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ABSTRACT 
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Magnetic materials are used in the manufacturing of transformers, electrical machines, 
converters and inductors. The losses of the magnetic materials affect the performance of 
the electromagnetic devices. The magnetic components play an important role in dissi-
pating the core losses in power electronics devices. Measuring the losses in the magnetic 
materials is necessary since this data can then be used to identify the eddy-current and 
hysteresis loss models.  

The core loss is produced due to the realignment of magnetic domains and wall move-
ments. The eddy currents are caused by the non-zero conductivity of material under an 
alternating external magnetic field. The eddy currents and hysteresis loss are the origin 
of core losses. The B-H loops measurement technique is the common approach for meas-
uring the core losses.  In this approach, two windings are used for the test core. The main 
benefit of this approach is that the measurements do not include the copper losses. Since 
the voltage is measured at the secondary winding, so the voltage drop across the resistance 
of the primary winding will not affect the measurement results. 

This thesis investigated the core losses in soft magnetic materials, for example ferrite, 
molypermalloy powder (MPP), nanocrystalline and amorphous. The measurements were 
taken under the sinusoidal voltage excitation up to a frequency of 1 kHz. The effects of 
temperature were not considered in the core loss measurements, which may have influ-
enced the measured results. A comparison of the core losses under different magnetic 
field density and frequencies is presented. The experimental data showed that 
nanocrstalline material has the lowest losses whereas amorphous has the highest core 
losses. The ferrite material has almost double the losses as compared to nanocrystalline. 
On the other hand, it has been noticed that MPP core shows some variation in the results 
due to the temperature rise in the core. 
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1. INTRODUCTION 

Magnetic materials are broadly utilized in the manufacturing of transformers, electrical 
machines, converters and inductors. A good understanding of materials is required for the 
selection of material and size. An inaccurate design can cause extra losses and undesirably 
influence the performance of the device [1]. 

The losses of the applied soft-magnetic materials affect the performance of the electro-
magnetic devices. By increasing the operation frequency, high power densities can be 
accomplished but higher frequency produces higher loss density. At higher frequencies, 
nanocrystalline and amorphous materials take advantage from reduced losses caused by 
the eddy currents. The iron losses in soft-magnetic materials depend on many factors for 
example, operational frequency and the material specifications. The traditional materials 
for instance silicon steel are used in the applications with an operational frequency less 
than 1 kHz. The addition of nanocrystalline and amorphous materials allowed new ways 
to design electromagnetic circuits [2].  

For industrial goals, the advancement in the soft magnetic materials began with laminated 
iron and carries on with carbonyl iron, powdered, ferrite, the latest nanocrystalline mate-
rials and amorphous materials. The required properties of the magnetic material vary with 
the applications. High saturation flux density, high permeability, low power loss and low 
coercivity are desirable in most of the applications of soft magnetic materials. Moreover, 
the mechanical properties of the materials are also essential. Generally, in a single mate-
rial it is possible to have all the required properties. Therefore, the decision of the material 
is typically a bargain for a given application [3].  

1.1 The aim and scope 

The core loss is produced due to the realignment of magnetic domains and wall move-
ment. A magnetic domain contains a uniform magnetization. When the domain walls 
move under an alternating external magnetic field, energy is absorbed which turns into 
core loss. Eddy current loss and hysteresis loss are the origin of core losses. The energy 
absorbed to change the direction of the magnetic moments is called hysteresis loss. It 
represents the area enclosed by the static hysteresis loop.  

The relation between magnetic field intensity H and flux density B is depicted by the B-
H loop of a magnetic material. Due to the iron losses, the B-H curve becomes a hysteresis 
loop and the area of the loop denotes energy losses [4]. Many kinds of electronics devices, 
electric machines, magnetic recording, and permanent magnets massively depend on the 
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aspects of hysteresis. The aim of this thesis to measure the hysteresis losses of soft mag-
netic materials for example ferrite, molypermalloy powder (MPP), nanocrystalline and 
amorphous up to a frequency of 1 kHz. This data can then be used to identify hysteresis 
and eddy current loss models. The measurement method described in [4] and [5] are ap-
plied to measure the hysteresis losses and B-H loops.  

1.2 The outline  

The background theory regarding magnetic fundamentals and core losses is presented in 
Chapter 2. The properties and structure of ferromagnetic materials are explained in Chap-
ter 3. The characteristics of the investigated materials used in this thesis are explained in 
Chapter 4. The toroidal core design is explained in Chapter 5. The measurement method 
and working principle of measuring for B-H loop and core loss are explained in Chapter 
6. The results obtained by the proposed method and possible problems observed during 
measurements are discussed in Chapter 7. In the end, the conclusion of the entire work is 
written in Chapter 8. 
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2. MAGNETIC THEORY FUNDAMENTALS 

2.1 Magnetic and electrical relationships 

A magnetomotance (mmf) is produced when an inductor of 𝑁𝑁 turns carries a current as 
shown in Figure 2.1. The mmf acts as a source and it drives the magnetic circuit [6]. The 
Ampere’s law defines that the line integral of the magnetic field intensity 𝐻𝐻 around any 
closed loop is equal to the total current passing through the interior of the loop. The Am-
pere’s law can be written as  

  � 𝑯𝑯 ∙ 𝑑𝑑𝒍𝒍
𝑙𝑙

=  � 𝑱𝑱 ∙ 𝑑𝑑𝑺𝑺
𝑠𝑠

= 𝑁𝑁𝑖𝑖 (2.1) 

where 𝐻𝐻 is the magnetic field intensity, 𝐽𝐽 is the current density and 𝑁𝑁 is the total number 
of turns of the coil each carrying a current 𝑖𝑖.  

Ac 

 

Φ 

N
i

 

Figure 2.1: Toroidal core with windings 

 

For a uniform magnetic field and parallel to path 𝑙𝑙, the mmf is expressed as  

 𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑁𝑁𝑖𝑖 = 𝐻𝐻𝑙𝑙  (2.2) 

where 𝑙𝑙 represents the mean magnetic path length of the core. The product of the total 
number of turns 𝑁𝑁, and the current 𝑖𝑖 gives the amperes turns. The magnetic flux Φ is 
compelled to flow in a magnetic circuit by the mmf [7]. The total magnetic flux Φ passing 
through a surface 𝑆𝑆 is given as 
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 Φ = � 𝑩𝑩 ∙ 𝑑𝑑𝑺𝑺
𝑠𝑠

 (2.3) 

When the magnetic flux density 𝐵𝐵 is constant and perpendicular to the whole surface area 
𝐴𝐴c, then the magnetic flux Φ passing through that surface is given by 

 Φ = 𝐵𝐵Ac  (2.4) 

V(t)

dS

dl

B(t)

+ -

Total flux Φ
(t)

 

Figure 2.2: Illustration of Faraday’s law. 

 

The illustration of Faraday’s law can be seen in the Figure 2.2 and it says that the line 
integral of the electric field intensity E around a closed path is equal to the time rate of 
change of the magnetic flux passing through the close path. When a time varying mag-
netic flux Φ(𝑡𝑡) passes through a closed loop, it produces voltage in that loop [3], [8]. The 
relationship between the magnetic flux Φ(𝑡𝑡) and the produced voltage 𝑣𝑣(𝑡𝑡) can be ex-
pressed as 

 𝑣𝑣 = −𝑁𝑁
𝑑𝑑Φ
𝑑𝑑𝑡𝑡

 (2.5) 

As long as the flux is changing voltage will be induced in the circuit. Moreover, the 
amount of the induced voltage is equal to the time rate of change of flux linkage in the 
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circuit [9]. According to Faraday’s law, if the winding resistance is negligible then the 
average flux density through the coil is  

 𝐵𝐵 =  
1

𝑁𝑁𝐴𝐴c
 � 𝑣𝑣𝑑𝑑𝑡𝑡 (2.6) 

where 𝑣𝑣 is the terminal voltage of the coil and 𝐴𝐴c is the area of cross section of the core. 
The total amount of flux surrounded by each turn of the coil is called magnetic flux link-
age [1]. For a coil of the length 𝑙𝑙 and cross sectional area 𝐴𝐴𝑐𝑐 the flux linkage is written as  

 𝜆𝜆 = 𝑁𝑁Φ = N𝐴𝐴c𝐵𝐵 = N𝐴𝐴𝑐𝑐𝜇𝜇𝐻𝐻 =
𝑁𝑁2𝐴𝐴c𝜇𝜇𝑖𝑖

𝑙𝑙
 (2.7) 

 Lenz’s law says that a rapidly changing magnetic flux Φ𝑎𝑎(𝑡𝑡) generates a voltage. The 
direction of the voltage is such that it produces a current 𝑖𝑖E (𝑡𝑡) in the closed loop. 

 

Figure 2.3: Interpretation of Lenz's law 

 

The current induces a flux Φi(𝑡𝑡)  that prevents the change in the applied flux [3]. Figure 
2.3 is showing induced currents caused by the varying magnetic field. Eddy currents pro-
duce non-uniform current distribution in the magnetic cores and coil conductors. This 
phenomena produces higher power losses, higher effective resistance and lower internal 
inductance [6].  
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According to Gauss’s law of magnetic circuit, for any closed surface 𝑆𝑆 the total flux going 
into the volume is precisely equivalent to the total flux going out of the volume [3]. The 
resulting flux through the surface is given by  

 � 𝑩𝑩 ∙ 𝑑𝑑𝑺𝑺
𝑠𝑠

= 0 (2.8) 

2.2 Magnetic permeability 

The relationship between the magnetic field intensity 𝐻𝐻 and the magnetic flux density 𝐵𝐵 
can be established by defining the magnetic permeability as follows 

 𝐵𝐵 = 𝜇𝜇o𝜇𝜇r𝐻𝐻 = 𝜇𝜇𝐻𝐻 (2.9) 

where 𝜇𝜇 is the permeability, 𝜇𝜇o represents the permeability of free space, and 𝜇𝜇r denotes 
the relative permeability of the material. The permeability is the ability that a material has 
to conduct flux. The magnitude of the permeability tells how a core material can be mag-
netized at a given induction [7]. A small field strength H produces a large magnetic flux 
density 𝐵𝐵 at high value of 𝜇𝜇r. The magnetic flux Φ follows the path of highest permea-
bility [6]. On a macro scale, we can imagine that the magnetic field intensity H is pro-
duced by electric current and magnetic field intensity 𝐵𝐵 is the result of driving force H 
[9]. The maximum operating magnetic flux density 𝐵𝐵m should be smaller than the satura-
tion flux density 𝐵𝐵sat of the core material [6]. 

2.3 The hysteresis loop (B-H loop) 

A complete cycle of magnetization and demagnetization of a magnetic material under 
alternating sinusoidal operation is presented in Figure 2.4. The B-H loop shows the rela-
tionship between magnetic flux density B versus magnetic field intensity H. The maxi-
mum attainable magnetic flux density of the material is confined because of magnetic 
saturation. The hysteresis loss and magnetic flux saturation make the B-H curve non-
linear [4].  

The dotted line denotes an idealized magnetization curve. It shows that the magnetic ma-
terial is completely demagnetized and magnetic field strength 𝐻𝐻 gradually rises until sat-
uration point 𝐵𝐵sat is reached. At this saturation point, the applied external field aligned 
the domains of the core along its direction. The B-H loop shifts its path to 𝐵𝐵r as 𝐻𝐻 drops. 
Even the 𝐻𝐻 approaches to zero, the core still magnetized. At this point, the flux is called 
remanent flux 𝐵𝐵r. When the magnetic field strength 𝐻𝐻 further reduces, the point where 
magnetic flux density becomes zero, is called the coercive magnetic field 𝐻𝐻c. The negative 
magnetizing force is required to demagnetize the core completely. 
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Figure 2.4: Typical hysteresis loop illustration. 

 

If the magnetizing force is increased in the reverse direction, saturation in the opposite 
direction is similarly obtained. The loop completes its cycle according to the frequency 
of operation, and it has corresponding points on the opposite side as well. The area sur-
rounded by the loop demonstrates the energy lost in the core material per hysteresis loop 
and this loop is called B-H loop or hysteresis loop. This process repeats continuously in 
ac applications and total hysteresis power loss depends on frequency [7].    

2.4 Magnetic losses 

The losses in the magnetic components can be characterized as core loss and winding 
loss. The winding loss is copper loss of the wire and core loss consists of hysteresis loss 
and eddy current loss. A changing magnetic field in the core produces losses in the core 
material. There are three types of core losses hysteresis, eddy current and anomalous loss. 
The hysteresis of the material makes the hysteresis loss a static loss while the other two 
dynamic losses are yielded by the eddy currents in the material. The classical eddy current 
loss originates in the material when a changing magnetic field is applied. This classical 
eddy current loss is also called the macroscopic eddy current loss. Whereas anomalous 
loss sometimes is called microscopic eddy current loss, which is generated by domain 
wall motion [10].  

2.4.1 Hysteresis loss 

When an ac field is applied to the magnetic material, the magnetic field intensity leads 
the magnetic flux density during the whole cycle of magnetization and demagnetization. 
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During each cycle, the area enclosed by the loop represents an amount of energy absorbed 
in the core. This absorbed energy gives rise to core heating and this loss of power is called 
hysteresis loss [7]. Figure 2.5 shows a uniformly wound insulated coil on a toroidal core. 
The coil has no resistance and the flux in the core is Φ.  

-

+
e

i

lc

Ac 

 

Figure 2.5: Circuit diagram to measure hysteresis loss. 

 

The internal molecular resistance repels the constant realignment of domains in ferro-
magnetic materials. When the material completes its magnetization phase, the energy is 
also released in the form of heat [9]. According to Faraday’s law, the applied voltage 𝑣𝑣 is 

𝑣𝑣 = 𝑁𝑁 𝑑𝑑Φ
𝑑𝑑𝑑𝑑

 . The energy loss 𝑊𝑊cycle over one complete cycle of the hysteresis loop in the 

core can be written as  

 𝑊𝑊cycle =  𝑉𝑉core � 𝐻𝐻𝑑𝑑𝐵𝐵 (2.10) 

 𝑊𝑊cycle =  𝑉𝑉core𝑊𝑊h (2.11) 

where 𝑉𝑉core represents the magnetic core volume, and 𝑊𝑊h = ∮ 𝐻𝐻𝑑𝑑𝐵𝐵 is the energy density 
in one full cycle [11]. The hysteresis effect produces the power loss and it can be stated 
as  

 𝑃𝑃h =  𝑉𝑉core𝑊𝑊h𝑚𝑚 (2.12) 

where f is the frequency of the flux density. According to Charles Steinmetz, the approx-
imate relation to the hysteresis loss can be expressed as 
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 𝑃𝑃h =  𝐾𝐾ℎ𝐵𝐵max
n 𝑚𝑚 (2.13) 

where 𝐵𝐵max is the maximum flux density, 𝐾𝐾h is a constant and the value of 𝑛𝑛 is between 
1.5 to 2.5.  The value of 𝐾𝐾h depends on the volume of the core and type of the core 
material.  

2.4.2 Copper loss and eddy current loss   

Due to the high conductivity of the copper, most of the windings of the inductors are 
constructed using copper. Its high flexibility reduces the total volume and amount of cop-
per required for the windings because copper has the ability to fit into compact windings 
around a magnetic core. Although the copper has a high conductivity, yet the electrical 
loss is a vital cause of heat at current densities used in inductors. The heat is the source 
of temperature rise in both of the magnetic core and windings [12]. In Figure 2.6, an 
equivalent circuit of a winding is shown.  

R

 

Figure 2.6: Equivalent circuit model of winding for copper loss 

 

The winding of an inductor consists of wire of resistance R. It produces heat in the form 
of 𝐼𝐼2𝑅𝑅 loss.  The copper loss of the winding can be expressed as  

                     𝑃𝑃cu = 𝐼𝐼rms
2 𝑅𝑅dc (2.14) 

where ‘𝐼𝐼rms’ denotes the rms current. The dc resistance of the winding of the inductor is 
written as 

 𝑅𝑅dc = 𝜌𝜌
𝑙𝑙w

𝐴𝐴w
 (2.15) 

where 𝑙𝑙w is the total length of the wire, 𝜌𝜌 is the resistivity of the copper and 𝐴𝐴w is the 
wire bare cross sectional area [13].   

The winding resistance increases with the frequency of the applied current. The growth 
in the resistance is because of the proximity effect and skin effect that limits the effective 
area of the copper cross section. The conductors are usually close to each other. When an 
alternating current flows through a conductor, it creates magnetic fields that induce the 
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adjacent conductors will give rise to an additional non-uniform distribution of the current 
density. The two adjacent conductors with current flowing in the same direction are 
shown in Figure 2.7 and in the opposite direction are shown in Figure 2.8.  

 

 

Figure 2.7: Proximity effect with current flow in same direction [14]. 

 

 

Figure 2.8: Proximity effect with current flow in opposite direction [14]. 

 

Two neighboring conductors with currents in a similar direction will have the maximum 
current density in the part next to the neighboring conductor. If the direction of current in 
one conductor changes then the current density will collect in the part uttermost far from 
the other conductor. 

The copper loss is prone to the skin effect at higher frequencies [9]. The skin effect defines 
the non-uniform current density in the single conductor and give rise to increase the loss 
in inductors. The eddy currents will oppose the ac flux and as a result, the effective re-
sistance of the conductor increases and reduces the net area available for current flow. 
The skin depth is expressed by 

 𝛿𝛿 =  
1

�𝜋𝜋𝑚𝑚𝜇𝜇𝜎𝜎
 (2.16) 
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where 𝑚𝑚 denotes the frequency, 𝜎𝜎 is the conductivity and 𝜇𝜇 is the magnetic permeability 
of the conductor. Skin effect does not have too much effect at lower frequencies but it is 
more ambiguous at higher frequencies [12]. A large portion of the current is constrained 
within one skin depth of the surface, so that the conduction area reduces as the frequency 
rises. Because of the skin effect, the alternating current produces higher resistance in me-
tallic conductors compared with direct current and hence higher power loss [9].  

 

iE

B

(a)

iE

(b)
B

 

Figure 2.9: Interpretation of eddy current in a magnetic core: (a) Solid core. (b) Lami-
nated core. 

 
The rapid change in the flux density 𝐵𝐵 through the cross section of a core is presented in 
Figure 2.9. If flux density fluctuates swiftly in the core, the loss of power takes place.  
The fast change of flux density in the cross section of the core is shown in the Fig. 1.7 a. 
As a result of changing magnetic flux in the enclosed path, a voltage is induced in the 
path of the cross-section. Therefore, a current 𝑖𝑖E runs around the path [11]. Due to the 
resistance of the core material, this eddy current 𝑖𝑖𝐸𝐸 generates 𝐼𝐼2𝑅𝑅 loss in the core and heat 
flows out of the core. The eddy current loss is dependent on the time-varying magnetic 
flux and is written as  

 𝑃𝑃e =  𝐾𝐾e𝐵𝐵max
2 𝑚𝑚2 (2.17) 

where 𝐾𝐾e is a constant and its value relies on lamination thickness and magnetic material 
[11]. Bertotti proposed the excess or anomalous loss in [15] is given as 𝑃𝑃exc. =
 𝐾𝐾exc.𝐵𝐵max

1.5 𝑚𝑚1.5, where 𝐾𝐾𝑒𝑒𝑒𝑒𝑐𝑐. is the excess coefficient. The total core loss contains the eddy 
current loss, hysteresis loss and anomalous loss given as   

 𝑃𝑃c =  𝑃𝑃h + 𝑃𝑃e +  𝑃𝑃exc. (2.18) 
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2.5 AC excitation in the magnetic core 

Figure 2.10 is showing a toroidal core, where primary and secondary windings are wound 
on the magnetic core. The mean magnetic path length of the core is 𝑙𝑙c and the cross sec-
tional area of the core is 𝐴𝐴c.  A sinusoidal voltage is applied to the primary winding and 
the secondary winding is in open-circuit under no load conditions. 

 

Ac Φ 

N2 N1 
-

 

Figure 2.10: Toroidal core with primary and secondary windings without load 

 

According to the Ampere’s law and Faraday’s law, the induced emf in the primary side 
is given as 

 𝑒𝑒1 = 𝑁𝑁1
𝑑𝑑Φ1

𝑑𝑑𝑡𝑡
 (2.19) 

The primary winding has a resistance 𝑅𝑅1, so some voltage will drop in the primary wind-
ings. The primary voltage together with voltage drop in primary windings of resistance 
𝑅𝑅1 is given as  

 𝑣𝑣1 =  𝑅𝑅1𝑖𝑖1 + 𝑒𝑒1 (2.20) 

A magnetizing current 𝑖𝑖1 in the primary winding produces a time varying flux Φ in the 
core. The instantaneous flux Φ(t) can be written as 

 Φ(t) =  Φmax 𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑡𝑡 = 𝐴𝐴c𝐵𝐵max𝑠𝑠𝑖𝑖𝑛𝑛𝑠𝑠𝑡𝑡 (2.21) 
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where  Φmax is the amplitude of the core flux, 𝐵𝐵maxis the amplitude of the flux density 
and 𝑠𝑠 = 2𝜋𝜋𝑚𝑚 is the angular frequency. Then (2.21) becomes 

 𝑒𝑒1 = 𝑠𝑠𝑁𝑁1𝐴𝐴c𝐵𝐵max𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑡𝑡 (2.22) 

The amplitude of the induced emf in primary is 

 𝐸𝐸1max =  2𝜋𝜋𝑚𝑚𝑁𝑁1𝐴𝐴c𝐵𝐵max (2.23) 

The rms value of the induced emf in primary is 

 𝐸𝐸1rms =
𝐸𝐸1max

√2
 =  4.44𝑚𝑚𝑁𝑁1𝐴𝐴c𝐵𝐵max (2.24) 

If we neglect the resistance, then 𝐸𝐸1rms = 𝑉𝑉1rms. Then rms value of input voltage for 
sinusoidal excitation is given by 

 𝑉𝑉1rms = 4.44𝑚𝑚𝑁𝑁1𝐴𝐴c𝐵𝐵max (2.25) 

The exciting current 𝑖𝑖1 in the primary winding is needed in order to produce magnetic 
flux in the core. Due to the nonlinear property of the magnetic core, the waveforms of 
sinusoidal flux and current vary from each other [8]. According to (2.2), the exciting cur-
rent in the primary winding is 

 𝑖𝑖1 =
𝐻𝐻𝑙𝑙c  
𝑁𝑁1

 (2.26) 

The rms value of exciting current in the primary winding can be written as  

 𝐼𝐼1rms =
𝐻𝐻rms𝑙𝑙c  

𝑁𝑁1
 (2.27) 

The rms volt-amperes needed to excite the core is expressed as 

 𝑉𝑉1rms𝐼𝐼1rms = 4.44𝑚𝑚𝐵𝐵max𝐻𝐻rms𝐴𝐴c𝑙𝑙c (2.28) 

The rms volt-amperes per unit mass 𝑃𝑃𝜌𝜌 for a magnetic material of mass density 𝜌𝜌𝑐𝑐 is 

 𝑃𝑃ρ =  
𝑉𝑉1rms𝐼𝐼1rms

𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
=

4.44𝑚𝑚
𝜌𝜌c

𝐵𝐵max𝐻𝐻rms (2.29) 

where 𝐴𝐴c𝑙𝑙c is the volume of the core. The exciting current delivers the desired emf to 
generate the core flux and input power linked with energy in the core. Some part of this 
energy is released in the form of core heating. The remaining energy acts as reactive 
power associated with energy storage in the magnetic field. This reactive power does not 
deplete in the core. It is consumed by the excitation source [8]. 
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3. MAGNETIC MATERIALS 

In numerous engineering systems, magnetic materials play a vital role. The magnetic ma-
terials are categorized into three groups based on their magnetic properties. Those three 
groups are diamagnetic, paramagnetic and ferromagnetic materials. The susceptibility is 
small and negative for diamagnetic materials and it has a value of about −10−5. Copper, 
silver and beryllium are the diamagnetic materials.  

The magnetic response of diamagnetic materials resists the applied magnetic field. Alu-
minum, platinum and manganese fall into the category of paramagnetic materials due to 
their small and positive susceptibility. The value of relative susceptibility for this mag-
netic material group varies between 10−3 to 10−5. Paramagnetic materials produce weak 
magnetization aligned with the external field. Ferromagnets are the most commonly 
known magnetic materials and their susceptibility can be varied typically between 50 and 
10,000. Cobalt, nickel and iron are ferromagnetic materials [16]. 

Ferromagnetic

Paramagnetic
Free air
Diamagnetic

H

B

 

Figure 3.1: The B-H curves for different kind of magnetic materials 1 

The B and H relationship for the diamagnetic and paramagnetic materials is linear and 
their relative permeability 𝜇𝜇r is close to unity. Diamagnetic materials have a slight ten-
dency to forbid the magnetic field, because of their 𝜇𝜇r value is less than unity. The per-
manent magnetic moments do not exist among the atoms of diamagnetic materials. Due 
to a value of 𝜇𝜇r bigger than unity, paramagnetic materials can be slightly magnetized with 
an external magnetic field [3]. Figure 3.1 is showing the B-H relation of different mag-
netic materials. In this thesis, the discussion is focused on ferromagnetic materials.  

                                                 
1 [3] 
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3.1 Ferromagnetic material 

Due to the high permeabilities of the ferromagnets, they are used in most of the engineer-
ing applications and high magnetic inductions can be achieved with simple magnetic 
fields. The initial relative permeabilities of ferromagnets are usually between 10 to 105. 
The ferromagnetic materials are often categorized based on their coercivity. Coercivity 
depends on the structure of the magnetic material, it can be changed by exposing the 
sample to disparate mechanical and thermal analysis, as for instance saturation magneti-
zation cannot. The ferromagnets are classified into two main groups based on their coer-
civity, soft magnets and hard magnets. The value of coercivity for hard magnetic materi-
als is more than 10 kA/m and for  soft magnetic materials is less than 1 kA/m [16]. 

3.1.1 Structure of the material 

Ferromagnetism relies on the characteristic of domains. The magnetic material contains 
these minute regions. The minute regions have this unique property that the atoms of the 
particular domain have their own specific spins arranged in the similar direction [17]. 
Each electron in an atom revolves around the nucleus and rotates around its own axis as 
well. The rotation of the electrically charged electron creates a magnetic moment [3]. 

Electrons are present in pairs in most of the atoms and they spin in the opposite way. The 
opposite spins of paired electrons force their magnetic moments to wipe out each other 
and hence no net magnetic moment occurs. On the other hand, the materials that have 
more unpaired electrons will have non-zero net magnetic moment. There are unpaired 
electrons in ferromagnetic materials. Their atoms reveal a net magnetic moment and a 
magnetic dipole appears in each atom. The interaction occurs between the dipoles of two 
adjacent atoms when a ferromagnetic material experiences an external field and this ex-
ternal field lines up the dipoles in its direction. Due to the interactive act, amplification 
of the external field outcomes in high magnetization even if the applied field is weak. The 
dipoles interact with the adjacent dipoles even if there is no external field and this results 
in the parallel arrangement. The region where all the dipoles are arranged is known as the 
magnetic domain [18].   

When both the atomic moments and crystal lattice sites are aligned parallel, then the fer-
romagnetic effect is produced due to the moments of each atom add up. The whole struc-
ture does not face this arrangement of atomic magnets apart from certain places in the 
structure [3]. The domain structure is changed by the application of an applied magnetic 
field. The domains can be arranged easily related to external field rise at the cost of those 
who are less favorably arranged resulting in the net magnetization does not stay at zero 
[17].  
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Domains

Closure Domains  

Figure 3.2: Arrangement of magnetic domain moments in the un-magnetized iron struc-

ture 

The size of the domains fluctuates significantly between the values of 0.1 mm3 to 1 
mm3.The magnetic domains are arranged so as to reduce entire the applied field. Like 
this, it keeps the energy level as low as could be allowed. Nearby domains follow this 
principle and have completely different magnetic moments, as appeared in Figure 3.2.  
Furthermore, the closure domains decrease the net external field.  

In each crystal, boundaries split the domains from one another. These boundaries are 
termed as Bloch walls or domain walls. Figure 3.3 shows that, the magnetic moments 
change their direction in the opposite way across the domain walls. The depicted process 
of adding the magnetic moments of the atoms produces the impulsive magnetization of 
domains in the ferromagnetic materials, which is legitimate until a particular temperature. 
This particular temperature is called the Curie temperature 𝑇𝑇c. The atomic thermal oscil-
lations of a magnetic material increase with rise of temperature of the material. When the 
temperature increases above a certain level, then the thermal oscillations defeat the cou-
pling forces that uphold the arrangement of the atomic magnets in the domains. The ad-
jacent atoms face the interruption in the alignment of their magnetic moments. The mag-
netic properties of the ferromagnetic material become similar to a paramagnetic material 
as the temperature of ferromagnetic material rises above its Curie temperature.  
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Figure 3.3: Alignment of magnetic moments of material within an 180o domain wall 

The remanence and coercivity drop to zero when the permeability of the material be-
comes 𝜇𝜇r = 1. At the point when the material is cooled down, the alignment of the atomic 
magnets will restore but their position will be irregular to each other. The ferromagnetic 
material will be demagnetized if the temperature of the material increases more than  Tc 
and hence the total applied field becomes zero in the structure [3]. 

3.1.2 Magnetization  

The numerous domains are present in a crystal of a ferromagnetic material. The direction 
and magnitude of the imposed external field defines the magnetic arrangement, size and 
shape of the domains.  

Figure 3.4a, shows a ferromagnetic material piece, which is unmagnetized. When an ex-
ternal magnetic field Hext applies parallel to the magnetic domain moments, the domain 
walls start to shift. The movement of the domain walls increases with the strength of the 
applied field. The atomic magnets are exposed to torque as soon as an exterior field is 
applid. The applied field defines the alignment of the magnetic moments and arranges 
them in its direction. The aligned magnetic moments do not face any resulting torque. 
The non-aligned magnetic moments face torque and it forces them to rotate in the direc-
tion of the external applied field. Thus, the complete structure of domain wall gets the 
tendency to move. The net magnetic flux will produce in the crystal piece of ferromag-
netic material, when the domains having the same direction as the applied external field  
𝐻𝐻ext expand into adjacent domains, which are aligned opposite to the field as shown in 
Figure 3.4b. Hence, the magnetization of all the atomic moments will increase and it is 
average value per unit volume. 
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Figure 3.4: Magnetization of a ferromagnetic sample: (a) no applied external field; (b) 
with applied (c) rotation of the domain magnetic moments under applied external field 

Hext [3]. 

The defined domain wall displacements turn out to be reversible at the point where the 
external applied field has a lower value. The greater value of the applied field Hext causes 
hysteresis due to the displacements of walls. The rotation of the domain walls takes place 
as soon as the external applied field crosses over a specific level as shown in Figure 3.4c. 
A domain, which has the same direction of the external field, depletes a nearby domain 
who has the opposite direction to that field, it happens due to the domain wall jumps.  At 
the point when the value of external field Hext expands more, the procedure of rotation 
of the domain takes place. The schematic of 180 and 90 domain walls are shown in Figure 
3.5. The 180o wall movement causes alterations in the magnetization at low applied field 
and 90o wall movement is responsible for alternations at the high applied field [18].  

 

90 wall o

180 wall o

 

Figure 3.5: Illustration of 180o and 90o domain walls 
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The magnetization grows as soon as the magnetic domain moments spin to arrange them-
selves in the direction of the external field. Regardless of the original direction besides 
the crystal axes, the process has a tendency to arrange the magnetic domains further along 
the applied field. Domain spins, domain wall movements and jumps take place in the 
whole magnetization mechanism. Concerning ferromagnetic metals, the magnetization 
process starts with wall movements and jumps and it finishes with the spins of the entire 
domains, achieving the final arrangement in the approved direction, determined by the 
applied field [3].  

 

Wall motion

H

M

Rotation

Ms

Knee point

a)

b)

c)

d)

 

Figure 3.6: The different phases of magnetization process due to the rotation of mag-
netizing vector and domain wall movement [19]. 

 

The initial magnetization curve and the different phases of the magnetization process are 
presented in Figure 3.6. Between the demagnetic state and knee point, the magnetization 
process is controlled by the domain wall displacement. The reversible process happens 
when the external field is low, which displaces the domain wall. The domain wall comes 
back to position (a), when there is no external field. As soon as the external field increases 
at the position (b), the domain wall displacement turns into irreversible. The magnetiza-
tion process modifies to irreversible rotation at temperate field strength. The applied field 
is now capable of rotating the domain at the position (c).  Further increase in the applied 
field creates the reversible rotation of magnetic moments causing changes in the magnet-
ization along the direction of the applied field (d). Real materials have different curves 
for growing and reducing fields and the motion of the domain walls is irreversible 
[16][19]. A simplified illustration of the magnetizing processes is shown in Figure 3.7. 
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Figure 3.7: Effect of the external magnetic field on domain walls[19]. 

 

3.1.3 Magnetostriction 

The ferromagnetic material faces a fractional change in its length when an external mag-
netic field is applied. This effect is termed as magnetostriction. The magnetostriction 𝜆𝜆mis 
defined as  

 𝜆𝜆m =
𝑑𝑑𝐿𝐿
𝐿𝐿

 (3.1) 

where 𝑑𝑑𝐿𝐿 represents the change in length and 𝐿𝐿 characterizes the initial length of the 
material sample. A spontaneous change in length 𝑑𝑑𝐿𝐿 arises when the temperature of the 
material is lower than the Curie temperature. The spontaneous magnetostriction and field-
induced magnetostriction are the two types of magnetostriction. When the magnetic mo-
ments gather into the domains at the Curie temperature, it gives rise to produce spontane-
ous magnetostriction. If the affected domains rearrange further under the applied mag-
netic field, then it will produce field-induced magnetostriction resulting in a change in 
fractional length as shown in the Figure 3.8 [16].  

dL

H=0

H

(a)

(b)  

Figure 3.8: Illustration of the magnetostriction under applied magnetic field [16]. 
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The value of 𝜆𝜆m at magnetic saturation is known as the saturation magnetostriction 𝜆𝜆s. 
Magnetostriction happens in almost every pure material. However, the strong magnetic 
materials have less magnetostriction effect. The saturation longitudinal magnetostriction 
𝜆𝜆s can be negative or positive and some alloys have a zero value of 𝜆𝜆s at a certain tem-
perature. The applied field and magnitude of magnetization determine the value of 𝜆𝜆s. 
The materials who have positive values of 𝜆𝜆m usually their dimensions increase under the 
applied magnetic field. Whereas the materials with negative magnetostriction usually 
contract. Due to the movement of the 90o walls in the regions where the field is weak, the 
magnetostrictive fractional change in length produce.  

 

Figure 3.9: Dependence of magnetostriction on magnetic field. Note that the field scale 
is logarithmic [19] . 

 
The variation of 𝜆𝜆m with 𝐻𝐻 for a material of positive magnetostriction is shown in Figure 
3.9. The maximum change in magnetostrictive length arises all along domain rotation. 
The volume of the sample remains approximately constant between the demagnetized 
point and saturation point. At the point when the technical saturation point approaches a 
certain temperature, the magnetic material sample changes into a single domain magnet-
ized in the direction of the applied field. When the applied field rises more, it produces a 
slight additional strain. It yields a gradual variation in 𝜆𝜆 with H termed as forced magne-
tostriction. Under the applied field, when a slight variation happens in the volume after 
the saturation point, the resulting magnetostriction is termed as volume magnetostriction. 
This volume magnetostriction produces an equal shrinkage or expansion in all directions. 
Forced magnetostriction is a little impact and does not matter to the act of magnetic ma-
terials in standard fields [19]. 
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3.1.4 Remanence 

When a magnetic material is magnetized and then the applied magnetic field becomes 
zero afterwards. The magnetic flux remaining in the material is called the remanent flux 
𝐵𝐵r and remaining magnetization is known as the remanent magnetization 𝑀𝑀r. 

 𝐵𝐵r = 𝜇𝜇𝑜𝑜𝑀𝑀r (3.2) 

The remanence is utilized to specify the value of any of the remaining magnetization or 
the magnetic flux when the field becomes zero after the magnetic material has reached 
the saturation point. 

3.2 Soft and hard magnets 

The types of ferromagnetic material depend on their coercive force 𝐻𝐻c and those are soft 
magnetic material and hard magnetic material [3]. The alteration in the arrangement of 
the material structure defines the soft magnetic material and results in a narrow hysteresis 
B-H loop and low coercive force. A classic B-H loop of a soft magnetic material and a 
hard magnetic material is presented in Figure 3.10. The soft magnetic materials have 
lower values of coercive force compared with hard magnetic materials.  

 

Figure 3.10: Hysteresis loops: a narrow loop represents soft magnet and square loop 
denotes hard magnets[3]. 

 

Hard magnetic materials are also known as permanent magnets. More of the external 
magnetic field is required to initiate the alignment of the magnetic moments of hard mag-
netic materials. The values of coercive force in permanent magnets are 𝐻𝐻c > 10 000 A/m 
and in soft magnetic materials are 𝐻𝐻c < 1000 A/m. Hard magnetic materials are difficult 
to magnetize compared with soft magnetic materials and they have higher values of the 
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remanence induction 𝐵𝐵r [3]. The examples of soft magnetic materials are represented in 
Figure 3.11.  

Soft Magnetic Material

Ferrites Powder Strip

MPP

High Flux

Sendust

Mega Flux

Iron

(Ni-Fe-Mo)

(Ni-Fe)

(Fe-Si-Al)

(Fe-Si)

(Fe)

Fe-Si

Amorphous

Permalloy
 

Figure 3.11: Examples of soft magnetic materials 
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4. INVESTIGATED MATERIALS 

The focus of this thesis is merely on soft magnetic materials such as amorphous, nano-
crystalline, molypermalloy powder (MPP), and ferrites.    

4.1 Amorphous alloy 

Amorphous alloys or soft magnetic materials are also called metallic glass. They are made 
of the metals cobalt, boron, manganese, silicon, nickel, niobium and alloys of iron. The 
structure of amorphous alloys depends on their chemical, mechanical, and magnetic prop-
erties.  

 

Figure 4.1: Atomic structure of an amorphous material [20]. 

 

The amorphous has no crystalline structure and atoms in its structure are not in the order. 
The illustration of an amorphous atomic structure is shown in Figure 4.1.  The alloys are 
formed with thin strips straight from a melt. The 1300°C hot molten is then compressed 
and cooled to a certain level [3]. Typically, amorphous has a composition of (Fe + Co + 
Ni) 80%, (Si + B) 20 %. In order to maintain the structure of amorphous, Si and B met-
alloids are for glass composition [19]. Amorphous materials have low coercivity and a 
linear trend of hysteresis loops. The maximum saturation induction of amorphous is 0.7-
1.8 T. The range of Curie temperatures for the amorphous materials is 350–450°C. The 
magnetic properties start to disappear at this temperature.  
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Figure 4.2: Typical B-H loop of Metglas 2605SA1 toroidal core [21].  

 

For this thesis, Metglas amorphous alloy 2605SA1 is used. Amorphous alloy 2605SA1 is 
produced with thin ribbons typically around 23 µm thick and from about 142 mm to 213 
mm wide. According to the material safety data sheet of Metglas 2605SA1, the composi-
tion of the alloy is as follows: iron 85 -95%, silicon 5-10% and boron 1-5% and it has a 
saturation flux density of 1.56 T [22][23][21]. The typical B-H loop of magnetic material 
2605SA1 is shown in Figure 4.2. 

4.2 Nanocrystalline material 

Much work has been completed in the recent decade to represent new soft magnetic ma-
terials. These materials are named nanocrystalline materials. Yoshizawa from Hitachi 
Metals Laboratory created the first nanocrystalline material in 1988 [24]. The composi-
tion of nanocrysatalline initially suggested is Fe74 Cu1 Nb3 Si15 B7. The Cu is supposed to 
increase nucleation of crystallites and the Nb to prevent their development [19]. The 
atomic structure of a crystalline sample is shown in Figure 4.3. An annealing process 
under the existence of a longitudinal or transversal magnetic field creates the nanocrys-
talline structure. 
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Figure 4.3: Illustration of a crystalline atomic structure [20]. 

 
The magnetic properties are influenced by the thermal treatment. As a result, the amor-
phous state faces a structural change [3]. Figure 4.4 represents the process of formation 
of amorphous ribbon for FINEMET® and a typical FINEMET® core. The pioneer material 
of FINEMET® is the amorphous ribbon. A “single roll method” is used to make this rib-
bon of thickness of 18µm and then a toroidal core is made by wounding these amorphous 
ribbons. Then the core undergoes a thermal treatment for crystallization. 

 

 

Figure 4.4: Manufacturing process of FINEMET® [25]. 

In the last stage of the crystallization process, the stabilized remaining amorphous phase 
at the grain boundaries suppresses the grain progression. The increase in the crystalliza-
tion temperature of the remaining amorphous phase is the cause of this stabilization and 
stabilization increases with the enhancement of Nb and B [25]. The crystallization process 
of FINEMET® is shown in Figure 4.5.  
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Figure 4.5: Crystallization process of FINEMET® [25]. 

The typical B-H loop for the toroidal core of nanocrystalline FINEMET® FT-3M material 
is shown in Figure 4.6. 

 

Figure 4.6: The B-H loop of FINEMET® FT-3M toroidal material [26]. 

 

4.3 Molypermalloy powder (MPP)  

The powder material can consist of various chemical components to get the required prop-
erties of the core. The air gap is uniformly spread in the powder core rather than a gapped 
part in a standard ferrite core [27]. A lower flux leakage and better temperature steadiness 
come with the distributed air gap in the material. They additionally have a smoother de-
crease of their permeability, but it begins considerably earlier than in ferrites. From an 
EMI perspective, they are equally fine since a distinct air gap can affect other sections of 
the system. The particle size of powder material is related to the permeability of the core 
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and the greater the particle size, the higher the permeability will be. The molypermalloy 
powder (MPP) material has a composition of 17% iron, 81% nickel and 2% molybdenum 
alloy powder. Among the other powder cores, MPP has minimum losses and it is utilized 
when lowest losses are required. Under dc magnetization, MPP cores maintain their in-
ductance stability, high resistivity, low hysteresis losses and low eddy current losses [28]. 
The dc magnetizing curves of MPP material at different permeabilities are shown in Fig-
ure 4.7.  

 

Figure 4.7: The dc magnetizing curves of MPP material at different permeabilities [28]. 

4.4 Ferrites 

Ferrites are the most commonly utilized materials in the field of power electronics. The 
high volume resistivity of the ferrites is their main characteristic and distinguishes them 
from the other magnetic materials. Eddy current losses are directly proportional to the 
square of the frequency and inversely proportional to the resistivity. Because of the high 
resistivity, ferrites can be used commonly in high frequency magnetic applications [3]. 
The typical B-H loop of ferrite F-material is shown in Figure 4.8. 

The ferrite materials are made of iron oxide Fe2O3 and have a cubic crystal structure. 
Typically, they combine with other metals like silicon, magnesium, nickel, copper, zinc 
and cobalt. The Mn-Zn and Ni-Zn are the two common categories [19]. Due to the high 
permeability of Mn-Zn materials, their operating range of frequency is up to 5 MHz. On 
the other hand, Ni-Zn have a high resistivity and lower permeability and they can be used 
in higher frequency applications [29]. 
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Figure 4.8: The B-H loop of F Material at 25° and 100° C [7]. 

 
The MAGNETICS® F material is useful for the power filters, transformers and inductor’s 
material and can be used for medium frequency applications [30].  
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5. DESIGNING OF TEST INDUCTOR CORES  

In many circumstances, the inductor can be used for storing magnetic field energy. It's 
ability of storing magnetic field energy can be exploited in different areas of the field. For 
example, the magnetic field is utilized in electric machines to transfer energy through air 
from a static region to a non-static region. In another case of electric fences, where an 
inductor is utilized to collect energy with time before losing it to produce an instantaneous 
voltage spike. The purpose of this section is to design an inductor in order to achieve the 
required magnetic flux density and magnetic field intensity.  

5.1 Shapes of cores 

The core shapes influence the performance of an inductor. Inductors are intended for 
many applications with various prerequisites. The E-core, pot core, C-core and a toroidal 
core are the basic examples of core shapes are shown in Figure 5.1 [31]. 

 

Figure 5.1: Basic shapes of different cores [31]. 

 

Each shape has its different benefits and disadvantages and to pick a suitable shape de-
pends upon the application. The focus of this thesis is on toroidal cores. The maximum 
magnetic field is enclosed inside the toroidal core. The basic shape of a toroidal core is 
shown in Figure 5.2, where OD represents the outer diameter, ID is the inner diameter, 
𝐴𝐴e is the effective area of the core cross section, 𝑙𝑙c is the mean magnetic path length and 
h is the height of the toroidal core.  
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Figure 5.2: Typical structure of a toroidal core [32]. 

 

5.2 Toroidal inductor design considerations 

Among the devices of power electronics, inductors are considered the utmost vital com-
ponents. Their usages in the EMC chokes, magnetic energy storage, current limiters and 
filters make them significant. Magnetic inductor designing is a complicated issue, where 
magnetic and electrical aspects must be considered before designing. The winding loss, 
current densities, wire insulation, temperature of the core, currents, current densities, fre-
quency, voltages, proximity and skin effect are the main features from the electrical per-
spective. Permeability of the core, saturation flux density, saturation current, inductance, 
dimension and cross sectional area of the core are the key features from the magnetic 
prospective [33]. The leakage flux is very small in toroidal cores due to their symmetry. 
On the other hand, if magnetic flux is not limited inside the core then it can cause the 
eddy currents, electromagnetic interference and the flux leakage in the adjacent conduc-
tors [34]. The aim of this study is just to measure the material properties at high flux 
density, not to design an inductor at a given value of inductance. For this purpose, the 
design consideration steps are as follows: 

1. Selection of the investigated materials 
2. The values of peak flux density 𝐵𝐵pk and field intensity H are selected from the dc 

magnetizing curves of the materials.   
3. Selection of cores and geometry properties 
4. Defining the number of primary and secondary turns 
5. Calculation of flux path length 
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6. Voltage and current calculations 
7. Winding calculations 
8. Power loss calculations 

Properties of material and current are the main aspects, which affect the size of the induc-
tor. The magnetic saturation of the core should be considered during the design because 
it can create problems of inductance loss, current rise and extra power loss in the circuit 
[33]. The flux path length is calculated with the following equation. 

 𝑙𝑙c =
(𝑂𝑂𝑂𝑂 + 𝐼𝐼𝑂𝑂)𝜋𝜋

2
 (5.1) 

The magnetic flux path is used to calculate the primary currents with (2.27) and then 
voltages are computed by using (2.25). The specification of the power amplifier used in 
the proposed measurement setup is limited. It provides a maximum current of 30 A at 156 
V and 15 A current at a voltage of 312 V. If the current and voltage calculations do not 
fall in these criteria then the step#3 and step#4 are reconsidered. Usually, when the length 
of wire is shorter than one meter with a few number of turns, then the maximum rms 
current density under room conditions is between 6 A/mm2 to 10 A/mm2. For a length of 
the wire longer than one meter and larger number of turns, the maximum rms current 
density can be 5 A/mm2 [6]. The area of cross sectional of primary wire 𝐴𝐴wp is calculated 
with selected wire diameter by  

 𝐴𝐴wp = 𝜋𝜋 �
𝑑𝑑1

2
�

2

 (5.2) 

where 𝑑𝑑1 is the bare wire diameter.  The current density 𝐽𝐽rms is calculated by 

 𝐽𝐽rms =
𝐼𝐼p_rms

𝐴𝐴wp
 (5.3) 

The core geometry defines the length of the wire and number of turns per layer. The 
length of one turn is  

 𝑙𝑙1turn = (𝑂𝑂𝑂𝑂 − 𝐼𝐼𝑂𝑂) + 2ℎ (5.4) 

where h is the height of the core. The total primary wire length 𝑙𝑙p_w is calculated as 

 𝑙𝑙p_w = 𝑙𝑙1turn 𝑁𝑁1 (5.5) 

where 𝑁𝑁1 is the total number turns of primary winding. The resistivity 𝜌𝜌 of the wire ma-
terial, total length of the wire 𝑙𝑙wp and wire cross sectional area define the dc resistance of 
the primary wire 𝑅𝑅p_dc. The dc resistance 𝑅𝑅p_dc of the wire is given as 
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 𝑅𝑅p_dc =  𝜌𝜌
𝑙𝑙p_w

𝐴𝐴wp
 (5.6) 

Then the resultant total copper loss 𝑃𝑃Cu_p of primary wire is calculated as 

 𝑃𝑃Cu_p = 𝐼𝐼p_rms
2 𝑅𝑅p_dc (5.7) 

5.3 Core design examples 

The typical characteristics of the investigated materials are given in Table 5.1. The amor-
phous 2605SA1 has the highest saturation magnetic flux density among other core mate-
rials. 

 

Table 5.1: Summary of materials properties [21]–[23], [25], [26], [28]–[30], [35]. 
Material type Material Manufacturers Permeability Saturation flux 

density (T) 
Curie tempera-

ture (◦C) 
Amorphous 2605SA1 Metglas 245 1.56 395 

Powder  MPP Magnetics 200 0.8 460 
Ferrite F Magnetics 3000 0.47 210 

Nanocrystalline FT-3M Hitachi Metals 10000 1.23 570 

 

However, the nanocrystalline FT-3M material has the highest permeability and Curie 
temperature. Moreover, it has excellent characteristics but it is costly related to other ma-
terials. The MPP material and ferrite F material have lower saturation flux densities and 
lower Curie temperature.   

 

Table 5.2: The properties of the toroidal cores [21], [26], [36], [37]. 
Symbol Parameter Amorphous MPP  Ferrite Nanocrystalline  

OD Outer diameter (mm) 46.61 58.04 61.85 79.7 
ID Inner diameter (mm) 25.22 34.74 36.53 50.3 
h Height (mm) 18.99 14.9 12.96 25.7 

𝐴𝐴c Cross-section area (mm2) 143 144 157.4 150 
𝑙𝑙c Magnetic path length (mm) 112.8 145.7 154.5 204.2 
𝑉𝑉c Volume (mm3) 15800 20700 22774 771500 

𝐵𝐵pk Peak flux density (T) 1.45 0.7 0.4 1 
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Table 5.3: The specifications of wire used for toroidal cores. 
Symbol Parameter Amorphous MPP  Ferrite Nanocrystalline 

𝑁𝑁1 No. of primary turns 80 200 50 10 
𝑁𝑁2 No. of secondary turns 20 50 50 20 
𝑑𝑑p Nominal primary wire diameter (mm) 0.6 1.18 0.6 0.5 
𝑑𝑑s Nominal secondary wire diameter 

 
0.3 0.18 0.3 0.3 

𝐴𝐴wp Area of bare primary wire (mm2) 0.2827 1.094 0.283 0.196 
𝐴𝐴ws Area of bare secondary wire (mm2) 0.707 0.0706 0.0706 7.069 

 

5.3.1 Amorphous core  

The specifications of the MP7438MDGC core and its geometry are given in Table 5.2. 
The following calculations are done using 50 Hz frequency.  The wire properties are given 
in Table 5.3. The peak flux density 𝐵𝐵pk = 1.45 T is considered from the B-H curve of 
amorphous 2605SA1 material as shown in Figure 4.2. In addition, the corresponding 
value of the magnetic field strength is 𝐻𝐻 = 7000 A/m . The calculated rms current in the 
primary winding is 𝐼𝐼p_rms = 6.98 A. The length of one winding turn is given as  𝑙𝑙1turn =
0.0594 m and total length of the primary wire is 𝑙𝑙p_w = 4.749 m. The dc resistance of 
the primary wire is 𝑅𝑅p_dc = 0.28 Ω. The primary voltage is   𝑉𝑉p_rms = 5.64 V. Some volt-
age is dropped because of the dc resistance of the wire and this is also included in the 
calculated primary voltages. The total primary winding loss is calculated as 𝑃𝑃cu_p =
13.64 W. The total length of the secondary winding is 𝑙𝑙s_w = 1.187 m and the secondary 
voltage is 𝑉𝑉s_rms = 0.92 V. The test design of amorphous 2605SA1 core is shown in Fig-
ure 5.3. 

 

 

Figure 5.3: The prototype of 2605SA1 amorphous core.  
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5.3.2 MPP core 

The IEC 60317-0-1 standard of copper wire is used in designing the inductor. The peak 
flux density 𝐵𝐵pk = 0.7 T is assumed from the B-H curve of MPP material as shown in 
Figure 4.7. In addition, the corresponding value of magnetic field strength is taken 𝐻𝐻 =
6000 A/m. The specification of MPP C055106A2 core and winding are given in Table 
5.2 and Table 5.3 respectively. The rms current in the primary winding is 𝐼𝐼p_rms = 3.09 A. 
The length of one winding turn is given as  𝑙𝑙1turn = 0.0531 m and total length of the 
primary wire is 𝑙𝑙p_w = 10.62 m. The dc resistance of the primary wire is 𝑅𝑅p_dc =
0.1679 Ω. The primary voltage is   𝑉𝑉p_rms = 4.97 V. The total primary winding loss is 
calculated as 𝑃𝑃cu_p = 1.547 W. The total length of the secondary winding is 𝑙𝑙s_w =
2.655 m and the secondary voltage is 𝑉𝑉s_rms = 1.12 V. The test sample of the MPP core 
is shown in Figure 5.4. 

 

 

Figure 5.4: The prototype of MPP core. 

 

5.3.3 Ferrite core 

The designing of the inductor also depends on the dimension of the core geometry. The 
saturation flux density of the ferrite material is 𝐵𝐵sat = 0.47 T. The peak flux density 
𝐵𝐵pk = 0.4 T is taken from the magnetizing curve of the ferrite material given in Figure 
4.8 and the magnetic field strength is considered from the same curve is 𝐻𝐻 = 119.4 A/m. 
The specification of the core geometry is represented in Table 5.2 and the specifications 
of the windings are characterized in Table 5.3.  
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The rms current in the primary winding is calculated as 𝐼𝐼p_rms = 0.261 A. The dimen-
sions of ferrite are larger than the MPP C055106A2 core and amorphous MP7438MDGC 
core. The length of one turn is 𝑙𝑙1turn = 0.0594 m and the total length of the primary 
winding is 𝑙𝑙p_w = 2.562 m. The resulting dc resistance of the primary winding is 𝑅𝑅dc_p =
0.1510 Ω. The calculated primary voltage is 𝑉𝑉p_rms = 0.756 V. The corresponding power 
loss in the primary winding is 𝑃𝑃cu_p = 0.0103 W. The total length of the secondary wind-
ing is 𝑙𝑙s_w = 2.562 m and the secondary voltage is 𝑉𝑉s_rms = 0.7168 V. The prototype of 
the ferrite core is shown in Figure 5.5. 

 

 

Figure 5.5:  The prototype of ferrite material core. 

 

5.3.4 Nanocrystalline core 

The saturation flux density is 𝐵𝐵sat = 1.23 T for the nanocrystalline material and it has the 
highest permeability among the other cores. The peak flux density 𝐵𝐵pk = 1 T has been 
chosen from the B-H loop of the nanocrystalline FT-3M material shown in Figure 4.6 and 
the magnetic field strength is considered from the same curve is 𝐻𝐻 = 8 A/m. The speci-
fication of the FT-3KMF7555G core is given in Table 5.2.  

The specification of designed windings for the nanocrystalline core is given in Table 5.3. 
The nanocrystalline core has the highest core geometry and it takes the lowest current to 
magnetize.  The rms current in the primary winding is calculated as 𝐼𝐼p_rms = 0.116 A. 
The length of one turn is 𝑙𝑙1turn = 0.081 m and total length of the primary winding is 
𝑙𝑙p_w = 0.808 m. The resulting dc resistance of the primary winding is 𝑅𝑅dc_p = 0.068 Ω. 
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The calculated primary voltage is 𝑉𝑉p_rms = 0.341 V. The resulting power loss in the pri-
mary winding is 𝑃𝑃cu_p = 0.0009 W. The total length of the secondary winding is 𝑙𝑙s_w =
1.62 m and the secondary voltage is 𝑉𝑉s_rms = 0.67 V. The test sample of nanocrystalline 
core is shown in Figure 5.6. 

 

 

Figure 5.6: The prototype of nanocrystalline core. 
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6. MEASURMENT SETUP AND WORKING PRIN-
CIPLE OF CALCULATING CORE LOSS 

The measurements of magnetic materials are necessary for the characterization of their 
properties. The measurement equipment allows acquiring the curves of different kind like 
B-H loops, core losses curves and magnetization curves of different magnetic materials. 
This chapter presents a detailed overview of laboratory equipment used in the measure-
ment setup and working principle. Moreover, it also contains the measurements of B-H 
loops for four different magnetic materials. The core losses were measured over 1 Hz to 
1 kHz range.  

6.1 Measurement setup 

The block diagram of the experimental setup for measuring B-H curves and core losses 
is shown in Figure 6.1.  A MATLAB code is developed to create VISA-USB interface 
between a pc and a KEYSIGHT DSO-X-3014T digital oscilloscope. This oscilloscope 
can be controlled and programmed by the MATLAB program. 

 

Figure 6.1: Measurement setup for core loss. 

The output of the waveform function generator of the oscilloscope is a low power signal, 
it cannot magnetize the primary winding of the test toroidal core. A power amplifier (EL-
GAR 5250A) is used to amplify the signal and then the amplified signal is fed to the step 
down transformer to reduce the voltages required for the excitation coil. The excitation 
current is measured with a current probe, which is further connected to channel one of the 
oscilloscope and induced output voltage is measured at channel 2 of the oscilloscope. The 
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pc collects the measured data from the oscilloscope. Figure 6.2 represents the laboratory 
setup. 

DSO-X-3014T digital 
oscilloscope Current probe

Test toroidal
core

Power amplifier 
ELGAR 5250A

Step down 
transformer

 

Figure 6.2: Laboratory setup. 

 

6.2 Measurement principle for B-H loop and core loss 

The magnetic material properties can be measured using a toroidal core [40]. Different 
methods which can be used to measure core losses and B-H loop, are developed in [4], 
[40], [5], [41], [42]. The core loss method developed in [4] and [5], is utilized in this 
study. According to [4], if the area of cross section of the core is not uniform, B and H 
will not remain uniform in the material. This will result in difficulty reading the data. The 
core has two windings, a primary winding (excitation winding) and a secondary winding 
(sensing winding). The primary winding is utilized to produce the magnetic field intensity 
H. 

The purpose of the secondary winding is to measure the voltage for deriving magnetic 
flux density B.  A single winding could be enough for the measurements, but the current 
will cause a voltage drop over its internal resistance and it further leads to measurement 
error. The primary winding is fed an rms ac supply voltage from the transformer while 
the sensing winding is an open circuit and no current flows in it. The current is measured 
at the primary winding using a current probe and the voltage is measured at the secondary 



40 

side with an oscilloscope as shown in Figure 6.1. The magnetic flux density is obtained 
by integrating the voltage of the sensing winding: 

 𝐵𝐵(𝑡𝑡) =
1

𝑁𝑁2𝐴𝐴c
 � 𝑣𝑣s𝑑𝑑𝑡𝑡 (6.1) 

The core loss per unit volume is given by  

 𝑝𝑝loss =
𝑁𝑁1

𝑁𝑁2𝐴𝐴c𝑙𝑙c
 
1
𝑇𝑇

� 𝑣𝑣s𝑖𝑖p𝑑𝑑𝑡𝑡
𝑇𝑇

0

          W m3�  (6.2) 

The sensing voltage 𝑣𝑣s(𝑡𝑡) and excitation current 𝑖𝑖p(𝑡𝑡) contain dc offsets due to the meas-
urement errors and power supply. These offsets were removed by calculating the mean 
values of the sensing voltage and excitation current signal and subtracting them from their 
original signal. The dc offset is also removed from the calculated magnetic flux density 
𝐵𝐵(𝑡𝑡). The readings were measured from zero to the maximum flux density and approxi-
mately 500 samples per cycle were recorded. The proposed method is used to obtain the 
B-H curves (Figure 6.3) and the core loss per unit volume for a test core material in Figure 
6.4.  

 

Figure 6.3: The B-H loops of a test sample at 50 Hz. 

-4000 -3000 -2000 -1000 0 1000 2000 3000 4000

H (A/m)

-1.5

-1

-0.5

0

0.5

1

1.5

B
 (T

)



41 

 

Figure 6.4: Core loss per unit volume of a test sample at 50 Hz. 

 

The dc magnetizing curve is obtained by plotting the peak values of magnetic flux density 
against magnetic field intensity as shown in Figure 6.5. 

 

 

Figure 6.5: Dc magnetizing curve of a test sample at 50 Hz. 
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7. RESULTS AND DISCUSSION 

This section explains the results obtained from the experimental measurements. The 
measurement method explained in Chapter 6 was applied to get B-H loops and hysteresis 
losses for the test materials. Four different toroidal cores were made for the measurement 
purpose. Their dimensions and characteristics are explained in Chapter 5. The measure-
ments were taken for different magnetic materials. The core losses of ferrite, MPP, nano-
crystalline and amorphous materials were measured up to 1 kHz frequency. The aim was 
to measure losses up to high magnetic flux density values. The magnetic flux density B 
values were achieved by increasing the excitation voltage in the primary winding.  

7.1 Amorphous core 

The core losses per unit volume in the amorphous core as a function of frequency at three 
different magnetic flux density values 0.4 T, 1 T, and 1.4 T are shown in Figure 7.1.   

 

Figure 7.1: Core loss per unit volume versus frequency for amorphous material. 

 

The measured data shows that the core loss density for the flux density B = 0.4 T rises 
slowly in comparison to other curves. For the curves of B = 1T and B =1.4 T, the core 
loss density trend is almost linear from 100 Hz onwards. The highest core loss for B = 1 
T is 𝑝𝑝loss = 809.3 kW/m3 and for B = 1.4 T is 𝑝𝑝loss = 996.7 kW/m3. It can be noticed 
that, the core losses for B = 1.4 T are almost 10 times higher than for B = 0.4 T.  
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Figure 7.2: The B-H loops at B = 1.4 T for amorphous core. 
 

The B-H loops for amorphous material at constant magnetic flux density are shown in 
Figure 7.2. The measured data shows that the frequency does not have too much effect 
on the area of the B-H loop. On the other hand, in Figure 7.3, it is clearly shown that at a 
constant frequency, the area of B-H loops increases with magnetic flux density. 
 

 

Figure 7.3: The B-H loops at f = 1 kHz for amorphous core 
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7.2 MPP core 

The core losses per unit volume of an MPP core as a function of frequency are shown in 
Figure 7.4.  For this core, the highest achieved flux density was 0.7 T. During the exper-
iments with MPP core material, it was observed that the core was heating when it reached 
higher magnetic flux density. The decreasing trend in the core loss density is due to the 
temperature difference in the core. The core loss density at 1 kHz is lower than the core 
loss density at 900 Hz for the B = 0.7 T. This effect can also be seen in other core loss 
density curves.  
 

 

Figure 7.4: Core loss per unit volume versus frequency for MPP core material. 

 
For the MPP core material, core losses increase with frequency and magnetic flux density 
values. The measurement data shows that the maximum core loss density is 𝑝𝑝loss =
52.3 kW/m3 at 𝑚𝑚 = 800 Hzand B = 0.7 T. However, the core loss density trend is non-
linear due to the temperature effect in the core. The losses in the MPP core are 16 times 
lower compared to the losses in the amorphous core. 

Figure 7.5 shows the heating effect in the core for three different frequencies at a constant 
magnetic flux density of B = 0.7 T.  The measurements were taken in two ways. 

0 100 200 300 400 500 600 700 800 900 1000

Frequency (Hz)

0

10

20

30

40

50

60

C
or

e 
lo

ss
 (k

W
/m

3)

B =0.2 T

B =0.5 T

B =0.7 T



45 

700 750 800 850 900 950 1000

Frequency (Hz)

25

30

35

40

45

50

55

P
ow

er
 lo

ss
 (k

W
/m

3)

Without cooling down

After cooling down 

 

Figure 7.5: Heating effect in MPP core at B 
=0.7 T. 

The blue curve represents that the measurements were taken without cooling down the 
core. For the green curve, the core was properly cooled down before starting any new 
measurement. It can be seen that the blue curve shows a decreasing trend because of the 
temperature difference in the core. The green curve of core loss density represents the 
increasing trend.   

 

Figure 7.6: The B-H loops at B = 0.7 T for MPP core. 
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Figure 7.7: The B-H loops at f = 1 kHz for MPP core. 

From Figure 7.6 and Figure 7.7, it can be clearly observed that the MPP core has very 
thin B-H loops, which is why the losses in MPP core are lower than the amorphous core.  

7.3 Ferrite core 

The core losses per unit volume of a ferrite core as a function of frequency at three dif-
ferent magnetic flux density values are shown in Figure 7.8.  

 

Figure 7.8: Core loss per unit volume versus frequency for ferrite material. 
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The measured data clearly shows that the ferrite core has the lowest loss compared with 
the other two cores, MPP core and amorphous core. The ferrite also has an almost linear 
trend of core loss density. The highest core loss density is measured at B = 0.45 T and 
𝑚𝑚 = 1  kHz, which is 𝑝𝑝loss = 15.1 kW/m3.   

 

 

Figure 7.9: The B-H loops at B = 0.45 T for ferrite core. 

 

 

Figure 7.10: The B-H loops at f = 100 Hz for ferrite core (zoomed). 
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The B-H loops at constant magnetic flux density are shown in Figure 7.9. The measured 
data shows that frequency has not too much effect on the area of the B-H loop. The B-H 
loops at 𝑚𝑚 = 100 Hz for the ferrite core are shown in Figure 7.10. It can be observed that 
the loop area increases with the rise of magnetic flux density and it produces more losses 
in the core.  

During the measurements of the ferrite core, a remanence effect was observed in the core. 
Some magnetization remained in the core even after removing the excitation ac magnetic 
field, which caused the error in the measurement results. One of the reasons is that the 
output of the function generator cannot be zero. The output can be reduced to 20 mV 
maximum. Due to this, some remanence is still left in the core. To reduce the remanence 
effect in the core, first it was magnetized up to the highest value of magnetic flux density 
and then it was demagnetized by reducing the excitation voltage slowly. This process was 
repeated after each measurement of the ferrite core.  

7.4 Nanocrystalline core 

The measured core losses per unit volume against frequencies are shown in Figure 7.11. 
It can be noticed from the measured data that the nanocrsytalline core has the lowest 
losses among the other cores. 

 

 

Figure 7.11: Core loss per unit volume versus frequency for nanocrystalline material. 
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linear.   It can be seen in Figure 7.12 that the loop area also increases with the frequency 
of excitation for the nanocrystalline core. The B-H loops at a constant frequency are 
shown in Figure 7.13. The measured data shows that the core has some remanence and 
loop area increases with rising magnetic flux density.  Due to the limitations of the meas-
urement setup, the maximum achieved value of magnetic flux density was 1.20 T.   

 

 

Figure 7.12: The B-H loops at B = 1.19 T for nanocrystalline core. 

 

 

Figure 7.13: The B-H loops at f = 1 kHz for nanocrystalline core. 
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In the beginning, the measurements were taken by triggering the secondary winding volt-
age signal or primary current signal in the oscilloscope. The voltage and current signals 
were not triggered properly. Due to this problem, the data acquisition of the signals from 
the oscilloscope was not performed correctly, because the signals were not standing still. 
It further created the fluctuation in the core loss density curves. By triggering the clean 
signal (output of the waveform function generator) of the oscilloscope, the triggering 
problem was solved.  

 

 

Figure 7.14: Core loss density vs frequency for different materials at B = 0.4 T 
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8. CONCLUSION 

In this thesis, the core losses of four soft magnetic materials ferrite, molypermalloy pow-
der (MPP), nanocrystalline and amorphous are measured under the sinusoidal voltage 
excitation up to a frequency of 1 kHz. The measurement method described in [4] and [5] 
are used to measure the core loss density and the B-H loops.  

The measured data indicates that nanocrystalline has the lowest losses among other cores. 
It has the highest Curie temperature and can operate at high temperatures. It also has a 
high saturation flux density. It can be used in applications, where high magnetic flux 
density and high temperature is required. The ferrite core material shows lower losses 
than amorphous and MPP core material. The amorphous shows the highest core loss den-
sity among the other core materials. The measured data shows the dependency of core 
loss density on the flux density and frequency.  

It was observed that remanence effect was dominant in the ferrite core when the applied 
magnetic field was zero. The nanocrystalline core also showed some remanence. From 
the experiments, it was concluded that in order to obtain better measurement results, any 
remaining residual flux in the core should be eliminated before starting any new meas-
urement. First, a test core was magnetized up to the highest magnetic flux density and 
then it was demagnetized by reducing the excitation voltage slowly. This process was 
repeated after each measurement. In this way, residual flux was removed. In addition, the 
effects of temperature are not considered in the core loss measurements, which may have 
influenced the measured core loss results.  Moreover, the magnetic flux density was not 
sinusoidal during the measurements, and thus it is not so straightforward to compare the 
values at different flux densities and frequencies. 

The future work may focus on improving the measurement setup. The core losses of dif-
ferent soft magnetic materials can be analyzed with more appropriate measurement tech-
niques. The cores should be measured in a cooling container in order to prevent them 
from heating.  
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