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The paper presents the scaling-based approach to analysis and modelling of power losses in Fe-based amorphous
and nanocrystalline alloys. Production technology and properties of these alloys are briefly presented. For each
sample, a family of measured loss curves are collapsed onto a single one using appropriate estimated scaling
parameters. An interpretation of the fractional exponent is discussed. The scaling analysis is used in the modelling
of power losses for the considered alloys. The results of power loss modelling and obtained errors are presented.
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1. Introduction

Power losses in soft magnetic materials are generated
by hysteresis phenomenon and eddy currents, flowing in
different scales as in the whole material volume, around
moving domain walls or micro-currents related to the
Barkhausen jumps. Some authors propose considering
all types of power losses separately [1–3], while others
suggest that these should be considered as total [4].

Modelling of power losses is still an interesting issue
both for scientists and researchers. There are many ap-
proaches to modelling of power losses. The most pop-
ular model has been proposed by Bertotti [1–3]. It is
composed of three power law components of frequency
and magnetic induction, related to hysteresis, classical
and excess losses. This model assumes that power losses
are scale-invariant phenomena. On the contrary, some
authors propose models composed of two loss compo-
nents [5, 6]. A description of power losses in the form of a
power law equation is also used [7–9], including technical
reports [10].

Referring to multi-scale aspects of power losses,
Sokalski et al. have proposed a new approach to the
power loss analysis [11, 12], based on the Widom scaling
procedure [13, 14]. The scaling approach allowed collaps-
ing a family of power loss curves onto the single one, given
in scaled coordinates by the two-component expression
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where Ptot

/
Bβm are scaled losses, f

/
Bαm is scaled fre-

quency, α, β, and p1,2 are scaling parameters. However
the expression (1) has some limitations, because expo-
nents of the scaled frequency can be only integers. Re-
cently, a modified approach to scaling analysis of power
losses has been proposed, in which exponents of scaled
frequency were fractional numbers. The fractional scal-
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ing provided a more general expression, describing scaled
losses
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where x is a fractional exponent. It was further found for
grain-oriented electrical steels that the use of expression
(2) in the reduced form
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x, (3)
gave comparable results of power loss scaling [15]. The
fractional scaling has been also applied in the analysis of
power losses for La-containing magnetocaloric alloys [16],
yielding promising results.

In the present study, the expression (3) is examined
in scaling analysis and modelling of power losses for Fe-
based alloys with amorphous and nanocrystalline internal
structures.

2. Materials and measurements

Amorphous alloys are produced by solidification of a
molten metallic alloy on the rotating drum surface, which
causes an alloy transformation from a liquid state into a
solid one. This process is so rapid that a crystallization
structure cannot be created inside the material, which re-
sults in a metastable amorphous (glass) state. Magnetic
properties of amorphous alloys depend on their chemical
composition, but — in general — these alloys have lower
values of power losses and magnetic induction compared
to electrical steels. Nanocrystalline alloys are obtained
by partial crystallization of amorphous ribbons, during
which crystalline grains are created inside an amorphous
matrix. This process changes the magnetic properties of
the alloy in addition to making it more thermally sta-
ble. Amorphous alloys are generally used in distribu-
tion transformers and electric motors, whereas nanocrys-
talline alloys find application in high frequency electric
and electronic devices [17–21].

In the study, samples of commercially produced Fe-
based amorphous and nanocrystalline alloys are ana-
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lyzed. The amorphous sample was made of Fe78Si13B9

alloy as quenched, whereas the nanocrystalline one was
made of Fe73.5Cu1Nb3Si13.5B9 alloy after thermal treat-
ment leading to a Finemet-type structure. Both samples
have cylindrical shapes with dimensions (outer radius,
inner radius and height) 27.2 × 13.5 × 10.5 mm3 and
12.5×8.0×10.0 mm3 for amorphous and nanocrystalline
ones, respectively.

Power loss measurements for these samples were car-
ried out using the computer-aided measurement system
REMACOMP C-200, according to the IEC international
standard. The measurement ranges were: 50 Hz to
400 Hz for frequency and 0.1 T to 1.2 T with increment
0.1 T for magnetic induction. The measurements were
carried out at a fixed value of magnetic induction and
for varying values of excitation frequency, providing a
family of power loss curves.

3. Results and discussion

The parameters p, x, α and β were estimated from
a family of measured loss curves for each tested sam-
ple, using the least-squares optimization based on the
generalized reduced gradient method. A correct estima-
tion of parameters should allow collapsing all loss curves
onto a single one, given in scaled coordinates. In this
case, parameter values could be considered as universal
in the whole measured range. An idea of power loss scal-
ing for the Fe-based amorphous sample is presented in
Fig. 1. A similar result of loss scaling was obtained for
the nanocrystalline sample, which is presented in Fig. 2.

The quality of proposed loss scaling was evaluated by
calculating the coefficient of determination R2. Values of
the estimated parameters and the coefficient R2 for the
tested samples are given in Table I. The values of coef-
ficient R2 are very close to 1, which means that scaled
measurements are fitted well to a data collapse curve, de-
scribed by the expression (3). Thereby, it confirms that
the power loss scaling was carried out correctly. The
fractional exponent x is equal to 1.36 and 1.31 for the
amorphous/nanocrystalline samples, whereas for samples
with crystalline structures it is about 1.40 and 1.63, re-
spectively for non-oriented and grain-oriented steels [15].
So, its value depends on a type of internal structure and
geometry of the sample. For this reason, the fractional
exponent x may be considered as a material parameter,
correlated with an internal structure of the sample as
well as predominant mechanisms of energy dissipation,
determined by the sample geometry.

TABLE I
Parameters and coefficient R2 of power loss scaling.

Sample p α β x R2

amorphous 0.56× 10−3 –2.36 –1.64 1.36 0.9985
nanocrystalline 0.38× 10−3 –2.38 –0.89 1.31 0.9974

In the proposed scaling-based modelling of power losses
the expression (3) was used. The expression (3) was con-
verted to the form that describes power losses directly

Fig. 1. An idea of power loss scaling for the Fe-based
amorphous sample: (a) a family of measured loss curves,
(b) result of loss scaling (a data collapse curve).

Fig. 2. Power loss scaling for the Fe-based nanocrys-
talline sample.

Ptot = pfxBym, (4)
where y = β − αx. The exponents x and y were calcu-
lated for each sample, using scaling parameters presented
in Table I, which gave the following formulae for power
losses:

• for Fe-based amorphous alloy
Ptot = pf1.36B1.57

m , (5)
• and for Fe-based nanocrystalline alloy
Ptot = pf1.35B2.24

m . (6)
Power losses were modelled according to the formulae
(5), (6) for frequency varying from 50 Hz to 400 Hz and
arbitrary chosen values of maximum induction equal to
Bm = 0.5, 1.0, and 1.2 T. Results of the scaling-based
modelling of power losses for the considered cases are
presented in Figs. 3 and 4.

The uncertainties of power loss modelling were deter-
mined by calculating the percentage errors in each mod-
elled point. Additionally, mean percentage errors (MPE)
of modelled loss curves were calculated. The values of
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Fig. 3. Scaling-based modelling of power losses for the
amorphous sample: solid line — modelled losses, circles
— measurements.

Fig. 4. As in Fig. 3 but for the nanocrystalline sample.

minimum/maximum errors and MPEs are presented in
Table II. Maximum errors of the scaling-based loss mod-
elling are about 10–13%, whereas minimum errors do not
exceed 3.3% and for several points are even lower than
1%. The MPE values vary from 3.2% up to 7.8%, de-
pending on the sample and maximum induction. The
obtained values of modelling errors are relatively small.
Thereby, the results of power loss modelling may be con-
sidered as satisfactory.

TABLE II

Percentage errors of scaling-based modelling of power
losses.

Sample δmin [%] δmax [%] δMPE [%]
amorphous, at 0.5 T 3.3 10.5 7.8
amorphous, at 1.0 T 0.4 11.4 3.4
amorphous, at 1.2 T 2.8 12.6 7.1
nanocrystalline, at 0.5 T 1.2 7.0 5.0
nanocrystalline, at 1.0 T 0.8 6.9 3.2
nanocrystalline, at 1.2 T 2.8 10.2 6.4

4. Conclusions

In the present study, the scaling-based approach to
power loss analysis and modelling was examined for Fe-
based amorphous and nanocrystalline alloys. Measured
curves of power losses were collapsed onto a single curve,
which might be considered as verification of scaling be-
haviour of magnetic losses in amorphous and nanocrys-
talline alloys. An interpretation of the fractional param-

eter x was proposed as well as a possible correlation be-
tween this parameter and an internal structure of the
sample was pointed out.

The fractional scaling was used in modelling of power
losses for considered alloys. Results of the scaling-based
modelling of power losses were satisfactory due to rel-
atively low discrepancies between measured and mod-
elled loss curves. The maximum modelling error did not
exceed 12.6% whereas minimum errors were lower than
3.3%. These results prove that the fractional scaling pro-
cedure provides satisfactory results of power loss mod-
elling for a wide class of soft magnetic materials, having
different internal structures.

Finally, the fractional scaling is an interesting contri-
bution to the issue of power loss modelling for soft mag-
netic materials, because it does not require any informa-
tion concerning sample geometry or material constants,
which makes the modelling easier.
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