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The effects of mechanical stress on static and dynamic (frequency-dependence) magnetic behaviors of soft magnetic materials have
to be modeled. A scalar static magneto-elastic hysteresis model is proposed which combines a simplified version of a multi-scale
approach and the Jiles—Atherton (JA) model. The magneto-elastic hysteresis model is extended to include dynamic losses using the
field separation approach. The effect of stress on dynamic loss components, particularly on the excess loss, is approximated using
an exponential function. The model is validated with measured dynamic hysteresis loops over a frequency range of up to 1 kHz and
uniaxial mechanical loading up to 50 MPa (both compressive and tensile stresses). The proposed model still preserves its simplicity
and inverse form representation, which makes it quite amenable to numerical implementations. The approach can be applied to

model magneto-elastic effects in the elastic range.

Index Terms—Electrical steel, iron loss, Jiles—Atherton (JA) model, magneto-elasticity, magnetostriction, multi-scale (MS) model.

I. INTRODUCTION

HE need for efficient use of energy materials is critical

for high-performance electrical machines and also drives
the desire for low weight and compact systems. However, such
systems (e.g., high-speed motors) frequently experience high
levels of mechanical stresses [1]. Other sources of induced
mechanical stresses are temperature gradients, manufacturing
processes (e.g., cutting and stamping), and assembly processes
(e.g., shrink-fitting) [1]-[3]. These stresses affect the magnetic
properties (permeability and losses) of the core laminations
in electrical machines [2]. Therefore, an accurate model is
required to account for magneto-mechanical properties [1], [2],
[4]-[9] in order to precisely compute losses.

A proper understanding of the magneto-elastic effects is
required to derive an accurate model. Magnetization under
the influence of stress includes the following main mecha-
nisms [10]: 1) movement of domain walls due to pressure
on 90° domain walls; 2) variation in energies of pinning
sites; and 3) irreversible changes in the domain structure.
It was concluded in [11] that domain wall motion alone cannot
explain the effect of the stress because of the change of
various microstructure parameters in complex manners. The
stress effects on the magnetization process of soft magnetic
materials can be experimentally observed from the change in
shape and area of hysteresis loops. Also, it has been observed,
particularly in non-oriented (NO) steels under compressive
stress, that hysteresis loops exhibit local widening known as
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Fig. 1. (a) Effect of tensile stress (positive values) and compressive
stress (negative values) on the measured hysteresis loops of NO materials.
(b) Frequency-dependent loops at a compressive stress of 50 MPa.

“kink” and all of the loops pass through two points called
coincident points (C; and C») as shown in Fig. 1(a) and they
can be correlated with Villari reversal [12]. It should be noted
that hysteresis loops in Fig. 1 are measured using the setup
described in Section II. In [13], Brown and Bozorth stress
fields were used to model this phenomenon. The stress effects
on the magnetic properties of NO materials are analyzed using
the observation of magnetic domains in a recent work [14].
The observed effect of the compressive stress can be explained
as it disfavors the magnetic easy axis along the rolling
direction. However, tensile stress first improves the magnetic
properties up to a certain value of the applied stress and then
starts to deteriorate magnetic properties [15].

Various modeling approaches are available to formulate
the magneto-elastic behavior of iron-silicon steels [6], [7],
[16], [17]. Most of the available magneto-elastic models in
the literature are extensions of classical models [6] like the
Jiles—Atherton (JA) (using an effective field) [16] and Preisach
models (using a distribution function) [17]. These models are
usually restricted to isotropic materials and uniaxial stress
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configurations. Another approach based on energy equilibrium
known as the multi-scale (MS) model is developed, particu-
larly to formulate the magneto-elastic characteristics [7]. The
model is extended to consider the hysteresis effects using
Kadar product [18] and Hauser approaches [19]. However,
an extension of the above-mentioned approaches to consider
dynamic or frequency-dependent behavior is not available in
the literature.

According to the statistical loss theory, iron losses can be
separated into static hysteresis loss, classical eddy current loss,
and excess loss [20]. The inclusion of dynamic losses results
in horizontal widening of hysteresis loops as evident from
Fig. 1(b). Numerous attempts are reported on the description
of stress effects on the core loss components using the loss
separation approach [4], [21].

In this article, an anhysteretic function formulated using
the MS approach [22] is used in its scalar form to consider
uniaxial stress whose direction is along the applied magnetic
field (H). Hysteretic effects are included using the JA model.
Stress effects on the pinning constants are modeled using a
Gaussian function in order to simulate the kink [18], [23].
In this article, the field separation approach is used to include
dynamic losses [24]. The stress effects on the excess loss
component are formulated in the model via its coefficient. The
proposed dynamic magneto-elastic model is used to predict
hysteresis losses up to the 1 kHz frequency range and uniaxial
mechanical stress up to 50 MPa (both compressive and tensile
stresses) in a finite element method (FEM) simulation of a
single sheet tester (SST). The model is validated with the
measured hysteresis loops and losses.

II. PROPOSED HYBRID APPROACH

Frequency-dependent (up to 1 kHz) hysteresis loops with
pure sinusoidal-flux density (B) of 1.5 T were measured under
both compressive and tensile stresses (0-50 MPa) for a sample
of NO material (M235-35A) using an SST (BROCKHAUS-
MPG 200 D) device. The device contains pneumatic ten-
sion and compression units in order to apply mechanical
loadings [4], [5].

A. Derivation of Anhysteretic Magnetization

An analytical magneto-elastic anhysteretic magnetization is
derived using the MS approach in [22] for multi-axial stress
conditions and unidirectional magnetic-field excitation

Ay sinh(x H)

My, = .
o " Ay cosh(kH) + Ay, + A,

(1

Here, k = uoAsMs, as = 1.5 Agls, As = 1/(noaMy),
a = Mg/3y,, and A; = e*%i | = x,y, andz. g;; is the
applied stress along an iith direction, M is the saturation
magnetization, A is a material parameter related to initial
susceptibility, and g is the saturation magnetostriction con-
stant. Model (1) is basically developed for a multiaxial case.
It should be noted that in the multiaxial case, the stress is
a tensor (a 3 x 3 matrix in 3-D case), and thus, (1) can be
applied to model stress in 3-D.
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B. Development of the Hybrid Magneto-Elastic
Hysteresis Model for Uniaxial Stress

In this article, (1) is simplified for uniaxial stress conditions
with the stress being applied along the direction of the
magnetic field. This results in Ay, = A, = 0 and reduces
the definition of stress into a scalar form. The magnetic field
is modified to an effective magnetic field H, (=H + aM) to
consider domain formation using the mean-field theory. The
modified scalar magneto-elastic anhysteretic magnetization for
uniaxial stress is

A sinh(x H,)
*Acosh(kH,) +2°
The hysteresis behavior is simulated using the scalar JA model,
and its inverse form can be written as

Moy = A= e, 2)

L (1~ G + i Tt
dB | 14c(l— )@ 4 4o(1 - 0)(1 — o) Y=
_6B~)2
k = ko(eP7) (1 +em T )
d My _ Man — Miy M — M — cMjy, 3)
dB, ~  uoks = " T 1—c¢

Here, uo is the permeability of free space, Miy is the irre-
versible magnetization, 0 is the directional parameter which is
equal to —1 for dB/dt < 0 and +1 for dB/dt > 0, k is the
pinning parameter which simulates kinks using a Gaussian
function, and B, (0.2 T, in this analysis) is the magnitude
of magnetic-flux density at coincident points. As shown in
Fig. 1(a), the kink is a localized widening of the hysteresis loop
and it can be described by using Villari reversal (a reciprocal
effect) [12], which explains that the value of induction for
an applied magnetic field in the low field region increases
with stress and then decreases for higher induction levels. The
proposed model can also be extended to consider multiaxial
stress by using the equivalent stress concept proposed in [25].

C. Inclusion of Stress-Dependent Dynamic Losses

The field separation approach [24], which is represented
by (4), is used to integrate dynamic losses in the proposed
analysis

Hiotal = ths + Hee + Hex. “4)

Here, Hiotal, Hhys, Hec, and Hex are total magnetic field, static

hysteresis field, classical eddy current field, and excess loss

field, respectively. The classical loss component depends on

thickness and conductivity, but it is independent of the domain

structure of the material [21]. Therefore, it is assumed as

independent of mechanical stresses and can be represented as
dB d?

Hec = kecw, kec = E (5)

Here, d and p are thickness and resistivity of laminations. The
excess loss depends on domain configurations of the material
and so on the mechanical stress [21]. It can be modeled using
an exponential function as

dB
dt

1/2

Hexe = kex , kex = kexoeﬂexg- (6)
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TABLE I
MODEL PARAMETERS

M, a a ko c b B koo flex
(A/m)  (A/m) (A/m) (T (Pah) (A" (Pah)
Compressive 1.19¢ 310 5¢° 40 02 0.1 0.02  0.02 0.043
Tensile  1.19¢ 310 5¢* 40 02 15¢% 3¢t 0.02 1.2
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Fig. 2. Comparison of measured (dashed lines) and fit (solid line) under the
stress level of (a) 0 MPa and (b) —30 MPa (compressive).

Here, kexo is the excess loss coefficient for & = 0, which can
be determined by using the loss separation approach at zero
stress condition. fex is a parameter that can be determined
by using kex for ¢ = £30 MPa (computed using the loss
separation approach). This exponential function describes the
effect of stress on microstructural parameters such as grain
size, crystallographic texture, etc., which, in turn, affects the
excess loss [21]. As discussed, the classical eddy current
loss component is independent of stress, so the parameter ke
(=0.022) can be calculated from its expression in (5). The
mechanical stress affects the excess loss component and its
dependence is introduced in its coefficient (kex ). Hence, at each
stress level, hysteresis data for two different frequencies (here,
50 Hz and 1 kHz) are required to determine the dynamic loss
parameters.

The parameters of the anhysteretic function (2) and the JA
model (3) are determined at 0 and —30 MPa using an optimiza-
tion algorithm given in [26]. Stress-dependent k parameter is
modeled using the measured loops at 0 and —30 MPa for
compressive stress and 0 and 30 MPa for tensile stress. Thus,
the parameter identification process requires hysteresis data at
two stress levels and two different frequencies. Table I lists
the optimized parameters, and the comparison of the fit loops
with the measured ones is shown in Fig. 2.

These parameters are then used to model hysteresis loops
at various frequencies and stress levels. The comparison of
computed loops with measured ones is shown in Fig. 3.
By comparing Fig. 3(a) and (b), it is easily seen that the
effect of compressive stress [Fig. 3(a)] on magnetic properties
is greater compared to that of the tensile stress [Fig. 3(b)],
as others have also observed [4], [5], [21]. The consequence of
this difference is that the values of parameters for the tensile
stress are negligible compared to those for the compressive
stress. The normalized rms (NRMS) error is computed as

NRMS Error= nx100.

max

Z (Hmes - comp)2
i=1
)
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Fig. 3. Comparison of measured (dashed lines) and computed (solid line) at
different frequencies for (a) compressive stress and (b) tensile stress.

0.32 m

Fig. 4. Geometry of a single sheet tester [5].

Here, n is the number of data points and Hmax, Hmes, and
Heomp are maximum value, measured data, and computed data
of the magnetic field, respectively. The maximum value of
NRMS error is 8%, obtained for 10 MPa and 1 kHz.

III. FEM IMPLEMENTATION OF THE PROPOSED MODEL

The proposed dynamic hysteresis model is implemented in
the coupled circuit-field FEM simulation of an SST device.
A 2-D geometry of the problem is shown in Fig. 4. The
number of turns N is 400, and the yoke region is considered
lossless with very high permeability. Therefore, the losses are
computed at the post-processing stage in the sample region
only.

A. Coupled Circuit-Field FEM Formulation
Magnetic-field behavior in the SST is governed by

1 NI
Vx(—VxA):Joz—.
U

3 ®)
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Fig. 5. Comparison of measured and computed losses for (a) compressive
stress (b) tensile stress.

Here, S is the coil cross-sectional area and A is the magnetic
vector potential. u is the magnetic permeability, and it is a
nonlinear function of induction B and stress ¢. The equation
to couple the external circuit and the field model is

N d d
Ul=—— A-dS R I}+—[L 1}. 9
=3 i/s ]+[ WD)+ Sl ©)
Here, U is the applied voltage; I is the current drawn from
the source; and Rext and Lex: are the circuit resistance and
inductance, respectively. After applying the FEM procedure
[27], the matrix representation of (8) and (9) is

[K1[A]+[D]l1]1 =0
,d d
[DY Al [Rex] ] + [Lex] 1T = [U].

(10)
(1)

In (10), [K] represents the global coefficient matrix and
[ D] represents the source term. In the local coefficient method
(LCM) fixed point method [28], the differential reluctivity can
be computed as

H"— H"! dH\"
n+1 — C(i) — ( ) i

VEP (B"—B»-1y _ ~\4B (12)

Here, C and vgsr Vare a convergence factor and the fixed point
reluctivity at the present time step, respectively. The optimum
value of C is chosen as 1.3 for which the simulation is found
to converge satisfactorily. At a time step, for all iterations,
the value of vpp is considered as constant. The matrix [K]
needs to be computed at each time step, as it is a function
of “v.” Equations (10) and (11) are solved by using the
Crank—Nicolson method.

B. Results and Discussion

The model is implemented in the FEM simulation of the
SST. The number of elements in the problem domain for the
simulation is 2688. The CPU time for the execution of the
code is 1891 s for an Intel Core i5 processor with 4 GB RAM
and allotted memory of 560 MB. Core losses are predicted at
1.5 T for a frequency of up to 1 kHz under different stress
levels. Although the skin effect needs to be considered, for
the sake of simplicity, it is neglected, while neglecting the
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skin effect may be thought as a limitation, which is applicable
to electrical steel laminations with a thicknesses much less
compared to skin depth [27] in which uniform flux distribution
can be assumed. A comparison of computed losses measured
at different stress levels and frequencies is shown in Fig. 5.
The maximum error is 10% for loss prediction, obtained at
0 MPa and 1 kHz. For both compressive and tensile stress
cases, each measurement is carried out twice and the results
are averaged using the setup described in Section II. Although
the system was capable of applying up to 70 MPa stress on
the standard sample, the applied stress was limited to 50 MPa
to avoid buckling.

IV. CONCLUSION

A frequency-dependent magneto-elastic hysteresis model
is proposed in this article. In this model, the anhysteretic
magnetization formulated from the MS approach is used in
the JA model. The effect of stress on magnetic properties
is modeled in terms of anhysteretic magnetization while the
hysteresis effect is included by using the JA model. The
kink and crossing points are modeled using a Gaussian func-
tion. Kink, the localized widening of the hysteresis loop,
is modeled by modifying the pinning parameter as a func-
tion of B. Dynamic losses are integrated into the proposed
formalism by using the field separation approach. Among
the two dynamic loss components, mechanical stress affects
only the excess loss component. The stress effects on the
excess loss component are incorporated in its coefficient using
an exponential function. The model is applied to simulate
dynamic hysteresis loops up to a frequency range of 1 kHz
under uniaxial compressive and tensile stresses up to 50 MPa.
The calculated losses using the proposed approach are in good
agreement with the measured losses. The model offers an easy
numerical implementation for a wide range of frequencies.
It is demonstrated in this article through simulations of an
SST device. The extension of this approach is to incorporate
multiaxiality of stress in the model.
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