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This paper presents the extension of two one-dimensional lamination models with magnetic hysteresis to reproduce dynamic
hysteresis loops and power loss in grain-oriented (GO) electrical steels. For this purpose the concept of magnetic viscosity is
introduced in the model equations. The applicability and accuracy is demonstrated by means of two GO steels of different thickness
at magnetizing frequencies up to 1000 Hz. Advantages and limits of the classical approach with and without viscosity and comparisons

to measured data are discussed in detail.
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I. INTRODUCTION

OFT magnetic steel is almost universally used for many

contemporary electric devices, where both the non-
oriented (NO) and grain oriented (GO) types are applicable for
specific applications according to their advantageous proper-
ties. The need for accurate descriptions of dynamic magnetiza-
tion curves under arbitrary magnetization conditions resulted
in various magneto-dynamic models [1]-[4]. Although both
types of soft magnetic steel sheets (SMSSs) exhibit specific
properties such as saturation due to material properties and
dynamic hysteresis due to induced eddy currents, the underly-
ing mechanisms that result in the dynamic loop distortion are
remarkably different [2], [5], [6].

The spatially random domain structure and the small grain
size of NO materials allow one to treat their properties as
almost homogeneous and isotropic. In this case, the clas-
sical Maxwell diffusion equation is an appropriate basis to
describe the magnetization dynamics in which eddy cur-
rents are assumed to flow parallel to the surface of the
sheet [1]-[3], [5], [6].

In contrast to NO steel sheets, GO sheets exhibit different
(coarser) domain structure, where the individual domains and
their influence on the magnetization dynamics cannot be ne-
glected [2], [5], [6]. Due to different nature of magnetization,
the classical one-dimensional (1-D) modeling approach used
for NO steels is strictly physically speaking not adequate for
predictions of magnetization dynamics in GO steel sheets.
To adequately describe the basic physical processes in GO
steels, a domain-based dynamic model of the SMSS should be
applied [2]. However, avoiding potentially complex-dynamic
domain models that represents the rigorous description of
underlying phenomena, the classical modeling approach can
be still adequate in applied engineering if the predictions of
the model adequately satisfy the behavior of the GO SMSSs
in a broad frequency range. Such a modeling approach can
be tailored to describe the magnetization dynamics in mag-
netically anisotropic GO materials by additionally introducing
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a time delay of the local magnetic flux density with respect
to the magnetic field strength across the SMSS. Such time
delay can be e.g. effectively achieved by introducing the so-
called magnetic-viscosity field term in addition to the classical
dynamic and static hysteresis magnetic field terms [2], [3].

The classical dynamic model extended with the magnetic
viscosity was found to be adequate for prediction of the mag-
netization dynamics and power loss inside GO SMSSs [2]. The
accuracy of the proposed model, however, is dependent on the
increased complexity of the viscosity component that, besides,
takes a complex identification process based on a huge amount
of measured data. In this way, the complexity by not using a
domain model was not really avoided, but rather transferred
to the description of the magnetic-viscosity component of the
magnetic field. The aim of this paper is therefore to analyze
different possibilities of phenomenological descriptions of
magnetization dynamics inside GO SMSSs by using different
simple classical models extended by a basic viscosity model
description. The simplicity of the proposed models is obtained
by using a minimum set of constant parameters.

II. THEORETICAL BACKGROUND

The classical 1-D approximation, represented by the well-
known Maxwell diffusion equation coupled to a non-linear
(hysteretic) static material model, can be solved using various
approaches [1], [2], [4], [5], [7]-[9]. All these approaches
have a common feature; the excitation surface magnetic field
strength Hg,,(t) is equal to the sum of a static field Hggat (%)
term due to the static non-linear (hysteretic) relationship and
a dynamic field term Hayy (t) caused by induced macroscopic
eddy currents, i.e. Hgy(t) = Hgtat(t) + Hayn(t). The static
field component can be calculated by Hgiat(B) using an
adequate inverse static hysteresis model [1], [10].

A. Simplified Models of Dynamic Magnetization

The first simplified approach takes integral impact of in-
duced eddy currents on the magnetic field. It links the mag-
netic field strength at the sheet surface Hg,,(¢) and the mean
magnetic flux density B(t) = (B(t,z)) over its cross-section.
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Using this approximation, the non-linear skin effect inside
the SMSS is neglected. Thus, it is limited to low excitation
dynamics where the skin effect is negligible [2], [6], [8], [11].
This assumption is valid for SMSS that are thinner than the
penetration depth of the magnetic field, hence this model is
known as the thin-sheet model (TSM):

ob® dB(t)
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where b is the thickness and o is the conductivity of the SMSS.
In the second simplified approach the non-linear constitutive
relationship of the material is approximated by a step-like
magnetization curve or hysteresis [2], [5], [7], [8]. This
approach is know as the saturation-wave model (SWM):
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where B(t) and B(0) are the average magnetic flux den-
sity inside the SMSS and its value at the previous reversal
points, respectively. Byr can be used as a phenomenological
model parameter that is adjusted to partially compensate the
deviation due to the assumed step-like magnetization curve
[7]. Despite its simplicity, the SWM performs surprisingly
well in an extended excitation dynamics range (including skin
effect) [2], [7], [8].

B. Modeling Non-linear Skin Effect

Models that take into account the non-linear skin effect
are more complex, because they generally require a spatial
discretization of the SMSS [1], [4], [7]. One of the most
recent approaches is the parametric magneto-dynamic (PMD)
model that basically extends the idea of the TSM modeling
approach to several slices [12]. The magnetic field inside
individual slices is described by its average values of magnetic
field strengths H, and flux densities B (analogous to the
TSM), where the variables in individual slices are coupled
by a coupling matrix L. The PMD model is fully described
by a system of ordinary differential equations (ODEs):
dB;(¢)

dt ’ )

where Hy,,; is a vector of surface (excitation) magnetic field
strengths and H(By) is a vector of average magnetic field
strengths H as a hysteretic function of average magnetic
flux densities B, inside individual slices. The size of the
obtained ODE system depends on the spatial discretization
(number of slices), which furthermore depends on the exci-
tation dynamics [1], [11]. In the case when only one slice
is needed, the PMD model gives the classical eddy-current
approximation, i.e., the TSM (1).

Hsur(t) - ﬁs(Bs, t) + Jb2L

C. Modeling Magnetic Viscosity Effects

Using static Hgat(t) and dynamic Hgyn(t) field compo-
nents is often not sufficient to model the total magnetization
inside various SMSS, especially when modeling materials with
a coarser-grained structure [2], [6]. The additional phenom-
ena resemble a viscous-like friction, therefore they can be

2

accounted for by introducing the so-called magnetic viscosity
[2], [3]. The lag in the magnetic flux density B(t) behind the
applied field H (t) caused by microscopic phenomena can be
in general effectively described by:

Q=

_ _ _ _ dB
Hsur(t) = Hstat(th) + den(t) + 5 ‘Q(B)dit) ) (4)

where g(B) represents an adequate function that controls the
impact of the viscous term H,(t) (consequently the shape
of the total dynamic loop), d is a directional variable and «
a model parameter. By introducing a complex function g(B)
and upgrading the parameter o to be dependent on B, virtually
any dynamic loop shape can be reproduced [2], [3]. However,
using such functions increases the complexity of the model
and its parameter identification, whereas its practical value
is significantly reduced. To keep the viscosity term Hyis(t)

simple, the function g(B) can be simplified as (5)

1
a

I:Ivis(t) =9 ’Rm (1 ) (5)

B2\ dB(t)
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where R, is a constant model parameter and Bg,; is the

saturation flux density of the SMSS [8]. The viscosity compo-

nent ﬁvis(t) can be added to all discussed classical dynamic

models, whereas in the case of the PMD model H.,s(t) is

applied in each slice individually.

IIT. RESULTS

Both the SWM as well as the PMD model were imple-
mented as voltage driven versions (coupled to an model of
the excitation winding [1], [10], [12]) by using the com-
mercial Matlab/Simulink software package. The static hys-
teretic relationship of the material was taken into account by
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Fig. 1. Comparison of measured (continuous lines) and calculated (dashed
lines) dynamic hysteresis loops using sinusoidal excitation at Bmax = 1.5T
for: a) B23P090 and b) TKS H90-18 steel grades. Calculations were performed
using the PMD model (classic eddy currents) with physical (real) SMSS
parameters, whereas hatched areas (D), (2) and (3) represent deviations between
predicted and measured magnetization curves.
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using the Tellinen hysteresis model [10]. The analysis was
performed for two GO steel grades, namely 0.23-mm thick
B23P090 and 0.18-mm thick TKS H90-18 steel grade. The
used samples exhibited significantly different magnetic prop-
erties (i.e. static hysteresis loops), however equal measured
conductivity o = 2.07 - 106 S/m. The discussed samples were
experimentally tested using sinusoidal excitation waveforms in
the frequency range up to f = 1kHz and maximum magnetic
flux density range up to Bpa.x = 1.6T using a standard
Epstein frame experimental setup.

A. Performance of the Classical Models

First the pure classical models (neglecting the H.;s(¢) vis-
cosity component) were tested, where real (physical) measured
parameters of the discussed samples were used. The results for
the PMD model at By, = 1.5 T and frequencies f = 50 Hz,
f =400Hz and f = 1kHz versus measurements are shown
in Fig. 1.

Obtained theoretical results in Fig. 1 show significantly
different dynamic loops compared to the measured ones for
both SMSSs, in particular at higher frequencies. This fact
confirms that the classical modeling approach is inadequate
and physically not correct when modeling GO materials [6].
Furthermore, it is clear that complex functions g(B) are
required when using the viscosity extension to disguise the
incorrectness of the classic modeling approach, as the path
of obtained magnetization trajectories differs significantly in
comparison to the measured ones [2], [3]. Hatched areas
@ and @ in Fig. 1 show highly variable deviations of
predicted classical dynamic magnetization curves, which could
be adequately minimized by using complex functions g(B).

However, from the calculated results it can also be seen, that
at low excitation frequencies [e.g. f = 50 Hz; hatched area (D)

(b) TKS H90-18 SMSS:
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|

(a) B23P090 SMSS:
5E T ;

— [@] 15

in Fig. 1(a)] the magnetization trajectories flow almost parallel
to each other, where the predicted dynamic loops are narrower
than measured ones. Such model deficiency can be elegantly
eliminated by using the H,is(t) component described by (5),
where constant parameters R, Bgs,t and « can be used.

B. Pragmatic Generalization of the Classical Models

It was found that the basic extension approach where
constant viscosity parameters are used can be generalized also
for higher frequencies, where the predicted classical magne-
tization trajectories were not parallel to the measured ones.
When the PMD model is used, the shape of the dynamic loops
(inclination of magnetization trajectories) can be adjusted by
changing the conductivity o of the SMSSs. By adjusting o
adequately, the PMD model predicts loops that are almost
parallel to the measured ones in an extended frequency range.
In this way, the deficiencies can be covered using a simple
viscous extension. Due to the fact that the classical modeling
approach is not physically correct, the physical parameters
such as o loose their original purpose and can be therefore
regarded as a free model parameter.

To validate the developed approach, the PMD model with
applied viscous extension was tested versus measurements. At
first, parameter o was set to o = 2 in order to keep the number
of parameters to identify low and to keep consistency with
the statistical theory of excess loss [2], [5]. Parameter Bga
represents the saturation magnetic flux density of the material
and was also preset to Bsyy = 2T. Applying discussed
assumptions, only two parameters are left to identify: o,
which controls the basic expansion and frequency-dependent
inclination of the hysteresis loops, and R, which controls
their excess expansion.
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Fig. 2. Comparison of measured (continuous lines) and calculated (dashed
lines) dynamic hysteresis loops using sinusoidal excitation at Bax = 1.5T
for: a) B23P090 and b) TKS H90-18 steel grades. Calculations were performed
using the PMD model extended with magnetic viscosity where partially non-
physical constant model parameters were applied.

Fig. 3. Comparison of measured (continuous lines) and calculated (dashed
lines) dynamic hysteresis loops using sinusoidal excitation at Bjax = 1.5T
for: a) B23P090 and b) TKS H90-18 steel grades. Calculations were performed
using the SWM extended with magnetic viscosity where partially non-physical
constant model parameters were applied.
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Fig. 4. Comparison of measured (continuous lines) and calculated (dashed
lines) dynamic hysteresis loops using sinusoidal excitation of f = 1kHz at
different Bmax for: a) B23P090 and b) TKS H90-18 steel grades. Calculations
were performed using the PMD model extended with magnetic viscosity
where non-physical constant model parameters were applied.

The parameters o and R,, were determined by using
the optimization method differential evolution, where only
measured major loops (i.e. at Byax = 1.6 T) were used for
identification. The parameters were optimized in such a way
that the normalized-root-mean-square (NRMS) error € between
the measured [Hy,(Bn)] and calculated [H.(B.)] magnetiza-
tion curves was minimized. Due to the use of voltage driven
models, both B, and H, can deviate from the measured values,
hence ¢ for individual loop was defined by:

1 - Bm,i_Bci ? Hm,i_Hc,i 2
‘= EZZ ( ABn >+( AH, ) > ©

=1

where n denotes the number of evaluated points and
ABp = 2B and AHy, = 2H,,,, are data ranges of the mea-
sured hysteresis loops. In the optimization procedure hysteresis
loops at three different frequencies (i.e. 50, 400 and 1000 Hz)
were taken into account simultaneously to obtain the best fit
over the analyzed frequency range. It is worthwhile to note that
satisfactory results were also obtained, when the parameters
were optimized based only on major hysteresis loop at one
frequency.

Obtained results for both GO samples are presented in
Fig. 2. The results confirm that the validity of the model can
be extended to a much broader frequency range by identifying
only two parameters, where predicted results agree with the
measurements reasonably well. The identified value of o was
found to be slightly lower than the physical one, which in
turn decreased the induced eddy currents and diffusion of the
magnetic field predicted by the classic component.

The same approach was tested also in the case when SWM
is coupled to the simple viscous extension. According to

(a) B23P090 SMSS: (b) TKS H90-18 SMSS:
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Fig. 5. Comparison of measured (continuous lines) and calculated (dashed
lines) dynamic hysteresis loops using sinusoidal excitation of f = 1kHz at
different Bmax for: a) B23P090 and b) TKS H90-18 steel grades. Calculations
were performed using the SWM extended with magnetic viscosity where non-
physical constant model parameters were applied.

(2), the inclination of the predicted loop can be equivalently
controlled either adjusting o or By;. As By is usually adjusted
to compensate the deviation of the step-like magnetization
curve from the non-linear one [7], [8], it was selected to
control also the basic inclination, where o was left at its
measured (physical) value. Consequently only By and R,
were optimized in an analogous way to the previously dis-
cussed PMD case. The results are presented in Fig. 3. The
accuracy of predicted dynamic loops in this case is slightly
lower compared to the extended PMD model (Fig. 2), however
still reasonably accurate for the use in applied engineering.

Although the minimum set of parameters to optimize has
given reasonably accurate results, this set can also be in-
creased. In the next step also the influence of o was analyzed.
The performed sensitivity analysis has shown that when a was
decreased, R, was increased, as « and R,, are interdependent
according to (5). By decreasing « also slightly better accuracy
of both models was obtained, as shown in Fig. 4 and Fig. 5. It
is worthwhile to note that the value o was never identified to
be less than 1.3 when using « in the optimization procedure.

In Fig. 4 and Fig. 5 it is furthermore shown that the
accuracy of the predicted loops decreases when predicting
symmetrical minor hysteresis loops. However, the accuracy
is still reasonably accurate and could be potentially improved
if some minor loops were taken into account when identifying
the parameters.

Finally, the power losses in the analyzed maximum flux
density and frequency ranges were calculated and compared
to the measured ones. The comparison is presented in Tab. I.
The calculated (Ppyvp and Pgywyy) agree with measured power
losses Py, and furthermore confirm previously obtained results.
The losses (reflecting in areas of the loops) agree very well at
higher By,.x, where the agreement is slightly decreased with
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TABLE I
COMPARISON OF MEASURED AND CALCULATED POWER LOSS

B23P090: TKS H90-18:
f Bmax  Pm Penvp PswM Pm Ppvp Psww
[Hz]  [T] [Wikg]
0.5 0.062 0.078 0.081 0.073  0.138 0.141
>0 1.0 0.252  0.256 0.271 0.253 0.343 0.353
1.5 0.601 0.575 0.624 0.580 0.654 0.681
0.5 1.90 1.71 1.66 1.80 2.11 2.09
400 1.0 6.87 6.17 6.21 6.17 6.38 6.42
1.5 14.83 14.27 14.77 13.86 13.59 13.83
0.5 8.80 8.03 7.35 8.10 8.65 8.25
1000
1.0 30.38 29.32 28.43 28.27 28.11 27.36
1.5 70.70  70.93 70.26 61.62 62.46 61.74

decreasing B,.x. To increase the accuracy in the latter region,
the optimization procedure should be extended to include also
symmetric minor loops.

C. Comparison and Performance of Extended Models

When comparing both discussed models, the SWM model
predictions of magnetization curves are in general slightly
less accurate. However, the SWM model in turn does not
depend on discretization and is therefore simpler. Hence, the
required discretization of the PMD model was analyzed. It
was found out that by adding the viscosity term, the required
discretization of the PMD model to accommodate the non-
linear diffusion significantly decreases whereas the stability
of numerical integration is increased. This result corresponds
with findings in [3].

To adequately calculate the dynamic loops just two slices
were sufficient, as shown in Fig. 5. By increasing the dis-
cretization to three slices only slightly better results were
obtained, whereas increasing the number of slices over five
was not even more noticeable. In comparison with classical
PMD without viscosity at least 20 slices were used when
calculating TKS H90-18 samples in Fig. 1(b), where still
oscillations due to spatial discretization of the PMD model
were visible. The complexity of the PMD model is heavily
decreased when applying the viscosity term, hence the PMD
approach is not significantly more complex than the SWM
approach. It is however very interesting that when the PMD
model is simplified to only one slice (TSM model), the results
become inadequate. The obtained results suggest that the
domain-dynamics effects in GO steels remarkably resemble
somewhat damped effects of non-linear skin effect in NO
sheets. Consequently the classical models that account for the
non-linear skin effect (e.g. the SWM or PMD model) represent
a much more adequate basis for phenomenological modeling
of GO steel sheets in comparison to models where skin effect
is neglected (e.g. TSM).

(a) B23P090 SMSS:

(b) TKS H90-18 SMSS:
1.5 ' ' '

=7 : ®

100 50 100 150

H (A/m) H (A/m)
measured

e PMD, 1 slice (simplified to TSM - no skin effect)
PMD, 2 slices (classical skin effect accounted for)

Fig. 6. Comparison of measured and theoretical dynamic magnetization
curves for sinusoidal excitation at maximum average flux densities of
Bmax = 1.5T when applying different spatial discretization of the PMD
model. Hatched areas show significant deviations of predicted loops at higher
frequency when the skin effect is not accounted for in the PMD model.

IV. CONCLUSION

In this paper a pragmatic modeling approach to predict
magnetization dynamics and power loss inside GO SMSSs
is proposed. The presented modeling approach is based on a
simple magnetic viscous-like extension of classical dynamic
models that were validated for NO SMSSs. The model has
been tested on two GO electrical steels with different thickness
and in each case a striking accuracy is apparent. The main
properties of the presented models are their simplicity, ease
of implementation, computational performance and simple
identification. This makes the model suitable for use in applied
engineering.
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