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Increasing rotating frequencies of electrical machines to maxi-
mize the power density lead to higher tensile and compressive me-
chanical stresses that are distributed inhomogeneously along the
rotors’ cross section and add up to the already present residual
stresses induced by the preceding manufacturing and processing
steps. These effects are either neglected or considered only in the
post-processing of the machine layout and design.Neglecting the
mechanical impact on the magnetic properties during numerical
machine simulations leads to uncertainties and deviations from
the actual material behavior. This deviations are transmitted
to the subsequent loss calculation and further post-processing
resulting in inaccurate loss maps. In this paper the influence
of mechanical stress on the hysteresis properties and occurring
losses of a non-oriented soft magnetic material are examined
and replicated by an adjusted energy-based hysteresis model.
The chosen models ability to recreate the observed behavior
for both, anhysteretic and hysteretic components, will then be
evaluated. The evaluation of the model will be performed with
focus on a variety of characteristic magnetic properties. Namely
the required maximum magnetic field, measured and simulated
losses and the ability of the model, to recreate the actual measured
magnetic flux paths including the remanence polarisation and
coercive magnetic field.

Index Terms—hysteresis modeling, non-oriented electrical
steel, mechanical stress

I. INTRODUCTION

Magnetic properties of soft magnetic steel sheets alter
significantly mainly due to mechanical stress [1]. This mechan-
ical stress originates either from the different manufacturing
processes [2]–[4] or the operation of electrical machines, e.g.,
centrifugal force or magnetic forces [5]. A large variety of
publications deals with the influence of mechanical stress on
the losses with respect to the magnetic flux density B and the
applied frequency f and the modelling of these effects [6]–[8].
Despite this high interest in this topic, only few authors
dealt with the consideration of mechanical stresses and their
influence on the static hysteresis pathways and the modeling of
this effects [9]. The static hysteresis models that are used in the
design process to represent the constitutive relation between
the magnetic flux density and magnetic field are parametrized
usually by means of standardized magnetic measurements on
a single-sheet tester (SST) or Epstein frame according to the
IEC 60404-2 and IEC 60404-3 standards. During these mea-
surements either stress-relief annealed samples or samples that
are made by a gentle method of cutting, e.g., wire or water jet
cutting, are used. Commonly, the samples are not subjected to
any external mechanical stress or specific residual stress during

the measurements. However, when measuring the hysteresis
loops of samples that are processed by a specific non-gentle
method of cutting, such as blanking or laser cutting, samples
of different width or assembled magnetic components, various
hysteresis loop shapes can be obtained. These can deviate
significantly from the hysteresis loop shapes of unprocessed
(or gently-processed) soft magnetic material.
Neglecting stress effects leads to a strong simplification that
is often inadequate when considering the influence of the
varying magnetic properties on the simulated hysteresis loop
shape and its dynamic behavior. This paper presents a thorough
analysis of the effects of internal mechanical stress state on
the static hysteresis loop and an efficient approach to include
the magneto-elastic coupling in an energy-based hysteresis
model. A study of the influence of mechanical loads on the
magnetic material properties and their consideration by an
energy-based hysteresis model enables a more accurate design
and simulation of the machine behavior.
This energy-based hysteresis model is based on the decom-
position of total field strength into reversible and irreversible
components and yields a continuous description of the mag-
netic field H calculated by analytical formulations based in
a set of eight parameters. The model allows the continuous
description of the resulting H-curves for arbitrary inputs of B
like minor loops and is adjusted for the usage in FEM-machine
calculations. For an improved accuracy of the simulation
results, the reversible anhysteretic components are recreated
by an adjusted formulation, differing from their classical
representations.
The values of the model parameters are determined by using
experimental data, obtained at an uniaxial SST, which is
equipped with a tensile and compression hydraulic loading
unit. This enables the application of uniaxial mechanical stress
collinear to the magnetic flux up to a maximum force of 5 kN.

II. MEASUREMENTS

The measurements were performed with a commercially
available, non-oriented soft magnetic material with a silicon
content of 2.4% and a thickness of 0.5 mm. An overview of
all the chemical components is given in Tab. I. The specimens
with a measured conductivity of 0.386Ωmm2/m were cut into
sheets of 600 mm length and a width of 100 mm. The utilized
one-dimensional SST allows the characterization of magnetic
properties under the influence of tensile and compressive
uniaxial mechanical loads collinear to the magnetic flux in
the elastic range of the material.
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TABLE I: Chemical composition of examined non-oriented
electrical steel.

Ele-
ment Fe C Si Mn P S Cr Al

wt % 97 0.02 2.42 0.16 0.02 0.01 0.03 0.34

The SST is incorporated into a computer-aided setup ac-
cording to the international standard IEC 604043 and the
magnetic flux is controlled to be sinusoidal in time with the
averaged deviation from the predefined sinusoidal signal as
the controlled variable [10].
The magnetic characterization is performed by the application
of controlled excitation currents in order to obtain sinusoidal
magnetic flux densities at a frequency of 50 Hz. By removing
the classical eddy current field components Hcl qualitative
representations Hrep,dc of static hysteresis curves can be
obtained following (1) for the known material conductivity
σ and sheet thickness d [13]. This allows an approximate
estimate of the static curves to be made, although some error
liability, such as the neglect of the excess field components,
must be taken into account. Nonetheless, this estimation allows
the investigation of the suitability of the model to map the
magnetomechanical dependencies.

Hrep,dc = H50Hz − σπd2

12

dB

dt
(1)

The resulting losses can be calculated by integrations of the
hysteresis curves reduced by these magnetic field components.
Fig. 1 depicts the resulting quasi-static hysteresis curves at
different stress levels, revealing the strong dependency be-
tween the characteristic magnetic properties and the applied
mechanical stress.

Next to decreased permeabilities over the entire range of
magnetic flux density at each controlled value of maximum
excitation Bm deterioration of the general magnetic behavior
in terms of the typical desired soft magnetic characteristics
- like a low coercive field Hc and a high remanence Br

can be denoted as depicted in Fig. 2. These characteristic
values are a good measure for the soft-magnetic quality of
non oriented materials, as a low coercive field combined with
a high remanence polarization reveals low hysteresis losses as
also high permeabilities.

While the coercive field Hcl decreases for small tensile
stresses, the global behavior shows a clear negative trend
with increasing coercive field strengths and reduced rema-
nence polarizations for both, tensile and compressive stresses.
The magnetic properties generally react more sensitive to
compressive stress. Despite the similar deterioration for both
stress orientations, the influence of mechanical stress on the
respective hysteresis loop shapes differs. While the hysteresis
curve for the unloaded case is rather rectangular, in particular
for high excitations to high saturation, a mechanical loading in
both directions leads to a more S-shaped form and a shearing
of the obtained curves. Particularly for tensile stress, where
mechanically conditioned, a wider range of loads can be
applied, both characteristic values show a distinctive relation
to the applied mechanical stress. For the coercive field Hc,
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Fig. 1: Measured hysteresis curves for different mechanic
stresses at different saturations.
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Fig. 2: Measured coercive field Hc and remanence polarization
Jr at 1.5 T as a function of the applied mechanical stress.

a linear increasing relationship to the tensile mechanical load
can be observed, while the remanence polarization appears to
decrease in an exponential slope.

III. HYSTERESIS MODELLING

For the reproduction of the measured magnetic behavior
with respect to the applied mechanical stress an energy-based
hysteresis model introduced in [11] and [12] is used as a
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groundwork and extended. The hysteresis model uses the
magnetic flux density B as the independent field variable. The
magnetic field H is separated into an anhysteretic component
HAn, and a hysteretic component HH, that considers the
energy loss linked to the jerky domain-wall motion. In contrast
to the original model [11], this paper utilizes a set of two
Langevin functions L to represent the anhysteretic field HAn

as introduced in [14]:

B = μ0(H +MS(wL(H + αaM

a
) + (1− w)L(H + αbM

b
))

(2)

with

L(x) = coth(x)− 1

x
(3)

Both parameters αa,b lead to a shearing of the resulting
anhysteretic curve and represent the coupling between the
magnetic domains moments and their magnetization state
within the material as proposed in the original version of
the JA-model [15]. The two parameters a and b determine
the slope of the two curves in a nonlinear, anti-proportional
fashion. The first function L(a, αa) represents the strong
slope of the magnetization curves in the unsaturated state
at low values of the applied magnetic field H . The purpose
of the additional second function L(b, αb) is the recreation
of the vectorial turning processes within the magnetic do-
mains in the regions of higher excitation. As the saturation
magnetization MS is no arbitrary model parameter and each
Langevin function strives against a final value of one, the
two functions are normalized to a cumulative value of one.
This normalization is performed by means of the weighting
parameter w which considerably influences the pathway of
the obtained anhysteretic magnetization curve.

In general, the double Langevin function approach allows
the recreation of more sophisticated curve pathways and is
more versatile in terms of the established slopes than the
single function approach. As the utilized model calculates the
magnetic field as a function of a given pathway of the magnetic
flux density, the description of the anhysteretic magnetization
has to be inverted. This inversion is given by means of:

HAn =
B

μ0
−MS[wL(λa) + (1− w)L(λb)] (4)

with the input parameters:

λa,b =
HAn(1− αa,b) +B(

αa,b

μ0
)

aa,b
(5)

.
The additional hysteretic field-component HH represents the

additional amount of energy that has to be applied due to
the loss-connected domain wall movements and determines
the resulting slopes of the obtained hysteresis curves as the
occurring losses. Its differential relation with the applied
magnetic flux density can be expressed as:

dHH

dB
=

HHSL(λ)H −HH

IDγH
(6)

.
For interative calculations the expression (6) is rewritten

to the following expression which yields the irreversible field
component HH by the numerical solution of:

IDγH(HH −HH,0) = (BH −BB,0)(HHSL(λH)−HH) (7)

.
Again, a Langevin function is utilized, this time with the

input λH in order to describe behavior of the irreversible field
component with respect to the magnetic flux density B:

λH =
HH + IDHHS

aH
(8)

ID denotes the sign of the magnetic-flux-density change
from the value at the previous step B0 to the current step B.
The model Parameter γH increases the width of the hysteresis
loop as the initial slope of the hysteretic field component
HH initally after the turning point [12]. The total width
of the hysteresis loop and with it the hysteresis losses are
also controlled by the model Parameter HHS which describes
the maximum value of the irreversible magnetic field. HH0

denotes the previous value of HH, BB0 is the applied magnetic
flux density in the previous calculation step.
The sought-after HH occurs on both sides of the equation and
is also an input for the langevin function.

Thus it can not be calculated directly. HH has to be deter-
mined by iterative algorithms, such as Newtons method. The
input variable for the Langevin function λH can be calculated
by means of HHS and model parameter aH. A thorough
analysis on the parameter sensitivity of the model is presented
in [16]. In order to recreate the obtained hysteresis loop
shapes at different mechanical loads, the model parameters
are identified by means of a mathematical error minimization
scheme on base of the Levenberg-Marquardt algorithm for
each applied mechanical load. The resulting simulated curves
will be presented and discussed in the following section.

For each measured hysteresis curve excited to 1.5 T a
set of eight parameters was identified by numerical absolute
error-reduction methods. The resulting simulated curves and
their corresponding measurements are depicted in Fig. 3 and
reveal an acceptable agreement across the entire range of
applied mechanical loads for high magnetic flux densities.
Particularly in the range of no and small tensile stress where
the shearing of the hysteresis curves is small, the agreement
between measurement and simulation is very satisfactory for
the hyseresis curves measured at 1.5 T. At lower excitations the
agreement between simulations and measurements deteriorates
increasingly.

For higher mechanical loads the shape of the magnetization
curves differs more and more from the typical form of non-
oriented magnetization curves with a high slope around low
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excitation fields and early saturation reached at low mag-
netic fields and high polarizations. The transition from high
permeabilities to saturation is now distributed smoother over
the entire saturation range. Thus, the model faces difficulties
at the recreation of these loop shapes as the magnetization
behavior diverges more and more from the typical observed
curves. These measured curves for high mechanical loads dif-
fer strongly from the unloaded curves that can be recreated by
classical parametric hysteresis models with good agreement.
Nonetheless, the double-Langevin function approach is still
capable to recreate the measured magnetization curves with
comparatively good accuracy. The general influence on the
slope that can be observed at different mechanical loads, is
followed by the simulation results. The maximum values at
the turning points of the different loaded curves as depicted
in Fig.4 are met with high accuracy.

Despite of the acceptable general replication of the magne-
tization behavior for high excitations, the deviation between
measured and simulated curves increases at higher mechanical
stress levels. The error between measurements and simulations
increases in the region of higher slope changes around the
inflection point. The resulting simulated losses that were
calculated by integrations over the simulated hysteresis loops,
show and almost identical behavior with respect to the applied
mechanical stress as the measured losses. But they remain
constantly below the measured losses with offsets around
10W/m3. This deviations between model and measurements
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Fig. 3: Measured (solid) and simulated (dashed) hysteresis
curves for different mechanic stresses.
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Fig. 4: Simulated and measured required maximum field Hm

for saturations of 1.5 T with respect to the mechanical stress.

regarding the resulting losses and the flux paths around higher
slope changes suggest a more detailed examination of the
hysteretic magnetic field parts HH, as they determine the width
of the hysteresis and by this means the resulting simulated
losses. A comparison between the measured and simulated
width of the hysteresis curves is depicted in Fig. 6. At each
mechanical load the deviation between measurement and simu-
lation is remarkable. While the measurements reveal a variety
of pathways with different characteristics for the respective
stress levels, the simulations are bound to a uniform pathway
by the Langevin function that is set in use during the basis
equation of the hysteretic components (7). The deviations, that
occur by this insufficiency of the the representation on HH,
interact again with the respective anhysteretic representations
which have to compensate the misalignment between model
an measurement.
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Fig. 5: Simulated and measured total hysteresis loss at 1.5 T
for different mechanical stresses.

Authorized licensed use limited to: Universitaetsbibliothek der RWTH Aachen. Downloaded on August 19,2020 at 15:47:57 UTC from IEEE Xplore.  Restrictions apply. 



1800012

2018 IEEE International Magnetics Conference (INTERMAG)

5

−1.5 −1 −0.5 0 0.5 1 1.5
0

50

100

150

200

250

B in T

H
H

in
A

/m

-8.28 MPa
0 MPa
101.15 MPa

Fig. 6: Difference between measured (solid) and simulated
(dashed) width of hysteresis determined by the hysteretic
component HH.

IV. CONCLUSION

In this paper the influence of mechanical stress on the
magnetic properties is analyzed in terms of magnetization
and loss behavior and modelled by an modified energy-
based hysteresis model that is suitable for the use in finite-
element machine simulations. The modified description of the
anhysteretic magnetic field component leads to satisfactory
accordance between measured behavior and their respective
simulation results at different stress levels. The formulation
of the hysteretic field component and the resulting hysteretic
pathways were evaluated and compared to the actual measured
pathways, revealing a lack of flexibility in the ground based
set of equations. Further adjustments on the hysteresis model,
particularly the description of the hysteretic field components
particularly for decreasing excitations, as on the parameter
identification routine could lead to clearer relationships be-
tween model parameters and applied mechanic stress and have
to be investigated in subsequent studies. By this means the
material behavior could be predicted continuously across the
entire range of applied stress, by interpolating the identified
parameter curves with respect to the mechanical load.
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