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This work focuses on the vectorization of the magnetic anisotropy model for grain-oriented steel sheets by exploiting coenergy
computation and interpolation methods. The proposed approach is based on a modified representation of coenergy isocontours in
elliptical form and introduces further improvements with the integral form of the error functions and Fourier series expansion. This
will provide a remedy for the deficiencies of the aforementioned approaches and introduce a more robust framework for modeling

and simulating the anisotropic magnetic response.

Index Terms—Grain-oriented electrical steel, Magnetic anisotropy, coenergy modeling, elliptical contours, vectorization.

I. INTRODUCTION

RAIN-ORIENTED electrical steels (GOES) are crucial

materials in energy-efficient electrical machines, where
magnetic anisotropy is a critical performance factor [1].
This type of steel sheet is manufactured to exhibit a unique
crystal structure in which its grains are oriented toward one
direction, i.e., the Rolling Direction (RD). Understanding
and accurately modeling the anisotropy is important to
improve such machine designs and operations [2]. Traditional
scalar magnetic models that have been applied so far turned
out to be quite effective for applications but lacked the
capability of capturing the vectorial behavior of magnetic
fields, particularly when energy-based analyses are involved.
The coenergy approach creates a promising framework for
enhancing the precision and applicability of such models [3].
Advances in computational techniques have further enhanced
the applicability of coenergy-based models, enabling their
integration into complex CAD tools for electromagnetic design.

For a long time, modeling such anisotropy has been a
challenge. The early approaches used diagonal permeability
tensors to define the permeability along major directions such
as RD, Transverse Direction (TD), and Orthogonal Direction
(OD), assuming linear interpolation for the other directions,
which proved inaccurate [4]. The nonlinear elliptical models
were improvements but still did not capture the full character
of the complex anisotropic behavior [5]. The later models
based on the first magnetization curves had improved accuracy
but required extensive experimental data [6]. The orientation
distribution theory models tried to minimize this dependency,
but the need for many nonlinear coefficients in those models
made them unsuitable for practical engineering use. Recent
works, inspired by [7], model the B(H) relationship using
Gaussian cumulative distribution functions; this approach has
proved promising in balancing accuracy and practicality [8].
However, it is still a scalar model and hence cannot fully
capture the full vectorial behavior of B and H . This motivates
the development of methods that extend these models into a

vectorial framework, to fully represent anisotropic magnetic
behavior.

In most practical situations, the magnetization curves along
the RD and TD are known. Still, it is very important to
determine the behavior of magnetic fields in the non-principal
directions because B and H are not always parallel. Early
computational models, such as those based on stored coen-
ergy or energy density functions [9], provided foundational
methods to represent anisotropic B(H) curves. Coenergy-
based models have emerged, effectively describing the vectorial
B(H) relationship and capturing key features like decoupled
magnetization at low fields and the difficult direction at higher
fields [3]. By taking advantage of the fact that the relationship
B(H) is equivalent to the coenergy density w’(H), it provides
an easy representation of anisotropy, but still physical. The
coenergy density w’(H) represents the volumetric electromag-
netic coenergy stored in the material as a scalar function of the
applied field H:

H
W' (H) = /O B(H)dH. (1)

The B(H) relationship is derived directly as the gradient of
w'(H), ensuring consistency with energy conservation princi-
ples: B

w
= SH 2
The coenergy method simplifies the modeling of magnetic
anisotropy by reducing the degree of complexity in the rep-
resentation of the material’s behavior. Instead of a vectorial
relationship B(H ), this method uses contours of equal coen-
ergy density w’(H), naturally encoding the angular dependence
of the magnetic response. Such simplification reduces the level
of interpolating and parameterizing experimental data.

This study aims to vectorize the magnetic anisotropy model
of grain-oriented electrical steel sheets using a coenergy-based
formulation. The approach begins with computing the magnetic
polarization J = B — puoH from measured data and fitting
its directional components using a Langevin-based function

B(H)




model. This smooth, physically consistent model facilitates
accurate computation of the stored coenergy w’ via integration.
The coenergy is then interpolated and transformed into polar
coordinates (|H|, ¢p) to define anisotropy through elliptical
iso-contours, from which directional parameters are extracted.
Finally, the magnetic flux density components (B,,B,) are
reconstructed by differentiating the coenergy with respect to
(Hg, Hy). This method offers a fully vectorial description of
magnetic anisotropy, overcoming the limitations of previous
scalar models and enabling accurate modeling in arbitrary in-
plane directions.

II. METHODOLOGY

1) Compute the magnetic polarization components (J,, Jy,)
using the relation J = B — poH, by using measured
magnetic field and magnetic flux density in the RD
and TD, and derive the polar coordinates (|H|, g ) and
(171, ).

2) Fit the experimental polarization curves along the RD,
TD, and an additional direction (any third direction ATD)
using a composite Langevin model to obtain Jrp(H ),
Jro(H), and Jarp(H) (see Fig. 1).
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Fig. 1. Experimental and Fitted Polarization Curves Along the RD, TD, and
(111) Direction. The third direction here corresponds to (111), an example of
an additional in-plane direction.

3) Compute the stored coenergy functions wyp(H),
wip(H), and wirp(H) by integrating J(H) over H (see
Fig. 2).

W' [Jm3]
-
o
>

— TD
— 111

1071 10! 103 10° 107
HI[A/m]

Fig. 2. Coenergy curves computed along the rolling direction (RD), transverse
direction (TD), and (111) direction), based on the fitted Langevin function
model.

4) Define iso-coenergy contour levels w(, within the experi-
mental range and determine the corresponding fields H
and Hyo using the fitted functions.

5) Determine the anisotropy factor n(w() at each coenergy
level by solving the elliptical contour equation:

() ()
+|l =] =1
HxO HyO
based on the field values along RD, TD, and any addi-
tional direction.
6) Differentiate  numerically the stored coenergy

w'(Hg, Hy) with respect to H, and H, to compute the
magnetic flux density components:

ow' Ow'
T = J1r H:cv By = —
oH, M v~ 3H,

thus, reconstructing the vectorial magnetic response from
the coenergy formulation.

B + poHy

III. CONCLUSION

The paper presents a general method for vectorizing the
GOES magnetic anisotropy model through coenergy analysis.
The approach builds upon experimental data to compute co-
energy functions and define anisotropy parameters, enabling
the development of a robust framework for vectorial magnetic
modeling. While this work lays the foundation, the full paper
will detail the coenergy modeling, inspired by [6], to further
refine the representation of anisotropic behavior. This method-
ology marks a significant step toward more accurate analysis
and optimization of electrical machines by overcoming the
limitations of scalar models.

REFERENCES

[1] Jaime Maravi-Nieto, Ziad Azar, Arwyn S. Thomas, and Zi-Qiang
Zhu. Utilisation of grain-oriented electrical steel in permanent magnet
fractional-slot modular machines. J. Eng., 2019(17):3682-3686, June
2019.

[2] Fan Jiang, Mathieu Rossi, and Guillaume Parent. Anisotropy model for
modern grain oriented electrical steel based on orientation distribution
function. AIP Adv., 8(5):056104, May 2018.

[3] Thierry Péra, Florence Ossart, and Thierry Waeckerle. Numerical repre-
sentation for anisotropic materials based on coenergy modeling. J. App.
Phys., 73(10):6784-6786, May 1993.

[4] Jodo-Pedro Bastos and G. Quichaud. 3D modelling of a non-linear
anisotropic lamination. IEEE Trans. Magn., 21(6):2366-2369, November
1985.

[5] J.M. Dedulle, Gérard Meunier, A. Foggia, J.C. Sabonnadiere, and D. Shen.
Magnetic fields in nonlinear anisotropic grain-oriented iron-sheet. /EEE
Trans. Magn., 26(2):524-527, March 1990.

[6] Krzysztof Chwastek, A. P. S. Baghel, Marcos Flavio de Campos, S.V.
Kulkarni, and J. Szczyglowski. A description for the anisotropy of
magnetic properties of grain-oriented steels. IEEE Trans. Magn., 51(12):1-
5, December 2015.

[7]1 D.J. Robertson and D.E. France. Discrimination of remanence-carrying
minerals in mixtures, using isothermal remanent magnetisation acquisition
curves. Phys. Earth Planet. Inter., 82(3-4):223-234, March 1994.

[8] Guilherme Costa Ayres Tolentino, Jean Vianei Leite, Mathieu Rossi,
Olivier Ninet, Guillaume Parent, and Jonathan Blaszkowski. Modelling
of magnetic anisotropy in electrical steel sheet by means of cumulative
distribution functions of gaussians. IEEE Trans. Magn., 58(8):1-5, August
2022.

[9] PP. Silvester and R.P. Gupta.
anisotropic soft B-H curves.
September 1991.

Effective computational models for
IEEE Trans. Magn., 27(5):3804-3807,



	Introduction
	Methodology
	Conclusion
	References

