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A B S T R A C T

In magnetic device modeling, the crystallographic textures and microstructures of electrical steels critically
influence their magnetic properties. Yet, these aspects are often neglected or inadequately represented in
finite element (FE) models, leading to inaccuracies in predicting electrical steel performance, especially in
complex electromagnetic environments. This paper presents a multi-scale modeling approach, integrating a
macroscopic FE model of a magnetic device with a microstructural scalar permeability model that accounts for
the crystallographic textures of electrical steels. This approach demonstrates proficiency in predicting nonlinear
anisotropic permeability and capturing magnetic anisotropy of electrical steels within a rotational tester,
especially when anisotropy is predominantly governed by crystallographic texture and the angles between
the 𝐁 and 𝐇 vectors are minimal. Furthermore, the model effectively captures the magnetic anisotropy in
complex magnetic fields and geometric configurations of a permanent magnet motor. A comparative analysis
of this model is conducted against three other material models: an isotropic model, a two-axis model, and
a general-vector model. These models are based on different approaches, ranging from a single non-linear
BH curve to comprehensive vector BH curves covering all directions. Among them, the general-vector model,
reliant on extensive 2D vector BH measurements, is the most accurate but requires substantial experimental
data.
1. Introduction

Electrical steels, being the predominant soft magnetic materials,
constitute over 95% of production volume in this domain. They are
widely used as magnetic core materials of electromagnetic devices [1,
2]. Complex rotating magnetic fields are significant in the cores of
electromagnetic devices, especially at the T-joints of multiphase trans-
formers and at the junctions between the teeth and yokes of electrical
machine stators [3,4]. This complexity necessitates a comprehensive
characterization of the magnetic properties of electrical steels under
such fields to enhance the precision of electromagnetic numerical
analyses.

The magnetic properties of electrical steels are primarily governed
by the dynamics of their magnetic domains, which are significantly
influenced by the material’s crystallographic texture and microstruc-
tural features. Given this intricate relationship, it becomes imperative
to incorporate these factors into the development of magnetic prop-
erty models. Presently, most models in this field rely predominantly
on mathematical curve fitting grounded in macroscopic experimental
data [5–8]. Commonly used in commercial electromagnetic analysis
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software such as ANSYS and COMSOL, the isotropic material model
typically employs a single H–B curve. This curve is either derived from
measurements along the rolling direction or averaged from multiple
orientations. Two-axis material models, as reported in e.g., [9,10],
incorporates two B–H curves measured along orthogonal axes. This
approach enables the model to capture variations in magnetic prop-
erties between these directions. On the other hand, the vector material
model, detailed in [11,12], uses interpolation matrices to represent the
complex interactions between 𝑩 and 𝑯 amplitudes and phases across
various orientations, effectively accounting for material anisotropy. Al-
though these measurement-based methods mathematically robust, they
often fall short in accurately reflecting the actual magnetic behavior
and the underlying physics, primarily due to the neglect of essential
microstructural characteristics. This oversight can lead to consider-
able errors in magnetic field estimations and loss predictions within
finite element (FE) modeling of electromagnetic devices. Additionally,
approaches like the vector material model, necessitate the collection
of substantial experimental data, further complicating the modeling
process.
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Fig. 1. Finite Element model representation of a 2D rotational tester. The inset table provides key details about the geometry and meshing and essential parameters of the model.
In addressing the prevalent challenges in the field, this paper intro-
duces a pioneering approach by integrating a microstructural magnetic
model within macroscopic FE models. This innovative model considers
both the microstructure and crystallographic textures of electrical steels
and can predict anisotropic permeability accurately without relying on
extensive experimental measurements. This advancement significantly
bolsters the efficiency and accuracy of simulating electrical steel prop-
erty behaviors in rotating fields. Furthermore, our approach sheds light
on the underlying mechanisms and the profound impact of magnetic
anisotropy in electrical steels associated with crystallographic texture,
particularly in scenarios involving complex magnetic fields and geomet-
rical configurations. The novel integration of microstructural insights
into macroscopic modeling paves the way for deeper understanding in
the domain of electrical steel performance.

2. Description of the models

The present multi-scale model consists of a microstructural perme-
ability model and a macroscopic FE magnetic device model. The former
predicts anisotropic permeability given the crystallographic texture and
a polycrystalline microstructure of the material. The latter takes the
predicted anisotropic permeability as input defining the electrical steels
in the device FE model to predict the magnetic performance of the
electrical steels.

2.1. Finite element device model

Fig. 1 shows the macroscopic FE model of a simplified 2D rotational
tester. It consists of a magnetic yoke with four poles, two for each axis.
A square electrical steel sample is centrally located with a 2 mm air gap
with the poles. The excitation coils are wound around the teeth with
80 turns each in accordance with the actual measurement system [13].
The model contains 3402 triangular elements. The number of elements
and assigned material model of each part are given in the inset table in
Fig. 1. First order nodal shape function is used in the FE discretization.
The X-coil and Y-coil are supplied with sinusoidal currents with a 90◦

phase lag to force a rotational field for the sample. The 2D field problem
formulated with magnetic vector potential A and fixed-point method is
shown as follows

∇ × 𝑣𝐹𝑃 (∇ × 𝐀) + 𝜎 𝜕𝐀
𝜕𝑡

= 𝐉 − ∇ ×𝐌 (1)

where 𝑣𝐹𝑃 is the fixed-point coefficient, 𝐉 the applied current and 𝐌
the fixed-point residual magnetization. We choose fixed-point method
for its robust convergence. It is well known that the Newton method
sometimes encounters convergence problems since asymmetric or ill-
conditioned Jacobian matrix may arise during iterations when dealing
with materials with strong anisotropy or hysteresis. 𝐌 is determined
from the microstructural permeability model described in Section 2.2
or the measurements-based material models described in Section 2.3.
More details about the FE implementation can be found elsewhere [14].
2

2.2. Microstructural scalar-permeability model

In our study, we use a FE microstructural magnetic model which in-
corporates crystallographic texture, referred to as FEMTEX, to predict
anisotropic scalar effective permeability values. This model, elaborated
in [15], utilizes microstructure data derived from electron backscatter
diffraction (EBSD) to accurately define the geometry of each grain
within the FE framework. In this model, every grain is considered an
individual entity, characterized by its unique FE material property—
specifically, its relative magnetic permeability. A uniform background
magnetic flux density, 𝐵𝑏, is applied across the model. An External
Vector Potential boundary condition is applied along the circumference
of a circle, with a diameter quintuple the size of the microstructure.
This configuration, implemented in COMSOL Multiphysics, simulates
the air surrounding the modeled structure.

The relative permeability for a given grain 𝑖, denoted as 𝜇𝑖, is
derived from an empirical formula inspired by magnetocrystalline
anisotropy energy, as reported in [16]:

𝜇𝑖 = 𝜇100+4(𝜇110−𝜇100)(𝛾2𝑥𝑖𝛾
2
𝑦𝑖+𝛾

2
𝑦𝑖𝛾

2
𝑧𝑖+𝛾

2
𝑧𝑖𝛾

2
𝑥𝑖)+9(3𝜇111+𝜇100−4𝜇110)(𝛾2𝑥𝑖𝛾

2
𝑦𝑖𝛾

2
𝑧𝑖) (2)

where 𝜇100, 𝜇110 and 𝜇111 represent the permeability of a single crystal
along the ⟨100⟩, ⟨110⟩ and ⟨111⟩ directions respectively. The direction
cosines 𝛾𝑥𝑖, 𝛾𝑦𝑖 and 𝛾𝑧𝑖 of 𝐁𝑏 vector are calculated with respect to the
[100], [010] and [001] respectively, using grain orientation data from
EBSD. The effective permeability 𝜇𝑒

def
= 𝐵

𝜇0𝐻
is averaged over the entire

microstructure where 𝜇0 is the permeability for free space and 𝐵 and
𝐻 are the magnitude of the solved 𝐁 and 𝐇 vectors respectively.

2.3. Measurement-based material models

This section outlines three measurement-based material models,
each exemplifying a distinct approach to modeling BH behavior in
electrical steels. These models include an isotropic nonlinear BH be-
havior model and two models that approximate observed anisotropic
nonlinear BH behaviors. They serve as benchmarks against the FEMTEX
model.

Isotropic material model. The isotropic material model simplifies the BH
relationship to a single scalar non-linear curve, denoted as 𝐻 = 𝑓 (𝐵),
where 𝐵 is along the RD. In this model, anisotropy is not consid-
ered, making it a straightforward, albeit inaccurate, representation of
magnetic properties.

Two-axis material model. As a preliminary step towards capturing mag-
netic anisotropy, a two-axis material model is introduced. This model is
based on BH curves measured along two orthogonal directions: RD and
TD. Typically, the highest and lowest permeabilities are observed along
the RD and TD, respectively. These curves are expressed as 𝐻𝑥 = 𝑓𝑥(𝐵𝑥)
and 𝐻𝑦 = 𝑓𝑦(𝐵𝑦, ). Scalar BH curves measured from RD and TD were
used for the 𝑥 and the 𝑦 component respectively. This approximation
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is equivalent to a diagonal 2D permeability tensor,
[

𝜇𝑥𝑥
𝜇𝑦𝑦

]

where

𝜇𝑥𝑥 and 𝜇𝑦𝑦 are defined by 𝐻𝑥 = 𝑓𝑥(𝐵𝑥) and 𝐻𝑦 = 𝑓𝑦(𝐵𝑦), respectively.
This approach is referred to as two-axis model in this paper.

General vector material model. For a more comprehensive representa-
tion of anisotropy, the general vector material model is introduced. In
this model, the vector 𝐇 considered as a function of the vector 𝐁 is
expressed by 𝐻𝑚 = 𝑓 (𝐵𝑚, 𝜃𝐵) and 𝜃𝐻 = 𝑔(𝐵𝑚, 𝜃𝐵), where the subscript 𝑚
denotes magnitude and 𝜃𝐻 and 𝜃𝐵 the direction of 𝐇 and 𝐁 vector with
respect to RD. Functions 𝑓 and 𝑔 are derived from the vector BH mea-
surements using the 2D rotational tester describe in Section 3.2. This
method is equivalent to using a generalized non-diagonal non-linear

permeability tensor
[

𝜇𝑥𝑥 𝜇𝑥𝑦
𝜇𝑦𝑥 𝜇𝑦𝑦

]

.

It is important to note that none of these models – the isotropic, two-
axis, or general-vector – directly incorporate crystallographic textures.
Instead, they approximate the observed magnetic anisotropy based
solely on experimental measurements. Whilst the FEMTEX model does
require foundational microstructural data, its requirement for mag-
netic measurement data is significantly less extensive than that of the
general-vector model, making it a more efficient option in settings
where detailed microstructural data is available but extensive magnetic
characterization is challenging.

3. Materials and experimental details

A commercial Grain-Oriented (GO) steel sheet of 0.27 mm thick and
a non-oriented (NO) steel sheet of 0.35 mm thick were selected in this
study.

3.1. Microstructure and crystallographic texture characterization

The distinctive coarse grain structure and pronounced single texture
of GO steel confer properties akin to those of a single crystal, particu-
larly regarding the influence of crystallographic texture on magnetic
anisotropy. As a result, Eq. (2) can be directly applied to estimate
the permeability at a first approximation. This approach circumvents
the necessity for extensive EBSD data collection, which, due to the
steel’s extremely coarse grains, would require a large sampling area for
representativeness. In this framework, the RD aligns with the ⟨100⟩ di-
rections while the TD corresponds to the ⟨110⟩ directions. Furthermore,
a 55◦ orientation from the RD, within the rolling plane, approximately
aligns with the ⟨111⟩ directions. Consequently, the permeability mea-
surements of GO steel along the RD, TD, and 55◦ from RD, at varying
magnitudes of magnetic flux density (B), are appropriated as the 𝜇100,
𝜇110 and 𝜇111 values, respectively, in our FEMTEX model.

A NO steel sample, measuring 10mm × 11mm, was prepared for
metallographic examination and EBSD analysis of its sheet plane. EBSD
data were acquired with a step size of 0.3 μm. As depicted in Fig. 2, the
inverse pole figure (IPF) maps reveal the microstructure and crystal-
lographic texture of the sample. This data was then transformed into
a microstructure in polygonal representation using our EBSD Polygo-
nizer software [17] for input into the FEMTEX model. The resultant
microstructural representation, shown in Fig. 2(e), demonstrates a high
level of accuracy in the conversion process. Additionally, the mean
orientation of each grain, averaged using the Aztec Crystal software
from the EBSD data, was utilized to calculate the permeability of
individual grains in the FEMTEX model.

3.2. Macroscopic magnetic measurements

The sample dimensions for magnetic property characterization are
50mm×50mm. A vector B–H sensing setup comprising B needle probes
and H coils was utilized. This assembly was positioned over the center
of the square sample to accurately measure the magnetic flux density
3

and field intensity vectors, 𝐁 and 𝐇, respectively. A sophisticated digital G
feedback algorithm facilitated the precise control of the measured 𝐁
field. This allowed for configurations to be either uniaxial at any chosen
angle relative to the RD or in a circular pattern, as is standard in
such measurements and illustrated in Fig. 3. The measurements in this
paper were carried out at 10 Hz. Comprehensive details about these
measurement techniques are discussed elsewhere [13].

4. Results and discussion

4.1. Model parameters: single crystal permeability

Fig. 4(a) displays the permeability curves measured from a GO
sample along the RD, TD, and at 55◦ from the RD. These measurements
serve as approximations for the single crystal permeability values along
the ⟨100⟩, ⟨110⟩, and ⟨111⟩ directions in the FEMTEX model, considering
that the orientation of GO grains typically deviates by less than 5–10◦

from the Goss orientation ({110}⟨001⟩) [18]. Notably, at magnetic flux
ensities below 1T, the permeability 𝜇111 exceeds 𝜇110, indicating that
he TD, rather than the direction 55◦ from RD (close to ⟨111⟩), is the
ardest magnetization direction. This phenomenon can be attributed
o the bi-axial tensile stress, most pronounced along the RD [19,20],
rom the coating overshadowing the magnetocrystalline anisotropy
nd substantially diminishing permeability along the TD. However,
t higher magnetic fields, the influence of grain orientation becomes
ore pronounced, overweighting the stress effects. Fig. 4(b) shows the
redicted effective permeability as a function of 𝜃𝐵 , as determined by
he FEMTEX model using the measured 𝜇100, 𝜇110 and 𝜇111 values.

Directly employing experimental data along three specific direc-
ions is not feasible for modeling polycrystalline NO steel. Instead,
hese parameters have been derived through optimization, specifically
ia nonlinear least-squares fitting of the modeled permeability across
ngles from 0◦ to 90◦ at a 10◦ interval against experimental measure-
ents. Fig. 5(a) displays the fitted parameters as a function of magnetic

lux density. Similar to the GO sample, 𝜇100 is significantly higher than
oth 𝜇111 and 𝜇110. Fig. 5(b) compares the fitted permeability with the
easured values at only selected 𝐵 magnitudes for enhanced visibility.
hile a reasonable fit has been achieved overall, the quality of the fit

t lower 𝐵 values is somewhat less accurate. This discrepancy is likely
ue to the pronounced stress effects favoring permeability along the
D. However, at higher 𝐵 values (above 1.3 T), the predicted curves
lign well with the experimental data.

.2. Prediction of magnetic flux density distribution in rotational testing
amples

Fig. 6 contrasts the magnetic flux density distributions predicted
y four distinct material models, with the 𝐁 and 𝐇 vectors repre-
ented by small arrows superimposed on the distributions. The isotropic
odel prediction (Fig. 6(b)) exhibit a uniform 𝐵 distribution across

he sample. In contrast, both the FEMTEX (Fig. 6(a)) and the general-
ector (Fig. 6(d)) models predict a pronounced anisotropy, evident in
eightened 𝐵 values averaging around 1.3 T, particularly in diagonal
egions. The two-axis model (Fig. 6(c)), on the other hand, foresees

weaker anisotropy in the central area, with a higher average 𝐵
alue, approximately 1.4 T. Notably, both the two-axis and the general
ector models are capable of predicting the angles between the 𝐁
nd 𝐇 vectors, owing to their effective implementation of tensorial
ermeability. In comparison, the isotropic and the FEMTEX models
redict co-linear 𝐁 and 𝐇 vectors.

.3. Rotational 𝐁𝐇

Fig. 7 presents the predicted 𝐇 loci of GO steel in response to a
otational 𝐁 field at 0.3 T and 1.4 T using various material models,
ompared against measurements from a 2D rotational tester. At 0.3 T,

O steel displays pronounced elliptical anisotropy, with the RD and TD
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Fig. 2. Inverse Pole Figure (IPF) maps and converted microstructure for integration into the FEMTEX Model. Panels (a) through (c) display the IPF maps for the RD, TD, and
ND poles of the NO steel sample, showcasing the crystallographic orientation distribution. Panel (d) provides the color key essential for interpreting these IPF maps. Panel (e)
illustrates the microstructure, transformed from the EBSD data and readied for incorporation into the FEMTEX simulation environment. The microstructure visualized in the IPF
maps are cohesively represented in the microstructure displayed in Panel (e), underscoring the fidelity of the microstructure conversion. The microstructure is specifically aligned
for the RD–TD plane.
Fig. 3. Schematic representation of magnetic measurements. Panel (a) illustrates uniaxial magnetization, characterized by a magnetic flux density of 𝐵𝑚 oriented at an angle 𝜃𝐵
degrees with respect to the RD. Panel (b) shows circular magnetization with a consistent magnetic flux density of 𝐵𝑚. Note that the crystal orientations depicted for the axes are
specific to the GO steel sample and do not apply to NO materials.
corresponding to the short and long axes of the 𝐇 magnitude ellipse,
respectively. The predictions from both the two-axis and general-vector
models align closely with these measurements, whilst the FEMTEX
model does not accurately capture this observed anisotropy. At higher
magnetic flux density (𝐵), 1.4 T, the material demonstrates increased
anisotropy, with a peak in 𝐻 at 55◦ from RD, the lowest trough
along RD, and a medium trough along TD. This pattern correlates
with the hard (⟨111⟩), easy (⟨100⟩), and medium (⟨110⟩) axes in cubic
crystals, respectively. Such alignment suggests that crystallographic
texture predominantly influences the magnetic anisotropy at high flux
densities. At lower 𝐵 levels, however, the hard direction is less evident
in the 𝐇 loci due to the stress effect associated with the coating.
The two-axis model, based on the RD and TD measurements, captures
4

this bi-axial anisotropy at lower 𝐵. Nevertheless, at higher 𝐵, where
magnetocrystalline anisotropy surpasses stress-induced effects, the two-
axis assumption is inadequate for GO steels since the hard direction
in GO lies at approximately 55◦ relative to RD. Thus, such magnetic
anisotropy cannot be accurately described by a diagonal permeability
tensor, leading to the limited efficacy of the two-axis model at high 𝐵,
as evident in Fig. 7(e).

While the FEMTEX model accurately captures the general trend of
values along the three directions (RD, TD, and 55◦ from RD), notable
discrepancies are observed in the 𝐇 values between these directions,
as shown in Fig. 7(e). These discrepancies could be attributed to the
inherent limitations of the FEMTEX model as a scalar permeability
model, which invariably predicts 𝐁 to be parallel to 𝐇. Figs. 7(c) and
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Fig. 4. (a) Illustrates the FEMTEX model parameters for GO steel, showcasing the single crystal permeability along the ⟨100⟩, ⟨110⟩, and ⟨111⟩ directions at various magnetic
flux densities (𝐵). (b) Presents the predicted full effective permeability curves as a function of the angle (𝜃𝐵) with respect to the RD for different 𝐵𝑚 values, demonstrating how
permeability varies with both flux density and angular orientation.
Fig. 5. (a) FEMTEX model parameters for NO steel, demonstrating the fitted single crystal permeability values along the ⟨100⟩, ⟨110⟩, and ⟨111⟩ directions across varying magnetic
flux densities (𝐵). (b) Shows the modeled permeability curves as functions of angle (𝜃𝐵) relative to the RD, from 0◦ to 90◦, for different magnetic flux densities (𝐵𝑚). This illustrates
the model’s fitting accuracy under varying magnetic conditions.
(f) reveal that, except in certain principal directions near RD, TD, and
55◦ from RD, the angle between 𝐁 and 𝐇, denoted as 𝜃𝐵𝐻 , can rise
up to 65◦ in GO steels. Such significant deviations are not trivial and
highlight the inadequacy of scalar permeability models, including both
the isotropic and FEMTEX models discussed in this study, in capturing
the influence of 𝜃𝐵𝐻 on the 𝐇 loci, leading to noticeable inaccuracies
in their predictions. Accurate prediction of magnetic anisotropy in GO
steels necessitates the use of tensorial permeability. The general-vector
model, grounded in extensive experimental data, demonstrates the ca-
pability to effectively model materials ranging from weakly anisotropic
to strongly anisotropic in nature.

Fig. 8 illustrates the predicted 𝐇 loci of NO steel under a rotational
𝐁 field at both 0.3 T and 1.4 T, using various material models and
compared these predictions with actual measurements. Notably, the
measured angle 𝜃𝐵𝐻 for NO steel is significantly lower than that of
GO steel at both flux densities, as depicted in Fig. 8(c) and (f). In this
context, the FEMTEX model proves effective in predicting the 𝐇 loci
for both 0.3 T and 1.4 T, given that the small 𝜃𝐵𝐻 introduces minimal
inaccuracies. The general-vector model’s predictions also align well
with the measurements. However, the two-axis model performs poorly
in predicting the 𝐇 loci for NGO steel, tending to overestimate the angle
𝜃 .
5

𝐵𝐻
The implementation of the general-vector model necessitates a sub-
stantial dataset of 2D vector BH measurements to construct a compre-
hensive lookup table for precise interpolation. In contrast, a tensorial
permeability microstructural model, as proposed in [21], could obviate
the need for extensive measurements by predicting permeability tensors
based on crystallographic textures and microstructures. Similar to the
FEMTEX model, this approach would require only a limited set of ma-
terial parameters, which are independent of textures and can be readily
measured. Currently, work is underway to integrate this predicted
tensorial permeability from the microstructural tensorial permeability
model into FE device simulations.

5. Case study: Application in the modeling of a permanent magnet
motor

To evaluate the effectiveness of our multi-scale approach in captur-
ing magnetic anisotropy amidst complex magnetic fields and geomet-
rical configurations, we have integrated the FEMTEX material model
into the FE model of a permanent magnet motor. This implementation
primarily aims for qualitative demonstration rather than exhaustive
modeling with experimental validation. For this purpose, the model
was developed by modifying an example model from the COMSOL
Application Library (Application ID: 97091). Fig. 9 depicts the model’s
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Fig. 6. Comparison of predicted magnetic flux density distributions and vector orientations using four material models. Each panel illustrates the magnitude of 𝐁 (color gradient)
and the orientation of the 𝐁 and 𝐇 vectors (represented as arrows) for (a) the FEMTEX model, (b) the isotropic model, (c) the two-axis anisotropic model, and (d) the general
vector anisotropic model. This visualization highlights the differences in magnetic behavior predicted by each model.

Fig. 7. Comparison of the measured and predicted 𝐁 and 𝐇 loci for GO steel using four different material models, analyzed at both low and high magnetic flux densities. Panels
(a) and (d) illustrate the 𝐁 loci at 0.3 T and 1.4 T, respectively. Panels (b) and (e) depict the 𝐇 loci at the corresponding flux densities of 0.3 T and 1.4 T. Panels (c) and (f) show
the angle between 𝐁 and 𝐇 vectors, denoted as 𝜃𝐵𝐻 , at 0.3 T and 1.4 T, respectively. This set of figures effectively demonstrates the variation in magnetic response at different
flux density levels across the material models.
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Fig. 8. Comparison of the measured and predicted 𝐁 and 𝐇 loci for NO steel using four different material models, analyzed at both low and high magnetic flux densities. Panels
(a) and (d) illustrate the 𝐁 loci at 0.3 T and 1.4 T, respectively. Panels (b) and (e) depict the 𝐇 loci at the corresponding flux densities of 0.3 T and 1.4 T. Panels (c) and (f) show
the angle between 𝐁 and 𝐇 vectors, denoted as 𝜃𝐵𝐻 , at 0.3 T and 1.4 T, respectively. This set of figures effectively demonstrates the variation in magnetic response at different
flux density levels across the material models.
Fig. 9. Geometry and material of a permanent magnet motor model. This illustra-
tion details the configuration of various components including stators, rotors, coils,
permanent magnets, and shaft.

geometry and materials. The model comprises a stator and a rotor
made of NO electrical steels, 24 multi-turn coils for three phases in
specific orientations, 5 outward and 5 inward permanent magnets, and
a stainless steel shaft. A DC current of 1 A is applied, and a parametric
sweep of the initial angle of permanent magnets, 𝜃𝑖𝑛𝑖, is conducted.
All material parameters, except for those of the stator and rotor, are
sourced from the COMSOL Materials Library. For the stator and rotor,
two External Materials Libraries incorporating the FEMTEX material
model and the isotropic material model for comparison were employed.
A detailed description of the example model is available online [22].
7

Fig. 10 presents the local effective permeability distribution using
both the FEMTEX and isotropic material models for the stator and
rotor. Notably, a pronounced magnetic anisotropy is evident in the
stator laminate when accounting for the crystallographic texture of the
electrical steels through the FEMTEX model, with higher permeability
predominantly aligning or orienting towards the RD direction (x-axis).
Conversely, the isotropic material model, based on measured non-linear
scalar BH curve and commonly used in FE modeling of electric motors,
fail to represent this magnetic anisotropy.

6. Conclusions

Accurate prediction of magnetic anisotropy and performance in
electrical steels, particularly under complex magnetic fields, neces-
sitates the use of anisotropic material models in macroscopic finite
element analyses. In this context, we employed the FEMTEX model, a
microstructural scalar permeability model, to predict nonlinear scalar
anisotropic permeability given the single-crystal permeability values,
namely 𝜇111, 𝜇110, and 𝜇100, along the ⟨100⟩, ⟨110⟩ and ⟨111⟩ directions.
This model accounts for crystallographic texture and polycrystalline
microstructures. FE device simulations using predictions from the FEM-
TEX model effectively captured the magnetic anisotropy in electrical
steels within a rotational tester. This model proved particularly suc-
cessful when anisotropy was dominated by crystallographic texture
and the angle between 𝐁 and 𝐇 was small. However, tensorial per-
meability becomes essential for accurately predicting anisotropy in
scenarios with very strong textures and significant angles between
𝐁 and 𝐇 vectors. The general-vector model, while aligning closely
with measurements, requires extensive 2D vector BH measurements
for accurate predictions. Conversely, the two-axis model exhibited
limitations in predicting the anisotropy of both Grain-Oriented (GO)
and Non-Oriented (NO) steels, except in cases with two orthogonal
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Fig. 10. Comparison of the predicted permeability distribution within the motor using (a) the Isotropic material model and (b) the FEMTEX material model at different initial
angles of the permanent magnets. These distributions highlight the impact of the FEMTEX model considering the crystallographic textures on capturing the magnetic anisotropy in
the motor components.
principal directions aligning with the easy and hard magnetization
directions. The multi-scale approach employing the FEMTEX model
also demonstrated proficiency in capturing magnetic anisotropy amidst
complex magnetic fields and geometries in a permanent magnet motor.
This contrasts with the isotropic model, which is commonly used in FE
modeling of electric motors but falls short in accurately representing
such anisotropy.
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