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Abstract

Purpose — The purpose of this paper is to study the variation of the specific iron loss components of
electrical steel sheets when applying a tensile mechanical load below the yield strength of the material. The
results provide an insight into the iron loss behaviour of the laminated core of electrical machines which are
exposed to mechanical stresses of diverse origins.

Design/methodology/approach — The specific iron losses of electrical steel sheets are measured using a
standardised single-sheet tester equipped with a hydraulic pressure cylinder which enables application of a
force to the specimen under test. Based on the measured data and a semi-physical description of specific iron
losses, the stress-dependency of the iron loss components can be studied.

Findings — The results show a dependency of iron loss components on the applied mechanical stress.
Especially for the non-linear loss component and high frequencies, a large variation is observed, while the
excess loss component is not as sensitive to high mechanical stresses. Besides, it is shown that the stress-
dependent iron loss prediction approximates the measured specific iron losses in an adequate way.
Originality/value — New applications such as high-speed traction drives in electric vehicles require a
suitable design of the electrical machine. These applications require particular attention to the interaction
between mechanical influences and magnetic behaviour of the machine. In this regard, knowledge about the
relation between mechanical stress and magnetic properties of soft magnetic material is essential for an exact
estimation of the machine’s behaviour.

Keywords Electrical machines, Iron losses, Soft magnetic materials, Magnetoelasticity

Paper type Research paper

1. Introduction

The magnetic properties of non-grain-oriented electrical steels are prone to mechanical
stresses, i.e. residual, external or thermal ones. In rotating electrical machines, mechanical
stresses are ubiquitous and are of diverse origin, such as, e.g., material processing, machine
construction and operation conditions.

As a result, the efficiency and specific losses of the machine are largely altered by the
different states of mechanical stress. To improve rotating electrical machines in terms of
energy efficiency and operational characteristics, the interdependence of mechanical
stresses and magnetic properties variation needs to be studied. Within the past decades,
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steel sheets (Iordache and Hug, 2004; Feliziani et al., 2008; Salinas-Beltran et al., 2016). The
inverse magnetoelastic effect (Villari effect) describes the effect of mechanical stress on the
magnetic properties (Bozorth, 1993).

In this study, the examined correlation of mechanical stress and strain with magnetic
properties leads to a detailed magnetic characterisation of mechanically stressed soft
magnetic material specimens which directly relate to actual characteristics of electrical steel
laminations in electrical machines. Concurrent with developments concerning improved
power density and performance of these applications, the focus is put to magnetic flux
densities and high frequencies.

In electrical machines, the knowledge about the behaviour of specific iron losses
dependent on the mechanical stress pi.on (B, f, ) in the post-processing part of machine
design is necessary. In Permiakov et al. (2004), the iron loss parameters for hysteresis,
classical and excess loss components (Bertotti, 1988) dependent on compressive and
tensile stresses are studied. As a conclusion, it is shown that the hysteresis and excess
loss component behave similar when subject to a mechanical stress within the elastic
region. In Singh ef al. (2015), the influence of mechanical stress on the excess loss
component is investigated. Studies in Saeed et al (2015) result in a polynomial
description of the stress-dependent hysteresis loss parameter with focus on mechanical
compressive stresses.

This paper discusses the effect of applied tensile stress up to 100 MPa on the iron loss
components, with the focus on high frequencies and magnetic flux densities. In contrast to
Singh et al. (2015) and Saeed et al. (2015), a stress-dependent non-linear loss component is
added to get a better prediction for high magnetic flux densities. Based on magnetic
measurements of specimens consisting of electrical steel sheet loaded by different
mechanical stress levels, the iron loss parameters for each loss component are identified.
The measurements are performed in a standard single-sheet tester (SST). As a result, the
stress-sensitivity of each loss parameter is identified and described.

2. Measurement

2.1 Experimental setup

Specimens of non-oriented electrical steel sheet are examined. Each studied sample has a
length of lpecimen = 600 mm, a width of wspecimen = 100 mm and a thickness of dspecimen =
0.35 mm. Samples are oriented parallel to the rolling direction (RD) of the steel strip. Due to a
low thickness of the studied material, tests with compressive forces lead to a buckling of the
specimens (Euler’s critical load). Therefore, only tensile forces are applied to the specimens.

An SST equipped with a hydraulic pressure cylinder can load specimens of electrical
steel sheet with a maximum force of Fipinmax = £5 kN homogeneously (Figure 1). Due to the
geometrical conditions, i.e. widths and thickness of the studied samples, the maximum
stress level 1S o minmax = *+142.9 MPa. The force is transmitted onto the specimens via
clamping jaws, where one side is fixed and the other side is moveable and controlled by the
pressure cylinder. Stress and magnetic flux are applied collinearly (uni-axial loading).

The SST is incorporated into a computer-aided setup in accordance with the
international standard (DIN IEC 60404-3:2010-05, 2010). The samples are characterised
using controlled sinusoidal magnetic flux density with a form factor error of less than 1 per
cent in the frequency range from quasi-static (100 mT/s) to 1 kHz.

2.2 Mechanical measurement
The changes in magnetic properties loaded by nominal stress within the elastic area of the
material are studied. The elastic behaviour of the specimen is proofed by measuring the

Effect of
mechanical
stress

581




Downloaded by Rheinisch Westfalische Technische Hochschule Aachen, Jan Karthaus At 23:08 22 June 2017 (PT)

COMPEL
36,3

582

Figure 1.
Measuring principle
(SST and hydraulic
pressure cylinder)

Table .
Mechanical
properties of studied
material

specimen

e

clamping jaw

——
u(t) SwW

Ty

oy —
fixed clamping jaw > . I

Cauchy (engineering) strain of one sample while applying a mechanical nominal stress
without a magnetic field. The Cauchy strain is measured by a half-bridge strain gauge
adhered to the centre of one specimen. The measuring result depicts an elastic behaviour in
the applied stress region with the determined mechanical properties in Table I.

3. Iron loss model
The semi-physical model for iron losses in Eggers et al (2012) describes the iron loss
behaviour for a wide range of frequencies. The model is based on Bertotti's model for iron
losses (Bertotti, 1988). The description for iron losses is separated into a hysteresis, a
classical (Foucault) eddy current and an excess loss component. Each component is
motivated by a physical origin. An additional term considers the effect of the material non-
linearity on the loss behaviour, i.e. due to saturation of the hysteresis curves, which gives a
good estimation of the specific iron losses for high values of the magnetic flux density
(Eggers et al., 2012; Steentjes et al., 2013).

Splitting the equation into a static and dynamic component, the specific iron loss
description becomes:

Diron = Dstat + Dayn @)

with
Dstat = Phys = a1 -B* - f )

and
Dayn =Dl + bl + Pexc = az-B* - f* +az-ag- B> - f2 + a5 - B - f1° ©)

where B is the peak value of the magnetic flux density and fits frequency.

Description Symbol Value
Yield strength oy 361 MPa
Young’s modulus E 210 GPa

Tensile strength oTs 471 MPa
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In contrast to Eggers et al. (2012), here, the hysteresis loss exponent « in equation (2) is
extended to account for the fact that the full polarisation dependence of hysteresis cannot be
described by a single power function representation (Leuning et al., 2016; Chen and Pillay,
2002; Vandenbossche et al., 2012):

a:ao—l—oq-B (4)

The static or hysteresis component parameters a;, oy and «; are determined by parameter
fitting using the method of least squares to minimise the error between DC measurement
results for the specific hysteresis energy and the static loss estimation.

The classic iron loss component considers the loss which occurs due to non-local eddy
currents in the magnetic material. Using Maxwell's equations, the classical iron loss
parameter a- is determined by Bertotti (1988) to:

w2 42

= =7 5
6'p'pe ()

az

where d is the thickness of the material, p the material density and p. the specific electrical
resistivity.

The excess loss component describes the additional eddy currents that occur around
moving domain walls. For low frequencies, where the influence of the skin effect (Zirka et al,
2010) and, additionally, the effect of non-linear loss component is insignificant, the excess
loss component and its parameter can be calculated by:

Dexc = Dmeas — phys —Da (6)

where press are the measured losses. In Eggers et al (2012), it is suggested to use
measurements with /' = 5 Hz to extract the excess loss component.

To account for measured losses at higher magnetic flux densities (B > 1 T), a so-called non-
linear or saturation loss component is added which considers the non-linear material behaviour
for high frequencies and magnetic flux densities (Jacobs et al, 2009). The non-linear loss
parameters are estimated by mathematical parameter identification. Results in Eggers et al
(2012) show that these non-linear component lead to a good prediction of iron losses for high
frequencies and high flux densities. Petrun et al (2016) confirms the good agreement.

In Figure 2, the iron loss estimation for an unstressed specimen of the non-oriented steel
sheet material M250-35A and various frequencies up to 1 kHz is shown. The estimation of the
used iron loss parameters is explained in the following section. It can be seen that the iron loss
prediction is a good approximation to the measurement with a relative small estimation error.

Tensile stresses cause a shear of the hysteresis curves. Measurements in Figure 3 show a
shear in the hysteresis curves frequencies up to 1 kHz. The amount of magnetic field to
reach designated polarisations at increasing tensile stresses is increasing. For all studied
frequencies and maximum magnetic polarisations, the coercivity increases while the
magnetic remanence decreases for a rise of mechanical tensile stress. The shear of the
hysteresis curves is caused by a degradation of the domain structures and thus a change in
the amount of required energy. Elastic deformations cause changes in the domain structure
(Le Chatelier equilibrium principle) dependent on the induced magnetoelastic energy E.
(Cullity and Graham, 2009; Singh et al, 2015). In this case, as a consequence, the iron losses
which are dependent on the area of the hysteresis curve increase, characterising the
material’s sensitivity of magnetic properties to external mechanical stress.
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Figure 2.

Calculated (—)and
measured (Q) specific
iron losses of
unstressed specimens
of M250-35A for
different frequencies
witha; =0.00816,a, =
3.66-107° a3=
0.15889, a, = 3.27630,
as = 00005, an=
1.19076, a7 = 0.79839

Figure 3.

Measured stress-
dependent hysteresis
curves of M250-35A
for different
operating points

In Figure 4, the static and dynamic stress-dependent loss components for two different
operating points are shown [see equation (1)]. The dynamic loss component is determined by
calculating the difference of measured total losses and static losses for each stress level.
Seemingly, for small mechanical stresses up to approximately 20 MPa, the static loss
proportion decreases and then starts to increase slightly. For higher frequencies, the same
behaviour is observable. For f = 50 Hz, the dynamic loss component reaches its maximum
proportion at approximately 20 MPa and then remains almost constant. For f = 1 kHz, an
increase of the dynamic loss component is noticeable before reaching an upper limit for high
stress values.

Due to the shear of the hysteresis curves and as a result of a variation in the magnetic
parameters such as coercivity and magnetic remanence, the static loss component (2) is
dependent on the mechanical stress:
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bsat(B.f, ) = puys(B.f, 0) = ar (o) - BBy ()

The sensitivity of the parameters is determined in Section 4. As the magnetic flux densities
vary for different mechanical stress values at a constant magnetic field, the exponent for the
magnetic flux density is dependent on the mechanical stress as well.

For the dynamic loss component, equation (3) becomes:

pdyn(Baf7 U) :pcl(Baf) +pnl(vi> 0’) +pexc(Baf7 0')

)
=ay . B2 ,fz +ay - 03(0') . BZta(o) ,fz +a5(0.) . B15 ,f1,5
The classical loss component parameter is assumed to be independent on the mechanical
stress for loads below yield strength. The parameter is solely described by material
properties (Permiakov et al., 2004).

4. Results

4.1 Hysteresis loss component

For each stress level, the results of the DC measurements (100 mT/s using a fluxmeter) are used
to determine the parameters @, g and a; using the stress-dependent curves of the specific
energy (Figure 5). Due to the shear of the hysteresis curves, the amount of required specific
energy e is generally increased for higher values of mechanical stress, though small tensile
stresses can pose an exception. In this case, the total area of the hysteresis loop is smaller when

Petar J"—"dyn inWhg
(=] -
o o = o
I
I
ﬂ‘.c t;b
3 B
[ Se——
pstat pdyn n W.n"lv(g
o o o

0 50 100 0 50 100
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(2) (b)
Notes: (a) f=50Hz, B=1.5T; (b) f=1kHz, B=0.5T
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2
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=
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Figure 4.

Static and dynamic
loss components for
two operating points

Figure 5.
Stress-dependent
specific energy e with
calculated (—) and
measured (O) data
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Figure 6.
Parameters’ each loss
component
dependent on
mechanical stress

compared to the unloaded state. Particularly for magnetic flux densities between 0.5 T and
1.5 T, a strong change of required energy between samples loaded differently can be observed.

Figure 6(a)-(c) depicts the trend of the hysteresis parameters a1, a and «; dependent on
the mechanical stress level. It is apparent that for small stress values up to approximately 20
MPa, most of the variation of the parameters occurs. Due to a shear in the hysteresis curves
for higher stress values and thus an increased demand of coercivity, parameter ¢; increases
in the complete area. Parameter o rises for small stress values before reaching its peak at
approximately 25 MPa. Then, a slight decrease occurs. Parameter «; declines for the entire
area. A similar behaviour is observed for the RD and the transverse direction for the elastic
region (Leuning ef al., 2016).

4.2 Eddy current loss component
Table II collects the required data for the determination of the eddy current loss parameter
[see equation (5)].

0.012 1.8
0.011 16
o 0.01 o 14
0.009 1.2
0.008 1
0 50 100 0 50 100
« in MPa o in MPa
(a) (b)
0.5
0.4
ml‘}
0.3
0.2
’ 0.1
0 50 100 0 50 100
o in MPa o in MPa
(c) (d)
4 | 65 x10™
3 | 6
o 2 | o’ 5.5 i
1 1 54 !
0 45 :
0 50 100 0 50 100
e in MPa o in MPa
(e ®

Notes: (a) Hysteresis loss parameter; (b) hysteresis loss exponent;
(c) hysteresis loss exponent; (d) non-linear loss parameter;
(e) non-linear loss exponent; (f) excess loss parameter
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The material density is according to the standard (DIN EN 10106:2016-03, 2016). The
electrical resistivity is measured by four-terminal sensing, i.e. an uncoated square-cut
sample of the same material with an edge length of 120 mm is fixed between a frame out of
copper and connected to a DC current source. Setting a small current and measuring the
voltage drop over the sample gives its resistance written in Table II. The eddy current loss
parameter is then determined using equation (5) to @ = 3.66 - 10~°.

4.3 Excess loss component

Determining the excess loss parameter as, it is noticeable that the excess loss component
first increases for around 30 MPa before the parameter starts to decrease slightly for higher
mechanical stresses [Figure 6(f)]. The behaviour of the increasing trend of excess loss for
small stresses can be explained by the deterioration of the domain walls.

4.4 Non-linear loss component

The parameters for the non-linear loss component are determined for each studied stress
level by using mathematical parameter identification. The trend of a5 first decreases before
it begins to increase steeply. The behaviour of the non-linear loss coefficient shows a strong
dependency on mechanical tensile stresses. It is suggested that due to the shear in the
hysteresis curve while applying a tensile stress, the non-linear loss component has a
significant influence. In contrast to parameter a5, the parameter in the exponent @, becomes
very small for high stress values after reaching a peak at 5 MPa [Figure 6(d) and (e)].
Consequently, the influence of the magnetic flux density on the non-linear losses is reduced
for high stress values, whereas in the middle range of flux density, the influence of
mechanical tensile stress is existent.

4.5 Total stress-dependent iron losses
Using equations (7) and (8), the total stress-dependent specific iron losses and its
components are calculated for various operating points (Figure 7). The contribution of the
different loss components on total iron losses varies depending on frequency. As for low
frequencies, static hysteresis losses are dominant because they increase linearly with
frequency [equation (7)], whereas the classical eddy current losses and non-linear losses
exhibit a quadratic dependence on frequency [equation (8)] (Figure 8). For the hysteresis loss
component, the most distinct stress-dependency can be seen for magnetic flux densities of
B =1T, which is also validated by measurements (Figure 9). As described in Section 3, the
non-linear or saturation loss component considers the non-linear material behaviour for high
frequencies and magnetic flux densities, and its influence is therefore subordinate for low
frequencies and polarisations. Accordingly, for increasing frequencies, it is apparent that the
eddy current loss component expands and becomes the most dominant loss component for
the frequency range of 400 Hz up to 1 kHz.

With increasing tensile stress, the hysteresis loss component shows a distinct
progression. The frequency only affects the magnitude of the impact on total losses due
to its linear dependency on frequency. For the operating point of 1.5 T at 50 Hz, it is

Name Unit Value
p kg/m® 7,650
Pe pOm 0.72

dspecimen mm 035
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Figure 7.
Proportion of loss
components and
comparison with
measured losses for
different operating
points

Figure 8.

Modelled loss
components and total
losses for different
magnetic flux
densities dependent
on the frequency for
different mechanical
stresses
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observed that the impact of the further loss components is small and stays almost
constant throughout all tensile loads. However, the dominance of hysteresis losses
vanishes for higher frequencies and other loss components become dominant. The
influence of tensile stress is considerable for higher frequencies affecting both excess and
non-linear losses, although to a different extent. With increasing tensile stress, the excess
loss component first starts to rise slightly and then remains almost constant for each
examined frequency. As a conclusion, the influence of high mechanical stresses on excess
losses is relatively small [Figure 8(c)]. The same result is described in Singh et al. (2015).
In contrast to the hysteresis loss component, it is apparent that the influence of
mechanical stress causes a significant variation in the non-linear and excess loss
component for higher magnetic flux densities.

As result of this study, the non-linear loss component is sensitive to mechanical
tensile stress for high frequencies [Figure 8(b)]. For low frequencies, the non-linear loss
component is almost constant. For higher frequencies, the non-linear loss component
becomes noticeable and increases for higher values of mechanical stress. Particularly
for a flux density in the middle range (e.g. B = 0.5 T), the influence of stress on the non-
linear loss component becomes significantly high. Regarding the hysteresis curves in
Figure 2, the beginning of the saturation is shifted, i.e. the gradient of the B-H curve is
lower than for the unstressed case. This causes the sensitivity of the non-linear loss
component.

Due to the constant classical loss component, it is unaffected by mechanical stress. For
high frequencies, it becomes the most dominant loss component.

Because the hysteresis loss component is only dominant for low frequencies, there is no
minimum of total losses at small values of mechanical stress for higher frequencies. The
highest sensitivity to mechanical stress is observable for the non-linear loss component for
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Figure 9.
Calculated (—) and
measured (O) iron

losses dependent on
magnetic flux
densities and
mechanical stress at
different frequencies
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Figure 10.
Estimation error for
predicted losses to
measured losses for
different operating
points and dependent
on mechanical stress

higher frequencies. The decreasing trend for the non-linear loss component while increasing
the mechanical stress for high magnetic flux densities [Figure 8(b)] has to be analysed in an
additional study.

For all plotted operating points, the stress-dependent iron loss prediction is a good
approximation for the specific iron losses dependent on mechanical stress. Regarding
Figure 10, it can be said that the absolute relative estimation error is smaller than 11 per
cent. For 50 Hz and 1.5 T, the iron loss model overestimates the measured specific iron
losses, while for 700 Hz and 1 T, the prediction underestimates the losses for the entire range
of mechanical tensile stress. In contrast, the prediction for 1 kHz and 0.5 T produces the
highest estimation error. The same behaviour can be observed in Figure 8 where a
difference between measurement and prediction is apparent. Overall, the iron loss prediction
gives a good description of the iron loss behaviour.

5. Conclusions

In this paper, the stress-sensitivity of the specific iron loss components is studied. The
influence of mechanical stress on the iron losses is noticeable. The parameter study shows
an increasing influence of the mechanical stress on the non-linear loss component, while the
hysteresis loss component is dominant at low frequencies. The stress-dependent behaviour
of the iron losses can be explained by the microstructural changes and its degradation of the
domain structure inside the material. These effects cause a shear of the hysteresis curves
and, as a consequence, a variation in the specific iron losses.

The stress-dependency is also sensitive to the frequencies and magnetic flux densities.
Between 0.5 T and 1.5 T, the influence of mechanical stress causes a high variation in the
iron losses. The results show that the variation in the hysteresis loss component becomes
dominant for flux densities between 0.5 T and 1.5 T.

In contrast to Singh et al. (2015) and Saeed et al. (2015), the influence of high magnetic
flux densities is modelled by an additional stress-dependent non-linear iron loss component,
which considers iron losses originating from saturation. It is shown that the non-linear loss
component is dependent on mechanical stress, while the excess loss component is mostly
unaffected by high mechanical stresses.

The determined characteristics are valid for mechanical tensile stresses within the
elastic region. The influence of mechanical stresses beyond the yield strength, meaning
the plastic region, is the focus of continuing research as well as the study on the influence
of compressive load on the magnetic properties and its induced variations in iron loss
components. Studies using a wide range of different non-grain-oriented electrical steel
sheet materials and different rolling directions are planned to verify the determined
trends.
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The results of this study can be used for a better prediction of the iron losses in electrical
machines. Detailed investigations have to show the influence of mechanical stress induced,
for example, due to shrink fitting or electromagnetic forces on the machine’s behaviour and
the efficiency.
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