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Abstract: The paper presents the model of stress dependence of 2D relative magnetic
permeability of anisotropic, grain-oriented M120-27s electrical steel suitable for nite
element method modeling. The proposed model was developed based on experimental
results acquired using the measuring setup with a testing yoke equipped with a Cardan
gyroscopic mechanism and hydraulic press. In the presented model, parameters of the tensor
description of 2D relative magnetic permeability were chosen during the feature selection
process and identi ed during di erential evolution optimization. The good quality of the
proposed model was quantitatively con rmed by the R-squared coe cient, which exceeds
0.997 for all plots of the 2D relative magnetic permeability tensor.

Key words: 2D magnetic permeability, electrical steels, grain-oriented anisotropy, magne-
toelastic e ect

1. Introduction

Due to the possibility of minimization of power loss, grain-oriented, anisotropic electrical steels
play a key role as cores of high-e ciency transformers in power systems [1], hydro-generators [2],
and high-speed traction motors [3]. It is estimated that the worldwide annual production volume of
grain-oriented electrical steel exceeded 6.9 billion USD (in 2022) [4], making this kind of material
one of the most important materials for modern industry.
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On the other hand, the e cient development of electrical machines utilizing cores made
of grain-oriented, anisotropic electrical steels requires the possibility of accurate and e cient
modeling of the functional properties of the key machine components. One of the most commonly
used methods of such modeling is the nite element method [5]. It should be highlighted that the

nite element method enables the modeling of multi-physics interactions [6], such as the in uence
of mechanical stresses on the operation of electrical machines, such as power transformers or
high-speed electrical motors. On the other hand, such modeling requires an accurate model of the
mechanical stress dependence of 2D relative magnetic permeability of electrical steel. From the
practical point of view, this dependence should be described in the tensor form to enable e cient
solving of the ill-posed di erential equations describing magnetic and magneto-elastic systems [7]
in the nite element method.

The recently developed method of modeling magneto-elastic characteristics of 2D relative
magnetic permeability of electrical steels covers the Jiles-Atherton model extension for anisotropic
materials [8 11], complex permeability approach [12], using the theory of orientation distribution
functions [13] and the concept of co-energy [14]. However, the practical application of these
methods for modeling the magneto-elastic characteristics of 2D relative magnetic permeability of
electrical steels in the nite element method is sophisticated from a computational point of view.
Moreover, itisdi cultto calibrate the models to the acquired results of experimental measurements.

The method of modeling proposed in the paper lls the gap. The proposed model can be
applied in nite element modeling environment and enables modeling the mechanical stress
dependence of 2D relative magnetic permeability for stresses applied in the di erent directions
considering the magnetization easy axis of electrical steel.

2. Method of experimental investigation

The developed method for testing the magnetic properties of M120-27s transformer sheets has
been previously described in [15, 16]. The electrical connection diagram and the magnetic circuit
of the measurement system are presented in Fig. 1.

The entire measurement is controlled by a computer with software developed in the LabView
environment. Signal and data processing are carried out using the DAQ NI-USB 6341 data
acquisition and control card. The magnetizing waveform is passed through a Kepco bipolar power
supply and applied to the magnetizing coil of the yoke. Measurement of magnetic ux density in the
yoke is performed by the LakeShore uxmeter model 480. The embedded control system is based
on a microcontroller that communicates with the computer. It executes commands, which involve
precise positioning of the yoke towards and away from the sample and accurate rotation of the yoke.

The computer communicates with an embedded system that controls the stepper motors of
the rotator and the electric linear actuator. Based on readings from the limit switches of the
linear actuator and the mechanism ensuring constant pressure of the yoke against the sample, the
yoke’s approach and retraction from the sample are controlled. The measurement cycle involves
applying tensile stress to the sample. Subsequently, the entire mechatronic system is homed, and
the yoke is rotated to the desired position using the rotator. Next, the yoke is moved towards the
sample until the predetermined pressure of the yoke on the sample is achieved, as determined
by the mechanism ensuring constant pressure. Upon reaching the predetermined pressure, the
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Fig. 1. Schematic block diagram of magnetic circuit and wiring system of measuring setup

yoke is precisely positioned to achieve optimal contact with the sample. This approach ensures
measurement repeatability. In the clamped state, magnetic properties are measured. A photograph
of the actual measurement setup is shown in Fig. 2.

Since the developed setup investigates the full range of magnetic properties of sheets based on
stresses, the angle between the stress direction, rolling direction, and magnetization direction, it
is necessary to adjust the position of the yoke relative to the test sample during measurements.
This requirement poses a challenge in ensuring optimal clamping to minimize the in uence of the
magnetic gap on measurements.

This challenge was addressed by using a specially and carefully designed suspension for the
measurement yoke. The system has four degrees of freedom. Linear movement along the X-axis
allows the yoke to approach and retract from the sample for yoke rotation. Two rotational axes of the
yoke XY and XZaxes allow for accurate alignment of the yoke relative to the sample to eliminate
the formation of a magnetic gap. The fourth degree of freedom the YZ axis enables precise
rotation of the yoke with a resolution of 1.8 during measurements to examine the sample’s magnetic
properties over the full 360 range. The kinematic diagram of the yoke suspension is shown in Fig. 3.

The suspension of the measurement yoke was made from non-magnetic materials, as shown
in Fig. 3. Positioning is achieved by pressing the yoke against the test sample. The pressure is
ensured by a linear drive equipped with a stepper motor. Care was taken to ensure that the pressure
was always applied with the same force by using a linear overload clutch.
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(@ (b)

Fig. 2. Developed automated cushioned yoke system: (a) general view of developed measuring stand; (b)

head system during the operation: 1- hydraulic press system, 2 linear guide with rotator, 3 cushion system,

4 linear actuator, 5 actuators control module, 6 high power voltage to current converter, 7 mechanical
system with electrical steel sample, 8 tested sheet sample, 9 yoke head

(a) (b)

Fig. 3. The mechanical system of the yoke head with 2D Cardan gyroscopic mechanism: (a) kinetic diagram
of automated yoke system head; (b) photograph of the measuring head with Cardan gimbal produced mostly
by the 3D printing
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3. Proposed model of stress dependence of 2D permeability
of electrical steel

Accordingly to the rst-assumption, two-domain model utilizing the e ective pinning en-
ergy [16,17], the generalized, phenomenological description of the mechanical stress  dependence
of the 2D magnetic relative permeability tensor * of grain-oriented, electrical steel can be given as:

+ sin
0 TZH ; " 0 T4” ; "

+§‘"; 0 2!“ 7"; "’ 0

;70 i 0 1

cos-,' "+ sin®,' ™ (€))]
0 T6” ; " 0 T8H ; "

where is the angle between the mechanical stresses  direction and the magnetization easy axis
of the grain-oriented, electrical steel sheet, and ' is the angle between the direction of magnetizing
eld H and the same easy axis.

The proposed model has eight parameters (Ty,,; ":::Tg, "), which are dependent on each
other and lead to ambiguous results of modeling. For this reason, the feature selection [18, 19]
process was applied on the basis of two following criteria:

selected parameters should be independent,

selected parameters should accurately describe the shape of the 2D relative magnetic
permeability plot for all tested values of the mechanical stress  and applied stress angles
considering the easy axis.

The accuracy indicator F is given as:

(@

F= w imodeln; 3 imeas s o ""2; 2
i=1

where imodel @d  imeas are the corresponding results of modeling and measurements, respectively.
The value of the accuracy indicator F was determined during differential evolution optimization [20,21]
to avoid the influences of possible local minima during the optimization process.

The result of the feature selection process indicated that parameters Ty ,,; ", T2,; " Tan; "
and Tz, ; T"aresu cientto create the unambiguous and accurate model. As a result of the feature
selection process, the model reaches the form:

Tln ; " 0 0 0 0 O 2 T7n ; " 0 - 6
A= + sin®,' " + cos‘,' "+ sin®," ”; (3)
0 T 7 0Ta,; 7 00 0 0

which leads to the final form of the proposed model of the 2D magnetic relative permeability tensor:

Ti,; "+Tg,; "sin®'” 0
n= g ! : (@)

0 T, "+Ta,; "sin?'"
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The anisotropic form of the * tensor, given by Eqg. 4, is a simple consequence of the domain
walls pinning energy anisotropy [17,22,23]. The source of this anisotropy is a strain caused both
by the rolling process as well as external load. The physical mechanism of this phenomenon
is based both on magnetoelastic interactions in magnetostrictive materials and on the simple
geometrical deformations of domain walls pinning centers. The trigonometrical expansion of
anisotropic pinning energy imposes only even terms to be non-zero. In the resulting form of the *
tensor (given by Eq. 4), exclusively these trigonometrical terms have been left which are the most
crucial in the tting of experimental data.

It should be highlighted that in anisotropic materials magnetized by the magnetizing eld H
applied at the angle to the direction of the material’s easy axis, the ux density B is not parallel to
the vector H . As a result, the relative magnetic permeability ~ observed in the direction is deter-
mined by the projection of a vector B,,H ” on the direction of the vector H asit is presented in Fig. 4.

Fig. 4. Magnetizing eld H inducing ux density vector B,H " in anisotropic material and its projection on
the vector H

For the presentation of the relative permeability tensor * in the form of the polar plot, the
value of the relative permeability  at the angle is calculated on the basis of the dot product
determining the projection of a vector B,H " on the direction of the vector H :

T o= 0 _2‘; ®)

where g is the magnetic constant. Such an approach is judged from the practical point of view
due to the fact that in most technical applications, due to coil winding con guration, the ux
density B in anisotropic magnetic materials is measured in the direction of the magnetizing eld
H, as a projection of a vector B,H " on the direction of the vector H .

Considering the fact that * is the 2D relative magnetic permeability tensor:

#H = (6)
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The relative permeability  on the polar plot can be calculated as:

.
P 2
Ti,; "+Tg,; 7sinb'” 0 # sin’ # H sin' #H )
0 To,; "+T4,; 7sin?'” cos' cos’
) HZsin®* + H2cos®' ’
which can be easily simpli ed to the form:
c = T, U+ Ty, Usin®) 7 ocos?, T4y, "+ Ty, Usin?, Vsin?)' 7 (8)

According to this notation, the results of the application of the proposed model for the modeling
of the 2D relative permeability tensor *,; 7 of M-120-27s grain-oriented electrical steel sheets
are presented in Fig. 5. Parameters for modeling a function,,; " were identi ed by the di erential
evolution optimization process during the feature selection. The plots of dependence of parameters
Ti.; "T2n; " Ta,; "andTy,; "arepresented in Fig. 6.

@ ()
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(e)

Fig. 5. The results of measurements (dots) modeling (solid line) the 2D relative permeability tensor *,, ;

of M-120-27s grain-oriented electrical steel sheets: () =0 MPa; (b) = 18:9 MPa; (c) = 44:0 MPag;

(d) =69:1MPa;(e) =94:3MPg,fordi erentvalues of angle between the magnetization easy axis
and the direction of applied stresses (blue: =0, red: =45 ,magenta: =90 )

”

@ (b)

(© (d)

Fig. 6. The results of the model’s parameters stress  and stresses-easy axis angle dependence identi cation
using the di erential evolution optimization: (a) T1,,; " (b)) T2,; () Ta,; 7@ T7,; 7
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The presented results clearly con rm that the proposed model very well reproduces the 2D
relative magnetic permeability tensor *,; " of M-120-27s grain-oriented electrical steel sheets.
It should be highlighted that for the moderate range of magnetizing elds (for the amplitude Hp,
was equal to 750 A/m), both the changes of the shape of the 2D relative magnetic permeability
tensor *,; " aswell as its values are well described. This quality is quantitatively con rmed by
the R-squared coe cient [24,25], which quanti es the part of the variation in experimental results
explained by the model. It should be highlighted that the R-squared coe cient exceeds 0.997 for
all plots of the 2D relative magnetic permeability tensor *,; " of M-120-27s grain-oriented
electrical steel sheets.

However, the physical background of the description of the changes in parameters Ty ,,; 7,

Ton; " T4,; "andTy,; 7isdi culttoexplain. On the other hand, for practical use of the
model for nite element method (FEM) modeling, such an explanation is not crucial. As a result,
an explanation of the physical background of Ty,,; ", T2,; " T4,; "andT;,; "mightbe

the subject of further investigation.

4. Implementation of the model to FEM software

The proposed model was implemented in the nite element modeling ELMER FEM open-
source modeling environment [26,27] as the additional Fortran library. For the test case, the 3-phase
transformer was modeled based on the existing T3M 150 solution from Breve Tufvassons Ltd. An
elaborated 3D model of the transformer is presented in Fig. 7(a). The dimensions of the core of
the transformer are 12.2 cm (length), 15 cm (height), and 5.5 cm (width). The tetrahedral mesh
for the model, presented in Fig. 7(b), was generated using open-source NETGEN software, part of
the NGsolve toolbox. The number of tetrahedral elements in the core and in each transformer’ coil
was 1485 689 and 583 393, respectively.

@) (b)

Fig. 7. The model of the 3-phase transformer: (a) 3D model (yellow a magnetic core, green  winding); (b)
tetrahedral mesh for the model
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For the modeling of the mechanical stress distribution in the transformer’s core, the 3D model
was reduced to a planar system. This was possible due to the system’s z-axis symmetry. The results
of modeling the mechanical stress  tensor under the tensile force F applied in the y-axis direction
are presented in Fig. 8. Due to the unimportant contribution to the total mechanical stresses, shear
stresses yy were neglected.

@) (b)

Fig. 8. Results of modeling the mechanical stress  distribution in the transformer’s core under the tensile
force F = 88 kN applied in the y-axis direction: (a) xx; (b) yy

Considering the fact that the 3-phase transformer core is a laminated core, the in uence of eddy
currents on the magnetic system was neglected. Figure 9 shows the real and imaginary ux density
B distribution parts in the modeled core. The modeling was carried out for the sine wave-shaped
magnetizing eld with an amplitude Hp, equal to 750 A/m. The ux density B distribution in the
core is presented in Fig. 9 for both its real and imaginary parts.

@) (b)

Fig. 9. Results of modeling the ux density B distribution in the transformer’s core under the tensile force
F = 88 kN applied in the y-axis direction: (a) real part of B; (b) imaginary part of B
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The mechanical stress  dependence of the amplitude of the ux density B is presented in
Fig. 10. The plot was elaborated considering the assumption of a sine wave magnetizing eld with
a given amplitude Hp, equal to 750 A/m, and the amplitude of the ux density B was measured in
the center of the central middle column of the three-phase transformer. It can be observed that the
amplitude of the ux density B is nearly proportional to the magnetic relative permeability of
grain-oriented electric steel sheets in the direction of the easy axis and drops from 0.71 T without
stresses to 0.21 T for tensile stresses  equal 94.3 MPa. This phenomenon is caused by the fact
that the magnetic permeability of the core’s columns plays a key role in determining the functional
properties of the three-column frame-shaped transformer’s core.

Fig. 10. Mechanical, tensile stress  dependence of the amplitude of ux density B. The amplitude of the
ux density B was measured in the center of the central middle column of the three-phase transformer

5. Conclusions

The presented results con rm that the phenomenological model of the mechanical stress
dependence of the 2D relative magnetic permeability tensor *,; " e ciently reproduces
the results of experimental measurements carried out for anisotropic grain-oriented electrical
steel M-120-27s. The quality of the model is con rmed by the determination of the R-squared
coe cient, which exceeds 0.997 for the tensile stresses  up to 94 MPa applied in various
directions considering the magnetization easy axis.

The proposed model of the 2D relative magnetic permeability tensor *,,; " can be simply
applied in nite element modeling environments, such as the open-source ELMER FEM. The
results presented in modeling the tensile stress  dependence of functional properties of a three-
phase transformer operating in the current driving mode con rm that the stress dependence of
magnetic properties of M-120-27s electrical steel should be considered during the development of
electrical devices. It should be highlighted that under the tensile stresses up to 94 MPa, amplitude

ux density and corresponding transformer output voltage drop by over 70%. This e ect should
be considered during the machine development process and observed in technical modeling.
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