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Abstract—Increased demands on iron loss calculation of electrical machines require accurate models to replicate the mag-
netization behavior of the soft magnetic materials in any spatial direction. Two-dimensional measurement devices are de-
veloped to characterize the vector properties of the material and the power losses. These two-dimensional measurements
reveal a variety of features and characteristics that cannot be reproduced by most of the conventional one-dimensional
hysteresis models and their phenomenological two-dimensional extensions. This letter discusses the effect of magnetic
anisotropy by using measured data obtained from a rotational power loss tester for an exemplary non-oriented electrical
steel. A flexible solution that combines the entirety of crystal orientations within the material with the magneto-crystalline
anisotropy is presented in this letter and discussed with respect to the general ability to recreate the observed behavior.

Index Terms—Magnetic hysteresis, anhysteretic magnetization, vector hysteresis, microparameters.

[. INTRODUCTION

The measurement and simulation of the magnetic material proper-
ties of non-oriented electrical steels have moved into the focus in the
simulation of operation behavior, prototyping, and loss calculation of
rotating electrical machines [Kriittgen 2017, von Pfingsten 2017]. This
enhanced interest led to the development of new vector measurement
devices that allow the examination of non-oriented electrical steels
under rotating magnetic excitations as they occur during the operation
of electrical machines. The vectorial measurement results of these
devices show considerable deviations from classical one-dimensional
anisotropy measurements with parallel field quantities. In addition to
more precise information about the amplitudes of the magnetic field
strength that are required to achieve a certain magnetization, in some
cases significant phase shift between the magnetic field and flux den-
sity and the influence of the magnetic hard direction as a function of
the magnetic excitation and the applied magnetic field loci originating
from the magneto-crystalline anisotropy occurs [Martin 2016]. Sev-
eral classic one-dimensional approaches have been adjusted, in order
to extend the validity of these models to two-dimensional applications
[Leite 2004, 2009, Henrotte 2006, Matsuo 2010]. In addition to these
extensions of existing models, a large number of authors worked on the
development of novel vector-valued hysteresis models [Matsuo 2008,
Cardelli 2011, Zhu 2018], with good accuracy between measured and
simulated behavior. Most of these classical hysteresis models are based
on the separation of the magnetic field into lossless anhysteretic and
lossy hysteretic components. Central to the replication of the magnetic
anisotropy in magnetization and hysteresis models is the description
of the direction-dependent anhysteretic magnetization curve [Steent-
jes 2017]. The anhysteretic component is often described by analytical
formulas, such as the Langevin function. The adjustments performed
on these models are based mainly on the addition of a second trans-
verse set of equations, which are utilized to fill the main axis or simple
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analytical enhancements of the required magnetic fields that allow
one to map anisotropy roughly. These simplifications lead to disad-
vantages regarding the recreation of the exact saturation behavior for
magnetic excitations in directions between the two main axes and
other phenomena that can be observed during two-dimensional mea-
surements. Another approach as presented in Martin [2016] utilizes
interpolations of measurements performed in many spatial field direc-
tions to obtain the anhysteretic relation between vector flux density
E)and the respective associated magnetic field strengths ﬁ This rep-
resentation of the anhysteretic magnetization leads to very satisfying
agreement between vector measurements and simulations, but is asso-
ciated with high measurement efforts. In the following, the observed
phenomenological behavior of non-oriented electrical steels under
rotating excitations is presented for a commercially available M270-
50A, iron-silicon steel in detail. An approach for the description of the
anhysteretic material behavior based on the crystallographic texture
of the material is introduced and examined in its ability to recreate the
measured two-dimensional characteristics.

II. TWO-DIMENSIONAL PROPERTIES OF
NON-ORIENTED ELECTRICAL STEEL

The two-dimensional magnetic measurements that will be presented
in this section were performed with a four-pole rotational single-sheet
tester measurement system introduced in Thul [2018]. The applied
magnetic field is controlled so as to obtain circular as well as elliptical
and unidirectional magnetic flux loci with adjustable amplitude and
alignment in the x-y-plane. Conventionally the x-axis is assigned to the
rolling direction (RD), the transverse direction (TD) to the y-axis. The
magnetic flux density is measured by search coils, which are brought
into drilled holes in the specimen perpendicular to RD and TD. The
local magnetic field vector is obtained by H-coils that are positioned
directly under the sheet [Thul 2018]. The measurements reveal a con-
siderably anisotropy that shows the magnetic hardest behavior in the
intermediate directions between the typically considered RD and TD.
The impact of these hard directions increases for higher excitations
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Fig. 1. Required magnetic field loci for different circular magnetic flux

curves for low flux densities in 0.2 T-steps (right-hand side) and high
(left-hand side) flux densities in 0.1 T-steps [Thul 2018].
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Fig. 2. Projections of measured pathways on main axes and dashed
calculated anhysteretic curves (left) for rotational flux density of 1.6 T
(Red line: J((H,). Blue line) J,(H,)) and (right) reassigned anhysteretic
H-loci for 1.3 upto 1.6 T.

while at low magnetic flux densities the TD is the orientation with
the worst magnetization behavior. Particularly at high excitations, an
asymmetry regarding the required field at the magnetic hard directions
occurs, which depends on the rotational direction of the applied field.
The measured pathways can be regarded with their projections on the
main axes. The anhysteretic curves can be approximated by averaging
the magnetic field with respect to the polarization J. Assigning the
anhysteretic magnetic fields to the affiliated polarizations, taking into
account the temporal order of the vector components, the anhysteretic
magnetic field loci for rotational polarizations can be obtained.

The anhysteretic field loci, depicted in Fig. 2, lack the asymmetries
that can be observed for the hysteretic magnetic field components in
Fig. 1. Next to the anisotropic field requirements, a closer examination
of the obtained anhysteretic vectors reveals a considerable phase shift
between the circulating flux density and the required magnetic field
orientations of the polarization and strongly depends on the magnetic
excitation, having a peak-to-peak value of almost 40°, as depicted
in Fig. 3. This phase difference varies with the spatial low magne-
tizations, where a more colinear behavior could be expected as the
material is still in its linear region. The phase difference decreases at
regions of higher magnetizations until there is a change of the phase
differences sign. While for lower magnetizations, the two easy direc-
tions of magnetization occur to be the most remarkable influences, at
higher excitations the four magnetic hard directions are clearly visible
as peaks along the curve for 1.6 T. Regarding the information of Figs. 1
and 3, a connection between the respective magnetic hardest directions
and the peaks of the phase difference between applied magnetic field
and resulting flux density can be denoted. Although the measurements
have not yet been reduced by their respective hysteretic components,
the need for an anhysteretic description that is able to replicate the
observed characteristics can be pointed out. As a collinear description
of the vector behavior is always connected with considerably error,
even though the respective curves can be replicated accurately, an ap-
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Fig. 3. Phase difference between anhysteretic H and B vectors at
different circular polarizations.

proach that aims for a higher agreement with the vectorial material
behavior is determined to take into account the observed phase shift.
This mentioned phase shift includes the time dependence that is lost
at the alone standing typical pictorial representations of the obtained
Jx — Jy respective H, — H,-loci, as depicted in Fig. 1.

[ll. TEXTURE AND ORIENTATION DISTRIBUTION
FUNCTION

Non-oriented electrical steel is composed out of a multitude of
grains in which the iron crystals are oriented collinearly. The mis-
alignment between the respective crystal orientations and the applied
field is decisive for the magnetization behavior of the material and,
thus, for the global measurable magnetic anisotropy. Commonly, the
magnetizability of a single iron grain is distinct in magnetic hard,
medium, and easy directions. This characteristic is based on the ar-
rangement of the atoms within the crystal grid and the interaction of
their respective magnetic moments. The energy that an iron crystal
has to supply to turn its magnetic moment into a specific direction
described in azimuthal angles can be calculated by [Bertotti 1998]

Wi = Ko + K, (afoe_% + otiazz + azzocf) (1)

with the anisotropy coefficients K setto 0 and K| = 45 kJ/m? [Bliigel
1999].

A three-dimensional energy surface is obtained that can be de-
formed by the application of an external magnetic field, which makes
it easier for the crystal to align its magnetic moment collinearly to
the field direction. This energy contribution of the applied field is the
Zeeman energy and can be described by the applied field vector ﬁ
and the respective orientation of the magnetic moment [Daniel 2015]

— - = —
W(m) = Wy, (m) — H - m. 2)
As the direction of the magnetization has a remarkable influence
on the magnetic behavior of a single crystal, the global description
of the entirety of crystals is of high importance for the analysis of
the materials’ anisotropic behavior. To describe all crystal positions
of the grains inside the material (the texture) to a mutual reference
system, a mathematical description of the crystals orientations has to
be introduced. This purpose is fulfilled by three Euler angles that give
a unique description of each of the crystal orientations with respect
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Fig. 4. Graphical representation of ODF of a typical non-oriented
electrical steel.

to the global common rolling-transverse-normal direction reference
system by three angles [Kestens 2008].

The different crystal orientations can be weighted by their respec-
tive ratio of the total volume of the examined material, in order to
obtain an orienation distribution function (ODF) of the material tex-
ture. The ODF p(g) provides the volume fraction of the crystals for
the given orientation g, described by three Euler angles. As the graph-
ical presentation of three-dimensional functions is linked with several
difficulties, the ODF is presented by several cuts along the ¢,-axis, as
depicted in Fig. 4. At each cut along the ¢,-axis the volume fraction of
each crystal-orientation is pictured by the respective color with respect
to the other two assigned angles.

IV. MODEL APPROACH

The objective is to achieve a two-dimensional description of the
anhysteretic curve that matches with the previously described mea-
sured behavior for rotational as unidirectional excitations. Thus, it is
recommendable to rely on the microstructural characteristics, which
cause the specific effects that are to be recreated.

Combining the quantified information about the different orien-
tations of the iron crystals within the examined material with the
anisotropy energy, a semi-physical representation of the materials
anisotropic behavior can be obtained. For each set of angles g that
occurs in the ODF, the anisotropic energy surface is calculated in the
corresponding orientation with respect to the global reference sys-
tem. The rotated energy crystals are superposed and weighted by the
value of their respective volume ratio p(g) described by the ODF. By
this means, a representative energy crystal describing the anisotropy
energy Wayp Of the examined material can be obtained. The repre-
sentative energy crystal for the actual considered M270-50A material
calculated by this method is depicted in Fig. 5. The distance between
the actual point on the energy surface and the origin of the coordinate
system denotes the amount of energy that has to be made up by the
crystal to allow the orientation of the magnetic moment in the re-
spective direction of m. The representative energy crystal can also be
understood as a visualization of the information included in the ODF.
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Fig. 5. Calculated averaged energy-crystal based on ODF and
magneto-crystalline anisotropy energy.

The shape of the energy surface reveals a distinctive easy direction
in the RD. A magnetic harder behavior for the TD and particularly
the magnetic hardest directions between the main axes are visible. In
general, the material appears to have magnetic properties that reveal
similarities with Goss-textured grain-oriented materials as described
in Cardelli [2017], even though they are not so distinctive. In addition
to these qualitative statements about the anisotropic behavior of the
material, the representation of the anisotropy energy of the material
can be utilized in order to obtain quantitative results. In combination
with the Zeeman energy, which describes the influence of an applied
magnetic field, the representative energy crystal can be deformed as

— — - —
Wrep(m) = WAn,rep(m) — poH -m. (3)

Combining this deformed energy surface with the Boltzmann dis-
tribution, a probability f that a certain energy state Wy, occurs can be
derived [Daniel 2014]

—
exp( - Wrep (m))
= =
f exp(_Wrep(m) -dm)

N
fm) = “

Calculating this probability ffor each orientation of m on the energy
surface, the magnetization in RD and TD can be determined as a
function of the applied field H by an integration over the unit sphere
and projecting the respective magnetic moments by their angle to the
x-axis and y-axis

— — —

M(H) = M - / Fm) - cos(aey) - dm 5)
— — —

M, (H) = M - / Fm) - cos(ay) - dim. ©)

By this means, an energy-based formulation for the description of
anhysteretic vector magnetization that considers the material’s mi-
croparameters is obtained. Further adjustments such as temperature
dependence or mechanical stress could also be applied to the en-
ergy surface of the representative energy crystal by additional three-
dimensional energetic descriptions. In the original form, the texture-
based description of the anhysteretic magnetization provides a calcu-
lated vector-polarization ﬁ as a function of the applied magnetic field
vector J—.)The model can be inverted by numerical methods, yielding
the vector magnetic field solution causing a predetermined magnetic
flux density. The resulting magnetic field loci for circular polariza-
tions according to the measurements were identified. The results show
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Fig. 6. Simulated anhysteretic magnetic field loci for low (left-hand
side) and high (right-hand side) circular polarizations.

a qualitatively similar behavior to the measurements result, as shown
in Fig. 6.

V. RESULTS

Starting with elliptical curves at low polarizations, the calculated
shapes change into more rectangular curves. Over the entire range,
the TD direction reveals higher required field strengths. For higher
polarizations, entering the saturation area, the impact of the magnetic
hard directions at an angle of approximately 55° misalignment to the
RD is replicated with accordance to the measurements. The simulated
field loci are slightly twisted in comparison to the measurements. An
effect that occurs due to the discretization of the representative energy
surface. As the measurements revealed considerable phase differences
between the applied magnetic field vectors ﬁ) and the resulting po-
larization J, the ability of the description to replicate this behavior
is crucial for the evaluation of the models’ ability to recreate the
anhysteretic components of the magnetic field quantities. Again, the
measured pathways are recreated with qualitatively good accordance.
The characteristic curves at the different excitations are recreated.
Starting from the sinusoidal appearing curves for low polarizations
with a stronger slope at the ascending branch that is recreated by the
model, the transition to the more complex pathways with additional
amplitudes originating from the higher required fields at the mag-
netic harder directions is imitated. Despite the similarity regarding the
curves of simulation and measured phase difference, the results show
deviations from the measurements in terms of amplitudes and offset.
In general, the representative crystal appears to recreate the measured
behavior satisfactory but to sensitive regarding the applied field and
the reaction on its deformation. Further examinations considering the
linkage between different grains and their interaction could also lead
to quantitative correct results. Thus, it can be denoted that the model
is able to represent the magnetic anhysteretic behavior in terms of
anisotropy, two-dimensionality, and phase difference.

VI. CONCLUSION

In this letter, the requirements for an appropriate vectorial formu-
lation of the anhysteretic magnetization are defined and presented
exemplarily for a non-oriented electrical steel with strong anisotropy.
Based on the materials texture, a semiphysical approach for the cal-
culation of the anhysteretic magnetization is presented, which can be

used in a variety of classical hysteresis models, which are based on
the separation into hysteretic and anhysteretic components. As the
proposed description can be inverted, it can be utilized in direct and
inverted vector hysteresis models. While the qualitatively behavior
is recreated with good accuracy, further adaptations are required to
achieve quantitative satisfying results.
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