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Loss Parameter Identification After Cutting for Different
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The magnetic properties of nonoriented (NO) electrical steel sheet are sensitive to industrial cutting processes. Decreased operation
point efficiency and an increase in local iron loss in the magnetic circuit of an electrical machine are the consequences. During
the design of electrical machines, the cut-edge effect and its consequences can only be considered and assessed, if the effect is
locally modeled. In fact, the cut-edge effect is often neglected as standardized magnetic characterization is performed, where the
sheet material is measured on an Epstein frame or single sheet tester (SST) and gentle sample preparation is specified. In order to
parameterize a local material model, a large number of samples and their detailed magnetic characterization at various magnetizing
frequencies are necessary. In this article, the loss parameters of nine different industrial NO electrical steels are identified and
analyzed in order to study the course of the parameters and possible interrelation with material properties. The sheet thickness,
alloying content of silicon and aluminum, and grain sizes are considered as they are the dominant influences on the iron loss from
the material side. The presented results help to increase the understanding of the cut-edge effect and its consequences on the iron

loss modeling. Furthermore, they help to identify possibilities to decrease the measurement effort significantly.

Index Terms— Cut-edge effect, electrical steel, iron loss modeling, magnetic properties.

I. INTRODUCTION

UTTING of nonoriented (NO) electrical steel sheets

has a significant effect on the magnetic properties: iron
loss is increased and the magnetizability is decreased. The
deterioration of the magnetic properties due to different cutting
techniques and processing parameters has been studied for
many years [1]-[4]. Spark erosion, chemical cutting, and abra-
sive water jet cutting are considered gentle methods, whereas
punching and laser cutting are more detrimental [5], [6]. For
mechanical cutting, small cutting clearance, new and sharp
tools, and lower cutting speed lead to less deterioration [1].
As the deterioration is related to the plastic deformation
and induced mechanical respective thermal residual stress,
all measures which decrease the residual stress, decrease the
influence of the cut-edge effect.

In addition to the cutting technique, the material properties,
e.g., grain size, sheet thickness, and alloying, have an effect on
the resulting deterioration as well [7]-[9]. As both, the residual
stress and plastic deformation that cause the deterioration are
induced in the vicinity of the cut edge, the effect appears
locally. In [10], a review on the local distribution of the
cut-edge effect is presented that summarizes the extent of the
penetration depths of various studies.

Although the global effect of cutting can be measured on a
single sheet tester (SST), an Epstein frame, or ring core sam-
ples with the approach presented in [4], the quantification and
interpretation from global measurements to local information
are more complicated [11]. Consequently, the incorporation
of the cut edge in the design and calculation of electrical
machines is challenging. The main requirement is to model
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the magnetic properties locally. A continuous local material
model is presented in [12], where the permeability is modeled
with respect to the distance to the cut edge. The model is
parameterized with modified SST samples. The local flux
density can thereby be calculated with respect to the cut-edge
effect in the finite-element simulation of any electrical machine
geometry. The iron loss is subsequently calculated in the post-
processing. Thus, the iron loss modeling has to be performed
locally as well. The acquisition of data for the parameteri-
zation of a local iron loss model is cumbersome. A large
number of cut material samples have to be characterized
over a broad excitation range to account, for example, for
high-efficient speed-variable traction drives with quasi-static
frequencies up to several kHz. If the effect of cutting is better
understood, fewer measurements for the parameterization and
fewer samples are required. Furthermore, a material property-
based estimation of the severity of the cut-edge effect for
different NO can be enabled.

For this purpose, nine industrial electrical steels, which are
mechanically cut, are analyzed and discussed in this article.
Their loss parameters are identified to allow the analysis of the
general course of the parameters with respect to an increasing
proportion of cut edge of the entire volume. At the same time,
the interrelation of loss parameters and the dominant mater-
ial properties, i.e., grain size, sheet thickness, and alloying,
is evaluated. It is shown that the iron loss parameters follow
certain trends that allow a reduction of the number of samples
without losing a significant amount of information.

II. MATERIALS AND METHODS

A. Materials

In this article, nine fully finished industrial NO electrical
steels are studied. The sheet thickness, dgneer, Varies between
0.1 and 0.35 mm. In Table I, a summary of the nomenclature
for the samples and their relevant material properties is given.
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TABLE I
NOMENCLATURE FOR THE STUDIED SAMPLES AND RESPECTIVE
RELEVANT MATERIAL PROPERTIES

Name Grade Si+ Al dsheet dcs
inwt.%  inmm in pm

NO35-A  M235-35A 4.08 0.35 130
NO35-B M235-35A 4.17 0.35 114
NO30 NO30-16 4.42 0.30 98
NO27-A NO27-13 438 0.27 118
NO27-B NO27-13 4.90 0.27 134
NO24 NO24-13 4.51 0.23 110
NO23 NO23-13 4.77 0.23 116
NO20 NO20-12 4.66 0.20 95
NO10 NO10-11 422 0.10 79

The alloying content has been obtained by spark spectrom-
etry. The grain size, dgs, has been evaluated on surface
sections with the line intercept method in different layers of
the steel sheet. Samples were evaluated on a light optical
microscope. More than 300 grains were measured in each
layer to account for a mean grain size value with respect to the
layers.

B. Magnetic Measurements

Magnetic measurements are carried out on a 120 mm x
120 mm SST (Brockhaus Measurements) on a MPG200.
In order to quantify the cut-edge effect on an SST, samples
are prepared according to [1] and [4]. The proportion of cut
edge per sample is increased by dividing the reference sample
size of 120 mm x 120 mm into strips with an equal strip
width, dy.ip (Fig. 1.). In this study, dyp were 120, 60, 30,
15, 10, 7.5, 5, and 4 mm. No stress relief annealing was
carried out on the strips to maintain the fundamental cut-edge
effect for the subsequent quantification. The strips are taped
together to build up one SST sample of reference size with
increasing shares of cutting-affected sample volume. In actual
electrical machines, the deterioration of performance due to
the cutting of the steel laminations can be separated into the
fundamental cut-edge effect based on the induced stress and
into the secondary effect of additional eddy currents, if burrs
are large enough to connect the originally electrically isolated
laminations of the electrical sheet stack. Possible burrs at the
cut edges due to the wear state of the cutting tool do not affect
the measurements of this study on the fundamental cut-edge
effect, as measurements are carried out on SST. For testing in
RD and TD, separate sample sets are prepared, as to prevent
an air gap in the magnetic flux path, i.e., cutting direction is
parallel to the applied magnetic field. The samples were all cut
mechanically on a guillotine, which is similar to the process of
punching, used in mass series production. The cutting method
and parameters were kept the same for all materials during this
study. In Fig. 1, a schematic description of the SST setup is
presented. Measurements are carried out up to a magnetizing
frequency of 5000 Hz between 0.1 and 1.8 T in 0.1 T steps
under sinusoidal excitation.
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Fig. 1. Schematic description of the sample preparation and measurement
of the cut-edge samples on an SST.

C. Loss Model Parameter Identification

In order to incorporate the cut-edge effect and subsequent
consideration of local iron loss in an electrical machine,
a continuous local material model embedded in a numerical
finite-element (FE) simulation environment has to be applied.
Each FE is attributed a material property according to the
distance x to the nearest cut edge. The procedure is described
in detail in [12]. For the evaluation of local iron loss in the
post-processing of an electrical machine simulation, the loss
has to be modeled as a function of the distance to the cut edge
as well [13]. In order to do so, the loss parameters have to be
identified.

The IEM-Formula is a semi-physical loss model that allows
a physical interpretation of different loss components [14].
Such an interpretation enables the detailed evaluation of the
relationship between the machine design, machine operation,
and utilized electrical steel. The IEM-Formula is based on the
loss separation principle [15]. The total iron loss is separated
into a hysteresis, classical eddy current, and excess compo-
nent similar to Bertotti’s approach [15], but is complemented
by a fourth higher order loss term. This loss represents
nonlinear or saturation. The resulting IEM-Formula is as
follows:

PEm = alB;’ﬁéﬁf + a B f*(1 + a3Bn™) + as(Bm f)'°.
(1

The identification process of parameters, a;, @, and f,
as described in [16], is based on the statistical loss theory.
The hysteresis parameters, a;, o, and f, can be fitted from
low-frequency measurements. The classical eddy current com-
ponent, a,, is calculated based on the sheet thickness, dspeet,
specific density, p, and specific electrical resistivity, pe;

a = n-zdszheet ) (2)
6ppel

The excess loss parameter, as, can either be identified by
measurements at relatively low magnetic flux densities up to
1.0 T and frequencies between below 10 Hz or calculated
solely from material-dependent properties based on the theory
of magnetic objects. The parameters a3 and a4 are mathe-
matically determined from the magnetic characteristic at high
frequencies and magnetic flux densities. Thus, all iron loss
terms of the IEM-Formula (1) are identified.
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III. RESULTS AND DISCUSSION
A. Results of the Parameter Identification Routine

For this study, more than 100 material samples have been
magnetically characterized on an SST and their loss para-
meters have been identified as described in Section II. Each
sample set of the nine studied materials comprises eight
samples with different strip widths between 120 and 4 mm.
All electrical steels have a full sample set with cut directions
parallel to the rolling direction (RD) of the steel sheet.
An additional six out of the nine studied materials have been
studied on a sample set in the transverse direction (TD) as
well.

In Fig. 2, the identified parameters for ajas are presented
for all samples in RD with the exception of a, parameter
as it is independent of the strip width, dguip, according to
(2). In general, all parameters follow a distinct trend. The
parameters a;, as, and as all increase with decreasing strip
width; a4, on the other hand, increases. For all parameters,
the increase and decrease are especially pronounced at narrow
strip widths below 10 mm and keeps almost constant between
30 and 120 mm strip widths. Considering the physical inter-
pretation of the loss components of the IEM-Formula, this is
the expected behavior. The hysteresis loss is the static loss
component that is related to the domain wall movement and
Barkhausen jumps. The domain wall movement is impeded by
defects such as grain boundaries or in this case by dislocation
structures or shear bands at the cut edge. Furthermore, the
domain wall movement is strongly impeded by mechanical
stress, which leads to an increase in loss, especially for
compressive stress [17], [18]. Residual mechanical stress that
is part compressive, part tensile [1], and remains in the vicinity
of the cut edge after cutting, strongly affects the hysteresis
loss and thereby the course of a;. In [17]-[19], it is presented
that mechanical stress has a negative effect on the excess loss
component as well. In general, compressive stress is more
detrimental compared with tensile stress.

The trends are not equally distinct for all the studied
sample sets. Some identified parameters are obvious statistical
outliers, for example in Fig. 2(d), the NO20, 60 mm sample,
whereas some materials are more prone to statistical errors in
general. Especially, the very thin NO10 an NO20 electrical
steels show a scattering of their parameters.

To evaluate outliers and in order to decrease the measure-
ment effort significantly, the course of the parameters can be
depicted alternatively. In Fig. 3, a; is shown over the ratio
of cut surface per sample volume, dyip. A linear regression
fits the general curve of the parameters. The linear fit is
characterized by the slope of the curve and the y-axis intercept.
Both these parameters show a link to the material parameters
as shown in Fig. 4. The slope of the linear regression generally
decreases with decreasing sheet thickness, increasing alloying
content and to a minor extent with decreasing grain size. The
Y-intercept decreases slightly with increasing sheet thickness,
increasing alloying and grain size. As these parameters all
influence the hysteresis loss to some extent, it iS impossi-
ble to fully separate the effect of each single parameter in
these industrial NO electrical steel sheets. In general, thinner
materials have smaller overall grain sizes, so these parameters
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Fig. 2. Identified loss parameters as a function of strip width, dyip, for all
studied materials in RD. (a) Hysteresis loss parameters. (b) and (c) Nonlinear
loss parameters. (d) Excess loss parameters.

are linked as well. But the examples show that the linear
regression is not only mathematically a good fit, but can
also be physically interpreted, which is important for the
semi-physical loss modeling approach. Furthermore, the linear
regression is not only valid for the samples in RD as depicted,
but also for the sample sets in TD. In direct comparison,
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Fig. 3. Hysteresis loss parameter a; as a function of cut-surface ratio per
sample volume with linear regression.
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Fig. 4. Correlation between the linear regression parameters and material
parameters: (a) sheet thickness, (b) alloying content, and (c) grain size.

a is higher in TD compared with RD for all respective sample
sets.

B. Utilization of Results to Reduce Sample Number

The hysteresis coefficient is not the only parameter that has
a distinct course over the cut surface per sample volume ratio.
In Fig. 5, the courses of asas are shown. In Fig. 5(a), the
two thinnest materials are not shown, as they breached the
scale of the diagram. This shows that not every parameter
course follows the trend. This is likely due to the standardized
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Fig. 5. Identified loss parameters as a function of cut-surface ratio. (a) and

(b) Nonlinear loss parameters. (c) Excess loss parameters.

identification routine and could be improved by a variation of
frequencies considered to identify the nonlinear and excess
loss components.

Due to the analysis of the parameter courses and the gen-
erally similar trends for all materials, a significant reduction
of the sample number can be enabled. For this part of the
study, the sample number reduced by 50%. Instead of eight
samples per sample set, only four samples were evaluated.
The parameter courses, i.e., a linear regression of a;, a4, and
as and an exponential function of a3 were deduced from the
parameters of only the 120, 30, 7.5, and 5 mm samples. The
results are shown in Fig. 6 and compared to the measured
values of all strip widths. There are higher discrepancies for
ay in the range between 10 and 30 mm, but overall the results
are promising.

It can be seen that this procedure does not downgrade the
quality of the results more than the statistical errors shown in
Fig. 2. With only half of the measurement required, a sufficient
amount of information for the loss modeling can be obtained.
Although the risk of an increased impact of statistical errors
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Fig. 6. Comparison of loss parameters as a function of strip width, dyip,
with a decreased sample set size (red) for NO35B in RD and TD.

on the identification has to be considered, the reduced mea-
surement effort is significant. A larger material selection could
be considered during a simulation study, as these parameters
are essential for the local modeling of loss as a function of
distance.

IV. CONCLUSION
In this article, the effect of cut edges on loss parameters
of electrical steel sheets has been studied. The results were
obtained by analyzing the course of the loss parameters as a
function of an increasing portion of cut edge on nine different
industrial electrical steels and conclusion can be summarized
as follows:

1) The analysis of the loss parameters allows a linear
regression (a;, as, and as) and adapted exponential
regression (a3) for the different loss parameters.

2) It was shown that the sample number and experimen-
tal characterization effort can thereby be significantly
reduced.

3) The results and physical interpretation of the hysteresis
and excess loss component are in accordance with the
results presented in this article, i.e., sensitivity of the
hysteresis loss to cutting increases with increasing sam-
ple thickness, decreasing alloy content and increasing
grain size for electrical steels in this thickness range.
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