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Abstract: Power electronic converters play a major role
in many industrial designs. The choice of the appropriate
magnetic material and the analysis of the dependence of
its magnetic proprieties versus the temperature are
crucial for the design of magnetic components of power
converters. In this work, nanocrystalline ribbons are used
to perform the toroidal core simulating a convertor. We
started by elaborating a theoretical model to assess the
complex permeability. This model is based on Neel theory
and it takes into account wall displacement and coherent
rotation. Semi-analytical expressions are derived for the
dynamic  permeability u,(w) in the direction
perpendicular to the magnetization direction and the
dynamic permeability pizpy(w) in the direction parallel
to the rolling direction. An experimental set-up has been
used to measure different kinds of impedance from which
the permeability is deduced versus the frequency and for
several temperatures. The last step consists on the
identification of some parameter using the theoretical
model and experimental data. The dependence of these
parameters (domain susceptibility, anisotropy energy,
average domain thickness, and angle between the
magnetic field and the magnetization) versus the
temperature is analyzed. These parameters are expected
to be valuable in the design of a converter.

Keywords: Neel model, coherent rotation, wall
displacement, complex permeability, anisotropy energy,
equivalent circuit.

1. Introduction

Power electronic converters play a major role in the
field of renewable energy such as fuel cells, wind
energy and water desalination [1-3]. They are also
important in many industrial, aerospace and
telecommunications applications [4-7]. They provide
various functions such as energy transfer and storage
or disturbances filtering. Their design compels many
requirements and technological constraints such as
the efficiency, the size, the volume, the cost, the
temperature rise and the lifetime estimation of the
converter components at the different stages of
energy conversion. Magnetic integration is an
attractive solution to satisfy these requirements. The
optimization of converter magnetic components may
be pursued on different lines of investigation such as
the choice of the magnetic materials, the

identification of the parameters that affect the global
features of the components and the analysis of the
thermal problems [8-14]. In this paper, we intend to
measure the complex permeability of a toroidal core
of nanocrystalline FeNbCuSiB alloys. The indirect
measures are performed versus the frequency and at
different temperatures ranging from 20 to 180 °C. A
theoretical model is used to identify the domain
thickness, the angle between the magnetic field and
the magnetization, the domain susceptibility and the
anisotropy energy from the complex permeability
measurements. These parameters are useful to the
design of the converter and to investigate its
magnetic and thermal behaviors.

2. Theoretical Background

Nanocrystalline ribbons are used to perform the
toroidal core simulating a convertor. An
electromagnetic propagation wave model will be
used to evaluate the complex permeability g =
Uo(u' — ju'") (where pq is the vacuum permeability,
u' and u'" are real and imaginary parts of the relative
complex permeability). To take into account the
non-homogeneity of the magnetic material, the
domain walls description has been used [15]. We
adopt the well-known Neel’s model.

The following assumptions are made:

e The external magnetic field exciting the material
is sinusoidal with an angular frequency w;

o The amplitude of external magnetic field H, is
small;

e The ferromagnetic material behaves as a linear
media. Therefore, it is possible to use the concept
of permeability to describe its macroscopic
behavior;

e The material is anisotropic. The magnetic field H
and the magnetization field M are not collinear.
The angle between these two vectors is designed
by «a;

e The ferromagnetic film has the structure of a two-
dimensional 180° Bloch-type domain wall (Fig.
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1). The distance d between two consecutive
domains is supposed to be constant. The
thickness of the slab is designed by §;

e Two mechanisms contribute to the magnetization,
namely the wall displacement and coherent
rotations;

e The direction of the magnetization field M
deviates with an angle 6 under the effect of the
magnetic field;

e The component of the magnetic field
perpendicular to the magnetization field does not
apply a force on the domain walls. In other
words, it does not contribute to the wall
displacement.
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Fig. 1. Wall domains in a ferromagnetic material.

The magnetic field H may be decomposed in a basis
whose directions are parallel and perpendicular to

the magnetization field M (Fig. 2).

Fig. 2. Decomposition of the magnetic field into parallel
and perpendicular parts due to material anisotropy.

The susceptibility is given by the matrix (y):
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It is also useful to decompose the vectors on the axis
parallel and perpendicular to the rolling direction
(RD). It is straightforward to obtain the

susceptibility matrix yzp in this basis from the
matrix () and the angle a. It is also worthwhile to

relate each term to the effect of wall displacement or
coherent rotations. For instance, we have

X11 = <8_H”>5HJ_:O (2)

In other terms, this term is equal to that obtained by
the wall displacement model [16]. Regarding the
third term, we obtain y,; = 0 since the component
H, cannot provoke any magnetization variation in
the perpendicular direction. The terms y;, and y,»
are due to coherent rotations. Magnetic field
diffusion equation is written for the components H,
and H,. To resolve these equations, one should add
the boundary conditions. The general solution may
be obtained using a Fourier series decomposition. A
laborious technique has been detailed by [16]. The
dynamic permeability u;, in the direction
perpendicular to the magnetization direction is given
by:

tanh(X)

X 2o 3)

py(w) =

)

X = E\/]'walio.ul (4)

o is the electrical conductivity of the material and
u, is scalar real permeability. It should be noted that
u, depends on the anisotropy energy Ku [16]. The
dynamic permeability ugp, in the direction parallel
to the rolling direction is given by:

Ko (@) = 4to 2% A% cos? (@)
+ pou, () sin®(a)  (5)

Xw IS the domain susceptibility of the material. It is
related to the initial static susceptibility of the
material. The parameter A depends on the
coefficients of the Fourier series decomposition. Its
expression is available in [16]. It is also worthwhile
to write the relation for the susceptibility at low
frequencies. The above relations allow to compute
the permeability pgzp (w) and the permeability
U, (w) versus the frequency when the parameters
Xw. 4, 1, a, g and § are known. On the other hand,
the measurement of the real part and imaginary part
of the permeability ppp (w) leads to the
identification of these parameters using a nonlinear
algorithm. It should be noted that the temperature
does not appear explicitly in the above model.
However, the parameters involved may depend on
the temperature. For this reason, the experiments
will be done at different temperatures to analyze the
dependence of the identified parameters versus the



temperature.
3. Experimental Set Up

The permeability of the material will be measured
indirectly. Indeed, we will perform some impedance
measurements from which we will deduce the
permeability as we will show hereafter. A toroidal
core of 20 um nanocrystalline ribbons will be used
to measure indirectly the permeability of the
material. The numbers of turns of the primary and
secondary windings are respectively noted N,, and
N,. The geometrical features of the toroidal core to
be tested are summarized in Table 1. Primary and
secondary windings are wound in diametrical CMC
topology to carry out mutual impedance
measurement [17, 18].

Table 1: Geometric parameters of the toroidal core

Inner diameter (mm) 10.7
Outer diameter (mm) 17
Average length L,,, (mm) 435
Height (mm) 6.2
Cross section area Ay (mm?) | 15.6
Primary number of turns N,, 11
Secondary number of turns Ny | 7

Several techniques are available to measure the
impedance. In this work, we used the Agilent 4294A
impedance analyzer. This device combines 4-
terminal pair measurement method into an auto-
balanced bridge circuit [19, 20]. The Agilent
analyzer indicates modulus and argument of each
impedance measurement.

Open-short compensation has been performed out
before starting the measurements process to avoid
wiring impact. The Agilent analyzer allows many
kinds of impedance measurement such as open-
circuit and short-circuits impedances. More details
on the device are available in the technical
documentation of Agilent [20]. Measurements are
made at different temperatures from 20 °C to 180 °C
using thermal chamber and at different frequencies
from 40 Hz to 110 MHz. These measurements are
made at each temperature by using an experimental
test bench. The test bench consists of the following
equipment as shown in Fig 3:

e PC (data acquisition module);

o Agilent 4294A with test fixture 1604E (40 Hz to
110 MHz);

o Thermal chamber (20 °C to 180 °C).

Thermal Chamber

Agilent
4294A

Toroidal core

Pc ( Data acquisation Module) Impedance Analyser

Fig. 3. Experimental set-up.

To deduce the complex permeability at given
frequency and temperature many impedance
measurements are performed. The experimental
protocol is well explained in the provider
documentation [20, 21]. As shown in Fig. 3, the
toroidal core possesses 4 linked ports A, B, C and D.
The analyzer allows the measurements of the 4
following impedances Z,, Z,, Z;, Zi. Z, is the
impedance seen from the primary when secondary
winding is open circuited, Z; is the impedance seen
from the primary when secondary winding is short
circuited, Z/ is the impedance seen from the
secondary when primary winding is open circuited
and Z; is the impedance seen from the secondary
when primary winding is short circuited. The
confidence factor [22] is introduced to qualify
measurement reliability. This factor is a useful
evaluator and is defined by:

ZoZs

CF = |22
ZyZs

(6)

This quantity should be equal to 1 whatever the
frequency. Any deviation from the unity is a sign of
measurement errors.

4. Results and Discussion

The approach adopted in this work is divided into

four steps:

o First, we will present the experimental results
related to the wvariations of the complex
impedances Z,, Z,, Zs and Zg versus the
frequency and at several temperatures ranging
from 20 °C to 180 °C;

e Then, we deduce the mutual impedance Z;, of
the quadrupole as well the magnetizing
inductance Z,, and the leakage inductance Zy of
the equivalent circuit;

o After that, we deduce the complex permeability at
different temperatures;

e Finally, we use the experimental data and the
semi-analytical model to identify fit parameters
at each temperature. Variations of these
parameters versus temperature are analyzed.

4.1. Impedance measurement

Fig. 4 shows the modulus of the impedances Z,, Z,,
Zs and Zg versus the frequency f. As mentioned
above, these quantities are the impedances seen from
primary and secondary winding in open circuit and
short circuit operating conditions. The temperature
related to this figure is T = 20 °C. To obtain this
measurement, the oscillator level is fixed at 5 mV.
The dotted lines in this figure represent respectively
the impedance of 10 nH inductor and a 1 pF
capacitor. They give a rough idea of resolution limits



of equipment used. It is clear the open impedances
are grater then short circuit impedances. Fig 4 shows
that impedances varies in a large range when the
frequency increases. For large frequencies, the open
circuit impedances reach their maximal values then
decrease.
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Fig. 4. Open and short circuit impedance modulus at 20
°C.

To further characterize the toroidal core, we can
compute the mutual impedance Z;, using the
following relation [23, 24]:

Zp(w) = vV Zy(Zy — Zs) 7

Fig 5 shows the mutual impedance modulus at T =
40 °C and T = 180 °C. This mutual impedance is
deduced from two open-circuits and one short-
circuits measurements. We notice the variation in
slope between 1 MHz and 10 MHz on the
impedance modulus at T = 180 °C. During the data
acquisition, noise appears in Fig 5 at low and high
frequencies. The mutual impedance shows a change
in its trend. It reaches a maximum value then it starts
to decrease.
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Fig. 5. Mutual impedance versus frequency for two
values of temperature.

The toroidal core is modeled by a lumped element
circuit by using impedance measurements (Fig 6).
This equivalent circuit includes two serial
resistances r; and r, as well as a magnetizing
inductance Z,, and leakage inductance Z;. The dc
resistances r; and r, are obtained respectively from
Z, and Z, curves at low frequencies. The other
measured quantities Z; and Z. are used to evaluate
magnetizing inductance Z, and leakage inductance

Zg. The magnetizing inductance is given by:

Im(Zo - rl)

Zp(w) = 2nf

(8)

Fig. 6. Two windings transformer.

Fig 7 shows the magnetizing inductance versus
frequency and for two values of temperature. The
magnetizing inductance decreases when the
frequency increases. The effect of temperature is
pronounced at low frequencies. However, at large
frequencies, the two curves become identical i.e. the
effect of temperature vanishes. The magnetizing
inductance reached a peak around 5.6 X 10™* H at
T=180°Cand8.69 x 10™* H at T =40 °C.
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Fig. 7. Magnetizing inductance versus frequency at T =
40°Cand T =180 °C.

4.2. Complex permeability

The above measurements allow us to deduce the



complex permeability of the toroidal core made from
the nanocrystalline FeNbCuSiB alloys. According to
[18] the dynamic permeability is given by:

Ww) = ————— )

The geometrical parameters involved in Equation (9)
are presented in Table 1. This equation enables us to
plot the complex permeability versus the frequency
at different values of the operating temperature.
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Fig. 8. Isovalue of the real part of the complex
permeability 1’ versus temperature and frequency.

Fig 8 shows the isovalue of the real part u' of the
complex permeability. The maximum value of ' is
obtained at a frequency 100 kHz and at ambient
temperature. When the temperature increases, the
position of the maximum value of p’' is shifted
toward high frequencies and the value of this
maximum decays. In other words, the temperature
increase leads to the alteration of magnetic
proprieties of the alloys. For this reason, it is
important to introduce the dependence of u' versus
the frequency as well as the temperature in the
design of magnetic converter. It is expected that the
heat transfer inherent to the converter operation has
significant effect on its performance. Therefore, it is
important to take into account the magnetic and
thermal proprieties of the material. Compact models
should involve magnetic part as well as a thermal
part [25]. In this study, the magnetic and thermal
effects have been treated independently since the
temperature has been considered as a parameter that
can influences magnetic proprieties. Actually, the
two mechanisms are coupled and we have to resolve
heat transfer equation to obtain the operating
temperature. The source term in this equation is
relative to magnetic proprieties [25, 26].
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Fig. 9. Isovalue of the imaginary part of the complex
permeability p'* versus temperature and frequency.

Fig 9 presents the isovalue of the imaginary part p”
of the complex permeability. At large frequencies,
isovalue curves are almost vertical lines. This means
that u'" does not depend on temperature. Since "’ is
mainly due to the electrical conductivity o, we
deduce that temperature does not influence the
electrical conductivity at large frequencies. On the
other hand, at low frequencies, the increase of
temperature induces a decrease of x" and an increase
of o. At a given temperature, u” decreases
monotonously versus the frequency. We deduce that
heat transfer affects electrical conductivity only at
low frequencies. The above abacus may be
implemented as they are. It is also possible to tray to
fit the experimental data by empirical correlations
which are easier to use by engineers.

4.3. Identification of parameters and effect of
temperature

As mentioned in section 2, the theoretical model
involves some parameters which depend on
frequency and temperature. These physical
guantities are: the average domain thickness d, the
domain susceptibility y,,, the anisotropy energy Ku
and the angle between the magnetic field and the
magnetization a. The fit of experimental data using
the theoretical model allows the identification of
these quantities and the validation of the model. To
simplify the identification procedure we will start by
analyzing the behavior of the permeability at low
frequencies. This step allows us to identify the
anisotropy energy Ku and the angle between the
magnetic field and the magnetization «. In the
second step, we use all the permeability curve to
identify unambiguously the average domain
thickness d and the domain susceptibility y,,. An
iterative algorithm has been elaborated and validated
to perform this task. A bloc diagram of the algorithm
is given in Fig. 10. The algorithm is also based on
minimization of errors using least squares method.



First step

Analyse the static
permeability

Least square method - 3“

Second step
Total curve

Harf

I Least square method I——’

Fig. 10. Bloc diagram of optimization model

Fig 11 shows the comparison of the real part u’ and
the imaginary part u’ of the complex permeability at
three values of temperature. It is clear that the
theoretical model fits well the experimental data.
This result validates the identification process.

x10'

— ' Neel
===p" Neel
0O 1" Measurement
© u' Measurement
—— ' Neel
© u'Measurement
o u" Measurement
===p1" Neel
1 Neel
1 Measurement
" Measurement

T =20°C

S
T =100°C
T

T=180°C

RS EP - T I TP

10" 10° 10 10 10 10° 10’
Frequency (Hz)

Fig. 11. Complex permeability spectra deduced at
different temperatures.

Fig 12 exhibits the variation of anisotropy energy
versus the temperature. It is clear that the anisotropy
depends strongly on temperature. It declines from
1200 J/m?3 at 20 °C to 400 J/m3 at 180 °C. As the
temperature approaches the Curie point, the material
becomes more and more isotropic. A similar
behavior has been observed for some materials such
as magnetite (Fe;0,) (Curie point 280 K) [27] and
nanoparticles (MnFe,0,) (Curie point 125 K) [28].
The obtained result proves that thermal heating of a
converter has an important effect on the anisotropy
energy. This finding suggests that heat transfer is
expected to impact strongly magnetic performance
of a converter and it is necessary to develop new
models that are able to deal simultaneously with
magnetic and thermal mechanisms.
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Fig. 12. Anisotropy energy versus temperature.

Fig 13 shows the temperature dependence of the

magnetic susceptibility for the FeNbCuSiB alloys.
The domain susceptibility decreases with increasing
temperature from 1.7 x 10> at 20 °C to 10° at 180
°C. This variation should be interpreted as a
consequence of the anisotropy energy difference
between the transforming phases and indicated the
presence of a transition form.

X 10

b 10 60 80 100 120 140 160 180

Fig. 13. Domain susceptibility versus temperature.

Fig 14 and Fig 15 show the temperature
independence of the average domain thickness d and
the angle between the magnetic field and the
magnetization a. Indeed, the quantities d and «
remain constant at different temperatures. This
behavior may be explained by the absence of
mechanical stress on our material. The quantities d
and «a are then intrinsic material proprieties.
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Fig. 14. Angle a versus temperature.
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Fig. 15. Average domain thickness versus temperature.
5. Conclusion

In this paper, a theoretical model is proposed to



describe the magnetic structure of ferromagnetic
materials. The medium is assumed to be linear but
anisotropic. The contribution of wall displacement
and coherent rotation are considered. The semi-
analytical model allows to determine the complex
permeability versus the frequency. In order to check
the reliability of the theoretical model and in
particular the evolution of the physical parameters
with respect to the temperature, experimental
measurements have been done on a nanocrystalline
material. They consist to characterize its magnetic
behavior using four experimental impedance
measurements. The variations of some parameters
are studied as a function of temperature. These
parameters are the average domain thickness, the
angle Dbetween the magnetic field and the
magnetization, the domain susceptibility and the
anisotropy energy. The experimental results reveal
the effect of temperature on these parameters. The
model elaborated and the experimental results
obtained are expected to provide valuable
information for engineers. They can be implemented
in a compact model to simultaneously simulate the
magnetic behavior of power electronic converter and
take into account thermal effects.
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