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Abstract: The global drive to reduce energy consumption poses new challenges for designers of
electrical machines. Losses in the core are a significant part of losses, especially for machines operating
at an increased rotational speed powered by PWM inverters. One of the important problems when
calculating core losses is considering the effect of material degradation due to mechanical or laser
cutting. To this aim, this paper analyzes and summarizes the knowledge about the sources of material
property deterioration and ways of describing this phenomenon. The cited results of material tests
indicate the lack of unequivocal relationships allowing us to estimate the degree of material damage
and the resulting deterioration of material properties. The main task of this article is to present the
state of knowledge on the possibility of taking into account the impact of cutting the core sheets of
electric motors on core losses and their impact on the efficiency of the machine. This is a significant
problem due to the need to design and manufacture energy-saving electric motors powered with
a voltage of 20 to 350 Hz, whose magnetic cores are made of laminates. However, the performed
analysis indicates the most important parameters of the cutting process, affecting the degree of
material structure destruction. The method of the solution proposed by the authors for core punching
and laser cutting, illustrated with a practical example, is also presented.

Keywords: cutting effect; electrical steel sheet specific loss; loss approximation

1. Introduction

To reduce the impact of climate change by reducing energy consumption, the EU
implemented, in 2009, a series of energy requirements called Eco-sign. From 1 July 2023, the
third phase comes into force, which means that all electric motors with a power of 0.75 kW
to 1000 kW must have an energy class corresponding to at least IE3, and motors from
0.12 kW to 0.75 kW must be IE2 class. There are around eight billion electric motors in the
EU alone, estimated to account for more than half of the world’s electricity consumption.
With the assumed lifetime of the motor equal to 15 years, the purchase cost does not
usually exceed a few percent of the cost of use. This should result in a different approach
to constructing electrical machines, mainly aimed at reducing losses and thus increasing
energy efficiency.

Considering the overall effect of the revised regulation [1], the annual savings will
increase to 110 TWh by 2030, avoiding around 40 million tons of CO2 emissions per year.

The Super-Efficient Equipment and Appliance Deployment (SEAD) initiative is outside
the European Union and connects countries worldwide to cooperate in promoting energy-
saving devices. In addition, the International Energy Agency’s 4E Electric Motors Systems
Annex works to raise global awareness of the efficiency potential of motor systems and
provide guidance and tools to exploit the energy efficiency of new and existing motor
systems worldwide.

Figure 1 shows an example of loss distribution in a low-power induction motor for
different working frequencies [2]. As can be seen, for machines operating at mains and
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lower frequencies, the losses in the core constitute a significant part of the losses, but the
losses in the windings prevail. In contrast, for machines operating at an increased frequency,
the losses in the core are dominant. In addition, as seen in work [3], the share of core losses
in total losses has a slight tendency to increase with the increased rated motor power. In
addition, a significant increase in stray load losses should be noted, which are core losses
and depend on similar parameters as classic core losses.
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of supply voltage; 1—losses in the winding, 2—losses in the core (fundamental and additional),
3—mechanical losses, 4—other additional losses.

Hence, there is a common interest in both the problem of the exact description of core
losses and the search for methods to reduce them.

The creation of cores for electric motors and transformers requires shaping of their
geometry. In the case of transformers, relatively simple shapes of core fragments are used,
similar to a rectangle or a trapezoid, whereas in the case of electric motor cores, the shape
is much more complicated, especially around the slots. It is known that the process of
cutting ferromagnetic material is not indifferent to the material’s properties. Currently used
laminations made of soft ferromagnetic material are not fully isotropic. As a result, changes
in the local material properties depend on the angle between the cutting line direction
and the laminate rolling direction. The indicated facts became the basis for conducting
scientific research, combining the observed adverse effects of cutting with changes in the
local properties of the material and its crystallographic and domain structures. Changes
in the domain and crystallographic structure as well as the macroscopic properties of soft
ferromagnetic materials, resulting from the implementation of the cutting process, have
been studied for many years. The first references to the causes of these changes can be found
in the works of Bozorth, carried out in the 1940s and 1950s [4]. This was due to the visible
differences between the magnetizing currents and losses measured on real models and the
values estimated based on approximate models [5–7]. The problem became particularly
important after introducing new regulations on the efficiency of electrical machines caused
by the desire to reduce electricity consumption.

Analyzing the available literature, it should be noted that additive manufacturing
methods are currently being widely developed. As a result of their use, the destruction of
the material’s internal structure, resulting from the implementation of the mechanical or
laser cutting process (manifested by the deterioration of the material’s magnetic properties),
is avoided. Referring to additive manufacturing methods, a group of works describing
research conducted on sintered materials can be identified [8–15], as well as a group of
works depicting the research results using laser powder bed fusion technology [16–19].
As the published research results on SMC and LPBF materials indicate, they can be used
mainly in motors operating at frequencies of kHz and higher. Then, the low specific iron
loss of the material about the Fe–Si laminates, which the authors of this article deal with,
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is their undoubted advantage. Similarly, the benefit of this type of solution is the lack of
structure destruction caused by the discussed cutting technologies.

Unfortunately, the disadvantage of cores made of these materials is the long time
needed to produce them. While in the case of prototype solutions, it is acceptable, in mass
production, it is unacceptable.

According to the authors, the central area is currently addressing the problems associ-
ated with the mass production of electric motors. Therefore, further considerations will
focus on two cutting technologies: mechanical and laser. According to the authors’ knowl-
edge regarding the mass production of low-loss electric motors, the issue of the impact of
stator and rotor sheet metal processing on the size of the iron losses is still attractive. These
motors operate in the frequency range from several dozen to several hundred Hz, so their
stator and rotor cores are made of Fe–Si laminates.

Several studies have shown that machining, especially cutting, significantly affects core
losses. Therefore, this paper analyzes and summarizes the knowledge about the sources of
material property deterioration and ways of describing this phenomenon. Subsequently,
Section 2 presents the results of research conducted in two areas. The first area of research
concerns the presence of residual stresses and the local increase in the material’s microhard-
ness; the second describes the results of grain structure morphology and domain structure
changes. Section 3 contains an analysis of the analytical models used by the researchers
to reproduce changes in induction and material-specific loss in areas close to the cut edge.
Section 4 briefly summarizes the introduction to FEM simulation of the models of changes
in material parameters due to the cutting presented in Section 3. Section 5 briefly describes
the approximation method proposed by the authors in paper [20]. Applied approximation
makes it possible to determine the material’s average (equivalent) properties, depending
on the frequency, induction, and actual width of the motor core fragment. To illustrate
the effectiveness of its operation, the authors used it in the calculations carried out for a
low-power induction motor operating at 50 Hz and 350 Hz, the core of which was shaped
using two technologies: mechanical punching and laser cutting. Combining the proposed
approximation with the high-accuracy analytical model of the induction motor enabled the
exact determination of the motor’s operational parameters.

2. Morphology of Grains and Measurements of the Macroscopic Properties of Strips
Undergoing the Cutting Process

Based on the research results described below, it should be stated that the applied
cutting technologies change the structure and properties of the material to varying degrees.
Commonly used technologies that significantly influence these changes include guillotine,
punching, and laser cutting. In addition to the technologies mentioned above that are in
common use, other less invasive technologies are used, which have a relatively small im-
pact on these changes, including water jet cutting and wire electrical discharge machining
(spark erosion). Their disadvantage is the long time needed to cut an element of a given
shape, eliminating them from mass production. At the same time, they are used during
experimental research, making it possible to cut out elements with minimal invasion, essen-
tially changing their magnetic properties to a small extent. Scientific research conducted in
this area is multi-directional, starting from studies of changes in the structure of magnetic
domains and ending with morphological changes and residual stress distributions. The
presented state of the art is in two areas. The first refers to the presence of residual stresses
and local changes in the microhardness of the material, and the second is related to changes
in the morphology of the grains and the structure of the magnetic domains.

Tests of the presence and distribution of residual stresses and changes in material
microhardness include:

- testing the presence of elastic and plastic deformations and residual stress distribu-
tions inside the cut material. The research results available in the literature indicate
a relatively strong influence of internal stresses on changes in macroscopic material
properties. As Ossart points out, plastic deformations predominate at a relatively
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short distance from the cut edge [7]. Research conducted by many researchers on
the deterioration of the material’s macroscopic properties caused by the presence of
stresses leads to the conclusion that plastic deformation causes a significant deteri-
oration of the magnetic properties of electrical steels. This is particularly evident at
low strains (typically from 0 to 5%) and low and medium magnetic field amplitudes
(up to a few kA/m) [21–23]. Stresses below the elastic limit can either increase or
decrease the macroscopic material parameters, such as the magnetic permeability
of a material. This conclusion is supported by research results presented by Daem
et al. [23]. This generally depends on whether the material exhibits positive or negative
magnetostriction, but exceptions have been reported by Allia et al. [24]. Once the stress
crosses the elastic limit and plastic flow occurs, magnetic permeability reduces rapidly.
As demonstrated by Maeda et al., tensile stresses are generated near the cut edge,
whereas compressive stresses are further away from the cut edge [25]. Analyzing the
fundamental work [4], we conclude that the more the stress exceeds the elastic limit,
the more the initial and maximum permeability decrease. The study of the impact of
plastic deformations and residual stresses on changes in material properties must be
supplemented with an answer to the question about the distance from the cut edge
where deformations and strains occur. The answer to this question can be found, for
example, in the work of Xiong et al. [26]. The authors show the dependence of residual
stress in the cut edge zone as a function of the distance from the cut edge. At the same
time, they determine the increase in stresses about those that occur in the undamaged
part of the material. This distance was defined as close to the one in which mechanical
hardening of the material occurs (increase in microhardness). Cutting technology
is known to affect the size and area of residual stress. Therefore, research has been
conducted in the guillotine and laser cutting field. For guillotine-cut material, Cao
et al. presented the research results on the width of the area where residual stress
occurs [27]. According to them, the range of rapid stress changes can be defined as
100–150 µm, while more minor changes are observed up to 400 µm. In the entire range,
the residual stress value changes from about 350 MPa to about 100 MPa. Maeda et al.
show that laser cutting also “generates” residual stresses, with values comparable
to those occurring during guillotine cutting [25]. Omura et al. conducted extensive
research on the impact of material microhardness (in the undamaged zone) and strip
thickness on the maximum plastic strain value [28]. They showed that the harder
the material, the lower its maximum hardening on the cut edge and the smaller the
area of increased microhardness. Examining the influence of the thickness of the strip,
they found that the thicker the strip, the greater the maximum value of plastic strain
and the wider the area of increased hardness. Fujisaki et al. researched the presence
of plastic and elastic stresses in ferromagnetic strips [29]. The authors presented the
results of tests and simulations concerning guillotine cutting, indicating the presence
of stresses and the size of the zones where plastic and elastic stresses occur. They
concluded that the size of the area where plastic stresses occur is comparable to half
the thickness of the tested strip.

- microhardness tests (as known, microhardness is the hardness of a material gauged
with instruments using small indenters. It linearly correlates with the tensile strength.
This allows cost-effective, non-invasive testing). In work by Hofmann et al., tests
were performed for three cutting technologies: guillotine, laser, and spark erosion [30].
When examining the maximum hardening in the cutting zone, it was found that
the guillotine causes a rise in hardness by 70%, and the laser causes an increase by
15% with regard to spark erosion cutting. The spark erosion technology essentially
does not increase the hardness. At the same time, the authors defined the width of
the mechanical hardening zone as 120–150 µm. As described by Araujo et al. [31],
microhardness changes in a similar range were registered, while Wenmin et al. in [32]
state that this size can be even be defined as reaching 2 mm. On the other hand, the
work of A. Pulnikov et al. indicates that the width of the area in which the increase in
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microhardness occurs (guillotine cutting) is about 150 µm [33]. In this area, there is an
80% increase in microhardness compared to undamaged material. At the same time,
the authors note that the introduction of additional compression applied to the sample
causes a slight increase in the maximum microhardness with a simultaneous almost
two-fold increase in the width of the area with increased microhardness. In another
paper, Pulnikov presents the results of microhardness measurements executed for
various electrical steel sheets [34]. He obtained deterioration depth ranges from 0.4 to
2.8 mm, depending on the type and thickness of the material tested. The work carried
out by the team of Kurosaki et al. indicated a possible greater range of microhardness
changes during guillotine cutting (even up to 350 µm) as well as the possibility of a
microhardness increase by 10% during laser cutting (at a distance of up to 150 µm
from the edge) [35,36]. Schoppa noted in his research that the width of the area with
increased microhardness depends on the silicon content [37]. From other works, it is
known that an increase in the silicon content causes an increase in grain size, so one
could generalize Schoppa’s observations. It should therefore be concluded that the
width of the zone with increased microhardness depends on the average grain size.
This statement is supported by the results of the research conducted by Schmidt, who
defined the zone size as 350 µm, examining a material with 1% silicon content [38].
In materials with a relatively low silicon content (relatively small grains), the size
of this zone does not exceed 500 µm. In contrast, it can reach as much as 1–2 mm
for materials with somewhat higher content. Omura et al. tested materials with a
thickness of 0.35 mm, with a microhardness varying from 154 to 217 [28]. They showed
that the material with lower microhardness had a 50% wider zone of microhardness
changes resulting from guillotine cutting than the harder material. At the same time,
the percentage increase in the maximum microhardness (at the cut edge) of the softer
material was 20% higher than for the harder material. This work also described the
strip thickness’s influence on the zone’s width in which the microhardness increase
occurred. For the thinner material (0.2 mm), a zone whose width was half that of
the thicker material (0.35 mm) was found. In turn, the work of Saleem et al. did not
show a significant increase in microhardness as a function of distance for laser-cut
material [39]. Belhadj et al., who analyzed the material cut with a laser, reached other
conclusions, noting the dependence of changes in properties on the speed of moving
the laser beam [40]. It has been shown that for a laser moving at a rate of 6 m/min,
the hardening zone reaches 500 µm (the authors performed Vickers hardness tests,
obtaining microhardness changes from 140 to 180 HV). When the laser beam moved
at a lower speed, i.e., 3 m/min, the width of the hardened zone increased to 2 mm,
and the microhardness reached 200 HV. In the literature, we can find the results of
research conducted by Baudouin et al. in which the effect of knife clearance on the
change in maximum hardening and its range was analyzed [41]. The authors showed
that at the cut edge, an increase in microhardness by about 60% is possible, and the
content of these changes can reach up to about 800 µm, strongly dependent on the
chemical composition of the material. Wang et al. studied the effect of clearance
varying from 3 to 10% for a material with a thickness of 0.3 mm, having small grains
(27 µm) [42]. It was noticed that the range of microhardness changes occurring at a
distance of up to 200 µm from the edge did not essentially depend on clearance, and
the maximum increase in microhardness differed by 10%. The authors showed that
there is an optimal clearance value for which the maximum hardening is the smallest
(this value depends on the grain size). Wu et al. compared the size of the zone with
increased microhardness and its maximum value for non-oriented materials cut with
a guillotine and stamped [43]. They found that guillotine cutting increased the area
where the higher microhardness was measured by 20% and, at the same time, reduced
the maximum microhardness value by 10%. By simultaneously examining the changes
in plastic deformation for both cases, the authors confirmed the same proportions as
for the microhardness curve. Similar research was conducted by Weiss et al. In [44],
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the cutting blade wear’s influence on the zone’s width with increased microhardness
and maximum microhardness was described. Materials with a thickness of 0.35 and
0.5 mm, with comparable grain sizes and hardness of the undamaged material, were
tested. Studies have shown that cutting with a worn tool causes a 10% increase in
microhardness compared to that occurring due to cutting with a sharp blade. A
similar result was obtained for four times faster cutting. The width of the area where
the increase in microhardness occurs was determined as 0.25 mm for sharp tools
and slow cuts and 0.3 mm for worn tools and fast cuts. Research by Ossart et al.
indicates a more than two-fold increase in the microhardness of the material (at the
cut edge), combining the current microhardness with plastic strain [7]. Although
the area of increased microhardness was determined to be about 200 µm from the
edge, it was also noticed that even small changes in plastic strain drastically change
the macroscopic characteristics of the material, such as the B-H curve. As is known,
mechanical hardening generates new dislocations of the crystallographic structure,
which, among other things, affect the change in the material’s macroscopic properties.
The work finds the results of dislocation density and microhardness tests near the cut
edge. The range of observed changes was defined as close to 400 µm, which correlates
very well with the results of the study conducted by Xiong et al. [45].

Grain morphology and domain structure studies:

- observations of the domain structure. The work by Hofmann et al. contains observa-
tions made with the MOKE microscope, indicating that as a result of cutting, a part of
the material is magnetically hardened [4]. Spark erosion did not essentially change
the domain structure (only a few µm from the edge), and the guillotine cut affected a
larger area than the laser cut (even 600 µm for the guillotine), changing the magnetic
domain patterns at the same time. For guillotine cutting, patterns were found to form
due to plastic deformations and dislocations. The largest deformation occurs in the
range of about 150 µm, which correlates well with the size of the zone with increased
microhardness. Laser cutting causes a more significant deformation of domain pat-
terns (in an area of similar width) than guillotine cutting, and changes are observed up
to 800 µm from the edge. Works by Steentjes et al. [46] and Schoppa et al. [47] analyze
the results of macroscopic measurements of material properties. The authors state that
spark erosion and water jet cutting are the least invasive cutting technologies, slightly
changing the domain structure. As shown in the above works, the choice of cutting
technique affects the size of the damaged area. Additionally, Harstick et al. [48] and
Regnet et al. [49] indicate that tool wear significantly influences the changes in the
crystallographic structure during guillotine cutting. Research conducted by Hubert
et al. indicates the impact of plastic deformations on the movement of Bloch walls [50].
The authors emphasize that plastic deformations (due to the increase in the density
of dislocations) affect the movement of the walls more intensively than the rotation
of the magnetic moments. These locations act as potential barriers that hinder the
Bloch wall motion. A similar conclusion was formulated many years earlier, where
the author suggested that plastic strains give rise to forces opposing the movement
of Bloch walls [51]. Observation with the MOKE microscope allowed Senda et al. to
indicate areas containing different formations of magnetic domains than in the part of
the material where the effect of cutting is negligible [52]. Reports on the possibility of
the appearance of an oxidized layer with a width of several µm having completely
different properties were described by Belhadj et al. [40]. They showed that for a
500 µm thick strip, three characteristic areas could be identified: the area up to about
150 µm from the edge, where strip patterns approximately parallel with the sheet
plane were observed; an area extending from 150 to 500 µm, where stripe patterns
extending in the perpendicular direction with the sheet plane were observed; and
an area extending from 500 to 750 µm, where a slight change in the domain patterns
in the limited portions was visible. The total width of the place where changes in
domain patterns were observed was determined to be 1–1.4 mm from the cut edge.
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The analysis of the results of observations with the MOKE microscope, described
in [53], leads to similar conclusions. Naumoski et al. links the results of observations
of areas with changed domain patterns (created as a result of guillotine cutting) with
the results of microhardness measurements, concluding that at a distance of about
200–220 µm from the edge, there is a hardened magnetic zone [54]. In addition, they
show, based on magnetic contrast measurements, that the set magnetic zone (with
varying degrees of hardening) reaches three to four times deeper into the material
than the mechanically hardened zone, reaching as much as 1 mm. According to other
researchers, the hardened magnetic zone may extend to a distance of 5 mm [55] or
even 10 mm [5]. The research conducted by Naumoski’s team presents the results of
observations with the MOKE microscope, pointing to an essential aspect regarding
the magnetically hardened zone created due to the guillotine and laser cutting [56].
The authors pointed out that the width of this zone (magnetic activity of the material)
depends not only on the cutting technology used but also on the intensity of the
magnetic field affecting this region. It was noticed that for low external magnetic
field strengths (of the order of 100 A/m), the magnetically hardened zone shows rela-
tively weak activity for both cutting techniques in relation to the zones of undamaged
material. For somewhat higher magnetic field strengths (of the order of 1600 A/m),
in the case of laser cutting, the zone becomes more active (magnetic domains are
formed more quickly). For comparison, the authors also showed the same zones after
annealing, indicating a very large replication of the domain structure of these zones.
An important area of research is exploring the impact of elastic applied tensile stress.
A good example is the work carried out by the team of Perevertov et al. [57]. The
tests were carried out for tensile stress from 0 to 60 MPa. They showed significant
differences in domain patterns and the formation of a complex domain structure at the
grain boundary. Cao et al. observed the domain structure at the guillotine-cut edge
and at a long distance where the material was not damaged [27]. The undamaged
material tested was shown to have 100 µm grains with complicated domain patterns,
including 180◦-domain and 90◦-domain. Most domain patterns are closure domain
structures, which can decrease the magnetostatic energy. The change in the domain
structure can be observed within the area of 0.3 mm from the edge to the center of the
strip. The difference in the domain structure indicates that the residual compressive
stress caused by the punching process can change the crystallographic and domain
structures near the edge of the sample. Saleem et al. observed grains with slab-like
domains near the edge of a laser-cut strip [39]. The authors indicated that at a distance
of about 450 µm from the edge, there was a small number of grains with such a struc-
ture (this region is treated as magnetically hardened), and from 450 µm to 3000 µm,
there was a constant number of grains with such a structure (essentially independent
of the distance). At a distance from 3000 µm to 6000 µm, the number of grains with
such a structure increased (depending on the distance), while in the zone located over
6000 µm, the number of grains with such a structure stabilized.

- observations of the crystallographic structure. The study conducted by Araujo et al.
concerning the material cut with a guillotine and a laser contains the results of the
observation of the crystallographic structure in the vicinity of the cut edge [31]. The
guillotine cut causes plastic deformation near the cut line to be seen. In contrast,
laser cutting does not induce any changes in the grain morphology near the cut
line. Similar observations about punching and spark erosion can be found in [32,35,
56,58,59]. Comparing the results of the above studies, it was found that punching
“generates” plastic deformations much smaller than cutting with a guillotine. At the
same time, spark erosion, as with a laser, does not cause plastic deformations. Gmyrek
et al. studied material in the form of a 0.5 mm thick strip subjected to guillotine cutting,
with grains of an average size of about 100 µm [60]. During the tests, they noticed
the presence of grains of a smaller size at a distance of 200–300 µm from the cut edge.
The size of this area harmonizes well with the size of the area where the presence of
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plastic stresses is observed. An in-depth analysis of changes in the crystallographic
structure resulting from guillotine cutting can be found in [41]. The authors indicate
the existence of four regions with varying degrees of structure changes (rollover, shear
zone, ductile fracture zone, and burr), illustrating it with microscopic observations.
Based on the measurements carried out for knife clearance in the range of 2 to 8% of
the thickness of the cut strip, its influence on the size of the ductile fracture region
and the size of the burr was demonstrated. It was also pointed out that these regions’
size depends on the material’s chemical composition. Currently, the research subject
is studying crystallographic orientations using EBSD technology. In the works of
Xiong et al. [26,44] and Bali et al. [61], the results of misorientation angle distributions
in the edge zone of the Fe–Si steel after mechanical cutting were presented. The
authors showed that crystals set at an angle of 0 and 45–50 degrees dominate at the cut
edge, while those set at an angle of 40–55 degrees dominate at a distance greater than
500 µm. The results of the work by Füzer et al. show changes in the structure of the
crystallographic lattice occurring due to guillotine cutting. These changes depend on
the tool’s clearance and cause significant misorientation of the crystals in the damaged
area [62]. The authors state that clearance (in the range of 1–7%) significantly affects
the size of the area where crystal misorientation occurs. The figures show that the
microstructural part in the vicinity of the cutting edge presented by the authors is
characterized by a high level of misorientation angles in the range of 2–5 degrees and
even more. It indicates that these grains are characterized by increased intensity of
mechanical strain associated with high dislocation density. Quoting the authors, it
should be stated that the results presented show that the depth of the penetration of
residual stresses in the cutting surface area was significantly lower when the shear-
cutting process was performed with a smaller cutting clearance. On the other hand,
according to the authors, the local misorientation maps show that smaller cutting
clearances may lead to higher residual stresses immediately next to the cutting surface.
The results also show that a smaller cutting clearance reduces the size of the area
affected by shearing.

3. Simulation Models of Changes in Electromagnetic Properties Caused by the Cutting
Process of Non-Grain Oriented Electrical Steel Sheets

Models of sheet metal degradation under the influence of punching differ significantly
in terms of complexity. The simplest substitute models assume the division of the sheet
width into two zones: damage due to cutting and undamaged. However, the problem
here is determining the damaged zone’s width. This issue has been discussed in detail in
the review paper [52,63–65]. Simple models include those presented in the papers [66–68].
In both recent papers [67,68], the authors assume a constant width of the damaged zone.
However, although the procedure assumes a constant width of the damaged zone, it does
not require its knowledge because samples of different widths are used for the analysis.
The authors do not specify what width of the damaged zone corresponds to the obtained
results. The averaged magnetization and loss characteristics were measured using two
samples of different widths. On this basis, the authors introduce a relationship for a given
value of the magnetic field strength H (1).[

1− γ1 γ1
1− γ2 γ2

][
Bn−d

Bd

]
=

[
B1
B2

]
(1)

It allows for determining the values of magnetic flux densities Bn-d(H) and Bd(H)
(n-d for the non-damaged part and d for the damaged part). The coefficient values are
determined for the entire measurement series. The coefficients γ1 and γ2 correspond
to the share of the completely degraded area in the smaller and larger widths sample,
respectively. The coefficients are determined using the regression method by comparing
the values obtained based on the above relationship and the measurement values. It should
be emphasized that the method used does not exactly correspond to the assumption of a
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specific width of the degraded zone and the determination of parameters for the degraded
and undamaged material.

The magnetization characteristics outside the measurement points are approximated
by third-order spline functions (cubic spline), which allows for the appropriate accuracy to
be obtained while maintaining the continuity of the derivative. In addition, attention was
paid to the correct mapping in the Rayleigh region (for induction values less than 0.2 T), as
well as in the full saturation region.

The authors adopted a relatively simple and rarely used loss approximation for the
losses in the form of (2), assuming that the c1 coefficient must be positive.

pFe = c1B + c2B2 (2)

Despite a simple approximation, the obtained loss curves correspond well to the
measured curves after applying a method analogous to the magnetization characteristic.
The results were applied to the FEM analysis of the stator core using the specified width
of the damaged layer. The stator sheet is wound, so the field is mainly in the yoke. The
authors indicate the influence of other factors related to the assembly of the finished engine,
such as gluing or welding and core pressing, which cause additional stresses resulting in
increased losses in the core. The influence of these factors was taken into account using the
work [69].

The papers [70,71] examined non-oriented sheets with a width of 0.2 and 0.35 mm and
a width of 5 to 60 mm in a wide frequency range. Based on experimental tests, the width of
the degraded zone was determined to equal: for a sheet of 0.2 mm thickness, 1.739 mm and
a sheet of 0.35 mm thickness, 2.044 mm. In paper [71], tests were also carried out for sheets
cut using a water jet, and although this method of cutting is considered the least invasive,
the width of such a zone was determined to be 1.5 mm. However, it should be noted that
such a significant width of the damaged zone is not confirmed in other works. It was stated
that the influence of the abrasive waterjet cutting on electromagnetic properties is minimal
and can essentially be neglected in the case of the non-alloyed grade [47,72,73].

Since the papers use the model with the width of the degraded zone, the peak magnetic
polarization Jp for a sample with a width of w is (3)

Jp(w) = Jp,n−d −
(

Jp,n−d − Jp,d

)2Ld
w

(3)

where Ld is the width of the degraded zone, the index n-d refers to the non-degraded part,
and d refers to the degraded part.

Similarly for losses (4)

ph(J, w) = ph,n−d(Jn−d) + (ph,d(Jd)− ph,n−d(Jn−d))
2Ld
w

(4)

Thus, as you can see, the authors assume the degradation affects hysteresis losses. A
similar relationship was assumed for anomalous losses, while eddy current losses were
considered independent of the cutting effect.

Many more papers assume a continuous dependence on the impact of material degra-
dation on electromagnetic parameters as a function of the distance from the cut edge. The
reliance of degradation on distance from the cut edge is exponential in most cases; only in
a few instances are polynomials or other relationships used. These works are presented
chronologically and grouped according to the approximation method.

In work [74], a unique model of the motor core was used only with cut-out stator slots
and such excitation of the windings placed in the slots so that the magnetic flux was mainly
concentrated in the area of the teeth. A sheet with a thickness of 0.65 mm was tested. The
adopted model assumes an exponential change in permeability, decreasing from the tooth’s
center toward the cutting line.

µd = µn−d e−αx/d (5)
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where x is the distance from the tooth’s center, and 2d is the width of the tooth.
From this dependence and the assumption of a simple relation for core losses as a

function of induction, the dependence on average losses in a tooth as a function of induction
results in

pFe =
1− e−ηα

ηα
pn−d pn−d = aBη (6)

where α is the parameter obtained from the measurement for the damaged sample.
An important conclusion from that paper was that the most significant degradation

effect for the magnetization characteristic is visible within the saturation knee at 1.3 T. In
comparison, the differences significantly decrease above the induction of 1.6 T.

In paper [75], the tests were carried out for four different grades of non-oriented sheet
metal with a thickness of 0.5 mm, characterized by very different grain sizes (from 120
to 17 µm) and other silicon content (from 3.2 to less than 0.2%). The measurement of the
induction distribution in the sheet was carried out using probes of various widths wound
through holes with a diameter of 0.5 mm for the average induction of 1 T and 1.5 T and the
frequency of 50 Hz. Based on the study of the induction distribution, an approximation
model was developed that best reflects the character of distributions of the form

B(x) =
a(

1 + eb−cx
)1/d (7)

The parameters change significantly depending on the sheet’s grain size and Si content.
These changes, however, are quite chaotic and did not allow for the development of a
coherent description linking these parameters with the degradation of magnetic properties.

The papers [76,77] examined non-oriented electrical sheet steel with a thickness of
0.3 mm cut with a guillotine and a laser. It was assumed that the maximum reduction
in sheet permeability due to cutting depends on the material properties and cutting pa-
rameters and has a constant value while maintaining these parameters. Similarly, the
value of the width of the degraded zone was assumed to be constant. However, it was
mentioned that this value depends on both the material parameters, such as sheet thickness
or grain size, as well as the parameters of the cutting tool, mainly the clearance between
the punching elements and the blade’s geometry. Therefore, the distribution of changes in
permeability in the material as a function of the distance from the cut edge x is described
by the dependency:

∆µ(H, x) = ∆µamp(H)η(x) (8)

where η(x) is a parabolic function

η(x) = 1− x
δ
− a

x
δ

(
1− x

δ

)
(9)

Taking the above into account, an expression describing the loss density distribution
in the form (10) was obtained

pFe(x) = a2(x)J(H, x)2 f + a1
(
1 + a3 J(H, x)a4

)
J(H, x)2 f 2+

a5 J(H, x)1.5 f 1.5 (10)

In this expression, only the coefficient a2 corresponding to hysteresis losses depends
on the distance x from the cut edge.

In article [78], as in [74], a very interesting experimental model of the machine was
presented with only the stator slots cut out, and a uniform sheet metal rotor was used.
Such a model made it possible to avoid difficulties related to the exact determination of
losses in the rotor cage. It is necessary to precisely determine the cage temperature and
the phenomena associated with the uneven distribution of the current density in the cage
bar. It should be noted, however, that the lack of rotor slots results in the omission of losses
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related to the mutual movement of the grooved stator and the rotor. A sheet of 0.5 mm
thickness was used in the tests.

pFe(x, J(x), f ) = sh(x)
(

1 + (r− 1) Jmin(x)
Jp(x)

)
Jp(x)(α(x)+β(x)Jp(x)) f+

se
∞
∑

n=1

[
Jp,n(x)2(n f )2

]
+ sexc(x)

∞
∑

n=1

[
Jp,n(x)1.5(n f )1.5

] (11)

The specific losses of the electrical sheet, depending on the distance from the cut
edge, are described by a relationship (11) containing five parameters sh, se, sexc, α, and
β, depending on the type of material. The parameter r is an additional parameter that
considers the increase in losses due to the ellipticity of the magnetic field. As can be seen,
higher harmonics of the field resulting from the slotting of the stator and the saturation of
the local part of the magnetic circuit were also taken into account in the relationship.

In work [30], the tests were carried out for a sheet with a thickness of 0.342 mm, an
average grain size of 96 µm, and a Si content of 2.8%. The article states that the magnetic
induction distribution in the sheet can be obtained by correcting the induction distribution
obtained for a homogeneous material based on solving the problem by taking into account
the eddy currents by the function of the degradation coefficient depending on the distance
from the cut edge and the induction modulus (12). The degradation coefficient is much less
than unity for small inductions and takes the value of 1 for flux density greater than 1.8 T.

B(x, z, t) = ζd(x, |B|) B(z, t) (12)

In article [79], sheet samples with a thickness of 0.35 and 0.2 mm, and additionally, a
CoFe sheet were tested. In this work, a description of the interaction for a sample cut on
both sides was introduced

µd(x, B) = µn−d(B) + [1− µn−d(B)]
[

2δα(B)
(

1− e
−1

δα(B)

)
− e

−1
δα(B)

]
δ = e

w

(13)

where w is the sample width, e denotes the sheet thickness, and α is a degradation parameter
to be determined.

As is known, a certain magnetic anisotropy characterizes a non-grain oriented sheet;
samples cut both by and perpendicular to the rolling direction were tested.

In articles [80–82], permeability is described as a function (14)

µr,d(H) = µr,n−d(H)
(

1− e
−H

τ

)
+ 1 (14)

where
τ(x) =

γ

1−
( x

d
)c (15)

and x is the distance from the cut edge, and d is the width of the damaged zone.
Power losses in the material can be approximated by:

pFe = (kd x + q)kh

(
B
B0

)α( f
f0

)
+ kec

(
B
B0

)2( f
f0

)2
(16)

Thus, only the hysteresis losses are modified. Based on the measurements, the width
of the damaged zone was assumed to be equal to 1 mm. The application is limited to FEM
field analysis in a ring sample.

In papers [83–85], a sheet with a thickness of 0.5 mm was tested. The local permeability
value at a distance x from the cut edge is given by (17):

µ(H, x) = µn−d(H)− ∆µ(H)e−ax (17)
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where ∆µ(H) and a are parameters determined from measurements.
Thus, the losses are

wFe(B, x) =
(

Kh0 + ∆Kh(B)e−bx
)

Bα(B) f + KeB2 f 2+

(Kex0 + ∆Kex(B)e−cx)B1.5 f 1.5

∆Kh(B) = b1B3 + b2B2 + b3B + b4
∆Kex(B) = c1B3 + c2B2 + c3B + c4

(18)

The parameters are calculated from the measurement curves using the least squares
method. As in one of the previous works, the tests were carried out for a model machine
with a rotor without slots but only for a stationary rotor, i.e., in the conditions of a pulsating
field. The phenomena associated with the formation of higher harmonics in the rotating
slotted rotor were modeled by supplying the motor with voltage at different frequencies.
As an example of application, the FEM analysis over time was used, including rotation
for a 37 kW induction motor; however, the simulation results were not compared with the
measurements on a real motor.

Article [86] analyzes a non-oriented sheet with a thickness of 0.5 mm. The density
of losses in the core is approximated by the relationship (19), where it was assumed that
cutting affects only hysteresis losses.

ph(x) = Kh0

(
1 + c0

1+c1d(x) e−dx
)

B(x, H)α f
d(x) = exp

(
(−B(x, H) + c2)

c3
) (19)

In Formula (19), the impact of punching is represented by the coefficients c1, c2, c3,
and d, determined by fitting them to the measurement data. The loss model was applied to
the prototype IE4 efficiency class induction motors analysis rated at 2.2 kW. The work’s
advantage is comparing experimental results for the motor without and with heat treatment
(annealing).

In article [87], a sheet with a thickness of 0.5 mm was tested. Permeability is approxi-
mated by (20)

µ(H, x) = µn−d(H)

(
1− 2

π
µpe

−x
aµ

(
arctan

(
H
H1

)
− arctan

(
H
H2

)))
(20)

based on four coefficients, and losses

pFe(B, x) = kh0

(
1 + kpe

−x
ap

)
f B

α0 + ke0(1 + x10Bx20) f 2B2 (21)

based on six coefficients. Application was in PMSM and SynRel. As in the previous article,
losses with and without heat treatment calculated using FEM and the treatment effect
model were compared.

Article [88] describes the permeability in the damaged material using an exponential
degradation profile (22).

ν(B, x) = νn−d(B)
(
1− e−τx)+ νd(B)e−τx (22)

Similarly, the loss density in the damaged core is described using an exponential
profile. Unlike other works, it assumes that the treatment affects both hysteresis and eddy
current losses.

pFe(B, x) = (kh,n−d(1− e−τhx) + kh,de−τhx)B2 f+
(ke,n−d(1− e−τex) + ke,de−τex)B2 f 2 (23)

Adopting an exponential model of changes in material properties required the use of
appropriate Gauss–Jacobi quadrature in implementing the finite element method.
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Using the SST apparatus, paper [89] performed tests on a wide range of non-oriented
materials with thicknesses from 0.1 to 0.35 mm. The approximation formula for losses is
quite complicated (24)

wFe = a1Bα+βB̂
m f +

π2d2γ

6ρ
B2

m f 2(1 + a3Bm
a4) + a5(Bm f )1.5 (24)

and contains five coefficients. As a result of tests for samples of different widths, it was
found that a linear approximation for a1, a3, and a5 or an exponential one for a3 can be used.

Article [90] presents a slightly different approach. Magnetization is modeled using the
Langevin function (25)

M = χV H M = MS

[
coth

(
H
a

)
− a

H

]
(25)

where Ms is the saturation magnetization, which we assume does not depend on mechanical
effects, while a is a material parameter dependent on magnetic susceptibility

a =
MS
3χ0

(26)

The Gumbel distribution describes the magnetic susceptibility of damaged material

χ0 = (χn−d − χd) exp
[
− exp

(
− x− d0

β0

)]
+ χd (27)

When calculating losses, hysteresis and anomalous loss factors are described by dif-
ferent Gumbel distributions—the approximation error concerns measurements at several
percent and is applied to PMSM.

Further works [91,92] have attempted to link material degradation with electromag-
netic properties. Sablik’s anhysteretic model based on dislocation density was used to
consider plastic deformation. As expected, implementing the model in an induction motor
shows the degradation of the magnetic flux density near the punching edge due to the
effect of plastic deformation. The parameters of the Sablik model are identified by fitting
the model to the measured magnetization curves for different levels of elastic stresses and
plastic strains. Unfortunately, the model considered magnetization and not losses in the
core. The authors also indicate selected types of this model. The investigation develops the
research direction based on which a mechanical phenomenon arises with the subsequent
change in magnetic parameters.

As a supplement to the cited works, Table 1 contains selected papers not mentioned
so far concerning the inclusion of the impact of cutting in the process of simulating the
operation of electric machines. The works are arranged according to the type of the tested
machine. Machine specifications, contents, and conclusions are briefly listed for each item.

Table 1. Selected papers not mentioned so far concerning the inclusion of the impact of cutting in the
process of simulating the operation of electric machines.

Paper Motor Type Short Description Contents and Conclusions

[93] PMSM Four-pole motor with stator outer
diameter of 150 mm, embedded magnets.

Time-stepping finite element analysis of the induced
voltage during rotation. The stator sheet at the cut edge

was divided into six layers from the edge, and the
appropriate identified BH curve was used for each.

[94] PMSM
Analysis of a motor with a rated power

of 219 W and an outer stator diameter of
90 mm.

The impact of cutting on the flux distribution was
investigated, emphasizing the impact on local
distributions. A slight effect of cutting on the

electromagnetic torque of the machine was found, but
with a significant effect on the efficiency.
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Table 1. Cont.

Paper Motor Type Short Description Contents and Conclusions

[95] PMSM

An 8-pole/9-slot motor with a rated
power of 10 kW for a rotational speed of
19,000 rpm and a stator outer diameter of

70 mm.

An increase in core losses was found. A reduction in an
overall efficiency of 1% was found, which in

high-performance aeronautical applications cannot be
overlooked.

[96] PMSM Four-pole PMSM motor with 90 mm
stator outer diameter.

Core losses were studied. A local magnetic material
model was used in the FEM simulation. Using a local

model of the magnetic material enabled realistic
prediction of the magnetic induction distribution and

the specific distribution of losses in the tested electrical
machine.

[97] PMSM Six-pole pairs, peak power 85 kW,
maximum rotational speed 10,000 rpm.

Accounting for the effects of punching resulted in a 30%
increase in rotor and stator losses. The authors also
indicate the impact of punching on the mechanical

characteristics obtained.

[98] BLDC PM

A brushless DC surface-mounted PM
motor with a rated power of 26 kW and a

stator outer diameter of 137 mm was
tested.

Core losses in the frequency range from 200 to 1400 Hz
were investigated. A significant increase in core losses of
up to 32% was found due to the cutting and assembly

effect. However, this increase in losses could be
removed by applying annealing.

[99] PMSM
A permanent magnet synchronous 4-pole

machine with a rated power of 150 W
and a rotational speed of 6000 rpm.

The simulation results showed that the consideration of
material damage at the cut edge in the calculation of the

motor size under consideration is of immense
importance for accurate result.

[100] PMSM

An interior rotor fractional horsepower
permanent magnet synchronous machine
featuring 12 stator slots and 2 p = 8 poles

was investigated.

The article concerns the optimization of the design of
this motor, taking into account the effects of cutting. The
stator sheet at the cut edge was divided into four layers
from the edge. The authors emphasize that the optimal

constructions were very sensitive to changes in the
manufacturing process.

[101] PMSM

PMSM motor with a rated power of
30 kW, a rated speed of 2860 rpm, and a

maximum speed of 14,000 rpm,
embedded magnets, and three pairs of

poles.

The influence of the cutting on the magnetization curve
was taken into account. The authors emphasize that the
significant impact of punching is mainly observed for
small-size machines and small-width magnetic circuit

elements.

[102] SFHP PM
The analysis of sub-fractional

horsepower SFHP machines with a
power of about 800 mW.

This paper investigates and compares the three stator
lamination stacks’ selected magnetic performance

parameters (i.e., cogging torque, hysteresis torque, and
iron losses). Due to their small dimensions, such

machines are particularly vulnerable to the degradation
effects associated with cutting.

[103] SFHP BL PM

SFHP single-phase brushless permanent
magnet motor often found in automotive

fan applications, 10-pole motor with
stator outer diameter of 85 mm. The rotor
has surface-mounted bread-loaf-shaped

magnets.

The effect of cutting on cogging torque was investigated.
It has been found that the change in the magnetic

properties of the teeth caused by punching causes the
formation of additional ones and low-order harmonics

in the machine cogging torque with an amplitude
comparable to the fundamental harmonics.

[104] PMSM

The machine under study is a
medium-size PMSM with one layer of
V-shape magnets and a double-layered
aluminum stator winding. Motor rated
100 kW for electric vehicle, 4-pole, outer

diameter 213 mm.

The impact of cutting on torque and losses was
investigated. Core material degradation can increase
losses by up to 35%. Torque reduction can reach 1%.
Driving cycle tests show a 21% increase in core loss.
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Table 1. Cont.

Paper Motor Type Short Description Contents and Conclusions

[105] PMSM PMSM with stator outer diameter of
290 mm, rated speed 2750 rpm.

For the FEM simulation, the authors compared
single-layer and multi-layer models. The authors state
that cutting has negligible effect on the torque ripple.

The calculated core loss difference due to cutting
was 8%.

[34] IM

A four-pole induction machine with an
external diameter of the stator core of

89 mm
and an internal diameter of the rotor core

of 20.5 mm is considered.

In addition to examining the impact of cutting on the
basic parameters of an induction motor, the work also

examined the effects on equivalent inductances used in
the circuit modeling of the motor.

[106] IM

The investigated machine is a small
squirrel cage induction machine with the
following basic parameters: three phases,

two poles, wye connection; the output
power is 600 W, the rated speed is 2840
rpm, and the supply voltage is 400 V at

50 Hz.

The influence of cutting on the parameters of an
induction motor was investigated. The relative

difference between measured and simulated parameters
was: for efficiency at a nominal load of 0.6%, current at a

nominal load of about 2.4%, and total losses at
about 1.5%.

[107] IM Analogous as above.
Additionally, the impact of annealing was investigated,

allowing for an increase in efficiency by 1.5% for the
rated power load.

[108] IM An industrial induction motor rated 7.5
kW using 0.5 mm thin sheet, four poles.

FEM simulations indicated an increase of up to 51% in
the iron losses and up to 13% in the copper losses at

partial load as an effect of cutting.

[109] IM Two poles induction machine with a
rated power of 600 W at 2846 rpm.

Optimization with the genetic algorithm of the
induction motor core slot shapes, considering the effects
of cutting. The most significant difference between the

basic sizes of the optimized flute shapes with and
without considering the cutting effects is about 0.3 mm.

[110] DS-
AFIM

Double-stator axial-flux induction
machine, total active length 103.41 mm,

outer torus diameter 220 mm.

The torque capability of the model appeared to decrease
by 1.3%, and a significant increase in the core losses was

observed.

[111] IM

An induction motor with 5.5 kW power,
three phases, four poles, and fan cooling
(380 V, 50 Hz, 1500 r/min) was used in

the tests.

The study of the impact of punching on the parameters
of the induction motor was supported by using an

artificial neural network. The measured motor efficiency
at 50 Hz and nominal load for punching was 86.81%,

while for laser cutting, it was 85%.

[112] SR

A synchronous reluctance motor with a
rated power of 230 kW at 6000 rpm and

37.5 kW at a maximal speed of
18,000 rpm.

A comparison of manufacturing effects on two solutions
(radial-rib rotor and multi-innerrib one). While in most

of the analyzed cases, the cutting effect leads to a
decrease in efficiency, in the case of the tested machine,
it can work the opposite way thanks to increasing the

inductance ratio.

[72] SR Six-pole reluctance motor with stator
outer diameter equal to 120 mm.

Only the stator packages were tested, showing a
significant effect of cutting. The additional losses due to
cutting decrease with increasing frequency despite the

significant increase in total losses. For machine
operation at 400 Hz, an additional 50% core loss is

expected.

4. Consideration of the Cutting Effect in the FEM Simulation

A separate area of the application of FEM to consider the cutting effect attempts to
combine the analysis of mechanical phenomena related to punching with a change in
electromagnetic parameters. One such article is the work [7]. However, subsequent studies
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have shown that the impact of cutting on mechanical properties extends much further
than the change in hardness of the material resulting from mechanical deformation. A
critical approach to describing mechanical–electromagnetic phenomena can be found in
the papers [113,114]. Paper [115] presents the influence of stresses on the phenomena
in the core of a permanent magnet motor. It uses the measured magnetization and loss
characteristics of the sheet under tension. In the electromagnetic FEM simulation, the
effect of stress is considered by using the BH characteristic measured for a given state of
stress. This approach is possible if the stresses are caused by, for example, placing the
core in the housing. However, the phenomena are different for cutting because they result
from plastic deformations arising during cutting, not the core elements’ permanent stress.
Similar considerations are presented in article [29]. This paper attempts to consider the
plastic deformation caused by the cutting process numerically simulated to determine
the electromagnetic effects of this phenomenon. However, the area of influence defined
by plastic deformation is much smaller than the area of degradation of electromagnetic
properties. In general, it can be said that this area remains open for research.

When simulating the operation of an electric machine using FEM, considering the influ-
ence of the cutting effect on electromagnetic properties, three approaches are possible [116],
shown in Figure 2.
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The first is to apply to each area, e.g., a stator tooth, averaged parameters deter-
mined considering the width of a given element. This approach was used, for example,
in [30,61,78,108,112]. The second is dividing the solution area into layers with different
properties [34,78,85,93,104–108,110,117–119]. Since these layers are usually narrow, it cre-
ates a problem in the construction of the mesh, forcing the use of small-sized elements
because otherwise, similarly to the air gap, degenerate elements with too sharp angles are
created. For example, for a small motor with an outer diameter of 150 mm, six layers of
small width were used at the edges of the cut [93]. The third way is to assign material
properties to the element resulting from the distance of the center of gravity of the element
from the nearest edge of the cut [85,88,91,94,96,99,103,120–122]. The last two articles used
third-order elements instead of the commonly used linear elements. For linear elements, the
induction inside the element is constant. Therefore, it is enough to specify the parameters
for the center of gravity of the element. The induction distribution inside the element as a
derivative is a quadratic function for the third-order elements. Therefore, calculating the el-
ements’ matrix requires using an appropriate number of points where material parameters
are also calculated. The use of higher-order elements allows for fewer elements, but this
does not significantly affect the cost of the solution due to the greater number of variables
for the element.
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5. An Example of Determining the Operating Characteristics of an Induction Motor,
Taking into Account the Proposed Approximation of the Properties of the Motor
Core Material

The authors’ work [123] contains the results of calculations of operational character-
istics for two low-power induction motors. These motors are characterized by relatively
small dimensions, defined by shaft heights of 56 mm and 71 mm. The analyzed motors
operate in the frequency range from 10 Hz to 350 Hz and have a core made of M470-50A
sheet metal with a thickness of 0.5 mm (mechanical punching was used). The calculations
were made using an analytical model based on the equivalent diagram of an induction
motor, considering non-linear phenomena occurring in the motor, such as saturation of the
magnetic circuit and skin effect in the rotor bars. When calculating both the magnetizing
current and the fundamental iron losses in the teeth and the motor yoke, the sheet metal’s
averaged (equivalent) magnetization and specific iron loss characteristics were used. The
averaged (equivalent) material characteristics were determined based on measurements of
rectangular samples (at the fundamental frequency), with a width corresponding to the
real dimensions of the teeth and the stator yoke, cut at different angles about the rolling
direction. In contrast, additional losses in the core caused by higher magnetic field harmon-
ics were determined using the characteristics measured for a sample with a constant width
of 10 mm at frequencies from 50 Hz to several kHz.

Article [20] discusses the practical method of approximating iron loss in sheet metal,
considering the effect of laser and guillotine cutting. Assuming the phenomena arising
in the sheet under the influence of cutting, and especially the uneven distribution of the
magnetic flux along the width of the sheet, the iron loss was approximated by the relation

pFe = kh f Bα + ke f 2 Bβ (28)

The procedure is carried out according to the following sequential steps. First, whether
Formula (28) can be correctly applied to a given core material is checked. For this purpose,
we check the linearity of the expression

pFe
f

=
kh f Bα + ke f 2 Bβ

f
= kh Bα + keBβ f = ch + ce f (29)

for a series of constant flux density B values.
The thus obtained ch and ce coefficients for the available induction range are approxi-

mated using the power function (30)

ch = kh Bα ce = ke Bβ (30)

The tested induction and frequency ranges are divided into subranges to obtain high
approximation accuracy. This procedure is carried out for selected sample widths. The
coefficients are then approximated by a second-order polynomial, which was chosen for
the accuracy of the approximation (31)

kh = c1w2 + c2w + c3 α = c4w2 + c5w + c6
ke = c7w2 + c8w + c9 β = c10w2 + c11w + c12

(31)

where w is the width of the part.
Sets of 12 coefficients (31) for each frequency and induction subrange are then used in

analytical modeling to determine the properties of a given motor element depending on its
width between the cut edges. For each type of electrical sheet, these coefficients should be
determined based on measurements of the magnetizability and loss characteristics made
for this type of sheet, for samples with a minimum width (e.g., 4 mm) with a practically
completely degraded structure and with a maximum width (e.g., 60 mm) where the inactive
zone almost does not affect the parameters of sheet metal, punched at an angle of 0 and
90 degrees to the sheet rolling direction, for several selected frequency ranges [124,125].
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As a result, a method was obtained to approximate the iron loss characteristics as a
function of three variables—magnetic induction, frequency, and sample width. The correct-
ness of the proposed method was checked by comparing the measured and approximated
material characteristics both for M270-35A and M460-50A materials, for samples with a
width of 4 mm to 60 mm, cut with both a guillotine and a laser, at frequencies up to 4000 Hz.

Based on the measurement results obtained for samples at a frequency of 4000 Hz, iron
loss characteristics of samples for higher frequencies (up to 14,400 Hz) were determined by
approximation. These characteristics for a rectangular, laser-cut sample with a width of
10 mm were compared with the measurements of iron loss characteristics for a laser-cut ring
sample with diameters of 400/420 mm at frequencies ranging from 4000 Hz to 14,400 Hz.
The excellent agreement of the results allowed us to determine the loss characteristics for
other sample widths in the mentioned frequency range, both for the samples cut with a
guillotine and a laser.

Then, these characteristics were used in the analytical calculations of the induction
motor operating parameters. It should be emphasized that in the analytical calculations of
the magnetic voltages and fundamental losses in the teeth and stator yoke of the motor, as
well as additional losses (pulsation and surface losses), were included the actual dimensions
of the motor’s magnetic circuit elements and the penetration depth of higher harmonics of
the magnetic field to the teeth of the stator and rotor. In this way, the real dimensions of
the individual parts of the motor’s magnetic circuit were considered. This allowed for a
more accurate determination of the magnetic voltage drops on the circuit fragments and
a more accurate calculation of the fundamental and additional iron losses (pulsation and
surface losses). Operating characteristics were calculated for two identical motors with a
shaft height of 90 mm, working at a frequency of 50 Hz and 350 Hz, with the core punched
in the first motor and the laser cut in the second. The basic electromagnetic parameters of
these motors are listed in Table 2.

Table 2. The parameters of the investigated induction motors.

Parameter Value

Number of pole pairs (-) 2
Stator core outer diameter (mm) 134
Stator core inner diameter (mm) 77
Core length (mm) 120
Number of stator slots (-) 24
Number of rotor slots (-) 30
Stator tooth mean width (mm) 5.5
Rotor tooth mean width (mm) 3.5
Stator yoke height (mm) 9.5
Rotor yoke height (mm) 12.3

The calculation results were compared with the measurement results for the tested
machines. Figures 3 and 4 show the characteristics of the current in the stator winding,
total losses, core losses, and efficiency of the motor, with both punched and laser-cut
cores as a function of the load torque. The analyzed motors were tested at 50 Hz and
350 Hz. Two groups of material characteristics of the M270-35A sheet were used: the first
group was measured for a laser-cut toroidal sample with a 10 mm wide yoke; the second
group was obtained as a result of approximation for the width corresponding to the actual
dimensions of individual fragments of the core (based on the results of measurements
made for samples of different widths, cut with a guillotine and a laser), using the method
proposed by the authors [20]. All calculated motor operating characteristics were compared
with those measured.
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Figure 3. The measured (solid line) characteristics of the stator current (a), total losses (b), core losses
(c), and motor efficiency (d). Calculation results obtained with the use of the material characteristics
measured for the toroidal samples with a width of 10 mm (point line) and using authors’ approxima-
tion [20] (dashed line). Measurements and calculations were carried out for the supply frequency of
50 Hz.

Figure 4. The measured (solid line) characteristics of the stator current (a), total losses (b), core losses
(c), and motor efficiency (d). Calculation results obtained with the use of the material characteristics
measured for the toroidal samples with a width of 10 mm (point line) and using authors’ approxima-
tion [20] (dashed line). Measurements and calculations were carried out for the supply frequency of
350 Hz.
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Then, the calculation results were compared with the measurement results for the
tested motors. Table 3 summarizes the electromagnetic parameters of the motor deter-
mined for the characteristics measured for a specimen with a constant width (10 mm), and
specimen with a width corresponding to the cores’ actual dimensions (listed in Table 2), at
350 Hz and electromagnetic torque 1.3 Nm.

Table 3. Electromagnetic parameters of the motor determined for the characteristics measured for
a specimen with a constant width, and specimen with a width corresponding to the cores’ actual
dimensions at 350 Hz (listed in Table 2), electromagnetic torque 1.3 Nm.

Parameter Punching Cutting Laser Cutting

Measured
Calculated for

Width
of 10 mm

Calculated for
Actual Width Measured

Calculated for
Width

of 10 mm

Calculated for
Actual Width

motor shaft power
(W) 1398 1398 1398 1377 1377 1377

stator winding
current (A) 5.14 5.24 4.89 6.98 6.69 6.92

stator teeth
induction (T)
stator yoke

induction (T)
basic core losses

(W)

-
-
-

0.377
0.428
28.7

0.374
0.424
19.2

-
-
-

0.382
0.436
29.6

0.383
0.438
34.0

additional core
losses (W) - 102.6 82.5 - 336.9 417.4

total core losses
(W) 106.5 131.3 101.7 452.2 366.5 451.4

total motor losses
(W) 233.4 260.4 222.9 649.3 544.4 633.1

motor efficiency
(%) 85.7 84.3 86.2 68.0 71.7 68.5

As the authors of this work clearly demonstrated, for induction motors with relatively
small geometric dimensions, it is necessary to use a family of material characteristics deter-
mined for a specific width of the magnetic circuit fragment. These characteristics can be
approximated using the method proposed by the authors. This method uses the results
of measurements made for a small number of rectangular samples of a given width, cut
with the indicated technology. A comparison of the results of calculations and measure-
ments shows the acceptable accuracy of the method, which allows the estimation of motor
efficiency at the design stage with greater accuracy than other currently used methods.

As can be seen from Table 3, for the tested motor with a guillotine-cut core, the use of
material characteristics in the calculations determined for a sample with a constant width
(equal to 10 mm) results in losses being obtained in the core that are about 23% higher than
those measured, while when performing calculations using the characteristics approximated
for the actual dimensions of the motor core elements, the difference between the calculated
and measured core losses does not exceed 4.5%. In the case of a laser-cut motor core, the use
of material characteristics determined for a sample with a constant width causes differences
between the measured and calculated core losses of 19%, while using the characteristics
approximated for the actual dimensions of the core elements, it is less than 0.2%.

6. Summary

This article reviews the scientific research results relating to the cutting process’s
negative impact on a soft ferromagnetic material’s micro- and macroscopic properties. The
presented analysis refers, first of all, to cutting techniques commonly used in factories:
punching, guillotine, and laser cutting. It also indicates the results of research and observa-
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tions related to minimally invasive cutting techniques (water cutting and spark erosion)
used by scientists to prepare research samples that are practically undamaged in terms of
the material. Analyzing the presented test results, we conclude that the significant factors
influencing the size and degree of destruction of the area where material changes occur are,
above all, the chemical composition of the material and the thickness of the analyzed strips.
To a lesser extent, the condition of the tool blades, the cutting speed, and the type of laser
used are also factors. The most important conclusion is that the magnetic activity of the
material in the damaged zones depends on the applied magnetic field strength. As a result,
a variable width of the material zone is actively involved in the magnetization process.
This is particularly evident for low magnetic field strengths, usually below 100–200 A/m,
for which the width of the magnetically inactive zone varies over a wide range. Generally,
the width of the zones of the material with relatively low magnetic activity coincides with
the width of the area in which the increase in microhardness is observed. In the case of
laser cutting, an area of reduced magnetic activity is observed, even reaching a few mm
from the cut edge—such an effect is not observed in the case of guillotine cutting.

Section 3 presents various methods of approximating the magnetic properties of the
sheet that change under the influence of cutting. These methods can generally be divided
into area-based methods that allow the assigning of averaged parameters determined by
the cutting conditions of the machine part and local methods that define these parameters
based on the distance from the cutting line. It should be emphasized that these methods are
based on measurements of magnetic properties for the sheet subjected to cutting. While in
the case of a sheet subjected to stress, it is possible to make the electromagnetic parameters
dependent on the stress value, in the case of the punching process, it is not possible to
directly link the punching process’s parameters with the sheet’s resulting electromagnetic
parameters. This is due to the large number of parameters defining the punching process
and the lack of a reliable physical model describing the phenomenon.

Section 4 presents the methods used to represent the properties of the cut sheet for the
FEM simulation.

Section 5 is an original method of determining average (equivalent) material character-
istics, considering the deterioration of material properties due to the cutting process. The
advantage of this method is its high accuracy while minimizing the number of necessary
coefficients. The attached example verified by measurement confirms the adequacy of the
method and the analytical model used. Moreover, it can be used in analytical methods and
FEM simulations using equivalent parameters.
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