form of the Everett function is
discussed. An algorithm [12, 18, 23-25], which is based on the Fixed-Point
method linked to the closed-form of the Everett function, is applied in order to
compute a rate dependent hysteresis model, which incorporates a frequency
dependence of the magnetization phenomenon. The dynamic Preisach model is
applied in the case of high quality non-oriented electrical steel NO20, based on
experimental measurements done at a peak magnetic polarization J, = 1.5 T and
four measuring frequencies f = 20, 50, 100, and 500 Hz, respectively. The
simulated hysteresis loops are compared with the experimental ones.
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2. Everett function in closed-form expression used in Preisach
distribution computation

As presented in [24, 26, 27] for the scalar Preisach model, in which the
ferromagnetic alloy behavior is considered to be a superposition of elementary
hysteresis cycles with rectangular shape, characterized by two values of switching
up h: and switching down h; fields, the hysteresis operator at t« moment could be
expressed as it follows:

-1 ifH(t)<h,

y(hho H(t)) =1+ ifH () > hy, (2)
v(h b H (b)) iy <H (t)<h.

Introducing p(hy, h2) as Preisach function, the magnetic polarization J,

which almost equals the magnetic flux density in the case of soft magnetic
materials [24, 26], is given by (3):

3()= [ u(h hg)v(h, b, H (1)) dlylny, ©)

where T is the Preisach triangle [26, 27] and H(t) is the magnetic field strength
considered at a moment t. When a magnetic field is applied the Preisach triangle T
is divided into Ty, in which the operators switch up to +1, and T» that is the
domain of the switching down (at —1) operators. These two domains are separated
through the “staircase line”, which has to be memorized during computations.
Starting from staircase line points, the magnetic polarization can be calculated at
each moment t, using the Everett function (5). Considering, that the Preisach
density is a product of two values, computed in the case of hy and h; from a
unidimensional function @i (4), as follows [9]:

u(hl,h2)=zn:q>i ()i (—hy), 4)
i=1
we get
E(y)= | a(h. by i, ©

X X

where x and y are staircase line vertices’ coordinates. Figure 1 shows the Preisach
triangle with the staircase line. Here one can notice the values of the Everett
function E; and the positive and negative saturation magnetic field strengths £ Hs.
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Fig. 1. The Preisach triangle and the staircase line [24, 28].

In literature are considered different expressions for the unidimensional
Preisach distributions such as Lorentz, Gauss, and Normal Logarithm. In this
paper expression (6) was chosen [24, 28], allowing to evaluate a closed-form of
the Everett function. Its computation only contains basic mathematical operators
such as: subtraction, addition, division, multiplication, and computation of
exponential and logarithmic functions, constituting thus a closed-form, fact that

generates a faster determination of the magnetic polarizations [29].
X—bi

@ (X)=————7 (6)

where aj, bi and c; are fitting parameters, which correspond to the magnitude,
mean value and square value of the variance, respectively.

The integral presented in (5) may be evaluated, resulting in a closed-form
expression [28, 29]:
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In order to compute the magnetic polarization, the staircase line has to be
memorized and implemented as a “last in first out” structure. The Everett function
could be calculated as presented in Fig. 1, using as input data the concentric minor
hysteresis cycles, introduced in the static Preisach model [24, 26-29]. In the
analytical case, the relationship (7) is used directly, without being necessary to
store the values of the Everett function, making the magnetic polarization
computation procedure to become very fast.

3. Rate dependent dynamic Preisach model that includes the influence
of the measuring frequency on the magnetization process

The inclusion of the measuring frequency in the Preisach model is a very
important step, because it takes into account the eddy current phenomenon, which
consists of the “widening” of the hysteresis cycle, when the frequency increases.
As presented in [24, 28-31] a supplementary variable Hm will be used as input
data in the classical formulation of the Preisach model, based on Everett integrals.
This variable will be delayed with the value of the considered magnetic field
strength H. In the rate dependent model three parameters am, bm, cm Will be used
(8), as follows

dB dH
:am(H_Hm)_me+CmE’ (8)

dH,
dt

where H is input magnetic field strength vector magnitude, dB/dt is the first
derivative of the magnetic flux density.
The flux density is given by the constitutive relation for the magnetic field:

B =pgH+J, (9)
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where Wo is the vacuum magnetic permeability and the magnetic polarization J is a
function of Hn. The dependence J(Hm) is given as a result of the Preisach scalar
model.

The relationship (6) permits the evaluation in closed-form of the Everett
function [29]:

dJ
dH,

=247 (. Hin) (10)

where H/, is the extreme value of the magnetic field strengths vector magnitude.

The integral expression (10) could be evaluated, by using the three fitting
parameters aj, bi and ci, presented in Chapter 2 [29]:

b )2 Hn

VL e e G 1 1
= 2un| ae“ | =L - (11
dH EMO ' by Hy P b+H' b+H,, (1)

eCI 1+e Gi 1+e Gi l1+e G

Using
H(t

Jrev (t) = le (t)+ k2 tanh [%J, (12)

. : dJ :
which simulates a reversible component Jrey, the total , due to reversible and

m
irreversible magnetization processes, may be obtained by summing up

relationship (11) and %ﬂ [29], where the parameters ki, k2 and ks are identified
m

asin [32].
4, Results and Discussions

In order to apply the dynamic Preisach model to estimate the hysteresis
cycle for non-oriented electrical thin steel NO20, a complicated identification
procedure was applied. Firstly, using the concentric hysteresis loops measured at
10 Hz, introduced as input data in the classical scalar Preisach, the parameters of
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the relationships (6) and (12) are computed. In the case of the scalar Preisach
model [5-10, 23-30] the magnetic polarization can be considered as follows [29]:

b H —biH, bH ) b  -H,
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where the expression (13) is for the descending branch and the relationship (14) is
used for the ascending branch of the hysteresis cycle [12, 18, 23-30]. The
quantities H, and J; represent the coordinates of the closing point of the concentric
minor loops and they can be determined with (15) [28, 30-33].

The second step of the identification procedure compute the parameters of

the equation (8) and, finally, the hysteresis cycles for 20, 50, 100 and 500 Hz are
estimated.
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The experimental measurements were done on a laboratory digital
wattmeter, which is based on a standardized measuring procedure in total
accordance with IEC 60404-3 [34]. It was used a double C laminated yoke with a
magnetic path length of 240 mm; a 288 turns coil generates the magnetic field and
the magnetic flux density is measured with a 250 turns coil. For the acquisition of
the signal it was used a 12 bit encoding 500 MHz HDO4054 LeCroy oscilloscope.
The measurements were done at a fixed value of the peak magnetic polarization Jp
of 1.5 T and four different frequencies f = 20, 50, 100, 500 Hz.

Figure 2 shows the numerically computed Everett function variations
E(hs, h2), obtained in the case of two values of the frequency. It can be observed
that the Everett function values increase with frequency and in the case of 500 Hz
has a maximum value of 1.6.
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Fig. 2. Everett integral surfaces in the case of NO20 high quality non-oriented steel for two values
of the frequency.
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The Preisach distribution for two values of the measuring frequencies are
presented in Fig. 3. This distribution is usually result from a proper simulation of
the magnetization processes and it is a function of two unknown values. The
maximum value of the Preisach density is obtained at the middle point of the line
h: = ha. This mono peak structure indicates the presence of a predominant
magnetization process, which is the domain wall displacement in the case of non-
oriented steel, probably related to some metallurgical transition phases of the
alloy. The main contribution of the Preisach density is concentrated along the
h: = h2 line and it is associated with the reversible domain wall motion [35].
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Fig. 3. Preisach density in the case of NO20 high quality non-oriented steel for two values of the
frequency.

The minor differences between computed and experimental data observed
in the saturation region (Fig. 4) are due to some small errors, made in the
hysteresis cycle reconstruction at very high magnetic polarizations. Therefore, a
low variation of J produces a high variation of H and the Preisach plane
discretization could become important. However, the mathematical Preisach
model, presented in this paper, is a very adequate tool to evaluate the hysteresis
cycle of non-oriented electrical steel and it provides accurate results in the case of
sinusoidal excitations. The magnetization process of the non-oriented steel is also
shown in Fig. 4 and a clockwise hysteresis phenomenon is put in evidence with
the dynamic Preisach model.
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Fig. 4. Experimentally determined and computed hysteresis cycles using the dynamic Preisach

model.

5. Conclusions

In this paper an important dynamic behavior reported in [29] was
considered to the classical Preisach model, by including a supplementary
differential equation. Consequently, a closed-form Everett function was used. This
approximation leads to a fast computation because it only consists of elementary
mathematical operations. The identification procedure is a very complex one, and
it was done in two steps as presented in Chapter 4. The rate dependent hysteresis
model takes into account the eddy current effect, by using three parameters. The
hysteresis cycle is estimated with a high precision in all the analyzed cases, as

compared to measured experimental data.
The study presented in the paper was performed on NO20 non-oriented

steel, using a digital laboratory wattmeter. Examining this type of alloy, we put in
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evidence a sharp spike variation for the Preisach density. This fact demonstrates a
direct link with a more important magnetization process, namely domain wall
displacement. Also, this approach allowed us to conclude that the minor
differences, existing in the case of the saturation zone, are due to minor errors
made in the process of reconstructing the hysteresis cycle.

REFERENCES

[1]. X. Tan and R. V. lyer, “Modeling and control of hysteresis”, in IEEE Control Systems
Magazine, vol. 29, no. 1, 2009, pp. 26-28.

[2]. K. K. Ahn and N. B. Kha, “Improvement of the performance of hysteresis compensation in
SMA actuators by using inverse Preisach model in closed—Iloop control system”, in Journal
of Mechanical Science and Technology, vol. 20, no. 5, 2006, pp. 634-642.

[3]. I. D. Mayergoyz, Mathematical Models of Hysteresis and their Applications, Elsevier Science,
New York, NY, USA, 2003.

[4]. M. Kuczmann and A. Ivanyi, The Finite Element Method in Magnetics, Budapest, Academic
Press, 2008.

[5]. E. D. Torre, Magnetic hysteresis, IEEE Press, New York, 1999.

[6]. F. Preisach, “Uber die magnetische Nachwirkung” (On magnetic aftereffect), in Z. Phys., vol.
94, 1935, pp 277-302.

[7]1 E. D. Torre and F. Vajda, “Properties of accommodation models”, in IEEE Trans. Magn., vol.
31, 1995, pp. 1775-1780.

[8] E. D. Torre and G. Kadar, Hysteresis modelling: Il Accomodation”, in IEEE Trans. Magn.,
vol. 23, 1987, pp. 2823-2825.

[9] G. Bertotti, Hysteresis in Magnetism, Academic Press,1998.

[10] F.Vajda and E. D. Torre, “Hierarchy of scalar hysteresis models for magnetic recording
media”, in IEEE Trans. Magn., vol. 32, no. 3, 1996, pp.1112-1115.

[11] O. Henze and W. M. Rucker, “Identification procedures of Preisach model”, in IEEE Trans.
Magn, vol. 32, no. 2, 2002, pp. 833-836.

[12] J. Flzi, “Analytical approximation of Preisach distribution functions”, in IEEE Trans. Magn.,
vol. 39, no. 3, 2003, pp. 1357-1360.

[13] V. Basso and G. Bertotti, “Description of magnetic interactions and Henkel plots by the
Preisach hysteresis model”, in IEEE Trans. Magn., vol. 30, no. 1, 1994, pp. 64—72.

[14] B. Azzerboni, E. Cardelli, E. D.Torre and G. Finocchio, “Reversible magnetization and
Lorentzian function approximation”, in J.Appl.Phys., vol. 93, no. 10, 2003, pp. 6635-6637.

[15] B. Azzerboni, M. Carpentieri, G. Finocchio and M. lIpsale, “Super-Lorentzian Preisach
function and its applicability to model scalar hysteresis”, Phys. B: Condens. Matter, vol.
343, no. 1-4, 2004, pp. 121-126.

[16] J. Takacs, “The Everett integral and its analytical approximation”, in Adv. Magn. Mater.,
2012, pp. 203-230.

[18] Zs. Szabo, “Preisach functions leading to closed form permeability”, Phys. B: Condens.
Matter, vol.372, no. 1, 2006, pp. 61-67.

[20] A.Stancu and P.Andrei, “Characterization of static hysteresis models using first order reversal
curves diagram method”, in Phys. B: Condens. Mater, vol.372, no. 1-2, 2006, pp. 72-75.

[21] G. Bertotti, F. Fiorillo and G. Soardo, “The prediction of power losses in soft magnetic
materials”, in J. Phys., vol. 49, 1988, pp. 1915-1919.

[22] G. Bertotti G. and V. Basso, “Considerations on the physical interpretation of the Preisach
model of ferromagnetic hysteresis”, in J. Appl. Phys., vol. 73, 1993, pp. 5827-5829.



248  Veronica Manescu (Paltanea), G. Paltanea, losif Vasile Nemoianu, Horia Gavrila

[23]. Zs. Szaho, I. Tugyi, Gy. Kadar, and J. Fizi, "Identification Procedures for Scalar Preisach
Model", Physica B, vol. 343, 2004, pp. 142-147.

[24]. Zs. Szabo, J. Fizi, and A. Ivanyi, “Magnetic Force Computation with Hysteresis”, COMPEL,
vol. 24, 2005, pp. 1013-1022.

[25] A. Schiffer and A. Ivanyi, “Preisach distribution function approximation with wavelet
interpolation technique”, in Physica B, vol. 372, 2006, pp. 101-105.

[26]. V. Manescu (Paltanea), G. Paltanea, and H. Gavrila, “Hysteresis model and statistical
interpretation of energy losses in non oriented steels”, in Physica B, vol. 486, 2016, pp. 12—
16.

[27]. V. Manescu (Paltanea), G. Paltanea, H. Gavrila, G. lonescu, and E. Patroi, “Mathematical
approach of hysteresis phenomenon and energy losses in non-oriented silicon iron sheets”,
in U.P.B. Sci. Bull., Series A, vol. 77, 3, 2015, pp. 241-252.

[28]. J. Fuzi, “Computationally efficient rate dependent hysteresis model”, in COMPEL, vol.18,
1999, pp. 44-54.

[29]. Z. Szabo and J. Fuzi, “Implementation and identification of Preisach type hysteresis models
with Everett function in closed form”, in J. Mag. Mag. Mater., vol. 406, 2016, pp. 251-258.

[30] F. I. Hantila, “Mathematical models of the relation between B and H for nonlinear media”, in
Rev. Roum. Sci. Tech. — Electrotechn. Et Energ., vol. 19, 1974, pp. 429-48.

[31] O. Bottauscio, M. Chiampi, C. Ragusa, L. Rege, and M. Repetto, “Description of TEAM
Problem: 32A Test-Case for Validation of Magnetic Field Analysis with Vector
Hysteresis”, [Online]. Available at: http://www.compumag.org/jsite/images/
storiess TEAM/problem32.pdf.

[32] P. Kenneth, R. M. Storn and J. A. Lampinen, Differential Evolution, A Practical Approach to
Global Optimization, Springer-Verlag , Berlin Heidelberg, 2005.

[33] M. Stanculescu, M. Maricaru, I.F.Hantila, S. Marinescu, and Livia Bandici, “An iterative
finite element - boundary element method for efficient magnetic field computation in
transformers”, in Rev. Roum. Sci. Techn.-Electrotechn. Et Energ, vol. 56, no. 3, 2011, pp.
267-276.

[34] IEC 60404-3:1992, Magnetic materials — Part 3: Methods of measurement of the magnetic
properties of magnetic sheet and strip by means of a single sheet tester.

[35] V. Basso, G. Bertotti, A. Infortuna, and M. Pasquale, “Preisach model study of the connection
between magnetic and microstructural properties of soft magnetic materials”, in IEEE
Trans. Magn., vol. 31, no. 6, 1995, pp. 4000-4005.



http://www.compumag.org/jsite/images/

