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Investigation of the compaction
process of electrical machines
magnetic circuits and its
detrimental effect on magnetic
performances
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The manufacturing processes of electrical machines may lead to significant degradation of the
magnetic properties of their magnetic core (stator, rotor) performances and, as a consequence, to

a decrease of their energy efficiency. While the effects of some processes (cutting, welding ...) are
widely discussed in the literature, this is not the case with the compaction process although it is
systematically used to maintain the assembly of electrical steel sheets that compose the magnetic
circuits. In addition to the conventional one, a specific compaction process exists for high-power
electrical machines. After an introduction, the paper firstly deals with the two studied processes
(conventional, specific). Then, an experimental mock-up to study the impact of the two configurations
on the magnetic properties (iron losses, normal magnetization curve) is presented. This mock-up is the
first, in the literature, that allows to study the effect of a controlled compaction mechanical stress on
magnetic properties. Obtained results in both configurations highlight a magneto-mechanical effect
that is not reported in the literature where these effects are commonly considered following in-plane
mechanical stresses. This paper presents a magneto-mechanical model, taking into account the
compaction stress effect, as well as a modelling protocol to model the effect of 3D mechanical stress
on magnetic properties, which has never been done in the literature.

In the context of energy transition, increasing the energy efficiency of electrical machines is a key point. This
involves reducing the losses and in particular the iron loss contribution associated to the magnetic circuits. The
latter are difficult to quantify accurately and there still exist variable and significant differences between the
iron losses estimated by the manufacturer during the design stage and those measured on the machine once
manufactured. These differences are noticeably due to the electrical steel magnetic properties degradation fol-
lowing the manufacturing process. The significance and type of this effect are strongly related to the complexity
of the microstructure of the magnetic materials as well as to their strong mechanical and thermal couplings'—.
In particular, it is shown in the literature that the manufacturing processes of the magnetic circuits of electrical
machines can lead to significant degradation on their magnetic performances (iron losses, normal magnetization
curve)*®. While the effects of some manufacturing processes (such as cutting®, welding’, shrink-fitting®, ...) are
widely studied in the literature, the compaction process remains rarely studied.

The magnetic cores of electrical machines are mainly composed of stacked electrical steel sheets. In order to
maintain the lamination assembly, a compaction mechanical effort is applied along the laminations thickness
direction. Usually maintained by a dedicated system (clamping screws, bars welded to yokes ...), this compac-
tion effort implies the presence of mechanical stresses within the laminations. Depending on the configuration
of the application of the compaction force, the mechanical stresses can be three-dimensional (in the plane or
along the thickness direction of the sheets).

According to the literature, mechanical stress applied in the plane of electrical steel sheets has a strong influ-
ence on their magnetic properties': this can improve or degrade them depending on the nature of the stress
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(compressive stress or tensile stress), the level of stress and its direction with regard to the magnetic flux direction.
However, for mechanical stress applied in the thickness direction of the lamination, few papers are found in the
literature and the presented results vary significantly from one study to another®~!!. Obviously, in this direction,
one has to only consider compressive stress because tensile stress has no physical application and is against the
objective of the compaction process. It is shown in'® that the application of an axial compressive stress of up to
24MPa induces an improvement (up to 8MPa) and then a degradation (beyond 8MPa) of the magnetic properties
of a toroidal core composed of a single sheet. In'!, the authors study the effects of localized stress, up to 10MPa,
in the thickness direction of a rectangular magnetic sheet: the result is a degradation of the magnetic properties.
Moreover, the observed degradations on the magnetic properties are similar, considering a magnetic flux along
the rolling direction, for a stress of 0.5MPa and for a stress of 10MPa. In’, a dedicated ring core tester is developed
to study the effect of axial stress on a single ring core sample. Contrary to what is observed in'’, a degradation of
the magnetic properties is first observed (up to 10MPa) and then a gradual improvement appears up to 30MPa.

These significant variations in the results can be explained by several factors. Firstly, the possible presence
of mechanical stresses in the plane of the samples, due to potential imperfection of the applied normal stress,
is not verified. However, we have seen, according to the literature, that in-plane stresses can have a significant
effect on magnetic properties. Noticeably in’, mechanical Finite Element (FE) simulations show an important
difference between the distribution, within the studied electrical steel sheet, of the stress applied in the axial
direction and the distribution of the Von Mises stress (a scalar equivalent stress considering the 3D mechanical
stress distribution), thus suggesting the presence of non-negligible stresses in the plane of the sample. Then,
since the studies were conducted on magnetic circuits composed of very few laminations (usually only one),
these are in proportion more sensitive to the friction at the interface with device used for the compaction force
application, which is more likely to induce stress in the plane of the laminations. Finally, the studied geometry
undoubtedly has an influence on the distribution of mechanical stresses as it is shown in'?. In general, the fact
that existing works do not make it possible to control and/or know the 3D mechanical stress distribution makes
it impossible to conclude on the effect, on magnetic properties, of mechanical stresses applied in the thickness
direction or the development of generalizable and predictable magneto-mechanical models modelling the effect
of compaction process on magnetic properties.

In that context, this paper proposes to study the effect of two different configurations of compaction pro-
cess on the magnetic properties of an electrical steel stack: a conventional configuration with a homogeneous
compaction and a specific one, which is mostly employed to manufacture high-power electrical machines,
exhibiting heterogeneous compaction pressure. These two configurations will be firstly presented as well as the
experimental mock-up developed to study their effect on magnetic properties of electrical steel laminations.
Then, experimental results will be presented and discussed to move on to the modelling phase. For this part,
mechanical FE simulations were performed. Moreover, magneto-mechanical models and a protocol for modeling
the effect of 3D mechanical stresses on magnetic properties are described. The experimental results and those
given by the modelling approach are then compared and discussed. Finally, conclusions and perspectives of this
work will be given.

Experimental mock-up

Compaction configurations. The conventional compaction process involves pressing a single stack of
electrical steel sheets that makes up the stator or the rotor. In the case of large alternators, the magnetic circuit is
usually divided into several stacks separated by interlayer sheets composed of airvent spacers. The objective of
this configuration is to facilitate the cooling of the machine by thermal convection. The conventional configura-
tion will be considered in the following as the homogeneous case (the compaction force is applied homogene-
ously over the whole circuit). The second configuration, with airvent spacers, will be denominated as the inho-
mogeneous case (the presence of airvent spacers generates localized mechanical stresses). Both configurations
are presented in Fig. 1. In the inhomogeneous case, the industrial height of laminations stack is typically of few
centimeters. As illustration, photos of two industrial stators with airvent spacers are given in Fig. 2.

Generally, the global compaction stress (over the whole magnetic core) has the same value for the homogene-
ous and inhomogeneous cases (about 1 MPa). In the inhomogeneous case, the value of the localized mechanical
stress under the airvent spacers is between 5 MPa and 20 MPa, depending on the number of airvent spacers
and their geometry.

Design and fabrication. To characterize the magnetic properties (iron losses, normal magnetization
curve) of a magnetic core in the two presented configurations, a dedicated magnetic mock up is developed.
First, concerning the magnetic circuit, the selected electrical steel is a conventional material with a lamination
thickness of 0.65 mm (grade M600-65A) commonly used in high-power electrical machines. Moreover, for the
experimental investigations, a toroidal geometry is preferred because it is closer to the geometry of the electrical
machine stator cores. Therefore, several rings were cut from the raw laminations by Wire Electrical Discharge
Machining (WEDM) that is known as a non-degrading cutting method for the magnetic properties'®. The final
height of the magnetic core, made from stacked rings, is 42 mm. All the characteristics of the used magnetic
circuit are presented in Table 1.

The global mock-up is shown in Fig. 3, a zoom of the part composed by the magnetic circuit, the winding
supports, the PVC plates, the screw and the force sensor is given in Fig. 4. Finally, the support with the spacers
is presented in Fig. 5.

Two winding supports, Fig. 4d, are placed on either side of the magnetic core, Fig. 4f. This makes possible to
insert the primary and secondary windings while keeping the ability to apply the mechanical stress. The material
used for the winding supports is Lab1000 that is amagnetic and electrically nonconductive. PVC plates, Fig. 4c,
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Figure 1. The two studied configurations.

Figure 2. View of two industrial stators (with airvent spacers).

Coated (Alkophos method) | Wire Electrical Discharge Machining (WEDM)

100 mm 86 mm 42 mm

Table 1. Magnetic core characteristics.

are also placed on both sides of the winding supports to promote the stress distribution homogeneity. These
plates are also machined to have a good flatness. The whole is hold tight together with a force sensor, Fig. 4b,
itself solidarized and centered with the fixed structure of the press, Fig. 3a. This latter is composed of metal ele-
ments welded together and designed to support the mechanical levels of stress that will be applied by a hydraulic
jack, Fig. 3d. For the inhomogeneous case, airvent spacers supports, Fig. 5, are machined with the same material
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Figure 3. Global mock-up; (a) fixed structure of the press; (b) see Fig. 4; (c) movable steel plate; (d) hydraulic
jack.

Figure 4. Zoom of the mock-up; (a) screw; (b) force sensor; (c) PVC plate; (d) winding frame; (e) airvent
spacers support; (f) laminated magnetic circuit.

as the winding supports (amagnetic and electrically nonconductive). In this case, the airvent spacers supports
are placed between the magnetic circuit and the winding supports, Fig. 4. For the homogeneous case, these are
simply removed. Note that in Fig. 5, there is an outer ring around the spacers to promote the alignment between
the different components of the mock-up. However, in order to facilitate the visualization of the airvent spacers,
this outer ring has been removed from the view in Fig. 4.

To validate the experimental mock-up, it is necessary to verify that, in the homogeneous case, the axial
mechanical stress distribution is homogeneous within the magnetic core and that the mechanical stress distri-
bution in the plane of the laminations is negligible in order to quantify only the effect of the normal mechanical
stress on the magnetic properties.

First, mechanical Finite Element (FE) simulations were performed with the Abaqus Software'*. According
to the involved levels of mechanical stress, the mechanical behavior of all the materials will remain in the elastic
region. The list of materials chosen for the FE simulations and their associated mechanical properties are given
in Table 2.
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Figure 5. Airvent spacers support.

Part of the mock-up Material Young’s modulus (GPa) | Poisson’s ratio (-)
Force sensor Aluminium | 70 0.34
PVC plate PVC 3 0.40
Winding support Lab1000 5.9 0.35
Magnetic laminations | Steel 211 0.29

Table 2. Mechanical properties used for mechanical FE simulations.

Materials interfaces Chosen friction coefficients
Screw/force sensor 0.4
Force sensor/PVC plate 0.5
PVC plate/winding support 0.5

Winding support/lamination (Teflon) 0.05

Lamination/lamination 0.2

Table 3. Chosen friction coefficients for mechanical FE simulations.

The friction coeflicients between the different parts need to be determined because of a potential significant
effect on the mechanical stress distribution. Indeed, the mechanical parameters being different for each material,
the deformations will also be different. Without friction, each part moves freely without any induced mechanical
stress. With friction, deformations will be more or less hindered and parasitic mechanical stresses may appear in
the plane of the electrical steel sheets. However, these friction coefficients are difficult to estimate because they
depend on many parameters, such as the surface state of each part. The chosen approach is therefore as follows:
according to the data in the literature, mechanical FE simulations are carried out in extreme cases for the highest
and lowest values of friction coeflicients in order to assess the influence of these parameters on the mechanical
stress distribution. In addition, a PTFE film is placed between the winding supports and the magnetic circuit
to reduce friction. Simulations results show that the mechanical stress distribution within the magnetic circuit
varies slighlty as a function of the friction coefficients. Therefore, the chosen friction coefficients are those com-
monly found in the literature and are given in Table 3.

The Abaqus model and the coordinate system related to the magnetic circuit are respectively given in Figs. 6
and 7. Mechanical conditions of symmetries were taken into account whether axially or radially. In the following,
the axial (in the thickness direction), orthoradial (in the magnetic flux direction, in the plane of the laminations)
and radial (perpendicular to the magnetic flux direction, in the plane of the laminations) mechanical stresses
will be respectively noted 0, 69 and o;.

Note that for the magnetic circuit, the height of one mesh element corresponds to the thickness of one electri-
cal steel sheet. Moreover, the simulated homogeneous configuration corresponds to an applied theoretical axial
mechanical stress of 4 MPa over the whole magnetic core. The mechanical stress distributions along u, u, and
ug are respectively given in Figs. 8, 9 and 10.

First, results show that the axial stress o, is globally homogeneous and of the order of —4 MPa. Secondly,
the induced stresses in the plane of the laminations (o and o) are very low compared to the axial one. If the
results of mechanical FE simulations seem to validate the mock-up, we must be able to confirm that we are in the
same configuration experimentally as any misalignment or machining inaccuracy can lead to significant error
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Figure 6. Mock-up modeled and meshed with Abaqus.
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Figure 7. Coordinated system used cutting view (a) and top view (b) of the laminated magnetic circuit.

in the stress distribution. For this, metrology tests were carried out, as illustrated in Fig. 11. The objective is to
quantify the displacement of the two winding supports under compaction effort. As these are the parts that are
the closest to the magnetic circuit, this will best reflect the mechanical behavior of the latter. First, eight bearing
balls are glued to the outer diameter of the winding supports (four per support). Each ball is then measured on
a high-precision coordinate measuring machine to determine its diameter (known) to confirm the measuring
quality and its center position in the (x, y, z) coordinate system, Figs. 11 and 12. The measured diameters of the
balls are very close (<5 pum) to the theoretical diameter provided by the manufacturers. From the positions of
the bearing balls, the position of each winding support can be determined by applying the least-squares method
and, from these positions, the objective is to determine the kinematic torsor T to quantify the displacement of
the supports. For this, winding supports are considered as non-deformable solids. The six components of the
torsor T, defined at the center of each support, (1), noted (u, v, w) and (o, B, y), represent respectively the transla-
tion and rotation of the winding support according to the three axes x, y and z. The indices T and B correspond
respectively to the top and bottom winding support.

The goal is to determine the six components of each support and for each compaction level. To address this
issue, the hypothesis of small displacements is first made (very small deformations of the magnetic core). Then,
the torsor of each support is calculated, from a matrix formulation of the problem, thanks to the least-squares
method which allows to obtain the torsor A that represents the difference between T and Ty, (2). The quanti-
ties Ao and AP are the ones of interest because they correspond to the difference in rotation of the two supports
around x and y axes and therefore are an image of the heterogeneity of the compaction stress distribution with

Scientific Reports|  (2022) 12:18983 | https://doi.org/10.1038/s41598-022-23634-7 nature portfolio



www.nature.com/scientificreports/

(] Pa |
- : L
1 1 |
[ ] ]
e =t 8§ 1
- 1] -
i | il Tmj
[
JUe+U0 5
= - L ml 10 [
00 &
[— B = 5
O s
|
A = [
B
0 B
- = L1 C
 [oiBmes T
== ==| ||
| .3 q¢ el
11 =
i -

I

1
4,
5
b
g
1
1

-1.263e+00
-1.382e+00

|
- - - -

Figure 9. Radial mechanical stress distribution - Homogeneous case.

regard to the lamination plane. If they are constant with the compression load, the distribution stays perfectly
uniform. The idea is to determine the proportion of Az that can be attributed to rotations Aa and Ap for each
magnetic core point. In practice, the measured Az variation is 83.35 pm, Fig. 13a. By definition, a rotation of
one milliradian induces a height variation of one millimeter over a length of one meter. Considering that the
outer diameter of the magnetic circuit and the winding supports is 100 mm, the values of Aa and A, Fig. 13b,c,
lead respectively to a height variation of 1.9 um and 9.5 pum that represents 2.3% and 11.4% of Az variation at
the diameter. In the worst case, this represents 14% of Az variation. It can therefore be considered that the com-
paction pressure is evenly distributed at £7%. The experimental mock-up is therefore considered as valid if the
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Figure 10. Orthoradial mechanical stress distribution - Homogeneous case.
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Figure 11. Principle of the metrology test; (a) centering ring; (b) bearing ball.

impact on the magnetic properties is higher than 10% for a 11MPa compaction pressure with a quite proportional
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Figure 12. Probe measuring the position of a bearing ball.
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Experimental results

Homogeneous case. The magnetic core presented in Table 1 is studied in terms of its magnetic proper-
ties evolution as a function of the compaction stress. The experimentally applied compaction stress levels vary
from OMPa to 20MPa. All the magnetic measurements presented in the rest of this paper are performed on the
MPG200D equipment from Brockhaus Measurements in accordance with the standard IEC 60404-4"° that relies
on the flux metric method to determine the magnetic properties. Measurements are carried out over a frequency
range from 5 Hz to 300 Hz and for peak magnetic flux density ranging from 0.1 to 1.6 T. Finally, the measured
magnetic flux density is corrected by considering the compensation of the air flux due to the non-negligible
height of the winding supports. To synthetize the measured B-H loops, in the following we will consider the
normal magnetization curve that is obtained from the extrema B, ,,-H, ., of the centered hysteresis loops.

As example, and to validate the air flux correction, the results obtained with the mock-up with air flux
compensation are compared to those given by a reference circuit, strictly identical but conventionally wound,
Fig. 14. The obtained results, Fig. 15, show, on the one hand, that the reference normal magnetization curve and
the one with air flux compensation (without compaction stress) are very close and, on the other hand, that the
differences between them are negligible with regards to the effect of a homogeneous compaction at a level of 4
MPa. Finally, several measurements were performed to estimate the repeatability on the experimental mock-up:
the obtained repeatability is then less than 1%.

To emphasize the effect of an increasing homogeneous compaction stress level, the normal magnetization
curves and iron losses at 50 Hz are given, respectively, in Figs. 16 and 17. Results show a significant effect of
the compaction stress on the normal magnetization curve mainly in the saturation knee. Moreover, for the iron
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Figure 14. Reference magnetic circuit.
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Figure 15. Validation of the air flux compensation method.
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Figure 16. Normal magnetization curves 50 Hz - Homogeneous case.
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Figure 17. Iron losses 50 Hz - Homogeneous case.
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Figure 18. Relative difference on magnetic field due to compaction 50 Hz - Homogeneous case.

losses, a limited increase is visible with the compaction stress: a small increase is directly observed at 4 MPa and
beyond this threshold the iron losses remain quite unchanged. To better quantify these effects, they are expressed
in terms of relative variation compared to the case without stress denoted as Py for the losses and H for the
magnetic field. These relative variations of losses AP /Py (%) and magnetic field AH/Hg (%) are determined for
each level of applied stress depending on the magnetic flux density level. The relative variations of the magnetic
field and iron losses are given, respectively, in Figs. 18 and 19. The conclusions are similar with a significant and
gradual degradation effect on the normal magnetization curve and a much more limited effect that saturates
for iron losses, in the considered range of applied stress. It is not at all common, according to the literature, to
observe such a significant degradation on the normal magnetization curve accompanied with a limited effect on
iron losses, especially if one compares with the effects of mechanical stresses applied in the plane of the electrical
steel sheets'. These observations will be discussed in the dedicated section of the paper.

A further analysis of these experimental results consists in decomposing the losses into their main physical
contributions. In'%, G. Bertotti proposed a decomposition of iron losses in three terms: hysteresis losses Ppyg
(static), classical losses Pj,ss (dynamic) and excess losses Peyc (dynamic). The sum of these three terms consti-
tutes the total iron losses. For an electrical steel sheet of thickness d and electrical conductivity o, subjected to
sinusoidal magnetic flux density of frequency f and peak value Brax, the classical losses are written as follows:
Pjags = % - Te - d? - (Boay - )2 The hypothesis is made that these are not impacted (for the considered com-
paction stress range) by compaction for two reasons. First, considering the Young’s modulus E of the lamina-
tion, the applied mechanical stress oy, and the Hooke’s law, the thickness variation Ad = % is less than 0.1%.
Moreover, measurements of the electrical conductivity, using the four needles technique, were also performed
on a rectangular single sheet which was submitted to different compaction stress levels (using the experimental
mock-up presented in Fig. 3). Results show that the electrical conductivity is not affected by the level of the con-
sidered compaction stress levels. Therefore, only the hysteresis and excess losses are potentially impacted. First,
the classical losses are fitted (using experimental data without stress) according to their analytical expression.
Then, the hysteresis losses are determined by an extrapolation of the total energy loss at 0 Hz and the excess
losses by a power balance (Pexc = Ptot — Physt — Pclass)- The evolutions of hysteresis losses and excess losses as
a function of the compaction stress are given in Figs. 20 and 21, for 1 T peak magnetic flux density at 50 Hz.
The global tendency is an increase of the static and dynamic losses with the compaction stress. However, this
increase is mostly observed for low levels of compaction stress before exhibiting stabilization at higher levels of
compaction. These results are consistent with the measurements performed on the total iron losses presented in
Fig. 17 and 19. Before continuing to discuss these results, the next step is to experimentally evaluate the effect of
inhomogeneous compaction, i.e. in the presence of airvent spacers, on the magnetic properties.

Inhomogeneous case. In the inhomogeneous case, airvent spacers support are placed between the mag-
netic core and the winding frames (Fig. 5). The mechanical compressive strength of the Lab1000 material (used
for the airvent spacers and winding supports) is of about 110 MPa. In the homogeneous case, a global compac-
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Figure 19. Relative difference on iron losses due to compaction 50 Hz - Homogeneous case.
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Figure 20. Hysteresis loss evolution as a function of compaction stress for 1 T at 50 Hz - Homogeneous case.

tion stress of 4 MPa corresponds to the magnetic circuit surface that represents the contact area with the winding
frame. In the inhomogeneous case, a global compaction stress of 4 MPa implies significant localized compressive
stress under the airvent spacers. Indeed, in this case, the contact area with the winding frames is the total airvent
spacers area that represent approximatively 5% of the magnetic circuit surface. Therefore, the localized compres-
sive stresses are of the order of 80 MPa. The followed experimental protocol is the same as for the homogeneous
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Figure 21. Excess loss evolution as a function of compaction stress for 1 T at 50 Hz - Homogeneous case.
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Figure 22. Relative evolution of magnetic field - Homogeneous and inhomogeneous cases comparison.

case. The goal is to compare the evolution of magnetic properties due to the compaction process in the homoge-
neous and inhomogeneous cases, for global axial compaction pressure ranging from 0 MPa to 4 MPa.

The relative evolutions of the magnetic field and iron losses, in the homogeneous and inhomogeneous case,
are reported in Figs. 22 and 23. These results highlight a key point: for a given overall compaction pressure of
4 MPa, the inhomogeneous case is more degrading than the homogeneous case with a maximum increase in
the magnetic field of 50% (against 32% for the homogeneous case) and a maximum increase in iron losses of
7.5% (against 5.5% for the homogeneous case). In addition, as this was already observed in Figs. 18 and 19, the
magnetic field is significantly impacted unlike iron losses which exhibit a limited increase.

Discussion. The objective is to understand the observed differences in terms of magnetic properties modifi-
cations between the homogeneous case and the inhomogeneous case. For this, mechanical FE simulations were
performed in Abaqus for the inhomogeneous case while considering the mechanical parameters presented in

Scientific Reports |

(2022) 12:18983 | https://doi.org/10.1038/s41598-022-23634-7 nature portfolio



www.nature.com/scientificreports/

A PiPO(%)
-—

=8

(

2

H

——Inhomogeneous - 4\Pa
—<~—Homogeneous - 4MPa

2 A A A A A A
04 0.6 0.8 1 1.2 1.4 1.6

B(T)

Figure 23. Relative evolution of iron losses - Homogeneous and inhomogeneous cases comparison.
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Figure 24. Mechanical stress distribution for the inhomogeneous case (4 MPa). (a) Radial (u,), (b) Orthoradial
(ug) and (c¢) Axial (uy).

Tables 2 and 3. Using the same coordinate system presented in Fig. 7, the mechanical stress distributions along
the main directions u,, ug and ug are respectively given in Fig. 24a—c.

The first main result, Fig. 24a,b, is that the presence of airvent spacers implies, when applying a compaction
effort, the appearance of noticeable mechanical stresses in the plane of the electrical steel sheets. According to
the literature®'’, mechanical stresses in the plan have a significant effect on magnetic properties. These effects
are described in Table 4, for the stress ranges given by the Abaqus simulations, in terms of qualitative impact
on the magnetic properties.

In our case, the direction parallel to the magnetic flux is ug and the perpendicular direction (in the plane of
laminations) is u,. First, Fig. 24b shows that the mechanical stress along ug is mainly localized under the airvent
spacers along the height of the magnetic core with a compression level of about — 9 MPa, which will significantly
degrade the magnetic properties (increase in iron losses, decrease in magnetic permeability). Second, in Fig. 24a,
the mechanical stress along u, is divided into tensile stress area (green) and compressive stress area (blue). The
average stress levels in these two areas are respectively +4 MPa and —2 MPa that could potentially, according
to Table 4, degrade the magnetic properties. These induced mechanical stresses in the plane of the laminations
allow a first analysis of the observed high level of degradation observed in the inhomogeneous case. A second
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Parallel to flux direction** Perpendicular to flux direction**
Tensile stress Improvement* Degradation
Compressive stress Degradation Improvement*

Table 4. Effect of mechanical stress applied in the plane of electrical steel sheet on its magnetic properties®!”.

*Up to a few tens of MPa, then a degradation is observed with higher stress levels. **For an identical level of
stress, stresses along the magnetic flux direction are quantitavely more impactful than those perpendicular’.

Clamping grip Clamping grip
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___________________________________________________|

Anti buckling part
=

Tensile of
compressive stress
using hydraulic
jacks

Figure 25. Single Sheet Tester under tensile or compression stress (left) and its schematic drawing (right).

point is the distribution of axial stress (u,) within the magnetic circuit. This stress is localized under the airvent
spacers and is significant (about — 80 MPa) compared to the overall applied compaction stress (—4 MPa). Based
on the experimental measurements presented for the homogeneous case, Figs. 18 and 19, this stress level has a
highly degrading effect on the global normal magnetization curve of the magnetic core.

Effect of stress in the plane of the electrical steel sheets. The next step consists in modeling the
effect of the compaction process on the magnetic properties, with and without airvent spacers. For this, it is
necessary to use magneto-mechanical models that take into account mechanical stresses in the three defined
directions (uy, ug, u;). Having already experimentally characterized the evolution of magnetic properties as a
function of axial stress (u;), Figs. 18 and 19, it is therefore necessary to characterize the effect of mechanical
stress applied in the plane of the laminations. The aim is to identify the effect of stress applied in the lamination
plane (in the same direction as the magnetic field) and, by relying on an equivalent stress model'?, to be able to
predict the evolution of the magnetic properties under bi-axial stress in the lamination plane.

Considering the relatively limited levels of mechanical stress (tensile and compressive) existing in the lami-
nation plane, one can consider an approach where the bi-axial stress (along u, and ug) can be replaced by an
equivalent mechanical stress that would have been applied along the magnetic flux direction. In practice, such
model will require only unidirectional magneto-mechanical characterizations, i.e. the stress and the magnetic
flux are in the same direction, which is realizable by conventional magneto-mechanical experimental devices. In'®
an equivalent scalar stress model was developed and experimentally validated for the case of two-dimensional
mechanical stresses applied in the plane of the laminations. This model will be further introduced in “Equivalent
scalar mechanical stress and co-simulation” section. In the present work, the experimental device used to char-
acterize the unidirectional magneto-mechanical behavior has been developed by Brockhaus Measurements and
is illustrated in Fig. 25. It consists in a Single Sheet Tester where the lamination strip under test is maintained
at one extremity by a fixed mechanical grip and at the other extremity by a grip actuated by an hydraulic jack.
This latter allows to apply tensile or compressive stresses along the magnetic flux direction while performing
the magnetic characterizations.

The magnetic measurements were performed from 5 to 300 Hz excitation frequency and from 0.1 to 1.6 T
peak magnetic flux density, over the stress range [-40 MPa; + 40 MPa]. This latter is chosen because the mechani-
cal stresses in the lamination plane do not exceed 20 MPa for the considered compaction process, see Fig. 24a, b.

As illustration of the measured magneto-mechanical behavior, the magnetic field and iron losses at 1T are
given respectively in Figs. 26 and 27, for 50 Hz excitation frequency. These results are in accordance with the
literature, Table 4, with a strong degradation of the magnetic properties under compressive stress and a slight
improvement of these properties under tensile stress before observing degradation from 30 MPa.

From the results obtained for both considered configurations (axial stress only and in-plane stress only), the
next step is to propose a modelling method, in the case of inhomogeneous compaction, to account for the effect
of the associated three-dimensional stresses on the magnetic properties.

Modelling

Equivalent scalar mechanical stress and co-simulation. The equivalent scalar mechanical stress
model proposed in'® has been experimentally validated for two-dimensional stresses in the lamination plane.
However, it is theoretically independent from the geometric aspects of the considered material as it is based on
an energetic approach deduced form the intrinsic magneto-mechanical properties of the material. In this model,
a volume of magnetic and mechanical isotropic material is considered to calculate an equivalent magneto-elastic
energy. Considering the geometry presented in the Fig. 7, the mechanical tensor o.m, the unit vector h, which is
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Figure 26. Evolution of the magnetic field necessary to reach 1 T as a function of applied mechanical stress.

g
F

- - N
;) [} N N

Iron losses at 50Hz & 1T (W/kg)
N

-—
1 N
P
o

-30 -20 -10 0 10 20 30 40
Applied stress (MPa)
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Figure 28. Code_Carmel simulation - Homogeneous case 0 MPa (B=1.1T).

along the applied magnetic flux direction, and the analytical expression of the equivalent stress oeq are respec-
tively given in (Eq. 3), (Eq. 4) and (Eq. 5). According to the literature, and to our experimental results, for
mechanical stresses less than 30 MPa, if oeq increases the magnetic properties are improved, if oeq decreases,
the magnetic properties will degrade. The term «—% - tr(om)» of the (Eq. 5) implies that a compressive stress
applied in an orthogonal direction (in our case u, and u,) to the magnetic flux direction (in our case ug) will
tend to improve the magnetic properties. Along u,, experimental results in the literature are in accordance with
this latter consideration'. However, our experimental results for an applied stress along uj, Figs. 18 and 19,
show that the applied compressive stress tends to degrade the magnetic properties and especially the normal
magnetization curve. This means that this equivalent scalar stress model is not suitable for our case of laminar
geometry. To continue the investigation and according to the complexity of implementation of an anisotropic
three-dimensional magneto-mechanical model, an approach consisting in the decomposition of the effects (on
the one hand, in the plane and, in the other hand, in the thickness direction) is proposed to correctly model the
global effect of compaction, in the presence of airvent spacers, on the magnetic properties.

Orr Orf Orz
Om = | O6r Opp Opz (3)
Ozr 020 Ozz
0
h= (1) 4)
0
3 1
ceq=i~th-0m~h—5-tr(om) (5)

Proposed decomposition of the effects and co-simulation protocol. Since the stresss along u,
mainly impacts the normal magnetization curve, and according to the triaxial stress distribution, the choice is
made to separate the effects of the stresses in the plane from those along the normal direction to the lamina-
tion. It is considered that the latter stress component impacts only the normal magnetization curve and that the
stresses in the plane impact only the iron losses. For the normal magnetization curve, the Langevin model is
used (Eq. 6) and the parameters M, a and « are approximated by a polynomial function dependent on the stress
o, along u,.

B=wo-(H+ Man)

_ He _ a(o,)
Man = M;(0,) (coth (a(oz)) H, ) (6)
H, =H + a(oy,) - Mgy

For the iron losses, the coefficients ky,, &, K¢1ass an1d kexc Of the loss model are also approximated by an analytical
function dependent on the equivalent stress ceq deduced from the plane stresses o,y and ogg.

Co-simulation protocol and FE results. Subsequently, the distribution of the three-dimensional (3D)
mechanical stresses presented in “Discussion” section and the associated mesh are exported from the Abaqus
simulations. This mesh is then imported in Code_Carmel, a 3D Finite Element (FE) electromagnetic calculation
software. To perform the simulations, the axial stress o, is associated to each mesh element and the associated
B-H curve is accounted for by the magneto-mechanical Langevin model also implemented in Code_Carmel.
The homogeneous case is considered to validate the co-simulation protocol, then the configuration with air-
vent spacers presented in the paper is considered. All simulations were performed with imposed magnetic flux
density in the magnetic circuit. The considered global applied stress levels are 1 MPa and 4 MPa. As illustration,
the simulation results obtained for an average magnetic flux density of 1.1 T are given for the homogeneous
case without applied stress in Fig. 28 and for the inhomogeneous case with applied stress in Fig. 29 (1 MPa) and
Fig. 30 (4 MPa). In these FE simulations, the global magnetic flux is imposed in the cross section of the ring core
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Inhomogeneous case — 1 MPa Inhomogeneous case — 1 MPa

(a) (b)

Figure 29. Magnetic flux density (a), magnetic field (b) Code_Carmel - Inhomogeneous 1 MPa (Baverage =
L1T).

Inhomogeneous case — 4 MPa Inhomogeneous case — 4 MPa

(a) (b)

Figure 30. Magnetic flux density (a), magnetic field (b) Code_Carmel - Inhomogeneous 4 MPa (Baverage =
LLT).

Magnetic fieldat 1.1 T Ironlossesat 1.1 T
Global compaction stress Experimental Model (0,;) Experimental Model (0,r,099)
1 MPa +11% +13% +1.9% +2.3%
4 MPa +50% +55% +6.5% +7.2%

Table 5. Effect of the heterogeneous compaction on the magnetic field and iron losses at 1.1 T. Comparison
between the experimental and simulation results—the relative difference (in %) is given compared to the case
without compaction.

leading to a local variation of the magnetic field according to the local magnetic properties that are impacted by
the mechanical stress under the airvent spacers, Figs. 29 and 30. Concerning the magnetic flux density distri-
bution, and considering that there is no leakage flux, the global magnetic flux is conserved whatever the radial
cross section of the ring core. However, as the mechanical stress is mainly located under the airvent spacers, the
magnetic flux will flow around this magnetically degraded area. This leads to an increased value of the magnetic
flux density on both sides of the degraded area (near the inner and outer radii).

From the magnetic flux density distribution, the iron losses are calculated in post-processing with the mag-
neto-mechanical loss model taking into account the equivalent stress in the plane of the laminations. Results
in terms of magnetic field and iron losses, considering a magnetic flux density of 1.1 T, are given in Table 5.
They show that the proposed approach provides a good approximation of the compaction process effect on the
magnetic properties. In particular, this emphasizes that the axial stress (u,) is mainly detrimental to the nor-
mal magnetization curve and that the stresses in the plane (uy, u,) are impactful for the iron losses. The results
are extended to three levels of magnetic flux density in Figs. 31 and 32 (white circles) demonstrating the same
conclusions.

Discussion. One can consider that the proposed approach is a good qualitative approximation of the
impact on magnetic properties of the compaction process with very satisfactory results despite the assumptions.
These latter are especially based on the decoupling of in-plane stresses from those in the thickness direction of
which effects are strongly non-linear. Second, characterizations for the axial stress applied in the homogeneous
case were performed up to 20 MPa, so the normal magnetization curve model was identified over this same
range of stress values. In the inhomogeneous case, for a global stress of 1 MPa, the maximum o, stresses that
appear locally are of the order of 20 MPa. However, for a global applied stress of 4 MPa, this maximum stress
value reaches 80 MPa. For a stress level beyond 20 MPa, the B-H model was therefore applied in a stress region
where the magnetization behavior is extrapolated, which represents a strong hypothesis. It should also be noted
that if no extrapolation has been made for the iron losses (because the in-plane stress levels were within the
identification range of the model), their calculation is obviously influenced by the accuracy of the normal mag-
netization curve modeling, which means that an overestimation of the effect on the latter can induce an overes-
timation of the effect on iron losses. For all these reasons and in order to confirm our results, a simple approach
consists in performing the calculation by swapping the input data in the materials models (behavior law and iron
losses) between the axial and in-plane stresses. In practice, the normal magnetization curve was dependent only
on the equivalent stress determined from the stress distribution in the lamination plane whereas the iron losses
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Figure 31. Comparison between experimental and numerical results on normal magnetization curve.
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Figure 32. Comparison between experimental and numerical results on iron losses.
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Magnetic field at 1.1 T Ironlosses at 1.1 T
Global compaction stress Experimental Model (6,r,099) Experimental Model (0,)
1 MPa +11% +0.7% +1.9% +0%
4 MPa +50% +5% +6.5% +0.5%

Table 6. Effect of the heterogeneous compaction on the magnetic field and iron losses at 1.1 T. Configuration
with swapped input stresses in the material models.

were dependent only on the axial stress. For this, the models have been identified according to the same proto-
col previously presented. The normal magnetization curve model considering o, and ogg was implemented in
Code_Carmel and the iron losses calculated in post-processing from the magnetic flux density distribution and
the associated stress map o,. Results are given in Table 6, showing that neglected stresses in the first simulation
configuration (Table 5) do indeed have a negligible impact on the magnetic properties.

Finally, it must be highlighted that since the effect of stress in the plane of the laminations and in the axial
direction were characterized separately, it was implicitly assumed that their effects were superposable, which is
not necessarily the case due to the complex coupled phenomena involved in the magneto-mechanical behavior
of electrical steels. However, the proposed approach remains quite useful for assessing the global impact of the
heterogeneous compaction of electrical steel laminations as commonly performed for high power electrical
machines.

Conclusions and perspectives

The presented work deals with the experimental study of the effect of an industrial compaction process on mag-
netic cores performances. This study was associated to the numerical modeling of the impact of this process. In
particular, an experimental device with a capacity of 5 tons has been developed in order to apply a compaction
effort with and without airvent spacers while being able to both control the mechanical stress distribution but
also characterize the magnetic properties. The significant degradation effect induced by the presence of airvent
spacers has been demonstrated as well as, for the first time, the particular effect of homogeneous compaction
on magnetic properties. Indeed, concerning the latter, a significant deterioration of the normal magnetization
curve, mainly in the saturation knee, is observed as well as a very limited effect on the iron losses, which is quite
different from what is commonly observed when applying mechanical stresses in the plane of laminations. The
physical origins of the behavior observed during compaction along u; are currently difficult to define. The fact of
having a significant degradation on the normal magnetization curve and not on the iron losses can be explained
by the appearance of a potential energy that hinders the domain walls motion in the saturation-knee region.
Moreover, this result opens up new perspectives for the understanding of the magneto-mechanical behavior of
electrical steel laminations for axial mechanical stresses.

Nevertheless, an approach to model the effect of compaction was proposed and validated taking into account
the three-dimensional mechanical stresses present in the magnetic circuit by separating the axial stresses from
the ones in the plane of the laminations. If this approach is valid in the case of compaction, it should be possible
to work on a three-dimensional magneto-mechanical model. Finally, the effect of compaction and the developed
modeling approach can be studied on more complex geometries such as the stator of electrical machines.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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