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Modelling the hysteresis loop is necessary when creating various electrical devices containing ferromagnetic elements, or when
studying the physical processes occurring in these elements. The model of the hysteresis loop is optimal for use when, firstly,
it provides a description of the loop branches with sufficient accuracy, and, secondly, the parameters of which have a clear
physical meaning, and the behavior of which can be predicted, which is typical for interpolation models. The paper proposes
an interpolation model of the hysteresis loop, which ensures the coincidence of theoretical and experimental curves at the tops
of the hysteresis loop, and at the points of residual induction and coercive force. To describe the descending and ascending
branches of the hysteresis loop, a modified linear fractional function was used to describe the contribution to the induction of
irreversible magnetization reversal processes, and the Langevin function for the reversible contribution. The adequacy of the
model has been established by comparing the calculated and experimental data obtained in low and high magnetic fields, using
the example of three amorphous soft magnetic alloys — based on iron, cobalt and iron-cobalt. The model was verified using
an analysis of variance based on calculating the residual variance of magnetic induction and the Fisher criterion. The resulting
model provides a sufficiently high-quality approximation of the values of magnetic induction with an error not exceeding the
measurement error, and its application doesn't require complex calculations or the development of a special computer program.
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Mopenp neT/Iu rucTepesnca MarTHUTOMATKIX aMOP(HBIX CIITIABOB
C UCTIONTb30BaHNeM MO (PUINIPOBAHHOI
IpoOHO-TMHETHOM PYHKIIN
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MopenupoBaHye IeT/IN TUCTepe3uca HeOOXOMVIMO IIPY CO3LAHMI PA3/INYHbIX 9/IeKTPOTeXHUYECKUX YCTPOVICTB, COepKalX
(eppOMarHUTHBIE 9JIEMEHTDI, a TAKKe IPYU MCCIeSOBaHMY (PU3NYECKMX IIPOLIECCOB, IPOTEKAONIVX B 9TUX JJIEMEHTaX.
OnTuMaIbHOI 1A MCIIOIb30BAHVA MOXKHO CYUTATb TY MOJE/b II€TIV TUCTepesyica, KOTopas, BO-IIepBbIX, OOecrednBaeT
OIlVCaHIe BeTBell IIeT/IN C JOCTATOYHOI TOYHOCTBIO, 4, BO-BTOPBIX, TapaMeTPbl KOTOPOU IMEIOT SICHBIN (PU3MYeCKUIT CMBICT,
U TIOBefieHNe KOTOPBIX MOXKeT OBITh IIPeiCKa3aHo, YTO XapaKTePHO /I MHTePIO/IALMOHHBIX Mozeeil. B paboTe mpenioskena
VHTePIOJIALVIOHHASA MOJieIb MeT/IN IMCTepesnca, obeclieyyBaoNas COBIAJieHNe TeOPEeTUYEeCKUX M 9KCIIepYMEHTaIbHBIX
KPUBBIX B BEpIIMHAX IETIY TUCTEPE3NCA, a TAK)KE B TOYKAX OCTATOYHONM MH/YKIMY ¥ KOSPIUTUBHOM CHbl. I onycanusa
HYICXOJIAIIEN ¥ BOCXOJAIIelT BeTBeil eT/IN TUCTepe3lica MCIIOIb30BaHa MOFUpNUIIpOBaHHas JPOOHO-TNMHelHAA QYHKIVA
I BKIala B MHAYKIUIO HeOOpaTVMBIX IIPOLIECCOB IlepeMarHuuuBaHmA ¥ (yHkiusa JlamxeBeHa IIg 0OpaTMMOro
BK/IaJja. YCTAaHOBJIEHA a/]eKBATHOCTb MOJIE/IN IyTeM CPAaBHEHNA PACYETHBIX M SKCIEPUMEHTANbHbIX JAHHbIX, IOTY4€HHBIX
B MarHUTHBIX HOJAX C MAJIO} U OOJIBIIOI HAIIPSXKEHHOCTDIO, HA IIpYMepe TPEX aMOPQHBIX MarHUTOMATKUX CIIABOB —
Ha OCHOBe XKene3a, KobanbTa U Kene3o-kobanbTa. IIpoBepka afleKBaTHOCTU MOJIENM OCYIECTBIIANACD C VCIIONb30BaHNEM
JVICTIIEpCMOHHOIO aHajM3a, OCHOBAaHHOTO HA pacyeTe OCTATOYHONM [JUCHEPCUM MATHUTHOM MHAYKUUM U BBIYMCIEHUN
kpurepus Oumrepa. [ToydeHHas Monenb obecriednBaeT JOCTATOYHO KaueCTBEHHYIO allllPOKCUMALINIO 3HAYeHUIT MaTHUTHON
VIHIYKIMY C HOTPELIHOCTDIO, He IPEBBIIIAONIell IOTPellTHOCTD VI3MEPEHWIT, a e€ IpUMeHeHNe He TpeOyeT C/IOKHBIX PacdéToB
WU pa3pabOTKM CIelaTbHOI KOMIIBIOTEPHOI IIPOrPaMMBbI.

KrroueBble cnioBa: Mofie/ipoBaHIe, eT/IsI TUCTePeslica, APOOHO-IMHeltHass QYHKLS, aMOPQHDIIT MATHUTOMATKUII CIUIaB, eppOMarHeTuK.
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1. Introduction

The phenomenon of hysteresis is well-known in Physics,
technology, Economics and other branches of science.
In Physics, hysteresis dependences are found for various
materials with a nonlinear response to external action, in
particular, for ferromagnets.

The magnetic hysteresis loop (HL) is one of the main
characteristics of ferro- and ferrimagnets that are used in various
electrical products, such as rotors and stators of electric motors
and generators, transformers, magnetic shields, magnetic
modulators, magnetic sensors for various purposes [1].

Simulation of the HL is intended to find a way to compactly
storeinformationabout the magnetization reversal. The resulting
models can be used by designers to calculate the designed
devices, physicists — to study the features of magnetization
reversal processes, materials scientists — to predict the magnetic
properties under various effects on the material. Requirements
for the accuracy of description, universality (possibility of using
for a wide range of magnetization reversal fields), and a small
number of parameters used can be imposed on the HL model.
The optimal model for forecasting can be considered a model,
the parameters of which have a clear physical meaning, and the
behavior of which can be predicted.

At the moment, there is a wide variety of mathematical
models of HL [2-6], many of which are either not very
accurate or require complex calculations (solving nonlinear
differential equations, introducing nonlinear hysteresis terms
into linear equations, etc.). The highly accurate Preisach
model [8] described in [1-6] and the Jiles-Atherton model
[9] are arranged in a similar way. The disadvantages of these
models include the complexity of the procedure for identifying
parameters and the difficulty of their interpretation.

The parameters of interpolation models have a clear
meaning and a predictable change under impacts, for example,
during thermal (thermomagnetic) treatment. These parameters
coincide with the traditionally measured parameters of the
HL, for example, the residual induction B, and the coercive
force H. So, in [10], a linear fractional function of the form
B(H)=(aH+b)/(cH+d) was used to describe the back of the
HL (the dependence of the induction B on the magnetic field
H in the second quadrant), where the coefficients a, b, ¢, d
were selected from the conditions for the passage of the curve
B(H) through the points of residual induction, coercive force,
and points of maximum energy product. The drawback of
this formula is the absence of an inflection on the B(H) curve
and, as a consequence, limited applicability for describing the
hysteresis loop only in the second quadrant. This drawback
was corrected in the model of Chan et al. [11] by modifying the
linear fractional function by introducing the modulus fraction
|H+H]| into the denominator. For a symmetric limiting
hysteresis loop with respect to magnetization, the expression
proposed in [11] can be given the form of Eq. (1).
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where M, is the magnetization for the downward (upper)
branch of the HL, M_ is the saturation magnetization. The
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nodes of the hysteresis loop, as well as the points of remanent
magnetization and coercive force are used as interpolation
nodes. The value of M| in a large field tends to M, in a zero
field it is equal to the remanent magnetization, M,(0) = M, at
the point of the coercive force it is equal to zero, M (-H) =0.

Analysis shows that Eq. (1) describes only the irreversible
component of the magnetization: the value of M, turns to 0
if the remanent magnetization is 0. Therefore, in [12] it was
proposed to supplement the Chan model by taking into
account the reversible component.

The aim of this work was to study the advantages and
eliminate the disadvantages of the previously proposed HL
model [12], based on the interpolation of the descending and
ascending branches of the HL by a modified linear fractional
function with the addition of a reversible contribution to
the magnetization, as well as checking the adequacy of the
obtained modification of this model.

2. Materials and methods

To check the adequacy of the created model for comparison,
the results of measurements of the static hysteresis loop were
used. Comparison of calculations and experiments was carried
out for representatives of three groups of amorphous soft
magneticalloys: aniron-based alloy of the nominal composition
Fe Ni SiB,,, an alloy based on cobalt with the composition
Co,,Cr,FeSi B , as well as an alloy based on Fe-Co with the
composition Fe, Co, B, Si.. In the formulas for the chemical
composition of alloys, the numbers represent the values of
the atomic fractions of a chemical element, expressed as a
percentage. For magnetic measurements, we used ring samples
obtained by winding an amorphous ribbon onto a cylindrical
quartz mandrel. The amorphous ribbons were in their original
state after spinning the melt without any heat treatment.
The average diameters of the samples from the three alloys
indicated above were 15.7, 16.3, and 17.3 mm, respectively.
Measurements of the static magnetic characteristics of the
samples were carried out by the induction-pulse method on
an automated MK-3E magnetometer. To check the adequacy
of the model, an analysis of variance was used based on the
calculation of the residual variance of the magnetic induction
S? (the variance of the difference between the experimental
and theoretical values) and the calculation of the Fisher
criterion F, which is equal to the ratio of the total variance to
the residual variance.

3. Model description

If the Chan model (Eq. (1)) is used to simulate the hysteresis
loop, the experimental points fall on the calculated curve
only in low fields, where irreversible magnetization reversal
occurs. In this case, the model is unsuitable in high fields,
which was established in [12]. The situation is corrected by
the Chan model improved in the same work [12], which
is basic in this study, and in which the magnetization
is separated into an irreversible component M and a
reversible component M, . The basic model refers to
interpolation models, and should ensure the passage of the
theoretical curve through 3 points: the top of the HL, the
points of residual induction and coercive force.
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For the irreversible component of the magnetization
M, , Eq. (1) was used, which is a fraction, in the numerator
and denominator of which there are linear expressions for
the magnetic field strength, multiplying it by the parameter
K =B /B, which is the value of the volume fraction of the
material in which the magnetization reversal is irreversible,
by displacing the domain boundaries [13].

The reversible component of the magnetization
M, . which is formed mainly due to the rotation of the
magnetization, was approximated by the Langevin function
L(x)=cthx-1/x, where x=H/H , where H_ is the
characteristic field of the reversible magnetization process.
The Langevin function is multiplied by (1~ K)), assuming that
due to a reversible process, a change in magnetization occurs
in the area of the material with a volume fraction of (1-K)
remaining after irreversible magnetization reversal.

Then the expression for the magnetization of an arbitrary
point on the descending and ascending branches of the
hysteresis loop is the sum of M,_and M, . Passing from the
magnetization M, to the induction B, (B,=y (H+M,)) and
using the absolute values of H instead of the algebraic values of
the field strength, expressions for the induction of an arbitrary
point on the descending and ascending branches of the
hysteresis loop were obtained (Eq. (2) and (3), respectively).
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where y, is the magnetic constant, H/m; H — magnetic field
strength, A/m; B, — residual induction, T; B, — saturation
induction, T; B, — maximum induction, T; H, — coercive
force, A/m; H_ — adjustable parameter, which is the
characteristic field of the reversible magnetization process,
A/m; K — squareness coefficient, which was interpreted
as the value of the volume fraction of the material in which
the magnetization reversal is carried out by an irreversible
displacement of the domain boundaries.

The model parameter B, was fitted and varied so that
the value of B, was as close as possible to the value of the
maximum induction B, obtained from the experiment.

Fig. 1 shows the curves obtained using the model [12].

On the whole, the course of the theoretical curves quite well
repeats the course of the experimental ones, and the branches of
the hysteresis loops converge at the ends, however, the residual
dispersion of the values of the magnetic induction S >=0.02 T
is quite large. A serious drawback of the model, indicating its
non-universality, is that the branches of the hysteresis loop do
not pass through the residual induction point.

200 400 600 800
H,A/m

-400 -200

-800 -600

—~Calculated HL

Experimental HL

-0.8 -

Fig. 1. (Color online) Experimental and obtained using the model
[12] of the hysteresis loop at H =800 A/m and K =0.63 for alloy
Fe Co,.B Si

257147757

This was eliminated in this article using the following
formulas (Eq. (4) for the downward branch of the HL and
Eq. (5) for the upward branch of the HL).
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Two adjustable parameters were added to the calculation
formula: B | and B _, which, together with the previously
introduced parameter H _, were selected so that the
maximum induction value specified from the experiment
coincides with the calculated B, (B,, in the case of
measurements in the maximum field H =800 A/m), and the
residual dispersion of the values of the magnetic induction
was minimal. In this case, the parameters B , and B
have the following physical meaning: B | is the maximum
(for the particular hysteresis loop under consideration)
induction in the case of the existence of only an irreversible
contribution to the induction, and B , is the maximum
induction in the case of magnetization only by the reversible
mechanism. When simulating the hysteresis loop, the
parameters B and H remained constant and were set from the
experimental data.

B(H)=pH+B,
|H+H,

|H-H,
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4. Checking the adequacy of the resulting model

The adequacy of the model was checked on amorphous
alloys of various compositions by comparing the curves
of the branches of the private and limiting hysteresis loop
predicted by it with experimental data obtained in magnetic
fields with strengths H =100 and 800 A/m.

HL-modelling was carried out using Eqs. (4) and (5),
the parameters of which for different alloys are shown in
Table 1. The resulting curves are shown in Figs. 2 - 4.

The procedure of varying the adjustable parameters
continued until the value B, became closest to the value B

Table 1. Parameters of the used HL model for the amorphous alloys.

set from the experiment and the residual dispersion of the
values of the magnetic induction was minimal, which was
achieved with the model parameters indicated in Table 1.

From Figs. 2 -4 it can be seen that the shape of the loops
calculated using the model corresponds to the experimental
data. The statistical characteristics of the obtained model
dependencies are presented in Table 2.

In the case of HL-modelling for all alloys the residual
dispersion of the values of the magnetic induction S * turned
out to be very small, and the coefficient of determination
R? was almost 1. Finally, the applicability of the model was
proved using Fisher’s criterion, the value of which turned

Alloy H,,A/m B, T H, A/m H,,A/m B, T B, T
Fe Co.B. Si 100 0.411 18.781 235 0.44 0.78
e Co i
56T 2T 800 0.4191 22.074 240 0.44 0.69
L 100 0.227 17.686 240 0.3 0.8
Fe_Ni Si B
77T 800 0.382 23.583 300 0.47 0.46
100 0.349 1.325 230 0.38 0.59
Co_Cr Fe Si B
O Ta Pl 800 0.334 3.150 240 0.36 0.46
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Fig. 2. (Color online) Experimental and obtained by modelling the hysteresis loop of the amorphous Fe, Co, B ,Si, alloy in a field of

100 A/m (a) and 800 A/m (b).
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Fig. 3. (Color online) Experimental and obtained by modelling the hysteresis loop of the amorphous Fe Ni Si B , alloy in a field of

100 A/m (a) and 800 A/m (b).
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Fig. 4. (Color online) Experimental and obtained by modelling the hysteresis loop of the amorphous Co,,Cr,Fe Si B

100 A/m (a) and 800 A/m (b).

alloy in a field of
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Table 2. Statistical characteristics of the obtained model HL-curves for various alloys.

Alloy H,, A/m S 104 T? R? F-criterion
: ; > o
- z E
CouCresiy, m i b5 2550

out to be large enough to consider the applied model
adequate.

The absolute error in the approximation of the induction
values was from 0.027 to 0.038 T, which is less than the
error in measuring the magnetic induction on the MK-3E
installation equal to 0.04 T.

5. Conclusions

A model of the symmetric hysteresis loop in the form of
analytical expressions for the descending and ascending
branches of the loop is proposed. The induction value
is presented as the sum of reversible and irreversible
contributions. An irreversible contribution to induction
is described by a modified linear fractional function with
three parameters: residual induction, coercive force, and an
additional parameter B, , which characterizes the maximum
attainable induction in a given field due to irreversible
magnetization reversal processes. The reversible contribution
is described by the Langevin function with two parameters:
the characteristic field of reversible magnetization reversal
H  and the maximum induction B , attainable due to
reversible magnetization.

The model provides the passage of the calculated curves
through the points of residual induction and coercive force,
and when selecting the parameters B_, B, , H_ — through
the tops of the hysteresis loop.

The adequacy of the proposed HL-model was established
by comparing the theoretical and experimental branches

of the hysteresis loop using the example of amorphous
soft magnetic alloys Fe,Co,B, Si, Co,CrFeSi B and
Fe Ni SiB ..

The resulting model makes it possible to achieve a
sufficiently high quality of approximation of the magnetic
induction values with an error not exceeding the measurement
error, and its application does not require complex calculations
or the development of a special computer program.

The advantage of the model can be considered the
possibility of separating the reversible and irreversible
contributions to the magnetic induction according to the
experimental data.
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