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Abstract: The process of cutting laminations from which the cores of electric machines are built
causes a change in their magnetic properties and losses, which can significantly affect machines’
parameters, mainly losses of power and efficiency. Electric motors are a significant consumer of
electricity; therefore, the problem of increasing their efficiency is fundamental from the point of
view of environmental impact. The subject of the work is the study of the influence of punching
and laser cutting on the magnetization and loss characteristics of sheets, taking into account the
phenomenon of magnetic anisotropy. For this purpose, samples cut in different directions were tested.
As the direction of the field action in the motor core varies in different parts of the machine and
time moments, it was investigated how to obtain average characteristics for different directions of
magnetization. Then, a simplified method for determining the characteristics of punched sheets of
various widths based on small-width samples and water cut samples is presented. The proposed
solutions allow for refinement of the calculations of magnetic circuits with a simplified consideration
of the influence of punching.

Keywords: induction motor; efficiency; core losses; additional losses; non-invasive measurements

1. Introduction

Electric motors consume the most significant proportion of the electricity produced. It
is estimated that the share of motors is between 43% and 46% of the global electricity con-
sumption. In 2030, the energy consumption of electric motors is expected to be 13,360 TWh
per year, and the resulting CO, emissions 8570 Mt per year. [1]. According to this report,
considering the energy consumption costs during the life cycle of the motor of power 11 kW
meeting the efficiency requirements of the IE3 class, with 4000 operating hours per year, the
production costs are only 2.3% of the total costs. About 68% of the electricity consumed by
electric motors is used by medium-size motors, those in the 0.75 kW to 375 kW input power
range. For the most part, these are asynchronous induction motors of 2, 4, 6, or 8 poles.

It is believed that there are still significant reserves of efficiency gains, particularly in
the field of variable speed drives [2,3]. For low voltage medium power induction motors,
the share of core losses in total losses is dominant for higher frequencies, but it is also
important for 50 Hz. Therefore, core loss is one of the elements that must be given special
attention. The cores of induction motors are mostly made of non-oriented electrical sheets
(NO). Non-oriented electrical sheets account for approximately 80% of the total production
of soft magnetic materials (1% of the total steel production) [4]. The laminations referred to
as isotropic are characterized by a noticeable degree of a loss’s anisotropy. It is about 10%
for most laminations with a thickness of 0.5 mm and about 17% for laminations of 0.35 mm
thick, and low-loss materials have a thickness of 0.5 mm.

The technological processes related to obtaining the appropriate shape of the sheet af-
fect the change in the magnetic properties. The most frequently used method is mechanical
cutting with a precision punch and a die. With this method of punching, which requires
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the implementation of an expensive tool for each new motor model, laser cutting competes
with increasing frequency [5,6].

Other less frequently used methods are: wire-cut electrical discharge machining (spark
erosion, EDM), abrasive water jet cutting, and photo-corrosion [7-11]. Recently, works
have also been carried out using the new 3D printing technology (in the case of powder
materials) [12]. However, using these methods in mass production is marginal; hence, the
authors limited themselves to mechanical cutting and laser cutting.

The phenomena occurring in mechanical cutting have been investigated in several
works [13-17]. Paper [18] shows that the deterioration in the magnetic properties occurs
when the material is plastically strained. Moreover, even more significant deterioration
in property was observed when the plastically deforming mechanical load was released,
which is due to an increase in dislocation density due to deformation. For this reason, the
effect of cutting is influenced by its parameters, in particular, cutting clearance (relative
distance between die and punch) and the level of tool bluntness [19-22].

In turn, laser cutting causes local thermal stresses caused by temperature gradients
during cutting, which work similarly to strains during mechanical cutting (concerning
macroscopic measurements of physical quantities). Additionally, the laser cutting process
involves melting and solidification, which can modify microstructure, crystallographic tex-
ture, composition, and inclusion fraction near the edge. These phenomena may additionally
affect the deterioration in the material’s magnetic properties near the cut edge [19,23,24].

However, it should be emphasized that technological progress in laser cutting may
reduce the adverse effects. Nevertheless, there is an apparent conflict between the punching
speed and the intensity of the impact on the sheet being cut.

The most frequently used measurement technique is measuring rectangular samples
of various widths using the Epstein apparatus [6,25]. A single sheet tester with rectangular
samples was also used [26-29]. Samples of other shapes, mainly ring ones, were used
to a lesser extent [30,31]. Due to the production process, NO sheets are characterized by
a magnetic texture that is not random and, as a result, has anisotropic magnetic proper-
ties [32]. This anisotropy is affected by various factors, e.g., anisotropic grain size, residual
mechanical stress from the manufacturing process, and the crystallographic texture [33,34].
The connection of the phenomenon of anisotropy with the effects caused by the cutting
process has so far been included in a few studies. In paper [29], a sheet NO20 with a
thickness of 0.2 mm was tested. However, only phenomena in perpendicular directions
were analyzed. In the papers [35-37], the authors found that anisotropy influenced the
real characteristics of non-oriented sheets and proposed a new method of their determina-
tion consisting of the use of samples cut in three different directions in the measurement
with the help of the Epstein apparatus: parallel, transverse, and diagonal to the rolling
direction. For the research using single strip tester (SST), the authors proposed to perform
the analysis separately for each of the directions and then average the obtained results.
However, the study presented in this paper was conducted on a lower percentage of silicon
and aluminum than typically used by worldwide electrical steel manufacturers. In the
presented work, the authors looked at two frequently used types of electrical sheet, 0.5 mm
thick M470-50A and 0.35 mm thick M270-35A. Comparing the magnetization and specific
loss characteristics for sheets subjected to the cutting process with the datasheet presented
by the manufacturers shows significant differences, which affect the efficiency and perfor-
mance of the produced motors. Based on the research, it was found that for the tested sheets
at 50 Hz, the differences between the measured and catalog values depend on the width of
the sample and the type of sheet. The discrepancies in the magnetic polarization values
for the M470-50A sheet were from 3.5% (for samples 60 mm wide) to 8.7% (for samples
with a width of 4 mm), and for the M270-35A sheet, from 2.2% to 6.7%, respectively. Even
more significant are the differences in specific total loss. The loss of the M470-50A sheet for
samples with a width of 60 mm is about 30% lower than the catalog value, and for samples
with a width of 4 mm, about 6.7% more. For the M270-35A sheet, the loss of samples with a
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width of 60 mm is close to the catalog value (the difference does not exceed 1%), while for
the sample with a width of 4 mm, it is about 40% higher.

Since mechanical cutting is the most popular method of cutting, the authors focused
their attention on this method of processing. An essential goal of the research is to deter-
mine what material characteristics should be considered when calculating the magnetizing
current and core losses of electrical machines, both with analytical and field models. An
important conclusion from the considerations is that in these calculations, catalog charac-
teristics should not be used, which do not take into account the anisotropy of the sheet
material and the influence of cutting technology on the change in the properties of the
material from which the electric motor core is made. To take into account the anisotropy
of the sheet material, the average characteristics of sheets determined for samples cut at
different angles should be used, while it has been shown that sufficient accuracy is obtained
for the average characteristics determined for a sample cut at an angle of 0 and 90 degrees
in relation to the direction of rolling of the sheet.

An important result of the work is also the determination of the dependence of material
characteristics on the width of the sample. The article proposes and tests a simple method
for determining these characteristics for a sample of different widths, based on the results
obtained for two types of samples: 60 mm wide, water cut, thus practically undamaged,
and the most damaged sample, 4 mm wide, cut with a guillotine, the method for this
gave excellent results, regardless of the grade, thickness, and frequency of the sheet. The
destruction zone may be slightly smaller, but the punching and testing of the material
parameters of samples with a smaller width are very difficult and may cause additional
errors. On this basis, when calculating the electromagnetic parameters and losses of
electrical machines, it will be possible to use material characteristics corresponding to the
actual width of individual parts of the machine’s magnetic circuit, determined based on
only two sheet characteristics.

The authors’ further work will develop more accurate methods of estimating the
properties of magnetic steels subjected to cutting.

2. Object of Investigation

The objects of the research were electrical sheets: M470-50A with a thickness of 0.5 mm
and M270-35A with a thickness of 0.35 mm.

Table 1 gives the catalog values of guaranteed and typical magnetizability, while
Table 2 gives analogous values of the specific loss of these sheets at a frequency of 50 Hz,
according to European Standard EN 10106. The measurements of magnetic properties
were performed on a 25 cm Epstein frame system according to the IEC 60404-2. Half of the
sample strips are taken in the rolling direction and half in the transverse direction. Samples
are not stress relief annealed after shearing [38].

Table 1. Minimal and typical magnetic polarization of electrical sheets M470-50A and M270-35A at
50 Hz, according to European Standard EN 10106.

Sheet Hm (A/m) 2500 5000 10,000
M470-50A Minimal magnetic polarization (T) 1.54 1.64 1.74
Typical magnetic polarization (T) 1.58 1.67 1.79
M270-35A Minimal magnetic polarization (T) 1.49 1.60 1.70

Typical magnetic polarization (T) 1.54 1.65 1.77
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Table 2. Maximum and typical specific total loss of electrical sheets M470-50A and M270-35A at
50 Hz, according to European Standard EN 10106.

Sheet Bm (T) 1.0 1.5
M470-50A Maximum specific total loss (W/kg) 2.00 4.70
Typical specific total loss (W/kg) 1.79 4.05

M270-35A Maximum specific total loss (W/kg) 1.10 2.70
Typical specific total loss (W/kg) 1.01 2.47

Figure 1 shows the catalog characteristics of the M470-50A sheet magnetizability

and loss.
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Figure 1. Guaranteed (minimal) and typical magnetizability (a) and specific total loss (b) of electrical
sheet M470-50A at 50 Hz, according to European Standard EN 10106.
Figure 2 shows the catalog characteristics of the M270-35A sheet magnetizability
and loss.
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Figure 2. Guaranteed (minimal) and typical magnetizability (a) and specific total loss (b) of electrical
sheet M270-35A at 50 Hz, according to European Standard EN 10106.

Figure 3 shows a comparison of the catalog magnetizability and loss characteristics
for 50 Hz and 400 Hz of M470-50A and M270-35A sheets.
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Figure 3. Typical magnetic polarization at 50 Hz (a) and specific total loss (b) of electrical sheets
M470-50A and M270-35A, according to European Standard EN 10106.

To assess the influence of the punching technology on the parameters of the sheet,
measurements of the magnetizability and loss characteristics were made for samples of
different widths, cut at different angles in relation to the rolling direction of the sheet, using
three punching technologies.

3. Applied Measurement Method and Its Range

Measurements were made using the SST system designed to measure the dynamic
magnetic properties of strips, with a length of 300 mm and a width of 60 mm. The mea-
surement accuracy meets the requirements of IEC standards for measurement conditions.
Due to the construction of the measuring yoke, ensuring free air flow around the tested
strips, as well as relatively low power loss and a short measurement time, it was considered
the temperature of the tested strips was practically constant, i.e., room temperature. The
measuring system is shown in Figure 4.

gymposium o7 E
| Electrica!

and Elehe =

Figure 4. Experimental setup for testing laminations’ parameters; 1—power electronic module, 2—
weighing machine with the tested strip, 3—measurement yoke, 4—LCD of the measuring computer.

Indirect or direct methods can measure magnetic field intensity. The direct mea-
surement of magnetic field intensity is carried out using a measuring coil placed in the
immediate vicinity of the tested strip. This method applies the law of the continuity of
the tangential magnetic field intensity on the ferromagnetic-air boundary surface. The
used SST system allows for determining, among others, the B-H curve, specific iron loss of



Energies 2022, 15, 2086

6 of 22

the test material, and the dynamic hysteresis loop. Measurements can be carried out in a
strictly defined operating range, characterized by flux density and frequency.

The SST system applies the shaping of an induction course to be sinusoidal as close
as possible, with an accuracy of 0.1% for B, greater than 0.9 T and 0.5% for B, less than
0.9 T. The specimen’s demagnetization is taken into account in the measurement procedure.
Together with the calibration procedure, the whole measuring process is fully automated,
controlled by the tool software. All measurement results are saved in files, which can then
be analyzed in this system or any other tool software.

The specific iron loss of the material tested is determined according to the dependence

- 1 Z]l T .
P*mfﬂgf A u(t)-im(t)dt 1)

where p is a specific iron loss, in W/kg; my, is a weighted sample mass (determined for a
length of 265 mm), in kg; z; is a number of coils in the magnetizing winding; z, is a number
of coils in measuring winding; T is a period of sinusoidal induction curve, in seconds; u(t)
is a course of a voltage, in V, induced in measuring winding; i, (t) is a course of a current,
in A, flowing in the magnetizing winding

The course of the induction averaged over the specimen area was determined accord-
ing to the relationship

B(t) — ZziS/e(t) dat %)

where B(t) is a course of average induction, in T; S is an area of the test strip, in m?; e(t) is
an electromotive force, in V, induced in the measuring winding,.

In the case of indirect determination of magnetic field intensity, the following depen-
dence was used

Hi(t) = —5— [ (0 ®

zp Sp Mo
where H;(t) is a course of tangential (to the strip) component of magnetic field intensity,
in A/m; z; is the number of coils in the winding measuring the signal proportional to
the tangential component of magnetic field intensity; Sy is an area enclosed by the above
mentioned winding, in m?2; uy is a voltage induced in this winding, in V.
In the case of indirect determination of magnetic field intensity, the following depen-
dence was used

H(t) = T ug(t) @

where H(t) is a course of magnetic field intensity, in A/m; z;, is the number of coils in the
magnetizing winding; / is the length of the magnetic way in the specimen (assumed as
0.265 m), in m; R is the resistance of the shunt leading magnetizing current, in Ohm; ug(t) is
a voltage drop over this shunt, in V.

In the SST system used, rectangular shape specimens were tested. They had a length of
300 mm, and widths changed from 4 mm to 60 mm. In the case of specimens characterized
by widths less than 60 mm, several strips with a smaller width were used to reach the
total dimension of 60 mm. For example, for 10 mm wide specimens, six samples were
studied at the same time, reaching a total width of 60 mm. The test specimens were cut
using three commonly used technologies: guillotine cutting (which corresponds to the
widely used technology shaping electrical core), laser, and water cutting. The specimens
cut by water jet had a width of 60 mm solely. Due to a relatively small negative effect
of cutting on the material properties’ change, they were considered reference specimens.
A series of measurements were executed considering the cutting angle in relation to the
rolling direction. The specimens tested were cut at an angle of 0, 30, 45, 60, and 90 degrees
in relation to the rolling direction. In the test strips, the external magnetic field vector
was always directed along the longest side of the strip, i.e. a side of 300 mm long. For
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Flux density [T]

measurements carried out at specific cut angles, the rectangular strip was cut at the specified
angle from the larger sheet.

4. Influence of the Width and Angle of Sample Cutting on the Magnetizability and
Loss Characteristics of Electrical Sheets

When calculating the magnetizing current and losses in electrical machines, an im-
portant role is played by the B-H curve and the losses of the electrical sheet from which
the machine core is made. The characteristics provided by the producers of these sheets,
most often determined with the use of Epstein’s apparatus, refer to the average physical
quantities and do not take into account the influence of their cutting angles in relation to
the rolling direction of the sheet. For this reason, the B-H curve and losses were measured
for samples with a width of 30 mm (sample width in an Epstein apparatus) and samples
with a width of 4, 5, 7, 10, 15, 20, 30, and 60 mm cut with a guillotine at an angle of 0, 30,
45, 60, and 90 degrees in relation to the rolling direction, made of two types of electrical
sheet: M470-50A with a thickness of 0.5 mm and M270-35A with a thickness of 0.35 mm;
then, the average characteristics for all angles and only for the angles 0 and 90 degrees
were determined.

4.1. Influence of the Sample Cutting Width and Angle on the Magnetizability Characteristics

Figure 5 shows an example of the measured magnetization characteristics of the
M470-50A sheet with a thickness of 0.5 mm for samples with a width of 5 mm cut with
a guillotine at different cutting angles in relation to the rolling direction of the sheet, for
frequencies of 50 Hz and 2000 Hz.

Flux density [T]
0.5

1.6 :
14 cutting angle 0, 45, 6(5 degrees
\ 0.4 \
1.2 cuttingangle 0 degrees- /
\ average value 7
1 cuttingangle45; 60 degrees 0.3 \
0.8 \ average value
O T \ :
\ cutting angle 90 degrees 0.2 cutting angle 30 degrees
06 \
l cutting angle 30 degrees i
04 04 4 cutting angle 90 degrees
0.2 ,I //
0
° 0 500 1000 1500 2000 2500 3000 3500 %0 100 150 200 250 300 350
Magnetic field strength [A/m] Magnetic field strength [A/m]
(a) (b)
Flux density [T]
1 50 Hz

2]
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0.9
05 —

cuttingangle 0-gegrees /’\
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o7 =
: / ” cutting :'mgle 90 degrees
0.5
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0.4
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0.3
0.2 .

/ \ cuttingangle 90 degrees
04 ZzZ cutting angie 30 degrees

average value

0 :
0 50 100 150 200 250 300 350
Magnetic Field strength [A/m]
(c)

Figure 5. The measured magnetization characteristics for M470-50A sheet for samples 5 mm wide,
cut with a guillotine at different cutting angles and the average characteristics for all angles, for the
frequency 50 Hz (a), 2000 Hz (b) and both frequencies on one graph (c).
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As shown in Figure 5, the influence of the sample cutting angle on the magnetization
characteristics is small (not exceeding 4% according to the mean value in the range of
magnetic field strength from 1000 to 2500 A/m at the frequency of 50 Hz). At the frequency
of 2000 Hz, the relative deviation in flux density for the mean values in the range of
magnetic field strength from 40 to 280 A/m does not exceed 7%, which indicates the
possibility of using the averaged magnetization characteristic for this frequency. Thus, in
practice, it is possible to use the average characteristic, determined either for all cutting
angles or for 0 and 90 degrees angles with respect to the rolling direction of the sheet.
Later in the article, the magnetization characteristics averaged for all angles are presented.
Figure 6 presents examples of the measured average for all angles of the M470-50A sheet’s
magnetization characteristics with a thickness of 0.5 mm for samples cut with a guillotine
of various widths, for frequencies of 50 Hz and 2000 Hz.

a) b)
Flux density [T) :I;x density [T)
60 mm 15mm
| 30 mm _
20 mmy=—- I 04 -
# 03 -
02 |
01
0.0 ' :
0 500 1000 1500 2000 2500 3000 3500 . - " 350 e % -
Magnetic field strength [A/m] Magnetic field strength [A/m]
Q)
Flux density [T]
14 60 mm
1,2 -
1 4
0,8 -
7 mm
0,6 5mm 4mm
04 - 2000 Hz
0,2 4 ;
= mm
o 15 mm 10 mm
0 50 100 150 200 250 300

Magnetic field strength [A/m]

Figure 6. The measured average for all angles of the M470-50A sheet’s magnetization characteristics
for frequencies of 50 Hz (a) and 2000 Hz (b) and both frequencies on one graph (c).

Based on Figure 6, it can be concluded that the magnetization characteristics strongly
depend on the width of the sample and deteriorate with the reduction in the sample width,
especially in the range of smaller induction. These discrepancies increase with increasing
frequency. The observed phenomenon results from the destruction of a part of the material
structure. For a frequency of 50 Hz, it can be assumed that the characteristics will converge
for increasing induction values.

The magnetization characteristics measured and averaged for all angles (solid line)
and 0 and 90 degrees (dashed line) for both types of sheets for different frequencies (50, 350,
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1000, and 2000 Hz) are given in Figures 7-10. Figure 7 shows typical catalog magnetization
characteristics, determined according to European Standard EN 10106, for comparison.

2)

Flux density [T)]
16 4

14

12 1
typical catalog value

1.0 |
0.8 ¢
06 |

Zaverage value for a sample with a width of 30 mm

b)

Flux density [T]
16

14 -

12 ¢

. typical catalog value

o8 average value for a sample with a width of 30 mm

06 - : : : :
average value for a sample with a width of 5 mm

04 - 04
02 | average value for a sample with a width of 5 mm 02 -
ob i i i i 0.0 : ; : ;
0 500 1000 1500 2000 2500 . e 10,00 oy _ -
Magnetic field strength [A/m) Magnetic field strength [A/m]
Figure 7. The magnetization characteristics for 50 Hz for samples cut with a guillotine 5 mm and
30 mm wide for M470-50A (a) and M270-35A (b); characteristics averaged for all angles (solid line)
and 0 and 90 degrees (dashed line).
a) b)
Flux density [T] Flux density [T)]
14 14
average value for a sample with a width of 30 mm average value for a sample with a width of 30 mm
12 - : . 12 ‘
1.0 - 1.0 -
08 08 -
06 - 06
04 - 04
average value for a sample with a width of 5 mm
average value for a sample with a width of 5 mm
00 ' i :
0.0 i i : : : :
0 50 100 150 200 250 300 350 0 %0 100 150 200 250 300 350
Magnetic field strength [A/m) Magnetic field strength [A/m)]

Figure 8. The magnetization characteristics for 350 Hz for samples cut with a guillotine 5 mm and
30 mm wide for M470-50A (a) and M270-35A (b); characteristics averaged for all angles (solid line)
and 0 and 90 degrees (dashed line).

As shown in Figures 7-10, for samples with a larger width, the magnetizability char-
acteristics averaged for all angles practically coincide with the average characteristics
determined for 0 and 90 degrees angles. Slight discrepancies between these characteris-
tics occur for samples with a small width, and they are more significant the smaller the

thickness of the sheet.

Reducing the thickness of the electrical sheet also significantly worsens the magnetiza-
tion characteristics, especially in the range of small induction values. That is particularly
important when the electric machine operates at a high frequency when the induction in
the machine core is much lower than when operating at 50/60 Hz frequency.
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07 average value for a sample with a width of 30 mm
os | 06 |
’ average value for a sample with a width of 30 m
05 | 05 -
04 - %4 1
03 + 03 |
02 | 02 1
01 0.1 4 average value for a sample with a width of 5 mm
00 average value for a sample with a width of 5 mm 0.0 - i i i i
o 50 100 150 200 250 0 50 100 150 200 250
Magnetic field strength [A/m) Magnetic field strength [A/m]

Figure 9. The magnetization characteristics for 1000 Hz for samples cut with a guillotine 5 mm and

30 mm wide for M470-50A (a) and M270-35A (b); characteristics averaged for all angles (solid line)

and 0 and 90 degrees (dashed line).

a) b)
Flux density [T] Flux density [T)
06 0.6
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0,5 i ; ;
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0.0 * i ' ; )
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Figure 10. The magnetization characteristics for 2000 Hz for samples cut with a guillotine 5 mm and
30 mm wide for M470-50A (a) and M270-35A (b); characteristics averaged for all angles (solid line)
and 0 and 90 degrees (dashed line).

The magnetization characteristics deteriorate further with increasing frequency. The
obtained results indicate that when calculating the electromagnetic parameters of electric
machines, it is sufficient to use the family of the magnetization characteristics averaged for
the angles 0 and 90 degrees, determined for samples of different thicknesses, corresponding
to the thickness of the magnetic circuit elements of the machine at different frequencies.
The use of typical catalog characteristics in such calculations, which are determined for
one sample width, may result in erroneous values of the magnetizing current, which,
especially in low-power motors, may exceed 70% of the rated current and, consequently,
has a significant impact on the power losses in the machine windings.

4.2. Influence of the Sample Width and Cutting Angle on the Loss Characteristics

Figure 11 shows an example of the measured loss characteristics of the M470-50A
sheet with a thickness of 0.5 mm for samples with a width of 5 mm cut with a guillotine at
different cutting angles in relation to the rolling direction of the sheet, for frequencies of
50 Hz and 2000 Hz.
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Figure 11. Specific losses of M470-50A sheet for samples 5 mm wide, cut with a guillotine at different
cutting angles and average characteristics for all angles, for frequencies of 50 Hz (a) and 2000 Hz
(b) and both frequencies on one graph (c).

Based on Figure 11, it can be concluded that also the specific losses characteristics
for different cutting angles in relation to the rolling direction of the sheet at the mains
frequency are practically the same, while even at the frequency of 2000 Hz, they are very
close to each other; so when determining the efficiency characteristics, the sample cutting
angle is practically identical. This does not matter, and also, in this case, you can use the
averaged characteristic, determined for all angles or only for 0 and 90 degrees.

Figure 12 shows examples of the measured average for all angles of the specific losses’
characteristics of the M470-50A sheet with a thickness of 0.5 mm for samples cut with a
guillotine of different widths for frequencies of 50 Hz and 2000 Hz.

As can be seen from Figure 12, the specific losses’ characteristics significantly depend
on the width of the sample, and they increase with the increase in induction and frequency
as well as with the decrease in the sample thickness, which can be explained by the
increasing influence of the width of the damaged layer as the width of the sample decreases.

The loss characteristics for both steel grades for different frequencies (50, 350, 1000,
and 2000 Hz) are measured and averaged for all solid line angles and 0 and 90 degree
angles (dashed line). Figures 13-16 are shown. Figures 13 and 15 show the typical catalog
loss value for comparison, determined according to European Standard EN 10106.
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Figure 12. The average specific losses of M470-50A sheet for samples of different widths cut with a
guillotine, for frequencies of 50 Hz (a) and 2000 Hz (b).
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Figure 13. The specific losses at 50 Hz for samples cut with a guillotine 5 mm and 30 mm wide, made
of electrical sheet M470-50A (a) and M270-35A (b); characteristics averaged for all angles (solid line)
and 0 and 90 degrees (dashed line).
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Figure 14. The specific losses at 350 Hz for samples cut with a guillotine 5 mm and 30 mm wide,
made of electrical sheet M470-50A (a) and M270-35A (b); characteristics averaged for all angles (solid
line) and 0 and 90 degrees (dashed line).
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Figure 15. The specific losses at 1000 Hz for samples cut with a guillotine 5 mm and 30 mm wide,
made of electrical sheet M470-50A (a) and M270-35A (b); characteristics averaged for all angles (solid
line) and 0 and 90 degrees (dashed line).
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Figure 16. The specific losses at 2000 Hz for samples cut with a guillotine 5 mm and 30 mm wide,
made of electrical sheet M470-50A (a) and M270-35A (b); characteristics averaged for all angles (solid
line) and 0 and 90 degrees (dashed line).

As can be seen from Figures 13-16, similarly to the magnetizability characteristics,
for samples with a larger width, the specific losses’ characteristics averaged for all angles
practically coincide with the average characteristics for 0 and 90 degrees angles. Certain
discrepancies between these characteristics occur for samples of small width, especially
for thinner sheet metal. Still, they are so slight that, in practice, the influence of the sample
cutting angle can be neglected when determining the loss curve. However, the width of the
samples is essential as it should correspond to the width of the individual elements of the
machine’s magnetic circuit.

Reducing the thickness of the electrical sheet reduces its losses, but when selecting
sheets used for the core of an electric machine, technological and economic limitations
should be considered in this regard.

The results of measurements of the loss characteristics for the M270-35A sheet for
samples with a width of 30 mm practically coincide with the catalog characteristics de-
termined for samples of the same width in the Epstein apparatus. Still, for the M470-50A
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sheet, there are significant discrepancies in this range, which may cause erroneous results
of calculations of losses in the core of an electric machine made of this type of sheet metal.

5. Influence of the Sample Cutting Technology on the Characteristics of
Magnetizability and Loss of Electrical Sheet

When making samples from M470-50A sheet metal, three cutting technologies were
used: water, which is the least invasive technology, a guillotine, which in practice corre-
sponds to industrial core punching with a punch, and a laser, which is used for punching
the machine core’s model and atypical individual product. The authors are aware that the
condition of the guillotine blades and laser cutting parameters affect the material parame-
ters of the damaged area. Therefore, when preparing the samples, a guillotine was used
in which, after installing new cutting knives, it made 1000 initial cutting cycles, and then
test samples were prepared. In the case of laser cutting, the cutting speed, laser power, and
nitrogen pressure were assumed as 240 mm/s, 3 kW, and 10 bar, respectively.

The magnetization characteristics of the M470-50A sheet with a thickness of 0.5 mm for
samples cut by laser, for the frequency of 50 Hz, are shown in Figure 17, while Figure 17a
shows the magnetization characteristics of 5 mm wide samples cut at different angles in
relation to the rolling direction; Figure 17b shows the average for all magnetization angles
for samples of different widths.

a) b)
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16 60 mm
14
12 4
cutting angle 45 degrees 10
cutting angle 60 degrees 0.8 -
average value 0.6
cutting angle 0 degrees 0.4 4
0.2 |
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: ! 0.0 + 1 1 ' 1
1000 1500 2000 2500 0 500 1000 1500 2000 2500
Magnetic field strength [A/m] Magnetic field strength [A/m]

Figure 17. The magnetization characteristics of M470-50A sheet for samples cut with a laser with a
width of 5 mm at various cutting angles (a) and average magnetization characteristics for samples of
various widths (b), for the frequency of 50 Hz.

As can be seen from Figure 17, also when cutting samples with a laser, the influence of
sheet anisotropy to a minimal extent affects the magnetization characteristics. In contrast,
these characteristics strongly depend on the width of the sample, while the influence of the
width of the damaged zone at the edges of the sample is, in this case, more significant than
when punching with a die.

The magnetization characteristics measured and averaged for all angles (solid line)
and 0 and 90 degrees (dashed line) for samples made of the M470-50A sheet with various
laser-cut widths, for frequencies of 50 and 2000 Hz, are shown in Figure 18.

Moreover, when using this punching technology, at 50 Hz frequency, the magnetization
characteristics averaged for all angles practically coincide with the average characteristics
for 0 and 90 degrees angles. Slightly greater discrepancies between these characteristics
occur at the frequency of 2000 Hz, especially for samples with a smaller width.

Figure 19 shows a comparison of the averaged magnetization characteristics for all
angles for samples with a width of 5, 15, and 60 mm, made of the M470-50A electrical
sheet, cut with a guillotine and laser, at 50 Hz and 2000 Hz. The average magnetization
characteristics for a 60 mm wide sample cut with water are also given. This technology
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causes virtually no damage at the cut edges, so this characteristic can be considered the
magnetization characteristic for an undamaged sample.
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Figure 18. The magnetization characteristics for 5 mm, 10 mm, and 30 mm wide laser-cut samples
made of M470-50A electrical sheet at 50 Hz (a) and 2000 Hz (b) and both frequencies on one graph
(c); characteristics averaged for all angles (solid line) and 0 and 90 degrees (dashed line).
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Figure 19. Average for all angles magnetization characteristics for samples cut with a guillotine (solid
line) and laser (dashed line) with a width of 5, 15, and 60 mm, made of electrical sheet M470-50A, at
50 Hz (a) and 2000 Hz (b).
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As shown in Figure 19, the influence of the cutting technology on the magnetization
characteristics is considerable. It increases with the reduction in the sample width and the
frequency increase.

Figure 20 shows the averaged loss characteristics at frequencies of 50 Hz and 2000 Hz
for samples of different widths made of M470-50A sheet metal, cut using other technologies.
Additionally, in this case, the loss characteristics are given for a 60 mm wide sample cut

with water.
a) b)
Specific losses [W/kg) Specific losses [W/kg]
50 100.0 /
5 mm y; 5 mm /

40 80.0

3.0 60.0

20 - 40.0 -

| water cutting 60 mm 200 1 .
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Flux density [T) Flux density [T]

Figure 20. Average for all angles of the specific losses’ characteristics for samples cut with a guillotine
(solid line) and laser (dashed line) with a width of 5, 15, and 60 mm made of M470-50A electrical
sheet, at 50 Hz (a) and 2000 Hz (b).

As can be seen from Figure 20, for a sample with a width of 60 mm, the impact of
the cutting technology on the performance characteristics, regardless of the frequency, is
relatively small because the width of the damaged part in relation to the width of the
sample is insignificant. A significant increase in loss occurs for laser-cut samples as the
sample width decreases and the frequency increases.

6. Determination of Equivalent Averaged Magnetization and Loss Characteristics for
Samples of Different Width

Under the influence of punching, a degraded part of the material is created, which
is characterized by much worse parameters: worse magnetizability and greater loss. The
width of the degraded zone is dependent on many factors, including both the properties
of the sheet and the properties of the tool, such as clearance and the condition of the
punch blade. The tool parameters change during the punching process, which affects
the degradation effect of the electrical sheet part. Degradations of the edge appearing
during cutting are all types of damage, such as: grain fracture, additional dislocations of
the crystallographic lattice, and phase and chemical changes in the material as well as
internal stresses caused by the cutting process. Each of these components changes the
material characteristics in its own way, at the distance from the cut edge, measured in
pum or mm. Determining the width of the degraded layer is difficult. The papers [13,39]
present an extensive review of various methods of determining the width of a degraded
layer. Depending on the method used, this width varies from a part of a millimeter to a
few millimeters. In turn, the work [40] proposes a method of estimating the width of the
degraded zone based on measurements for sheets of different widths. The introduction of
dependencies describing the change in magnetizability and loss for the material subjected
to punching is essential for the correct determination of the resulting efficiency of the
electric motor and other devices [41-44]. The way of presenting these dependencies is also
essential, mainly in terms of their use in a quick analytical model. Based on these data, the
authors assumed that, as shown in Figure 21, the sheet with the width w can be divided
into two regions: degraded with a width of 2a and non-degraded with a width (w-2a).



Energies 2022, 15, 2086

17 of 22

damaged

a undamaged§
Q—h‘ H

w

Figure 21. Electrical sheet punching effect.

If we assume that the magnetic field strength vector H has a direction along the length
of the sample, then the modulus H is constant across the width of the sample. Hence, for a
given value of H, we can calculate the mean value of the induction across the width of the
sample (Figure 22).
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Figure 22. Characteristics of magnetization (a) and loss (b) of undamaged and damaged electrical
sheet due to punching.

According to Figures 21 and 22, we can calculate the value of the magnetic induction
in a strip of sheet width w based on the relationship

By (H) = (B4(H)-2a + By(H)-(w — 20)) /w ©)

where H is the magnetic field strength in the sample, By, is the average magnetic flux
density for a sample of width w, B, is the magnetic flux density for magnetic field strength
H in damaged material, By, is the magnetic flux density for magnetic field strength H in
undamaged material.

Then, knowing the magnetic flux density values in the damaged and undamaged
parts, we can calculate the average specific losses for a sheet with a width of w

Apw(Bw(H)) = (Apa(Ba(H))-2a + Apy(Bu(H)) (w — 2a)) /w (6)

where Apj is the specific losses determined for a damaged sample (4 mm wide) for flux
density B;, and Ap; is the specific losses determined for an undamaged sample for flux
density B,.

Due to the measurement possibilities and the literature indications, it was assumed
that a sample cut with a die cut with the smallest width of 4 mm is a sample representing
completely damaged material, while the characteristics for undamaged material were
adopted for a sample cut with water 60 mm wide.

Figures 23-26 show the characteristics for the M470-50A50 and M270-35A50 electrical
sheets for 50 Hz and Figures 27 and 28 show the characteristics for the M470-50A50 and
M370-35A50 electrical sheets for 2000 Hz. Only the loss characteristics were investigated
because they are used to determine the core loss for higher harmonics.
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Figure 23. Measured (solid) and calculated (dashed) magnetization characteristics of a sample 5 mm
(a) and 7 mm (b) wide, punched with a die made of M470-50A and M270-35A sheets for a frequency
of 50 Hz.
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Figure 24. Measured (solid) and calculated (dashed) magnetization characteristics of a sample 10 mm
(a) punched with a die made of M470-50A and M270-35A sheets for a frequency of 50 Hz and relative
error for magnetic flux density estimation (b).
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Figure 25. Measured (solid) and calculated (dashed) the specific losses of a sample 5 mm (a) and
7 mm (b) wide, punched with a die made of M470-50A and M270-35A sheets for a frequency of 50 Hz.
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Figure 26. Measured (solid) and calculated (dashed) the specific losses of a sample 10 mm wide,
punched with a die made of M470-50A and M270-35A sheets for a frequency of 50 Hz (a) and relative
error for the specific losses estimation (b).
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Figure 27. Measured (solid) and calculated (dashed) the specific losses of a sample 5 mm (a) and
7 mm (b) wide, punched with a die made of M470-50A and M270-35A sheets for a frequency of
2000 Hz.
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Figure 28. Measured (solid) and calculated (dashed) the specific losses of a sample 10 mm wide,
punched with a die made of M470-50A and M270-35A sheets for a frequency of 2000 Hz (a) and
relative error for the specific losses estimation (b).
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As can be seen from Figures 23-28, the maximum relative error in estimating both
the magnetization and loss characteristics for samples of various widths does not exceed
10%. In the case of the magnetization characteristics, it is the largest for small values of the
magnetic induction. In the case of the induction commonly occurring in the core of the
electric machine (most often exceeding 1.2 T), this error does not exceed 2%. In the case
of the loss characteristics, this error increases with the increase in both the induction and
the width of the sample, but also in this case, for an induction of 1.6 T, it does not exceed
10% for 50 Hz and 12% for 2000 Hz. The presented figures show that better estimation
accuracy is obtained for the sheet M270-35A of lower thickness. We observe this for both
the magnetization characteristics and the loss characteristics.

Of course, the adopted model is simplified, which results in an estimation error that
increases for larger sheet widths. This is probably because the damaging mechanism of
the sheet is more complicated. As mentioned, the width of the damaged layer is uncertain.
Point measurements are debatable because the measurement methods themselves disturb
local properties. Indirect measurements of mechanical properties or the crystallographic
structure also do not provide unambiguous information. This problem will therefore be the
subject of further research.

7. Conclusions

The measurement results presented in the paper confirm that punching has a signifi-
cant impact on the material properties of electric machine cores: magnetizability and loss.

As a result of the production process, quasi-isotropic sheets (often referred to as non-
oriented) are characterized by magnetic anisotropy. Based on the obtained measurement
results, it was found that the average characteristics obtained for samples cut at different
angles in relation to the rolling direction of the sheet do not differ much from the averaged
characteristics for samples cut at an angle of 0 and 90 degrees. It was also found that
the process of preparing samples with small widths (4-5 mm) cut with a guillotine at
different angles should be carefully carried out, which may affect the course of their
magnetizing characteristics.

Moreover, a simplified method of determining substitute material characteristics for
samples of different widths was proposed based on the measurement results obtained for a
sample with a small width (not exceeding 4 mm), cut with a die, and the sample with a
width of 60 mm, cut with water. It was verified by measurement for samples with a width
not exceeding 10 mm (which corresponds to the dimensions of the magnetic core elements
of low and medium power motors), mechanically cut for frequencies of 50 Hz and 2000 Hz,
made of both M470-50A sheets with a thickness of 0.5 mm and from M270-35A sheets with
a thickness of 0.35 mm.

The aim of further works by the authors will be to adapt the so far developed methods
for determining substitute material characteristics for samples of various dimensions, made
with various punching methods, for a wide range of frequencies.

The research works carried out by the authors are aimed at developing a rapid method
for determining the material characteristics of the sheets used in the construction of general
purpose machine cores, taking into account the negative effects resulting from the applied
shaping process. As shown by the results of calculations and simulations, the proposed
method can be effectively applied to classic motor designs, not intended for operation in
special conditions, e.g., at elevated temperature, resulting from environmental conditions
or the density of power losses in the core.
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