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A B S T R A C T

Non-oriented electrical steel is widely used in the manufacturing of motor stators. The magnetic property will be
influenced by the residual stress induced from manufacturing processes. The classical Jile-Atherton hysteresis
model with constant parameters is widely used to describe the magnetization characteristic of ferromagnetic
materials. In the model, the parameter a represents the domain density, k is the pinning factor reflecting the
strength of the pinning effect, α is the domain coupling parameter affecting the slope of the mid-segment of the
hysteresis loop and C is the coefficient of reversibility. However, all the four parameters are influenced by
residual stress. Furthermore, the influence of magnetic peak induction on parameters can’t be ignored according
to our work. The classical Jile-Atherton hysteresis model cannot reflect the influence of residual stress and
magnetic peak induction. In this paper, a modified residual stress dependent Jile-Atherton hysteresis model was
proposed, whose parameters are extended to functions related to residual stress and magnetic peak induction. A
novel device was designed to carry out magnetic property testing experiments under large stress. The parameters
were identified by a MATLAB program and the influence of residual stress and magnetic peak induction was
analyzed. The accuracy of parameters was validated by experiments, which showed that the modified model
worked well in describing the magnetization characteristic under different stresses and magnetic peak induc-
tions. This could provide some guidance for the manufacturing processes of motor stators.

1. Introduction

Non-oriented electrical steel is widely used in electromotor stators.
However, the manufacturing of motor stators deteriorates the magnetic
property, especially the hysteresis loss. The residual stress is one of the
main factors. Based on the magnetostriction theory, tensile (positive)
stress is applied along the magnetization axis of a specimen with po-
sitive magnetostriction, domain vectors will rotate toward the axis. If
compressive (negative) stress is applied, the domain vectors rotate
away from the axis [1]. In other words, the stress changes the com-
plexity of magnetization.

A. Sipeky and Ivanyi A [2] investigated the stress dependence of an
electrical steel’s magnetic characteristic under different stresses. Results
showed that magnetic properties were very sensitive to the applied
mechanical stress. The tensile stress decreased the coercivity and the
energy loss, while compressive stress does the opposite. M.F. de Campos
et al. [3] studied a cold-rolled 0.5% Si electrical steel in detail, in-
cluding residual stress, crystallographic texture, dc-hysteresis curves
and iron loss. The significant increase of the iron loss took place due to
the hysteresis loss component, even for small stress. And the texture
change due to deformation also may contribute for loss increase.

Yuichiro Kai et al. [4] measured the local residual stress distribution of
the stator core by the X-ray stress measurement. Results showed that
the magnetic property varied with the change of the principal stress’
direction. K.J. Stevens [5] measured the magnetic properties (at max-
imum magnetization, at remanence, and at coercivity) of two grades of
steel under uniaxial stress. Results showed that it was possible to use
magnetic parameters to measure the uniaxial stress for the non-mono-
tonic sensitivity of magnetic parameters to stress. And the Jile-Atherton
model was used to explain the trends in the experimental data. O.
Perevertov [6] carried out magnetic property testing experiments with
the non-oriented electrical steel. The stress is applied by designed ex-
perimental apparatus. A so-called effective field theory based on the
phenomenon logic theory was proposed and the tensile stress’s non-
monotonic effect on the magnetic hysteresis was investigated. The
manufacturing process of motor stators usually introduces large re-
sidual stress. In spite of many experimental researches carried out, the
magnetic property under large compressive stress has not been in-
vestigated enough. Because experiments under large compressive stress
are difficult to be carried out. What’s more, the effect of magnetic peak
induction on the magnetic property is rarely to be discussed. In fact, the
magnetic peak induction in the stator core is inhomogeneous. Further

https://doi.org/10.1016/j.jmmm.2018.06.021
Received 3 November 2017; Received in revised form 18 April 2018; Accepted 8 June 2018

⁎ Corresponding author at: Shanghai Key Laboratory of Digital Manufacture for Thin-walled Structures, Shanghai Jiao Tong University, Shanghai 200240, China.
E-mail address: lishuhui@sjtu.edu.cn (S. Li).

Journal of Magnetism and Magnetic Materials 465 (2018) 578–584

Available online 15 June 2018
0304-8853/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2018.06.021
https://doi.org/10.1016/j.jmmm.2018.06.021
mailto:lishuhui@sjtu.edu.cn
https://doi.org/10.1016/j.jmmm.2018.06.021
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2018.06.021&domain=pdf


researches need to be done.
Progress to establish and improve modeling of non-oriented elec-

trical steels has involved fundamental aspects to obtain an accurate
relationship between the magnetic field and the magnetic induction
that correctly accounts for hysteresis [7]. The classical Jile-Atherton
hysteresis model works well in exhibiting the magnetization of ferro-
magnetic materials. A stress term added to the Jile-Atherton hysteresis
model was used to describe the influence of residual stress on the
magnetization of ferromagnetic materials [8,9]. A high order term is
introduced in the denominator of the irreversible differential magnetic
susceptibility equation. This leads to that the solution of the equation is
complex and difficult to converge. Moreover, it describes the low field
loops with large error. This model is not appropriate to be used to ex-
hibit the magnetization of the motor stator working in low and medium
field with stress, especially when the distributions of residual stress and
magnetic peak induction are uneven.

In this paper, a modified residual stress dependent Jile-Atherton
hysteresis model was proposed. The model parameters are extended to
functions related to residual stress and magnetic peak induction. In the
classic Jile-Atherton hysteresis model [8,9], the parameter a represents
the domain density, which affects the magnetic peak induction of
hysteresis loop. k is the pinning factor reflecting the strength of pinning
effect. α is the domain coupling parameter affecting the slope of the
mid-segment of the hysteresis loop and C is the coefficient of reversi-
bility. All parameters are affected by residual stress and magnetic peak
induction. So each of the parameters should be extended to the function
related to residual stress and magnetic peak induction. The magnetic
property testing experiments under stress in the range of −75MPa to
100MPa are carried out to identify the model parameter with a MA-
TLAB program. According to the experiment results, the increasing
tensile stress (less than 14MPa) can promote the magnetization. The
pinning effects are enhanced with the further increase of tensile stress.
The coercivity significantly increases with the increasing compressive
stress. The sensitivity of magnetic property to compressive stress was
much larger than that to tensile stress. According to our research,
parameters are expressed as functions related to residual stress and
magnetic peak induction. And the accuracy of parameters was validated
by experiments. The hysteresis loops and the hysteresis loss could be
obtained according to the modified Jile-Atherton hysteresis model. This
could provide some guidance for the non-oriented electrical steel
manufacturing.

2. The Jile-Atherton hysteresis model

2.1. The classical Jile-Atherton hysteresis model

D.C. Jile and D.L. Atherton built a ferromagnetic hysteresis model
based on the energy change due to the pinning effect [8,9]. The Lan-
gevin equation was used to describe the an-hysteretic magnetization.
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Where Man is the an-hysteretic magnetization, MS is the saturation
magnetization, H is the external magnetic field.

The total work to overcome the pinning site can be expressed as Eq.
(2). The change in energy of the magnetic domain caused by the ro-
tating of magnetic moments is given by Eq. (3).
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Consequently, the magnetization is given by Eq. (4). If the magne-
tization is irreversible, the irreversible differential magnetic suscept-
ibility can be expressed as Eq. (5).
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Where Mirr is the irreversible magnetization and δ is a parameter ( =δ 1,
when ⩾dH dt/ 0; = −δ 1,when <dH dt/ 0). The reversible magnetiza-
tion, the total magnetization and the magnetic induction can be ex-
pressed as:
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So the total differential magnetic susceptibility can be expressed as:
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Combined with Eq. (8), the total differential magnetic susceptibility
can be rewritten as:
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2.2. The Sablik-Jile-Atherton hysteresis model

M.J. Sablik modified the Jile-Atherton hysteresis model to consider
the influence of residual stress on the magnetic hysteresis [1,10,11]. A
stress term was added to the effective field. The revised effective field
was given by [1,10,11]:
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Where σ is residual stress and μ0 is the permeability of vacuum. λ1 and
λ3 are constant. According to their researches, the irreversible differ-
ential susceptibility considering the influence of residual stress is given
by [8-11]:
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Because a high order term is introduced in the denominator of the
irreversible differential magnetic susceptibility equation. The order of
the differential magnetic susceptibility equation increases.
Furthermore, the solution is complex and difficult to converge. This
model describes the low field loops with large error. So it is not suitable
for exhibiting the influence of residual stress on the magnetization of
the motor stator working in low and medium field.

2.3. The modified Jile-Atherton hysteresis model

There are 5 parameters in the Jile-Atherton hysteresis model.
According to Khaoula Hergli [12] MS can be calculated by:
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Where BS is the saturation induction and HS is the saturation magnetic
field. As shown in Fig. 1, the main magnetization curves are almost
coincident when magnetic induction is over 1.75 T. Therefore, Bs and
Hs are almost unchanged under different stress. Therefore, it is rea-
sonable to assume that MS is a constant. According to our experimental
data, we take the average value: = ×M A m1.26 10 /S

6 . Other para-
meters, a k α C, , , , are affected drastically by the residual stress and
magnetic peak induction (Bm) according to our research. So they should
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