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Abstract

Purpose — The purpose of this paper is to provide a comprehensive analysis of different material
models when observing the magnetisation dynamics and power losses in non-oriented soft magnetic
steel sheets (SMSSs).

Design/methodology/approach — During the analysis four different magnetic material models were
used for describing the static material characteristics, which characterised the materials’ magnetisation
behaviour with increasing accuracies: linear material model, piecewise linear material model, non-linear
H(B) characteristic and the static hysteresis material model proposed by Tellinen. The described material
models were implemented within a parametric magneto-dynamic model (PMD) of SMSSs, where the
dynamic responses as well as power loss calculations from the obtained models were analysed.
Findings — The momentous influences of various levels of detail on the calculation of dynamic
variables and power losses inside SMSS with non-uniform magnetic fields were elaborated, where
various static material characteristic models were evaluated, ranging from linear to hysteretic
constitutive relationships.

Research limitations/implications — The resulting PMD model using different static models was
analysed over a frequency range from quasi-static to f=1,000 Hz for different levels of magnetic flux
density up to Bpax=15T.

Practical implications — The presented analysis provides fundamental insight when calculating
dynamic electromagnetic variables and power losses inside non-linear SMSSs, which is instrumental
when selecting an adequate model for a specific application.

Originality/value — This paper provides closer insight on the way non-linearity, magnetic saturation
and hysteresis affect the energy loss and magnetisation dynamics in SMSSs through the level of detail
in the used material model. The strongly coupled model addresses both induced eddy currents and the
ferromagnetic materials’ magnetisation behaviour simultaneously using varying levels of detail so that
the interplay between skin effect (i.e. eddy currents) across laminations and hysteresis can be resolved
accurately. Therewith, adequate models for specific applications can be selected.
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I. Introduction

The magnetisation dynamics in long and thin non-oriented (NO) soft magnetic steel
sheets (SMSS) with predominately small domains are adequately described in many
cases using 1D quasi-static approximation of the magnetic phenomena inside the SMSS
(Zirka et al, 2006, 2008). Such approximation can be obtained using various methods
and models, where, e.g. FD- or FE-coupled models (Zirka et al.,, 2006, 2008; Bottauscio
et al, 2004), magnetic equivalent circuits (Bottauscio et al, 2004; Hui et al., 1996) and
more recently the parametric magneto-dynamic (PMD) model (Petrun ef al, 2014a, b)
represent established non-linear dynamic models. The 1D approximation is also extended
in some cases for the calculations of 2D (Belahcen et al, 2014) and 3D models (Cheng
et al.,, 2013). Alternative approaches for use in engineering often also represent various
simplified descriptions for loss calculations. These are e.g., based on empirical approaches
derived from the Steinmetz equation (Novak et al, 2014) or based on analytical
calculations (Wang et al., 2014; Raminosoa et al., 2014), where linear material properties
with momentous and treacherous limitations are often considered. Such models are
based on strong simplistic assumptions that profoundly ease the intricate magnetic
material’s behaviour and have as a result limited accuracy and usability (Beatrice ef al,
2014). As seen in the literature (Bottauscio et al, 2002; Rasilo et al, 2011), the used
material model can have significant influences on the calculated accuracies of the
dynamic electromagnetic variables and power loss components.

The objective of this paper was therefore to analyse the effects of different static
material models on the behaviour and accuracies of the calculated magnetisation dynamics
and power loss components inside discussed SMSSs. For this purpose the PMD model
(Petrun et al, 2014a, b) was coupled with four different static material models. The coupled
models were evaluated over a widerange from quasi-static to f= 1,000 Hz at different
magnetic flux density levels up to Ba.x= 15T, where the effects of saturation, non-
linearity and magnetic hysteresis regarding dynamic magnetisation and power losses
were studied. The presented systematic analysis provides fundamental insight when
calculating dynamic electromagnetic variables and losses inside non-linear SMSSs, which
is instrumental when selecting an adequate model for a specific application.

II. Theoretical background

A. PMD model of SMSSs

Using the PMD model, the magnetic field distribution inside a SMSS is described
piecewise uniformly across the SMSS thickness by dividing the SMSS into several
slices s. The magnetic fields inside individual slices can be treated as uniform when the
SMSS is divided into an adequate number of slices N, where the first slice (s=1) is
assumed to be in the centre and last slice (s =1Vy) close to the surface of the SMSS
(Petrun et al, 2014a, b). The magnetic field inside the SMSS is described using a system
of differential equations for all slices s in matrix form (1), where N =MN1]ysx1
represents a vector composed of excitation winding turns JV,  being the current in the
excitation winding, H (5) a vector of magnetic field strengths such as linear, piecewise
linear, non-linear or hysteretic functions of the average magnetic fluxes of individual
slices, [, the mean magnetic path length and L, representing the so-called magnetic
inductance matrix of the SMSS:

A ®
Ni = H(@) by + Ly o W)
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The matrix of magnetic inductance L, is defined by (2) and depends on the
geometric and material properties as well as on the discretisation of the observed
SMSS, where b is the thickness, @ is the width, Ar. is the effective cross-section and ¢ is
the specific electric conductivity of the SMSS. The dimensions of the matrix of
magnetic inductance L, depend on the discretisation of the SMSS, i.e. the number
of slices Ng:

_(Ns_l)‘i‘% (Ns_2)+% 1+% %_
9 (Ns_z)‘l'% (Ns_2)+% 1+% %
b Ns . . . .
L, =0, oN 1. : : : @)
K 1+ 1+ 3
1 1 1 1
i 2 2 23 | s

The number of slices Ny can be adapted according to the excitation dynamics and
material properties, which also define the penetration depth of the magnetic field. When
applying lower excitation dynamics, division into fewer slices is required as the magnetic
field inside the SMSS is more uniform. For higher excitation dynamics the number of
slices N, should be increased to adequately describe the non-uniform magnetic field inside
the observed SMSS. Adequate discretisation can be obtained e.g., following the guidelines
presented in Hui ef al (1996).

The electromagnetic variables inside the SMSS can be calculated based either on
the excitation current 7, or based on the applied voltage # on the excitation winding.
For the voltage-driven excitation case an additional equation is needed, where the
induced voltage ; in the excitation winding is taken into account. The calculation
of induced voltage is based on the average magnetic flux @, inside the SMSS (3),
where @ represents a vector of average values of magnetic fluxes inside individual
slices within the SMSS:

dPu(©) _ _\7d®

i=-N—g—="N%g

®)

B. Static magnetic constitutive relationships

The relationships H(B) used to describe the static magnetisation behaviour (1) inside
individual slices s can be calculated using different material models. In this work four
different material models with increasing accuracies were implemented and evaluated:

(1) linear, purely reversible material model, where H(B) = B/(uop,) with u, = 8,000;

(2) piecewise linear (PWL) material model based on a linear model including
a saturation region with u, =1;

(3) non-linear H(B) characteristic based on measurements, ie., measured initial
magnetisation curve; and

(4) the static hysteresis model proposed by Tellinen (1998), based on measurements.

All four used static magnetic material descriptions are shown and compared in
Figure 1.
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C. Power loss calculation

According to Petrun et al. (2014b), the instantaneous conduction power loss . (f) due to
eddy currents within each slice is calculated by (4). Furthermore, instantaneous powers
Dns(®) due to the static hysteresis effects inside slices are calculated by (5), where the
calculation procedure of py4(f) is independent of the applied hysteresis model:

s—1 dEl 1 ¥a)
bes = 20al,b? (; dt) <Z )

2

dBs
ST

©)

Drs = abslmH

Using (4) and (5) energies W, and W} and average powers P., and P,¢ within an
arbitrary observed time period At=(f{,—#;) inside individual slice s are calculated
by (6) and (7):

Wes 1
Pes = Al At peb(t)dt (6)
. th _ 1
Pro=—= 5 phg(t)dt G

The total instantaneous powers p. and py,, energies W, and Wy, and the average
powers P, and P, for the entire SMSS are obtained by summing the components of the
individual slices. When fully reversible material models are applied, the hysteresis loss
component is neglected, hence the calculated average powers Pp¢ within a characteristic
time period At amount to Py =0.
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Table 1.
M400-50A
NO SMSS data

III. Results

The discussed four coupled models were evaluated by comparing calculated and
measured major and symmetrical minor dynamic hysteresis loops for a M400-50A NO
steel (Table I) using sinusoidal excitation. The experimental results for the presented
evaluation were carried out on an Epstein frame, which was incorporated within
a computer-aided set-up in accordance with the international standard IEC 60404-2.
The SMSS sample was characterised using controlled sinusoidal magnetic flux density
with a form-factor error of less than 1 per cent within the frequency range from quasi-
static to 1,000 Hz. The static material models were characterised and parameterised
using quasi-static measurement results for the M400-50A NO steel, where the relative
permeability u, = 8,000 for the linear case was determined in such a way that the linear
characteristic crossed the non-linear characteristic at B=1T (Figure 1).

Dynamic magnetisations were calculated by dividing the SMSS into ten slices
(Vg = 10). Figures 2-4 show comparisons between magnetisation dynamics in the PMD
model when using different static material models for excitation frequency f= 1,000 Hz
and maximum average flux densities Bpax=15T, Bpnax=10T and B.x=05T,
respectively. The obtained results showed significant differences when using the
discussed material models, with the more significant deviations at B.x=15T
(Figure 2), where the whole SMSS reached saturation. When using the linear static
material model in such a case (Figure 2(a)), the calculated results showed non-physical
behaviour with too high skin effect as the magnetic flux density in the outer slice
(s=10) reached almost 4T. Consequently the shape of the calculated dynamic
hysteresis loop also deviated heavily from the measured hysteresis loop.

A significantly increased level of detail was obtained regarding the magnetisation
behaviour when applying the piecewise linear material model with a step-like
magnetisation curve (Figure 2(b)). Although the calculated dynamic variables showed
abrupt changes when individual slices reached saturation, the obtained dynamic
hysteresis showed strong resemblance to the measured one. The next improvement
was achieved if the non-linear material model were to be applied (Figure 2(c)). In such
a case the aforementioned abrupt changes were eliminated, which was visible in the
time behaviour of the magnetic flux densities B, as well as in the induced eddy currents
les Inside individual slices of the SMSS. When comparing the measured and calculated
dynamic hysteresis loops it was visible that the calculated loops had good shape
agreement, however the latter hysteresis was narrower than the former. This deviation
occurred because a purely reversible non-linear material model was used, where the
hysteresis losses were neglected, thus only eddy current losses were calculated. As seen
in Figure 2(d), this difference can be eliminated using an adequate hysteresis model,
where the hysteresis losses are taken into account. In such a case the best accordance
between measured and calculated dynamic hysteresis loops is obtained. An obvious
skin effect was apparent using the linear material model (Figure 2(a)) but there was in

Parameter Quantity Value

Ape Effective cross-section of the SMSS 15 mm?
I Mean magnetic path length of the SMSS 940 mm
b Thickness of the SMSS 0.5 mm
a Width of the SMSS 30 mm

c Specific electric conductivity of the SMSS 22x10°S/m
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(a) Linear, purely reversible material model H(B)

B (M)

B (M)

B(T)

0

Notes: First row, linear H(B) characteristic; second row, piecewise linear H(B) characteristic
including saturation, third row, non-linear H(B) characteristic; and fourth row, hysteretic
H(B) characteristic. First column shows the comparison between the measured and calculated
dynamic hysteresis loops and used static H(B) characteristic, whereas the second and third
columns show corresponding flux densities Bg and eddy currents i in all ten slices of the
SMSS

fact almost no difference between the magnetic flux density peaks at different sheet depths
using the other material models (Figure 2(b)-(c)), which consider material saturation.

The differences between the four used models become significantly smaller when
comparing the calculated results at lower maximum average flux densities Bpax.
At Bax=1.0T (Figure 3) only the outer slices reach saturation due to skin effect and
consequently the deviations between the reversible material models (Figure 3(a)-(c))
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Figure 2.
Comparisons
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influences of
different material
models on
magnetisation
dynamics in a
M400-50A NO SMSS
for f=1,000 Hz
and B, =15T
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Figure 3.
Comparisons
between the
influence of different
materials’ models on
magnetisation
dynamics in a
M400-50A NO SMSS
for f=1,000 Hz

and Bpax=1T

l -----measured  --- calculated —— static model =B, As, S, S, *S,

(a) Linear, purely reversible material model H(B)

B(T)

-400 -200 0 200 400

-400 -200 0 200 400
H (A/m)

Notes: First row, linear H(B) characteristic; second row, piecewise linear H(B) characteristic
including saturation, third row, non-linear H(B) characteristic; and fourth row, hysteretic
H(B) characteristic. First column shows the comparison between the measured and calculated
dynamic hysteresis loops and used static H(B) characteristic, whereas the second and third
columns show corresponding flux densities Bg and eddy currents ig in all ten slices of the
SMSS

became smaller. However, in this case also the importance of the saturation effect was
clearly visible. The material saturation influenced the loop-shape of the dynamic
hysteresis even if only a part of the SMSS was saturated. As in the previous case the
best match between the measured and calculated loop shapes was obtained when using



| ----- measured  --- calculated —— static model - B, As Sy S, ¢ s,

Linear, purely reversible material model H(B)
T T

-200  -100 0
H (A/m) t(ms) t(ms)

Notes: First row, linear H(B) characteristic; second row, piecewise linear H(B) characteristic
including saturation; third row, non-linear H(B) characteristic; and fourth row, hysteretic
H(B) characteristic. First column shows the comparison between the measured and calculated
dynamic hysteresis loops and used static H(B) characteristic, whereas the second and third
columns show corresponding flux densities B and eddy currents ig in all ten slices of the
SMSS

the static hysteresis material model. In all four models an obvious skin effect was
present at this average magnetic flux density, which underlines the need for
considering this non-linear skin effect behaviour (compare Figures 2 and 3).

When comparing the discussed models at low maximum average flux densities
Binax, Where the observed SMSS is not saturated, the differences between the reversible
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Figure 4.
Comparisons
between the
influences of
different materials’
models on
magnetisation
dynamics in a
M400-50A NO SMSS
for f=1,000 Hz
and B.x=05T
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Figure 5.
Comparisons
between measured
and calculated power
loss components

materials’ models (Figure 4(a)-(c)) almost vanished. At Bp.x=05T (Figure 4) there
was no difference between the linear and PWL cases (Figures 4(a) and (b)) as
saturation inside the observed SMSS was not reached. A small difference was obtained
using the non-linear model (Figure 4(c)) due to the non-linearity of the relative
permeability. The best results were obtained using the static hysteresis description.
From the gathered results it can be concluded that at low maximum flux densities,
where the saturation is not reached, the eddy current losses could be approximated using
a linear material model.

Deeper insight can be obtained when comparing the calculated power losses using
the discussed material models. Figure 5 shows the comparisons between the measured
and calculated power loss components where two characteristic cases are evaluated.
It is interesting that at lower excitation frequencies (e.g. /=200 Hz, Figure 5(a)) there
was almost no significant difference between the calculated eddy current losses P,
when using all four material models. In contrast to this significant differences between
calculated P. occurred at higher frequencies (e.g. f= 1,000 Hz, Figure 5(b)), where the
highest deviation was obtained using the linear material model. Furthermore, as
already concluded from Figures 2-4, the deviation of the linear model increased with
increased maximum average flux densities By, where the effect of saturation
significantly affected the calculated results (Zirka et al., 2010).

The good agreements at lower excitation frequencies (e.g. f= 200 Hz, Figure 5(a)
between all the used models were, however, very instructive. Surprisingly the deviation
of the linear model was insignificant even at higher maximum flux densities By,
where the SMSS was already saturated. The explanation for the obtained results could
be achieved when the skin depths for both excitation cases were calculated for
1, =8,000. For the frequency f=200Hz the skin depth is approximately 0.27 mm,
whereas the skin depth for the frequency f=1,000Hz is approximately 0.12 mm.
The thickness of the observed SMSS was 0.5 mm, which implied that the magnetic field
inside the SMSS at f=200 Hz could be considered as almost uniform, whereas the
magnetic field inside the SMSS was highly non-uniform at f= 1,000 Hz. Hence it can be
concluded that the eddy current losses P, can be estimated with sufficient precision

(@) (b)
14 ; ‘ 250 :
—— measured . o —>— measured
12 || --&--tinear o f o4 || -" A - - linear
—---- PWL | Vi 200 || ---m---PwL
10 nonlinear | / nonlinear
hysteresis I 1 77777 hysteresis
. hysteresis P, ! / _. 150 hysteresis P,
g ® A S
2 Y A 2
O B[ S A ol
L R R .
AT
e e
0 L thiirm™™
0 0.5 1 15
Bmax (T) Bnax (T)

Notes: (a) f = 200Hz and (b) f = 1,000Hz



using all four material models, when the excitation frequency is adequately low so that
the skin depth is higher than half the thickness of the SMSS. However, it should be
noted that the results of the linear and piecewise linear models strongly depended on
the parameterisation, ie., the relative permeability u, and the knee-point where the
saturation region started.

The small deviation in the calculated eddy current losses was further investigated
by comparing the dynamic hysteresis loops using linear and non-linear material models
at /=200 Hz (Figure 6(a) and f=1,000 Hz (Figure 6(b)). From the obtained results it
was visible that in the cases of almost uniform magnetic fields (Figure 6(a)) the
deviations between the linear and non-linear cases only occurred when the SMSS
approached saturation. The calculated dynamic variables showed significant deviation
in this part, the surfaces of both hysteresis loops were, however very similar, hence the
calculated losses also agreed very well.

In the case of non-uniform magnetic fields (Figure 6(b)) the magnetic fields inside the
SMSS approached saturation progressively, where the outer slices approached
saturation first. Due to this phenomenon the calculated dynamic hysteresis loop was
flattened and inflated with a characteristic “belly”. Due to the effects of non-linearity
and non-uniform magnetic fields inside the SMSS the calculated results obtained using
the linear material models were inadequate.

The calculation of eddy current losses P, using the three reversible materials’
models were further evaluated vs frequency at different maximum flux densities
(Figure 7). From the obtained results it could be examined that the deviations between
different models were smaller at low maximum flux densities (e.g2. Bmax=05T,
Figure 7(a)), where the SMSS is not saturated. In this case the deviations started to
increase with increasing excitation frequencies, as the skin effect increased and the
magnetic fields started to approach saturation. At higher maximum flux densities
(e.g. Bmax=15T, Figure 7(c)) the effect of saturation increased the calculated eddy
current losses. Consequently the calculated results using the linear model were
mnadequate when the magnetic fields inside the SMSS were non-uniform. The linear
material model can be applied at excitation frequencies where skin depth is higher than
half the thickness of the SMSS (f < 200 Hz, Figure 7(c)).
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material models
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Figure 7.
Comparisons
between the

calculated power loss
components using
different materials’

models
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IV. Conclusion
The presented paper analysed the effects of material saturation and magnetic hysteresis
on magnetisation dynamics in NO SMSSs. In the paper the importance of accounting for
non-linear properties and saturation when calculating dynamic variables and power
losses inside SMSS with non-uniform magnetic fields was pointed out. Due to non-linear
properties the amplitude differences and phase shifts between the magnetic fields inside
individual slices of the SMSS were significantly decreased, as well as eddy current
power losses being significantly increased, especially at high excitation dynamics
and magnetic flux density levels. Simplified linear materials’ properties can be
applied only for eddy current power loss estimation at sufficiently low excitation
frequencies and magnetic flux density levels. However such simplification is inadequate
when calculating dynamic electromagnetic variables. Using adequate static hysteresis
models coupled with the SMSS model is instrumental when calculating dynamic
behaviour and power loss components over wide frequency ranges, as at low
frequencies the power losses are dominated by hysteresis effects, hence the reversible
models are not adequate enough. At higher frequencies the power losses are dominated
by eddy currents, however the use of the linear material model is inappropriate. At very
high frequencies, where the hysteresis losses could be neglected in comparison to the
eddy current losses, the non-linear, fully reversible material model could be applied to
achieve sufficient accuracy.

The presented analysis provides fundamental insight when calculating dynamic
electromagnetic variables and power losses inside non-linear SMSSs, which is



instrumental when selecting an adequate model for a specific application. The future
work will focus on analysis when applying different material models when modelling
grain-oriented SMSSs with significantly different domain structures and strongly
anisotropic magnetic behaviour (Baghel and Kulkarni, 2013). Furthermore, the
influences of the uncertainties introduced on the soft magnetic material properties
during the manufacturing process (Ramarotafika et al, 2012) on the magneto-dynamic
properties for arbitrary magnetisation waveforms, could be also investigated in detail
using the presented PMD model.
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