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This paper presents a vector hysteresis model that characterizes the anisotropic behavior of grain-oriented (GO) electrical steel. The 
anisotropic anhysteresis model with permeability tensors that considers crystallographic orientation based on magnetic domain theory 
is developed. An additional easy axis aligned with the direction of the applied magnetic field is introduced for anisotropy near saturation. 
The hysteresis behavior is modeled through the association of the anhysteresis model and energy-based model. Material parameters for 
both reversible and irreversible behaviors are identified through experimental characterization performed on B27R090 electrical steel 
under different magnetization directions. Comparisons between experimental and calculated hysteresis loops, as well as iron losses, 
validate the models accuracy.  
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I. INTRODUCTION 
he magnetic properties of GO electrical silicon steels, such 
as hysteresis loops, losses, and permeability, exhibit signif-
icant anisotropy. This behavior arises from the strong 

anisotropy of Iron-Silicon crystals, coupled with the highly pro-
nounced crystallographic texture of the material [1]. GO steels 
are widely utilized in electromagnetic devices such as power 
transformers and large rotating machines [2]. While standard 
characterization typically focuses on the rolling (RD) and trans-
verse (TD) directions, practical applications, such as trans-
former cores, often involve magnetization in other directions. 
Developing physics-based models that account for anisotropy 
effects in magnetization processes is essential for accurate char-
acterization of materials.  

Various anisotropic hysteresis models have been 
developed to characterize the magnetic anisotropy and 
hysteresis effects of electrical steels, primarily based on 
macroscopic measurements. These models can generally be 
classified into two categories. The first category involves 
superposing scalar models distributed in possible directions, for 
instance, the vector model proposed by Mayergoyz [3]. The 
second category vectorizes the model by integrating intrinsic 
vector elements, such as in the vector Jiles-Atherton (JA) model 
[4]. However, the lack of physical meaning and link to 
microstructures significantly limits the accuracy and generality 
of the model. Although the multiscale model presented in [5] 
accounts for polycrystalline texture, it does not provide a 
detailed analysis of domain distribution evolution during the 
magnetization process. This paper proposes an anisotropic 
hysteresis model that considers the distribution of elementary 
magnetic domains and crystallographic orientation. The 
validity of the proposed model is demonstrated through 
comparisons with measured hysteresis loops under different 
magnetization directions. 

II. THE ANHYSTERESIS MAGNETIZATION MODELLING 
Based on the assumption proposed by Bozorth [6], a cubic 

crystal is composed of a large number (N) of elementary 
magnetic domains with equal size. They can only orient along 
one of the magnetic easy axes, defined as Ni (i=1-6). The 

number of domains oriented in the [100] direction is N1, for the 
domains oriented in [1

-

00] it is N2, etc. Considering the influence 
of Zeeman energy on the magnetic domain distribution near 
saturation, we introduce an additional easy axis aligned with the 
direction of the applied magnetic field H. The magnetic domain 
distribution along this axis is represented by N7. For an iron 
crystal with Goss texture, the assumed orientation of the easy 
axes and the corresponding coordinate system is illustrated in 
Fig. 1. The magnetic flux density in crystal coordinate B is 
determined using the following equation: 
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where Bx, By and Bz are the components of B along the x-, y- 
and z- axes, γx, γy and γz are the direction cosines of the H in 
crystal coordinate, and Bs represents the saturation magnetic 
flux density. 
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Fig.1. The orientation of iron crystals in Goss texture. 

The distribution of Ni (i=1-7) is obtained by minimizing 
the energy Emin, which includes the Zeeman energy Ez and 
crystalline anisotropy energy Ec, as expressed as:  
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where K0, K1, and K2 are the anisotropy constants. In the process 
of solving the minimum energy, the distribution of Ni should 
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satisfy the following constrains: 
 31 2 64 5 7N N N N N N NN+ + + ++ + = , (3) 

 0 rµ=B μ H . (4)  
The sum of the calculated Ni (i=1-7) equals the constant N as 
expressed in (3). The calculated magnetic flux density B, ap-
plied magnetic field H, and relative permeability tensor μr sat-
isfy the constitutive relation given in (4). μ0 is the vacuum per-
meability. The permeability tensor μr considering the crystallo-
graphic texture and domain configuration is expressed as [7]: 
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where g is the crystallographic orientation matrix, μi is the rel-
ative elementary permeability for the domains in each easy di-
rection, defined as: 
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where μc is the relative elementary permeability of a domain 
along the six easy axes, while μN7 denotes the relative elemen-
tary permeability of a domain along the direction of H. The flow 
chart of the model is as follows: 

Calculate μr by Ni

Calculate H’ by B and μr

|H’ -H|<ε? 

Calculate Ni by B and H

Update B

Start

Input H 
Initial guess for B

Output B 

End  
Fig.2. Flow chart of the proposed anhysteresis model. 

III. THE VECTOR HYSTERESIS MODEL 
The EB (Energy based) model with dry-friction-like hys-

terons is used to describe the hysteresis properties of magnetic 
material. The applied magnetic field H is decomposed into a 
reversible part Hre and an irreversible part Hir: 
  re ir= +H H H . (7) 
The reversible field hre for a single hysteron at each calculation 
step is updated as [8]: 
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where hre
P is the calculated result at the previous step. The 

output of all hysterons with normalized weighted ω(κ) are 
summed together to obtain the total reversible field Hre: 
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where Nh is the number of hysterons. The reversible field Hre is 
the input of the anhysteresis model in Section II to involve the 
anisotropy effect into the model. 

IV. EXPERIMENT AND VALIDATION 
The crystallographic orientation of grain-oriented GO 

electrical steel follows the Goss structure, and due to its highly 
uniform grain alignment, it can be approximated using a single-
crystal model to calculate its magnetic properties. The 
calculated anhysteresis curves are presented in Fig. 3(a). The 
magnetic properties of B27R090 in different magnetization 
directions are measured by a 2-D measurement system. The 
detailed introduction of the system can be found in [9]. An 
example of the dataset used for parameter identification is 
shown in Fig.3 (b). Further details on parameter identification 
and validation will be provided in the full paper. 

 
Fig. 3. (a) Calculated anhysteresis curves along RD, TD and 55°. (b) 
Measured hysteresis loops along different magnetization directions. 

V.  CONCLUSION 
An anisotropic hysteresis model is developed to evaluate 

the magnetic anisotropy of GO electrical steels. The model 
considers anisotropy arising from crystallographic orientation 
based on domain configuration. The model can be extended to 
polycrystalline steels modelling by incorporating the 
orientation distribution function (ODF). Hence, both local and 
global anisotropy for typical textures can be captured.  
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