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Temperature and frequency dependent Preisach model

Abstract. The present paper deals with a frequency and temperature dependent modeling approach for hysteresis loops of ferromagnetic materials.
The model is based on the Preisach model. The frequency dependency is taken into account by the statistical loss theorem, while thermal effects
were incorporated by a generalization of the model equation. The model was validated against measurements made on a soft magnetic material.
The results of the proposed model were in good agreement with measured data.

Streszczenie. W artykule zaprezentowano modelowanie petli histerezy materiatow ferromagnetycznych uwzgledniajgce wptyw temperatury i
czestotliwosci a bazujgce na modelu Preisacha.Wptyw czestotliwosci uwzgledniat teorie strat. Rozszerzenie modelu Preisacha uwzgledniajace

wpfyw temperatury i czestotliwosci.
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Introduction

Ferromagnetic hysteresis is present in the operation of
most electrical engineering equipments, e.g. electric
motors, transformers, components for power electronics
and so on. The phenomena occurs power losses in these
devices that must be taken into account during the design
phase. Accurate power prediction can only be performed by
accurate models. Preisach modeling and Jiles—Atherton
techniques are the most fruitful techniques to take
hysteresis into account [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12].

In this paper, taking the temperature effects into
consideration at different frequency of the source field is
presented. Measured hysteresis loops depending on the
frequency and the temperature are shown and compared
with the identified extended Preisach model.

The measurement system

The detailed description of the measurement system
can be found in [13, 14]. Here a short presentation is given.
The block diagram of the developed measurement system
is shown in Fig. 1. Fig. 2 presents a photograph about the
setup. Hysteresis characteristics have been measured
using a toroidal shape core made of laminated soft
magnetic material (M250-35A manufactured by the
ArcerolMittal company).

The magnetic field inside the specimen has been
generated by the current i(t) flowing in the primary coil with
Np = 94 turns. The arbitrary waveform of current has been
generated by LabVIEW functions. The time variation of the
magnetic field intensity results in a time varying magnetic
flux ®(t) inside the specimen, finally the effect of this flux
can be measured by the secondary coil wound on the core.
The secondary coil has Ns = 121 turns which output is the
induced voltage u(t).

The magnetic field intensity is calculated from the
current of the primary coil:

N i(t
(1) H(t)= PI(),
where | = 163mm is the mean length of the core. The

magnetic flux density is obtained from the induced voltage
of the secondary coil:

t

@ B(t)=BO+S+\ISOU(r)dr,

where S = 26.25mm?is the cross section of the specimen. It
is noted that 15 laminates have been glued to prepare the

core. The thickness of one lamination is 0.35mm, inner and
outer radii of the toroid are 24mm and 29mm. Finally, the
constant By is the DC component of the measured periodic

flux density.
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Fig. 2. The measurement system in the laboratory

The waveform generation, the measurements and
postprocessing of measured signals have been worked out
by using LabVIEW functions. A National Instruments Data
Acqusition Card (NI-DAQ) PCI-6251 has been used for
current generation and picking up measured data. The
current generator is a voltage controlled current generator
which output current is proportional to the controlling
voltage.

The specimen has been inserted into a chamber to
control the temperature.
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Measurements have been performed in the range of T =
20<C,...,660<C, and between f = 5Hz and f = 200Hz.
Instrumental uncertainty has been found above T = 500 <,
the upper limit has been set to this value. Both the
frequency and temperature dependency of the hysteresis
loops have been studied comprehensively.
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Fig. 3. The first and second step

Fig. 4. The third and fourth step

The static Preisach model

The classical Preisach model [15, 16, 17, 18, 19] has
been implemented to approximate the static hysteresis
characteristics applying the inverse style, i.e. the input and
the output of the model are the magnetic flux density and
the magnetic field intensity, respectively. The Everett
function E(a.,) has been identified instead of the probability
function to speed up the model.

The staircase line is stored and managed in a special
way to decrease to the memory consumption, because the
model is planned to insert into numerical electromagnetic
field analysis. The model is working as presented in the
following four steps.

By increasing the magnetic flux density from
demagnetized state, the magnetic field intensity is
increasing according to the first magnetization curve, and
the staircase line is moving from left to right (Fig. 3).

Fig. 3 illustrates the situation when the magnetic flux as
well as the magnetic field is decreasing along a concentric
minor loop. The staircase line is moving from up to down.
The point O is stored in the memory of the model: L = {a}.
Only the value of « is stored. The output of the model is
obtained by:

B H(t)=H,,, (—E(ao,ﬂ0)+2[E(al,ﬂO)— E(al,ﬂl)]),

where [ = - from the list of L, moreover o; = ap and g, =
B(t)/Bs. The input and output are normalized by the
magnetic flux density at saturation By, and the
corresponding magnetic flux density Hay, respectively.

The input is increasing according to Fig. 4 (see point 1)
resulting a minor loop. A part of the staircase line is moving
from left to right and a new staircase is appearing, i.e. a
new point is stored in the memory: L = {4, an}. The output
of the model is calculated as

@) Ht)=H,, [—E(ao,ﬂ0)+2{

Here a; = B(1)/Bgy

The situation according to a higher order minor loop can
be seen in Fig. 4 with the state: L = {{1,a, ao}.

Fig. 5 shows higher order minor loops generated by the
model. The curves are agree well with measurements.
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Fig. 5. Higher order minor loops at 5Hz

Frequency dependent Preisach model

According to the statistical loss separation theorem, the
magnetic field intensity H(t) is divided into three parts [16,
17,18, 191

()
H (1) = Hy (B())+ Hegg, (B(1). B())+ Ho (B(1).B(1)),

where Hg(B(t)) is the static term given by the
aforementioned static Preisach model. This term is
independent of the frequency. The second term is occurred
by the eddy current field inside the lamination, and finally,
the third magnetic field intensity term is according to the
excess losses caused by micro-eddy currents.

The decomposed magnetic field intensity has the
following form [16, 17, 18, 19]:

od? é,d_B
12 dt

1/v

7
+§ldB

6) H(t)=H,(B(t))+ =

with & = sign(dB/dt). The conductivity and thickness of the
lamina under study are denoted by o and d. The term
0d*/12 is constant and valid only if the magnetic flux density
is sinusoidal in time and homogeneous inside the
lamination. In general case this is not true. The effect of
nonlinear behavior of the classical eddy current on the
magnetic field intensity can be taken into account by the
exponent y with the following formula [18, 19]:

) 7:7/(B(t)):a0 +a1§BI;Lt)+ a, (it)jz

B

sat sat
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where Bgy is the magnetic flux density value at technical  (10)

saturation, ag, a; and a, are model parameters. The function cd? |dB 4 ‘ 1 dB Vv
of R has been selected as [16, 17] 0| —
’ 12 dt R dt
H(t)=H,(B(t).T)+ - =
(8) RO st _Tc T _TC T
R:R(B(t)):W’ l-e A l1-e 7~
1_[ B J Three new parameters have been introduced: Tc, B, and B,.
sat
1.2
where Ry is a constant value as well as v.
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Fig. 6. Dynamic hysteresis loops measured and simulated at 50Hz
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Fig. 7. Measured and simulated losses

The parameters @y, a1, a, Ry and v are identified from L2

dynamic hysteresis loops measured at 5Hz, 50Hz, 100Hz
and 200Hz. The following parameters have been found to
give an adequate approximation:

ap, = 1.1144, a; = 0.0071, a, = -0.1294, Ry = 24.305, v =
1.5194.

A comparison between measured and simulated
concentric minor loops is shown in Fig. 6. Fig. 7 shows a
comparison between measured and simulated losses, i.e.
the area of the hysteresis loop.
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The extended model

The frequency dependent model has been generalized 12
to take the temperature T into account. The static term is -
independent from the frequency, but it is depending on the
temperature. The eddy current field as well as the excess  Fig. 10. Higher order minor loops at 100°C and 100Hz
field have been modified, too, i.e.

0
H [A/m]

The following parameters have been found to give an

H (t) =H, ( B(t),T ) + Hoggy (B (t), B (t),T) adequate approximation:
. ap=1.0693, a; =0.0021, a, =-0.1211, Ry = 109.6203, v=
+H,. (B(t),B(1).T) 1.569, £ = 365.1020, £, = 467.5795, T = 539.8476.

The following expression has been developed:
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Fig. 8, Fig. 9 and Fig. 10 present comparisons between
measured and simulated hysteresis loops at higher
temperate and different frequency.

The three terms of loss have been determined, too, at
different temperature levels. Losses are increasing by
increasing the temperature, as it can be seen in Fig. 11 and
Fig. 12.

16 — —

P [Wikg]

02 04 06 08 10 12
B[T]

Fig. 11. Loss components at 20°C
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Fig. 12. Loss components at 420°C

Conclusion

The scalar Preisach model of hysteresis has been
extended to take frequency as well as temperature into
account simultaneously. The static term of the magnetic
field intensity can be realized by other hysteresis models,
too. Aim of further research is to apply the Jiles—Atherton
model.

An important observation is highlighted. The hysteresis
characteristics at about 100°C and at the room temperature
are more or less the same. It is very important to check,
because this is the typical temperature inside an electric
motor. It is noted that the developed model is planned to
extend the simulation of vector hysteresis properties,
however the measurement of such phenomena inside a
chamber is extremely difficult to realize.

The model is planned to insert into finite element
simulations, especially to model and design electric motors.
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