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AB S T R A CT  

In the design of power electronic converters, the choice of the suitable magnetic alloys 

and the measurement of the variations of their magnetic properties versus the temperature 

are fundamental issues. A theoretical model based on Neel theory that takes into account 

wall displacement and coherent rotation is elaborated to derive the expression of the 

complex permeability versus the frequency. The static and the dynamic behaviour has 

been considered in this model. The dependence of temperature is implicit in this model, 

i.e. the parameters involved in the expression of the complex permeability may depend on 

the temperature. An impedance analyser has been used to measure the open circuit and 

short circuit complex impedances of a toroidal core versus the frequency at several 

temperatures ranging from 20°C to 180°C. The complex permeability of the material is 

then deduced. Finally, the theoretical model is used to identify the domain susceptibility 

and the anisotropy energy of the materials. The effect of temperature on these parameters 

is analyzed. The results obtained are valuable for the design of power electronic converters 

from the magnetic and thermal viewpoints, which prove the need for the combination of 

heat transfer and magnetic mechanisms at the design. 

 

Keywords: Anisotropy energy, Complex permeability, Domain susceptibility, 
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1. Introduction 

Power electronic converters are widely used in 

many industrial applications. Their main 

functions are voltage conversion and regulation. 

Various safety standards of power electronic 

converters should also be satisfied.  

 

 

Considerable architecture is available and the 

classification of power conversion systems 

depends on whether the input and output are 

alternating current or direct current or voltage [1-

3]. To improve the efficiency of the magnetic 

components such as power converters and to 

avoid the need of sophisticated cooling systems, 

it is necessary to limit the heat generation in the 

magnetic components. In the design of a power 

converter, it is important to choose the 
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appropriate alloy from a magnetic point of view 

but it is also important to take into account the 

thermal constraints due to heat generation and 

the dependence of the magnetic properties on the 

temperature [4-9]. 

In this paper, the complex permeability of a 

toroidal core of nanocrystalline FeNbCuSiB 

alloys is indirectly measured versus the frequency 

and at different temperatures ranging from 20°C 

to 180°C. A theoretical model is used to identify 

the domain susceptibility and the anisotropy 

energy from the complex permeability 

measurements. The dependence of these 

parameters versus the temperature is given. 

2. Mathematical formulation 

Nanocrystalline ribbons are used to perform the 

toroidal core simulation of a converter. An 

electromagnetic propagation wave model is used 

to evaluate the complex permeability �̃� =

𝜇0(𝜇
′ − 𝑗𝜇′′)  (where 𝜇0  is the vacuum 

permeability; 𝜇′  and 𝜇′′  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 [7]. We adopt the well-known Neel 

model. The following assumptions are made: 

 The external magnetic field exciting the 

material is sinusoidal with an angular 

frequency 𝜔; 

 The amplitude of external magnetic field 

𝐻0 is small; 

 The ferromagnetic material behaves as a 

linear media. Therefore, it is possible to 

use the concept of permeability to 

describe its macroscopic behaviour; 

 The material is anisotropic. The 

magnetic field �⃗⃗�  and the magnetization 

field  �⃗⃗�  are not collinear. The angle 

between these two vectors is designed by 

𝛼; 

 The ferromagnetic film has the structure 

of a two-dimensional 180° Bloch-type 

domain wall (figure 1). The distance 𝑑 

between two consecutive domains is 

supposed to be constant. The thickness 

of the slab is designed by 𝛿; 

 Two mechanisms contribute to the 

magnetization, namely the wall 

displacement and coherent rotations; 

 The direction of the magnetization field 

 �⃗⃗�  deviates with an angle 𝜃  under the 

effect of the magnetic field; 

 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. 

 

 
Figure 1: Wall domains in a ferromagnetic 

material 

The magnetic field �⃗⃗�  may be decomposed in a 

basis whose directions are parallel and 

perpendicular to the magnetization field �⃗⃗�  

(figure 2).  

 
Figure 2: Decomposition of the magnetic field into 

parallel and perpendicular parts 

The susceptibility is given by the matrix (𝜒): 

(
𝛿𝑀∥

𝛿𝑀⊥
) = (

𝜒11 𝜒12

𝜒21 𝜒22
) (

𝛿𝐻∥

𝛿𝐻⊥
) (1) 

It is also useful to decompose the vectors on the 

axis parallel and perpendicular to the rolling 

direction (RD).  

𝜹 

�⃗⃗�  

𝑑 

∥ 

𝑦 
⊥ 

�⃗⃗� = �⃗⃗� 𝟎𝑒
𝑗𝜔𝑡 

�⃗⃗�  

𝛼 
⊥ 

∥ 

�⃗⃗�  

𝑅𝐷 ∥ 
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It is straightforward to obtain the susceptibility 

matrix 𝜒𝑅𝐷 in this basis from the matrix (𝜒) and 

the angle 𝛼. It is also worthwhile to relate each 

term to the effect of wall displacement or 

coherent rotations. For instance, we have: 

𝜒11 = (
𝛿𝑀∥

𝛿𝐻∥
)

𝛿𝐻⊥=0

 (2) 

The above term is equal to that obtained by the 

wall displacement model [7]. Regarding the third 

term, we obtain 𝜒21 = 0  since the component 

𝐻∥ cannot provoke any magnetization variation 

in the perpendicular direction. The terms 𝜒12 

and 𝜒22 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 

by using a Fourier series decomposition. A 

laborious technique has been detailed by [7]. The 

dynamic permeability 𝜇⊥  in the direction 

perpendicular to the magnetization direction is 

given by: 

𝜇⊥(𝜔) =
tanh(𝑋)

𝑋
𝜇⊥ (3) 

𝑋 =
𝛿

2
√𝑗𝜔𝜎𝜇0𝜇⊥ (4) 

𝜎 is the electrical conductivity of the material and 

𝜇⊥ is scalar real permeability. It should be noted 

that 𝜇⊥ depends on the anisotropy energy Ku [7]. 

The dynamic permeability 𝜇𝑅𝐷∥ in the direction 

parallel to the rolling direction is given by: 

𝜇𝑅𝐷∥(𝜔) = 4𝜇0

𝜒𝑤

𝑑
𝐴2 cos2(𝛼)

+ 𝜇0𝜇⊥(𝜔) sin2(𝛼) 

(5) 

𝜒𝑤 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 [7]. It is also 

worthwhile to write the relation for the 

susceptibility at low frequencies. The above 

relations allow to compute the permeability 

𝜇𝑅𝐷∥(𝜔) and the permeability 𝜇⊥(𝜔) versus the 

frequency when the parameters 𝜒𝑤 , 𝑑, 𝜇⊥, 𝛼, 𝜎 

and 𝛿  are known. On the other hand, the 

measurement of the real part and imaginary part 

of the permeability 𝜇𝑅𝐷∥(𝜔)  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 experiment is done at different temperatures 

to analyse the dependence of the identified 

parameters versus the temperature. 

3. Experimental device 

The permeability of the material will be measured 

indirectly. Indeed, we will perform some 

impedance measurements from which we will 

deduce the permeability as shown hereafter. A 

toroidal core of 20 µm 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 𝑁𝑝  and 𝑁𝑠 . The geometrical 

features of the toroidal core to be tested are 

summarized in table 1. Primary and secondary 

windings are wound in diametrical common-

mode chokes (CMC) topology to carry out 

mutual impedance measurement. 

Several techniques are available to measure the 

impedance. In this work, we used the Agilent 

4294A impedance analyser. This device combines 

4-terminal pair measurement method into an 

auto-balanced bridge circuit [10]. The Agilent 

analyser indicates modulus and argument of each 

impedance measurement. An open-short 

compensation has been performed out before 

starting the measurements process to avoid 

wiring impact. The Agilent analyser allows many 

kinds of impedance measurement such as open-

circuit and short-circuit impedances. More details 

on the device are available in the technical 

documentation of Agilent [10]. 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 by using an experimental 

test bench at each temperature. As shown in 

figure 3, the test bench consists of a PC (data 

acquisition module), the Agilent 4294A analyser 

with test fixture 1604E (40 Hz to 110 MHz) and 

the thermal chamber (to control the temperature). 

https://journals.aijr.in/index.php
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Figure 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. As shown in figure 3, the toroidal 

core possesses 4-linked ports A, B, C and D. The 

analyser allows the measurements of the 4 

following impedances 𝑍𝑜 , 𝑍𝑜
′ , 𝑍𝑠  and 𝑍𝑠

′ : 𝑍𝑜  is 

the impedance seen from the primary when 

secondary winding is open circuited, 𝑍𝑠  is the 

impedance seen from the primary when 

secondary winding is short circuited, 𝑍𝑜
′  is the 

impedance seen from the secondary when 

primary winding is open circuited and 𝑍𝑠
′  is the 

impedance seen from the secondary when 

primary winding is short circuited. To qualify 

measurement reliability, the confidence factor is 

introduced [11]. This factor is a useful evaluator 

and is defined by: 

𝐶𝐹 = |
𝑍𝑜 𝑍𝑠

′

𝑍𝑜
′𝑍𝑠

| (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 

three steps: 

 First, we will present the experimental 

results related to the variations of the 

complex impedances 𝑍𝑜 , 𝑍𝑜
′ , 𝑍𝑠  and 𝑍𝑠

′  

versus the frequency and at several 

temperatures ranging from 20 °C to     

180 °C. From these measurements, we 

obtain the magnetizing inductance 𝑍𝑝 of 

the equivalent circuit; 

 In the second step, we calculate the 

complex permeability at different 

temperatures using the data related to 

the magnetizing inductance 𝑍𝑝  and 

some geometrical and physical 

parameters of the device; 

 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 analysed. 

4.1 Impedance measurement  

The impedances 𝑍𝑜 , 𝑍𝑜
′ , 𝑍𝑠  and 𝑍𝑠

′  versus the 

frequency 𝑓 at several temperatures. Figure 4 and 

figure 5 exhibit the modulus and the argument of 

the impedances 𝑍𝑜 , 𝑍𝑜
′ , 𝑍𝑠  and 𝑍𝑠

′  versus the 

frequency 𝑓 at T = 40 °C.  

 

 
Figure 4: Open and short circuit impedance 

modulus at 40 °C 

 
Figure 5: Open and short circuit impedance 

arguments at 40 °C 

 

The doted lines in figure 4 correspond to the 

impedance of 10 nH inductor and a 1 pF 

https://journals.aijr.in/index.php
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capacitor, giving a rough idea of resolution limits 

of equipment used. We notice that the 

impedances vary in a large range when the 

frequency increases. For large frequencies, the 

open circuit impedance arguments become 

negative. This means that the impedances change 

from inductive to capacitive behaviour. However, 

the short circuit impedance arguments tend to the 

value π/2 for high frequencies. 

 

4.2 Complex permeability 

Figure 6 presents the equivalent circuit of the 

toroidal core in the framework of the lumped 

element model. Two serial resistances r1 and r2, a 

magnetizing inductance 𝐿𝑝  and a leakage 

inductance 𝐿𝑓  are required to describe this 

equivalent circuit.  

 
Figure 6: Two windings transformer 

 

It is obvious that the resistances r1 and r2 can be 

obtained respectively from 𝑍𝑜  and 𝑍𝑜
′  curves at 

low frequencies. It is straightforward to obtain 

that the impedance related to the magnetizing 

inductance is given by: 

  𝑍𝑝(𝜔) =  𝐼𝑚(𝑍𝑜(𝜔) − 𝑟1) (7) 

 

We can then obtain the values of   𝑍𝑝 versus the 

frequency and at several temperatures. The 

relative dynamic permeability of the toroidal core 

made from the nanocrystalline FeNbCuSiB reads 

[9]: 

µ(𝜔) =
𝑍𝑝(𝜔) 𝐿𝑚

𝜔𝑁𝑝𝑁𝑠𝐴𝐸µ0
 (8) 

 

The geometrical parameters involved in Equation 

(8) are presented in table 1. This equation enables 

us to plot the complex permeability versus the 

frequency at different values of the operating 

temperature. 

Table 1: Geometric parameters of the toroidal 

core 

Inner diameter (𝑚𝑚) 10.7 

Outer diameter (𝑚𝑚) 17 

Average length 𝐿𝑚 (𝑚𝑚) 43.5 

Height (𝑚𝑚) 6.2 

Cross section area 𝐴𝐸  (𝑚𝑚2) 15.6 

Primary number of turns 𝑁𝑝 11 

Secondary number of turns 𝑁𝑠 7 

 

Figure 7 and figure 8 depict the real part µ′ and 

the imaginary part 𝜇′′  of the complex 

permeability versus the frequency for two values 

of the temperature.  

 
Figure 7: Real part of the complex permeability 

versus the frequency at T=20 °C and T=140 °C 

 
Figure 8: Imaginary part of the complex 

permeability versus the frequency at T=20 °C and 

T=140 °C 

When the frequency 𝑓 increases, the real part of 

the complex permeability remains almost 

https://journals.aijr.in/index.php


 

ISSN: 2456-4834 
Available online at Journals.aijr.in 

7 

Complex Permeability Measurements in a Nanocrystalline Toroidal Core 

constant when 𝑓  is less than 10𝑘𝐻𝑧 . Then µ′ 

decreases significantly. However, the imaginary 

part 𝜇′′  exhibits a maximum for a frequency 

about 70𝑘𝐻𝑧 . On the other hand, when the 

temperature increases, both the real part µ′ and 

the imaginary part 𝜇′′  decrease. Since 𝜇′′  is 

mainly due to the electrical conductivity 𝜎 , 

therefore the temperature does not affect the 

electrical conductivity at large frequencies. We 

may conclude that the temperature increase 

provokes a modification of the magnetic 

behaviour of the alloys. For this reason, the 

simulation and design of a power converter 

require not only the dependence of µ′  and 𝜇′′ 

versus the frequency but also the thermal effect. 

It is expected that the heat transfer inherent to 

the converter operation has a 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 [11]. In this study, the magnetic and thermal 

effects have been treated independently since the 

temperature has been considered as a parameter 

that can influence magnetic properties. 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 obtained by magnetic fields [11-12]. 

 

4.3 Parameter identification 

As mentioned in section 2, the theoretical model 

involves some parameters which depend on 

frequency and temperature. 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 

analysing the behaviour 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 α. In the 

second step, we use all the permeability curve to 

identify unambiguously the average domain 

thickness 𝑑 and the domain susceptibility 𝜒𝑤 . An 

iterative algorithm has been elaborated and 

validated to perform this task. The algorithm is 

also based on minimization of errors using least 

squares method. 

Figure 7 and figure 8 show the comparison of the 

real part µ′  and the imaginary part µ′′  of the 

complex permeability at two values of 

temperature. It is clear that the theoretical model 

fits well the experimental data. This result 

validates the identification process. 

Figure 9 exhibits the variation of anisotropy 

energy versus the temperature. It is clear that the 

anisotropy depends strongly on the temperature. 

It declines from 1200 𝐽 𝑚3⁄  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 behaviour has been 

observed for some materials such as magnetite 

( 𝐹𝑒3𝑂4 ) (Curie point 280 K) [13] and 

nanoparticles (𝑀𝑛𝐹𝑒2𝑂4 ) (Curie point 125K) 

[14]. 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. 

 
Figure 9: Variations of the domain susceptibility 

with the temperature. 

 

Figure 10 shows the temperature dependence of 

the magnetic susceptibility for the FeNbCuSiB 

alloys. The domain susceptibility decreases with 

increasing temperature from 1.7×105 at 20 °C to 

105  at 180 °C. This variation should be 

interpreted as a consequence of the anisotropy 

energy difference between the transforming 

https://journals.aijr.in/index.php
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phases and indicated the presence of a transition 

form. 

 
Figure 10: Variations of anisotropy energy with 

the temperature 

The results also show that the average domain 

thickness 𝑑 and the angle between the magnetic 

field and the magnetization α do not depend on 

the temperature. 

5. Conclusions 

To describe the magnetic behaviour of a linear 

anisotropic ferromagnetic material, a theoretical 

model has been presented. The mechanisms of 

wall displacement and coherent rotation have 

been taken into account in this model. An 

expression of the complex permeability versus 

the frequency has been derived. An experimental 

has been used to measure the open circuit and 

short circuit impedance of a toroidal core made 

from a nanocrystalline material. The variations of 

the complex impedance have been obtained 

versus the frequency and at several temperatures. 

The domain susceptibility and the anisotropy 

energy have been extracted from experimental 

data and using the mathematical model. Their 

dependence versus the temperature has been 

analysed. In the next future, we intend to 

implement the obtained results in a compact 

model to take into account the magnetic 

constraints and heat transfer in a power 

electronic converter. 
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