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Abstract

The effect of multi-axial stress on the iron losses of a non-oriented electrical steel sheet under alternating magne-
tization is analyzed. Multi-axial magneto-mechanical measurements on a M400-50A grade non-oriented electrical
steel sheet are performed by using a custom made single sheet tester device. The measured losses are separated into
hysteresis, classical and excess loss components by using statistical loss theory, and the effect of various stress con-
figurations on the hysteresis and the excess loss components is analyzed. By utilizing the statistical loss theory, an
equivalent stress model and a magneto-elastic invariant based model are derived. These models can be used to predict
the iron loss evolution under multi-axial stress even if only uniaxial stress dependent measurements are available. The
accuracy of both models to predict the multi-axial stress dependent iron losses is found to be satisfactory when they
are identified only from uniaxial stress dependent measurements. The invariant based model is shown to be slightly
more accurate for the studied material.

Keywords:
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1. Introduction

The magnetic properties of electrical steel sheets
widely used in electrical machine cores are known to
be highly stress dependent. During the manufactur-
ing processes and operation of these devices multi-axial
stresses are exerted on the core laminations [1–6]. The
performance of the electrical machines is significantly
affected by these multi-axial loadings [7–12]. There-
fore, in order to be able to design more efficient devices
and analyse existing ones with better accuracy, the de-
pendency of the core losses on the multi-axial stresses
should be studied comprehensively.

Previously, several studies on the interaction between
the different components of the core losses in electrical
steel sheets and the mechanical stress have been per-
formed [13–17]. For instance, in [13] the effect of uni-
axial stress on different loss components was studied
according to the statistical loss theory of [18]. It was
found that the hysteresis and excess losses increased un-
der compression and high tensile stress, and reduced un-
der low tensile stress. A similar study with wide range
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of data has been performed in [14]. In both studies it
was reported that the uniaxial stress has similar effect on
the hysteresis and excess loss components. On the other
hand, in [15] uniaxial tension dependent core losses
are separated into hysteresis, excess and non-linear loss
components. It was shown that the tensile stress affected
the hysteresis and non-linear loss components, whereas
the effect on the excess loss component was insignifi-
cant.

The aforementioned studies rely on fitting the loss
model parameters to the measured losses only under
various uniaxial magneto-mechanical loadings. Al-
though they can be accurate in describing the losses
within the fitted uniaxial stress ranges, they do not de-
scribe or predict the stress dependent losses under multi-
axial loadings as it occurs in electrical machines. Due
to the practical difficulties of performing multi-axial
magneto-mechanical experiments, only a few experi-
mental studies on non-oriented electrical steel sheets
were performed in the past to study the multi-axial
stress dependency of the iron losses [19–22]. For in-
stance in [19–21], effect of uniaxial and shear stress
on magnetic properties and iron losses of non-oriented
electrical steel sheets was studied. However in these
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studies, the experiments were performed only at single
magnetizing frequency which was not enough to segre-
gate the iron losses and study the stress effects on differ-
ent loss components. In addition, they did not provide
any stress dependent loss model.

Since performing multi-axial magneto-mechanical
measurements is practically a difficult task, a model that
can be identified from uniaxial measurements to predict
the multi-axial core losses is needed. Recently, in [23]
equivalent stress models to predict the core losses un-
der bi-axial stress when only uniaxial stress dependent
measurements are available are proposed. However, the
proposed models were only applied and validated for
bi-axial configurations. In addition, in order to sepa-
rate the losses, they used magneto-mechanical measure-
ments from [22] with non-sinuoidal flux density (B) in
the statistical loss model by Jordan that assumes sinu-
soidal B [24]. This approach can cause significant er-
rors in the loss separation [25].

In this paper, measurements under controlled sinu-
soidal flux density with 1 T amplitude at various fre-
quencies and under up to ±30 MPa multi-axial in-plane
stresses performed on a M400-50A non-oriented elec-
trical steel sheet are reported. The core losses are sep-
arated into hysteresis, classical and excess loss compo-
nents using Bertotti’s statistical loss model [18] and the
effect of multi-axial stress on the hysteresis and excess
loss components is investigated. One of the equivalent
stress models from [23] is tested for predicting the ef-
fect of multi-axial stress on the iron loss components
when the model is fitted merely based on uniaxial mea-
surements. Finally, a simple model based on magneto-
mechanical invariants is proposed to predict the multi-
axial stress dependency of the hysteresis and excess
losses by utilizing the statistical loss model.

2. Magneto-mechanical Measurements

A custom-made single sheet tester device which has
ability to apply arbitrary magneto-mechnacial load-
ing on steel sheets was used to perform the magneto-
mechanical measurements. The measurement setup and
the sample geometry that consists of six legs are shown
in Fig. 1. Previously, it was shown in [26] that it is
possible to obtain an arbitrary in-plane stress tensor in
the measurement area using a similar six-legs sample
geometry. The design of the device and the control pro-
cedures are detailed in [27] and the important aspects
will be summarized here.

The measurement area is 20×20 mm2 and it is lo-
cated in the central area of the sample as shown in Fig
1 (a). Mechanical stresses were applied to each leg of

Figure 1: Single sheet tester device shown (a) from top, (b) as a whole.

the sample by screw guides that were driven by servo
motors. Between the servo motor and the screw guide
a gearbox with ratio of 60:1 was connected to obtain
high stress application precision at each leg. To avoid
buckling under compressive stress, the sample was re-
inforced from the top and the bottom by non-magnetic
plates. Oil was applied on each side of the sample to
minimize the friction between sample and the reinforc-
ing plates. The mechanical strain ε in the measurement
region of the sample was measured using a 10 mm di-
ameter rosette type strain gauge with 0◦ − 45◦ − 90◦ ori-
entation. Afterwards, the stress was calculated using the
well known plane stress formulation of the Hooke’s law.
In order to achieve the desired stress tensor at the mea-
surement region, stress was calculated using simulta-
neously measured strain and each servo was controlled
to displace accordingly. The studied stress configura-
tions were uniaxial stress along rolling (x) and trans-
verse (y) directions, equibiaxial stress and two cases
of pure shear stress. Latter two are denoted as shear-
I and shear-II for brevity. In this work, the studied
stress states are expressed using the notation given by
σ =

[
σxx σyy τxy

]T. Then the studied cases, the
equibiaxial, shear-I and shear-II stress configurations
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are expressed in this notation as σ =
[
σ σ 0

]T,
σ =

[
σ −σ 0

]T, σ =
[

0 0 τ
]T, respectively. The

magnitude of σ and τ varies from –30 MPa (compres-
sion) to 30 MPa (tension) with 10 MPa intervals.

On the other hand, magnetizing coils were wound
around grain-oriented laminated yokes and they were
placed between each leg of the sample. The coils were
supplied with controlled voltage waveform in order to
obtain sinusoidal alternating flux density in the mea-
surement area. The flux control principle is based on
[28, 29]. To measure magnetic flux density, two search
coils of four turns each were placed at the measure-
ment area perpendicular to each other. Magnetic field
strength (H) was measured using a double H-coil placed
on the measurement area. The correct alignment of the
H-coil was ensured by comparing clockwise and coun-
terclockwise rotational field measurements. The mea-
surements were performed at flux density along rolling
or transverse directions with 1 T amplitude and at 10
Hz, 30 Hz, 70 Hz, 110 Hz and 150 Hz frequencies.

After the measurements of B-H loops, the iron loss
densities (p) per period (T ) are calculated for each stud-
ied case by

p =
1
T

∫ T

0
H ·

dB
dt

dt. (1)

2.1. Measurements Under Uniaxial and Biaxial
Stresses

The measured B-H loops under zero stress and uniax-
ial stress applied along rolling and transverse directions
with σ = ±30 MPa where the sample is magnetized
along rolling direction with 10 Hz frequency are shown
in Fig. 2 (a). When tension parallel to or compres-
sion perpendicular to magnetization direction are ap-
plied, the material is affected in a very similar way. At
these stress conditions, the permeability of the material
is improved and the coercive field is decreased slightly
compared to the stress free case. On the other hand, ap-
plication of compression parallel to or tension perpen-
dicular to the magnetization direction causes reduced
permeability and increased coercive field. Considering
the studied uniaxial cases, the largest effect is caused by
uniaxial compression along magnetization direction.

The B-H loops under the same magnetization condi-
tions and under bi-axial stress are shown in Fig. 2 (b).
The bi-tension and shear-I configuration with tensile
stress along magnetization direction improves the per-
meability similar to the case when uniaxial tensile stress
is applied parallel to magnetization direction. The bi-
compression reduces the permeability slightly, whereas
shear-I case with compression along the magnetization

-500 0 500
Magnetic field strength (A/m)

(a)

-1

-0.5

0

0.5

1

M
ag

ne
ti

c 
fl

ux
 d

en
si

ty
 (

T
)

[
xx

 
yy

 
xy

] (MPa)

[0  0  0]
[30   0   0]
[-30   0   0]
[0 -30   0]
[0  30   0]

-500 0 500
Magnetic field strength (A/m)

(b)

-1

-0.5

0

0.5

1

M
ag

ne
ti

c 
fl

ux
 d

en
si

ty
 (

T
)

[
xx

 
yy

 
xy

] (MPa)

[0  0  0]
[30  30   0]
[-30 -30   0]
[30 -30   0]
[-30  30   0]

Figure 2: Measured B-H loops at 1 T induction level along x direction
and at 10 Hz frequency under (a) uniaxial stress, (b) bi-axial stress
states where σ = ±30 MPa.

direction reduces the permeability and increases the co-
ercive field considerably more than the other cases.

Percentage variations of the power loss densities per
cycle are obtained by comparing the losses at each stress
state to the stress free case by

∆p =
p(σxx, σyy, τxy) − p(0, 0, 0)

p(0, 0, 0)
(2)

where p(0, 0, 0) and p(σxx, σyy, τxy) represent the losses
for the stress free and stressed cases, respectively. In the
case of bi-axial loading τxy = 0. In Fig. 3 (a) and (b)
∆p is shown for uniaxial and bi-axial cases for sample
magnetized along rolling (x) direction at 10 Hz and 150
Hz frequencies, respectively. It is seen that the effect
of stress on the losses at both frequencies are similar.
However, at 10 Hz the variation of the losses are larger
than the 150 Hz case. This is because the stress affects
the different loss components in different rates, and the
analysis of this will be made in detail in the next section.

It was reported in [19–21] that the stress affects the
magnetic properties of the material along all the direc-
tions in the plane of the sheet. In Fig. 3 it can also
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be seen that the stress does not affect the material only
along its application axis but also perpendicular to it.
When uniaxial tensile stress is applied parallel to the
magnetization direction, a decrease in the losses is ob-
served. The losses increases with application of com-
pression along magnetization direction. The opposite
effect is observed when the uniaxial stress is applied
perpendicular to the magnetization direction for both
cases. Considering the biaxial stress configurations, bi-
compression and shear-I stress case when σxx is neg-
ative (second quadrant), increases the losses. At this
magnetization state, the highest increase in the losses is
observed at this shear-I case when σxx is negative. On
the other hand, application of bitension and shear-I σxx
being positive (fourth quadrant), decreases the losses.

In Fig. 3 (c) and (d) loss evolution under same stress
states when the sample is magnetized along transverse
(y) direction is given. Similarly to the previous case,
applied tension along magnetization direction reduces
the losses, whereas compression increases it. The ef-
fect of bi-axial stress is opposite to that observed when
sample is magnetized along x direction. A symmetry
between Fig. 3 (a), (b) and (c), (d) with respect to
the σxx = σyy line would be expected with an ide-
ally isotropic material. However, the results indicate
a slight difference. This behavior is associated with
the magneto-elastic anisotropy of the material and it is
mainly related to crystallographic texture [30]. Simi-
lar measurement results under uniaxial and multi-axial
stresses were reported in [19, 20, 31].

2.2. Measurements Under Pure Shear
When the shear-II stress configuration σ =[

0 0 τ
]T is applied to the material, the orientation of

the principal axis is not anymore aligned with the ap-
plied field. The angle of the principal stress θp with re-
spect to rolling direction (x) and the principal stresses
σ1, σ2 can be calculated by

θp =
1
2

tan−1 2τxy

σxx − σyy

σ1 = σxxcos2θp + 2τxycosθpsinθp + σyysin2θp

σ2 = σxxcos2θp − 2τxycosθpsinθp + σyysin2θp.

(3)

Substituting σxx, σyy and τxy with the applied stress ten-
sor components 0, 0, and τ yields θp = 45◦, σ1 = τ and
σ2 = −τ. An illustration of an applied shear-II stress
case and the resulting principal stresses are shown in
Fig. 4 for clarity. With an ideally magneto-elastically
isotropic material it would be expected that the applica-
tion of σ =

[
0 0 τ

]T and σ =
[

0 0 −τ
]T should

Figure 3: Loss variations compared to the stress free case (∆p) for
uniaxial and bi-axial stress states for magnetization along x direction
(a) at 10 Hz frequency, (b) at 150 Hz frequency, and magnetization
along y direction at (c) 10 Hz frequency, (d) 150 Hz frequency. Note
the scale differences in the colormaps

Figure 4: Application of shear-II stress configuration and resulting
principal stresses.

affect the material in the same way. In Fig. 5 B-H loops
under alternating magnetic flux density along rolling di-
rection at 10 Hz frequency and shear-II loading with
τ = ±30 MPa is compared to the stress free case. The
permeability and the coercive field is increased similary
to the case when uniaxial compression is applied along
the magnetization direction. It is seen that application
of σ =

[
0 0 30

]T and σ =
[

0 0 −30
]T affects the

material in a slightly different way since the studied ma-
terial is not ideally isotropic. Similar behavior under
shear stress is also reported for instance in [21].

Percentage loss variations are calculated with (2) un-
der shear-II stress configuration where τxy varies from
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–30 to 30 MPa and for magnetization along x direc-
tion. The results are shown in Fig. 6 (a) and (b) for 10
Hz and 150 Hz magnetization frequencies, respectively.
The losses increases with similar rates under both cases
when τxy < 0 and τxy > 0 as expected. Similarly to the
bi-axial cases, under shear-II stress at 150 Hz losses in-
creased slightly less than the case of 10 Hz. In Fig. 6 (c)
and (d) percentage loss variations are given for magne-
tization along y direction at 10 Hz and 150 Hz frequen-
cies. The behaviour is similar to the case when sample
is magnetized along x direction. Similar to the bi-axial
case, shear-II also affects the material at different rates
depending on the magnetization direction.

3. Loss Separation and Proposed Models

3.1. Statistical Loss Separation
Based on the performed magneto-mechanical mea-

surements under sinusoidal B at 1 T fixed amplitude
and at various frequencies, it is possible to separate the
losses into hystresis loss (phy), classical eddy current
loss (pcl) and excess loss (pex) components using the
Bertotti loss model [18]. Assuming that the skin effect
is negligible pcl can be determined in by

pcl =
λπ2d2Bp

2 f 2

6
(4)

where λ, d, Bp and f are conductivity of the material,
thickness of the material, peak induction level and the
frequency of the field, respectively. Then the total
power loss per cycle is given for per unit volume by

ptot = chyBp
2 f︸   ︷︷   ︸

phy

+pcl + cexBp
1.5 f 1.5︸        ︷︷        ︸

pex

. (5)
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Figure 5: Measured B-H loops at 1 T induction level and 10 Hz fre-
quency under shear-II stress state where σ = ±30 MPa.

Here, chy and cex are the hysteresis and excess loss coef-
ficients, respectively. Since under the studied frequency
levels the skin effect is neglible and the studied stress
magnitudes are within the elastic limits, it is assumed
that pcl does not depend on the stress state of the mate-
rial [13]. In order to study the effect of stress on phy and
pex, the coefficients chy and cex are determined by lin-
ear least-squares fitting of (5) to the measurements for
each stress state where Bp = 1 T applied along x or y
directions and with frequencies varying from 10 Hz to
150 Hz. Considering all the cases the fitting error to the
total measured losses was found to be 3.2% and 3.8%
for magnetization applied along x and y directions, re-
spectively.

The determined loss coefficients chy and cex under ap-
plied magnetization along x direction and under bi-axial
stress states are shown in Fig. 7 (a) and (b), respectively.
In Fig. 7 (c) and (d) evolution of the coefficients under
the same magnetization conditions and under shear-II
case is given. It is seen in Fig. 7 that the stress affects
the loss coefficients chy and cex in a similar way. It is
worth noting that, although the behaviors of chy and cex
under stress are similar, the variation rates are different.
In [13] and [14], similar conclusion was reported only

Figure 6: Loss variations compared to the stress free case (∆p) for
shear-II stress states for magnetization along x direction (a) at 10 Hz
frequency, (b) at 150 Hz frequency, and magnetization along y direc-
tion at (c) 10 Hz frequency, (d) 150 Hz frequency.
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Figure 7: For the applied magnetization along x direction, (a) evo-
lution of chy, (b) evolution of cex under biaxial stress states and (c)
evolution of chy, (d) evolution of cex under shear-II stress states.

for uniaxial stress cases.

Similarly, in Fig. 8 (a) and (b) the evolution of chy and
cex under biaxial stress and in Fig. 8 (c) and (d) under
shear-II case, where the sample is magnetized along y
direction is shown. Both loss coefficients are affected
similarly with the stress and as in the previous case.

To analyze the effect of stress on different loss com-
ponents at different frequencies in more detail, loss
components under uniaxial stress applied parallel to the
magnetization direction at 10 Hz and 150 Hz is shown
in Fig. 9 (a) and (b), respectively. The sample was mag-
netized along x direction. The contribution of different
loss components to the total loss densities varies with
frequency. At low frequency the hysteresis losses are
dominant, whereas with increasing frequency the clas-
sical and the excess losses start becoming more promi-
nent. Since chy and cex do not vary with the frequency,
a change in the frequency only affects the impact mag-
nitude of phy and pex on the total losses. That is why
for instance in Fig. 3 and Fig. 6 at low frequencies the
effect of stress appears to be more prominent since pcl
at this frequency has the least contribution which is not
affected by stress.

Figure 8: For the applied magnetization along y direction, (a) evo-
lution of chy, (b) evolution of cex under biaxial stress states and (c)
evolution of chy, (d) evolution of cex under shear-II stress states.

Figure 9: Variation of different loss components for uniaxial stress
applied parallel to magnetization where the sample magnetized along
x direction at (a) 10 Hz, (b) 150 Hz. Rounded percentage losses of
each component with respect to the total losses are also shown.

3.2. Proposed Models

A conventional way to obtain the stress free iron
losses in electromagnetic devices is to use statistical
iron loss models such as the Bertotti model at the post-
processing stage of the simulations such as finite el-
ement analysis. This way the losses are calculated
quickly and easily, since these loss models are just ana-
lytical expressions with few coefficients as described in
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the previous subsection. Thus, developing models to in-
clude the stress dependency to these coefficients would
provide a simple and quick way to take into account the
stress effects on the iron losses. In order to do that,
an equivalent stress model (Model I) and a magneto-
elastic invariant based model (Model II) will be studied
in this subsection. In addition, their abilities to predict
the multi-axial stress dependency of the iron losses will
be tested.

3.2.1. Model I
The first approach adopted to model the stress de-

pendency of the loss coefficients chy and cex is by us-
ing an equivalent stress approach (Model I). The equiv-
alent stress approach is based on the assumption that
any change caused in magnetic behavior by multi-axial
stress can be modeled by an appropriate fictive uniaxial
stress (equivalent stress) [32, 33]. This allows predict-
ing multi-axial magneto-mechanical behavior by utiliz-
ing the measurements under uniaxial stress only. Al-
though the equivalent stress approach is useful, the va-
lidity of the approach is questionable and it can be in-
accurate for some certain cases [34]. Nevertheless pre-
viously the equivalent stress models were used in some
applications and the applicabilities of the models to take
into account the stress effects were proven [8–10]. In
this work, the equivalent stress definition from [23, 33]
is adopted and it is given by

σeq =
1
K

ln
(

2 exp (KhTsh)
exp (K t1

Tst1) + exp (K t2
Tst2)

)
(6)

where s is the deviatoric part of the applied stress ten-
sor and it is given by s = σ − (1/3)tr(σ)I, I being the
identity tensor. h, t1 and t2 are the direction vectors
that are parallel to applied field, orthogonal to applied
field and orthogonal to the sheet plane, respectively.
In (6), K is a material parameter and for silicon-iron
K = 4 × 10−9 (m3/J) [33]. The equivalent stresses for
the studied bi-axial stress states are calculated and they
are shown in Fig. 10 (a) and (b) for the applied field
along x and y directions, respectively.

Using the previously determined Bertotti model co-
efficients chy and cex for the cases where uniaxial stress
is applied parallel to the magnetization only, loss co-
efficients are modeled by the defined σeq under multi-
axial stress configurations. Results are given in Fig. 11
(a) and (b) for chy and cex, respectively. Coefficients
under all the stress states are plotted where the magni-
tude of the stress varies from –30 MPa to 30 MPa with
10 MPa intervals for each configuration. The agree-
ment under all the stress cases is satisfactory except the

Figure 10: Calculated equivalent stresses under biaxial stress config-
urations for magnetization along (a) rolling, (b) transverse directions.

shear-II configuration. When the shear-II configuration
σ =

[
0 0 τ

]T is applied σeq = 0. Therefore, under
all shear-II configurations chy and cex remain constant.
In addition, the model overestimates the effect of shear-
I case σ =

[
−30 30 0

]T on the chy considerably. In
Fig. 12 the same calculation results for the applied mag-
netization along y direction is shown. In this case the
model is less accurate in equibiaxial and shear-I cases,
especially for modelling cex.

The total energy loss densities are calculated for all
the stress cases and all the studied magnetization fre-
quencies by substituding chy and cex modeled by Model
I into (5) and by dividing the results with the magne-
tization frequency. In Fig. 13 (a) and (b) the modeled
results are compared to the measurements for when the
magnetization is applied along x and y directions, re-
spectively. Note that in Fig. 13 the losses are plotted
by sorting them as ascending with respect to the studied
magneto-mechanical cases. Although, there are some
variations, the Model I catches the general evolution of
the losses under different stress cases. The model is less
accurate for the stress states that affect the losses signif-
icantly. At these cases Model I usually underestimates
the losses. The relative error considering all the cases is
calculated by

ε =
‖Wsim −Wtot‖

‖Wtot‖
(7)

where Wsim, Wtot are the simulated and the measured
losses, respectively. The errors considering the results
from Model I are found to be 13% and 14.2% for mag-
netization along x and y directions, respectively.

3.2.2. Model II
Previously, an energy based invariant model is used

to model the stress dependent magnetization and mag-
netostriction of non-oriented electrical steel sheets [26,
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Figure 11: Modeled loss coefficients by Model I at magnetization
along x direction. (a) Hysteresis loss coefficient, (b) Excess loss co-
efficient. Magnitude of the applied stress varies from –30 MPa to 30
MPa with 10 MPa intervals for each stress case.

35, 36]. The model is based on five scalar invariants to
describe the magneto-elastic interaction in the material.
In this study, in order to model the stress depedency of
chy and cex a model based on the magneto-elastic invari-
ants given in [26, 35, 36] is proposed (Model II). These
invariants are written as

I5 = b · (sb), I6 = b · (s2b) (8)

where b is the direction vector of the flux density and
s is the deviatoric part of the applied stress σ. Then
the stress dependent loss coefficients are expressed as a
function of I5 and I6 as

chy(I5, I6) = c0,hy + βhI5 + γhI6

cex(I5, I6) = c0,ex + βeI5 + γeI6
(9)

where c0,hy and c0,ex are the Bertotti loss coefficients de-
termined for the stress free case, βh, γh, βe and γe are
fitting parameters to be determined. These parameters
are obtained by using the measured loss data only for the
cases when uniaxial stress is applied parallel to the mag-
netization direction. Determined parameter values for
both the rolling and the transverse directions are given
in Table 1.

Figure 12: Modeled loss coefficients by Model I at magnetization
along y direction. (a) Hysteresis loss coefficient, (b) Excess loss co-
efficient. Magnitude of the applied stress varies from –30 MPa to 30
MPa with 10 MPa intervals for each stress case.

Table 1: Parameter values for Model II

Parameter Rolling direction Transverse direction

βh −3.14 · 10−6 1/Pa −3 · 10−6 1/Pa
βe −3.24 · 10−7 1/Pa −2.39 · 10−7 1/Pa
γh 9.28 · 10−14 1/Pa2 5.36 · 10−14 1/Pa2

γe 4.36 · 10−15 1/Pa2 2.43 · 10−15 1/Pa2

Using these parameters, the loss coefficients chy and
cex are modeled under all the studied stress cases where
the stress level varies from –30 MPa to 30 MPa with
10 MPa intervals and the results are given in Fig. 14
and Fig. 15 for magnetization along x and y directions,
respectively. Considering when the magnetization di-
rection is parallel to x, the model predicts the effect of
multi-axial stress on the both loss coefficients with sat-
isfactory accuracy. It is seen that Model II predicts the
behavior under shear-II stress configuration as well. The
effect of shear-I case σ =

[
−30 30 0

]T on the chy is
overestimated considerably by Model II which was also
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Figure 13: Total energy loss densities for each stress and magneti-
zation state. Measurements and modeling results from Model II (a)
Magnetization along x direction, (b) Magnetization along y direction.
The losses are sorted as ascending.

the case for Model I. In Fig. 15 modeling results when
the magnetization is applied along y direction is shown.
Except for the bi-tension case the model catches the
evolution of the coefficients under all the stress cases.

It is worth noticing that when the magnetization is
along y direction both Model I and Model II predict
similar behavior under bi-tension which does not match
to the Bertotti loss coefficients that were determined
from the measurements. However, the models are suc-
cessful at predicting the behavior under the same stress
state when the magnetization is along x direction. This
is because, the application of stress affects the mate-
rial differently depending on its magnetization condi-
tion resulting in different loss evolution. As discussed
in Section II A, this is related to the magneto-elastic
anisotropy caused by the crystallographic texture vari-
ations in the material and neither of the models consider
this in their current form. Earlier, in [34], an equivalent
stress model was proposed to include the anisotropy for
orthotropic materials. Although the model was success-
ful in general, it lacked accuracy for some cases. On the

Figure 14: Modeled loss coefficients by Model II at magnetization
along x direction. (a) Hysteresis loss coefficient, (b) Excess loss co-
efficient. Magnitude of the applied stress varies from –30 MPa to 30
MPa with 10 MPa intervals for each stress case.

other hand, in order to include the anisotropy for Model
II, new invariants should be introduced to the model.
This would lead to a higher number of parameters to be
identified. The inclusion of magneto-elastic anisotropy
is out of scope of this paper. However, a more detailed
study on the subject is indeed needed.

The total energy loss densities are modeled by sub-
stituting chy and cex in (5) with the modeled coefficients
from (9) and by dividing the results with the magneti-
zation frequency. The modeled losses by Model II are
compared to the measurements in Fig. 16 (a) and (b)
when the sample is magnetized along x and y directions,
respectively. In Fig. 16 the losses are plotted by sorting
them as ascending with respect to the studied magneto-
mechanical cases. It is observed that Model II is able
to predict the stress dependency of the losses for both
cases. The errors, calculated by using (7) for when the
sample is magnetized along x and y directions are found
to be 5.6% and 9.9%. Similarly to Model I, the highest
errors for Model II are observed when the effect of stress
on the losses are significant.

It can be noticed that Model II can be interpreted
as a refined version of an equivalent stress model. In
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Figure 15: Modeled loss coefficients by Model II at magnetization
along y direction. (a) Hysteresis loss coefficient, (b) Excess loss co-
efficient. Magnitude of the applied stress varies from –30 MPa to 30
MPa with 10 MPa intervals for each stress case.

Model I, the equivalent stress is only defined from one
magneto-elastic invariant. Model II separates the effect
of stress between hysteresis and excess losses, and in-
corporates two magneto-elastic invariants. This refine-
ment could explain the higher versatility of the second
model.

4. Conclusion

Effect of multi-axial stress on the hysteresis and the
excess loss components in a grade M400-50A non-
oriented electrical steel sheet was analyzed. For loss
separation, magneto-mechanical measurements per-
formed under several multi-axial stress configurations
and controlled sinusoidal flux density along rolling and
transverse directions with 1 T fixed amplitude at vari-
ous frequencies were used in Bertotti’s statistical loss
model. It was observed that under the studied stress
states the hysteresis and the excess losses evolve in a
similar way and the effect of multi-axial stress on the
losses can be much more significant than that of uniax-
ial stress.

Figure 16: Total energy loss densities for each stress and magneti-
zation state. Measurements and modeling results from Model II. (a)
Magnetization along x direction, (b) Magnetization along y direction.
The losses are sorted as ascending.

In order to predict the hysteresis and the excess loss
evolutions under multi-axial stress, an equivalent stress
based model and a magneto-elastic invariant based
model are studied. The models are identified by using
only uniaxial stress-dependent loss coefficients which
were obtained by fitting the Bertotti loss model to the
measurements. The accuracy of both models to predict
the studied loss components were found to be satisfac-
tory. However, the proposed magneto-elastic invariant
based model produced more accurate results. Also un-
der the shear-II stress configuration the invariant based
model is able to predict the loss behavior wheras, the
studied equivalent stress approach does not model loss
evolution under this stress state.
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