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Abstract 

Fe-based amorphous magnetic materials are attracting more and more attentions in the 

low and medium frequency electrical machines and transformers due to their favourable 

properties of low core loss and high saturation magnetic flux density. In this study, the 

core loss of a Fe-based amorphous magnetic material (amorphous 1k101) is measured 

and modelled under alternating and rotating magnetic field excitations. In particular, for 

numerical analysis using the vector magnetic potential under alternating magnetic field, 

an inverse magnetic hysteresis model is needed to predict the magnetic field strength from 

the magnetic flux density. This study proposes a generalised inverse Preisach model for 

characterisation of the magnetic material which considers the reversible magnetisation 

and magnetisation dependent hysteresis effect. Thus, the proposed inverse Preisach model 

improves the accuracy of the prediction of core loss compared to the normal inverse 

Preisach model. In addition, a modified Jiles-Atherton (J-A) model is utilised for 

modelling the magnetic material which eliminates the drawbacks of the inverse Preisach 

model such as high computational time and memory requirements. The implementation 

of J-A model is associated with model parameter identification which is generally carried 

out by different optimisation techniques. In the optimisation techniques, an additional 

error criterion along with conventional error criterion for the identification of the J-A 

model parameters is proposed in this study which improves the core loss prediction. 

Furthermore, a modified J-A model is proposed to improve the agreement between 

experimental and calculated results especially at the low magnetic induction levels by 

introducing a scaling factor in the anhysteretic magnetisation. Both the proposed inverse 

Preisach model and modified J-A model are verified by the results obtained from 

experimental methods and existing modellings in the literature. Moreover, the rotating 

(two-dimensional) magnetic properties of the Fe-based amorphous magnetic material is 

experimentally investigated in this thesis where a square specimen tester is exploited for 

experimental measurement. For modelling of the rotational hysteresis loss, an improved 

and simplified analogical model is proposed and verified for the magnetic material. The 

total specific rotational loss of the amorphous magnetic material for both circular and 

elliptical rotating magnetic fields are measured and modelled. Furthermore, an optimal 

design of a high-power density medium frequency transformer (MFT) using the Fe-based 

amorphous magnetic material is presented in this thesis where the effects of magnetisation 
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current is considered in the design process. A prototype of the MFT is utilised for the 

experimental verification of the design. 
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Chapter    1  Introduction 
 

1.1 Background of the Research 

The increase of the operating frequency reduces the volume and weight of an electro-

magnetic device such as medium frequency transformer (MFT). In recent years, MFTs, 

which are normally used in solid-state transformers (SSTs), have been developed for the 

emerging applications in smart grids, renewable energy, energy storage, and traction 

systems [1.1]−[1.6]. According to the Massachusetts Institute of Technology Review in 

2010 [1.3], the SST has been considered as one of the highly growing technologies. One 

of the important elements of SST is the DC-DC converter where MFT is used for galvanic 

isolation and voltage conversion [1.6]. Fig. 1.1 shows a typical MFT based voltage 

conversion system where DC-DC converter is used. However, the operating magnetic 

flux density (B) in a transformer is inversely proportional to the cross-sectional area of 

the core. Thus, the core material with high saturation magnetic flux density (Bs) is 

generally recommended for the design of the high-power density MFT. Therefore, 

researchers and engineers are focusing on the research and development of soft magnetic 

materials with low core loss and high Bs.  

 

MFT
AC

DC

DC

AC

AC

DC

DC

AC

Isolated DC-DC converter

Medium 
voltage grid

Low 
voltage grid

+ +

 

(a) 
Fig. 1.1. A typical MFT based voltage conversion system [1.4]. 

 

Different soft magnetic materials such as silicon irons (SiFe), amorphous magnetic 

materials, nanocrystalline materials, and soft ferrites have been developed which are 

utilised for the applications in different frequency ranges [1.7]. In instance, silicon iron 

magnetic materials are generally used for low frequency range, whereas amorphous 

magnetic materials for low and medium frequency ranges, nanocrystalline materials for 

medium and high frequency ranges, and ferrites for high frequency range [1.8], [1.9]. 
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Since low and medium frequency electrical machines are generally used for high power 

applications, amorphous magnetic materials are becoming interests as core materials. 

There are many types of amorphous magnetic materials depending on the chemical 

compositions such as Fe-based, Co-based and Ni-based. Among the different amorphous 

magnetic materials, Fe-based amorphous materials are commonly used as the core 

material due to their high saturation magnetic flux densities and low prices. There are 

many Fe-based amorphous magnetic suppliers over the world, e.g., Hitachi Metals Ltd., 

Japan, and Henan ZY Amorphous Technology Co. Ltd., China. In this study, the 

amorphous 1k101 metal [1.10], [1.11], which is produced by Henan ZY Amorphous 

Technology Co. Ltd., is used for the investigation of magnetic properties.  

In the last decade, different types of transformers were reported in [1.12]−[1.15], where 

amorphous magnetic materials are used as the core materials. Since the magnetic 

properties of a core affects the design of transformers and electrical machines, the 

modelling of the core material is important for their designs. As the transformer operates 

under the alternating magnetic field, the modelling of alternating (one-dimensional, 1-D) 

magnetic properties of the magnetic material is generally exploited for its design.  

There are generally two types of models used for modelling of magnetic cores under 

alternating magnetic field. In the first type of modellings, the Steinmetz equation based 

empirical models [1.16], [1.17] are used for core loss prediction where the Steinmetz 

parameters are calculated by curve fitting of core loss data of material samples. In the 

empirical models, the core loss is mainly concerned but other non-linear physical 

behaviour of the magnetic core is ignored. The empirical model is normally used for fast 

and easy designing and analysing the electromagnetic devices. On the other hand, for 

considering actual physical characteristic of the core and realistic magnetic flux 

distribution throughout the core, incorporation of FEM into the design process is 

necessary. The main problem of the empirical models is that they cannot be directly 

incorporated into FEM as the prediction of the pattern of magnetic field strength (H) from 

magnetic flux density (B), which is one of the steps in the FEM analysis [1.18], is not 

possible using the empirical models. Therefore, for incorporation of magnetic properties 

of a magnetic material with FEM, a single value B-H curve is used along with the 

empirical models [1.19]. Since the complete physical behaviour of a magnetic material 
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cannot be expressed by a single value B-H curve of the material, the actual results cannot 

be obtained by this approach [1.19]. 

On the other hand, in the second type of modellings, it is possible to predict the core loss 

by tracing explicitly the magnetisation trajectory of magnetic flux density versus 

magnetic field strength. In addition, the actual physical behaviours of the magnetic cores 

are considered, and the patterns of H from B or its vice versa are possible to be calculated 

by this type of modellings. Preisach [1.20]−[1.22] and Jiles-Atherton (J-A) [1.23]−[1.26] 

models are generally utilised as the second type of modellings. Both Preisach and J-A 

models are utilised in this study for modelling the selected Fe-based magnetic material. 

The electromagnetic devices, e.g., transformers are generally subjected to both sinusoidal 

and non-sinusoidal excitations. Therefore, in this study the modelling of the magnetic 

material is carried out for both types of excitations. However, in this study the selected 

amorphous magnetic material has been modelled by an improved magnetisation 

dependent Preisach model. Moreover, a generalised inverse Presich model has been 

studied for investigation of the magnetic material for up to medium frequency range.   

The drawbacks of the Preisach model are that the model needs more computational time 

and memory resources compared to the J-A model [1.27], [1.28]. Consequently, J-A 

model becomes popular and useful tools for characterisation of magnetic materials [1.29]. 

The accurate J-A model parameter identification is one of the challenges of the 

implementation of the J-A model. Improved parameter identification technique as well as 

modified J-A model have been studied in this study. 

The magnetic field in transformers generally varies with time which is known as 

alternating magnetic field that can also be defined as one-dimensional (1-D) magnetic 

field since the magnetic field is considered as only time varying along a fixed orientation. 

On the other hand, for some cases, e.g., the rotating electrical machines and the T-joints 

of the three-phase transformers, the magnetic field varies with respect to both time and 

orientation [1.30], [1.31], and the dissipated power in the magnetic core due to the rotating 

magnetic field is different from that caused by the alternating magnetic field. In many 

rotating electrical machines, the rotational stator core loss can be accounted for up to half 

of the total core losses [1.31]. Therefore, it is important to take into account the rotational 

core losses of magnetic materials so that the proper thermal and laminated insulation 
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specifications can be contemplated in the design of the electrical machines. Recently, 

various rotating electrical machines of amorphous material cores were reported by 

different researchers [1.32]−[1.34] due to their low core loss property especially 

compared to the silicon steel sheets. In this thesis, the 2-D vector magnetic properties of 

the selected Fe-based amorphous magnetic material are investigated under 2-D rotating 

magnetic fields. In addition, the modelling of rotational core loss is carried out in this 

study.  

Since the magnetic core material with high saturation magnetic flux density is generally 

recommended for the design of the MFT, the Fe-based amorphous magnetic material can 

be a good choice as a core material. However, the design of an MFT is associated with 

many design variables such as core parameters, frequency, voltage, magnetic flux density, 

number of turns and so on. The change of one variable affect the other parameters and 

design objective functions such as efficiency and power density. Therefore, an 

optimisation technique is generally exploited to cope with the multi-variables and multi-

objectives based MFT design. In this research, an optimal design process of a high-power 

density MFT using the Fe-based magnetic material has been also presented.  

1.2 Research Gaps 

For design and performance analysis of electromagnetic devices and systems, the proper 

prediction of iron or core loss in their magnetic cores is essential as the iron loss is one of 

the key heat sources in the devices. Steinmetz equation based empirical model is the 

easiest way to model the magnetic material but the model does not provide the actual 

properties of the material. Consequently, inverse Preisach and inverse J-A model, which 

are generally incorporated with the finite element method, are commonly employed to 

calculate the magnetic field distribution by using the vector magnetic potential, which 

requires the prediction of magnetic field strength from the magnetic flux density.  

In the literature, different inverse Preisach models were proposed in [1.35], [1.36] and 

[1.37], where irreversible magnetisation is mainly considered. The magnetisation process 

is also affected by the reversible magnetisation, and magnetisation dependent hysteresis 

effects that is normally considered by a feedback coefficient. Therefore, for more accurate 

modelling of magnetic material, the inclusion of the reversible magnetisation and the 
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feedback magnetisation is required to be considered with the irreversible magnetisation 

in the inverse Preisach model. In addition, to the best knowledge of the author of this 

thesis, no investigation has been reported in the literature on the effects of minor loops 

on characterisation process using the inverse Preisach models. Moreover, neither has the 

normal or inverse Preisach models been used to characterise the selected Fe-based 

amorphous magnetic material (amorphous 1k101). 

For implementation of the J-A model for characterisation of any magnetic material, firstly 

it requires identification of model parameters. The optimisation techniques [1.38]−[1.42] 

as well as other similar methods [1.26], [1.28] are generally exploited in such a way that 

an error becomes the minimum. The error criterion is generally based on the error between 

experimental and simulated B or H. The identified model parameters are then used for 

calculation of B-H loop, and the iron loss is finally obtained from the calculated B-H loop. 

The detailed analysis of measured and experimental B-H loop shows that the minimum 

relative error in the iron loss calculation does not often occur simultaneously with the 

minimum root mean square error of calculated B or H. It is also observed that a slight 

increase of root mean square (RMS) error between calculated and experimental 

waveforms of B or H, the relative error of the calculation of iron loss decreases 

significantly. Therefore, in the optimisation techniques double error criteria, where one 

is based on the conventional root mean square of error and the other is based on the 

relative iron loss error, can be a good technique for high accuracy of iron loss calculation 

along with satisfactory simulated waveform of B or H. If the RMS error of calculated B 

or H slightly increases, the error in the calculation of coercive magnetic force (Hc) 

increases a little bit. To improve the calculation of Hc as well as B or H, a scaling factor 

can be included in the anhysteretic magnetisation instead of its general inclusion into the 

equation of rate of change of reversible magnetisation. The inclusion of the scaling factor 

in the anhysteretic magnetisation simultaneously reduces the rate of irreversible 

magnetisation and anhysteretic magnetisation, and consequently it provides better 

agreement between experimental and calculated results than the existing inclusion way 

of the scaling factor.  

The 2-D rotational core losses of different magnetic materials, such as soft magnetic 

composite materials and silicon steels, were investigated and modelled by different 

researchers [1.43]−[1.45]. The 2-D vector magnetic properties of Metglas 2605 HB1 and 
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Metglas 2650S-2 amorphous materials were examined at constant frequencies in [1.46] 

and [1.47], respectively. In those works, the core loss modellings were not carried out. 

However, no investigation and modelling of 2-D magnetic core loss of the selected Fe-

based magnetic material (Amorphous 1k101) have been yet done. From the literature 

[1.31], it is observed that, an analogical approach which is based on the torque equation 

of a single-phase induction motor is utilised to model the rotational hysteresis loss. In the 

same way, it can be observed that the equation of developed mechanical power of a three-

phase induction motor, which is simpler than torque equation of a single-phase induction 

motor, can be also used as an analogical approach to model the rotational hysteresis loss. 

Therefore, it is a great aspect to use the developed mechanical power equation of a three-

phase induction motor to model the rotational hysteresis loss for not only simplifying the 

approach but also improving the accuracy of the prediction of the rotational hysteresis 

loss.  

The optimal design process of the MFT involves different design constraints and 

modelling of different parameters. In the literature, researchers focused on different 

design constraints and parameters’ modellings such as the ripple voltages [1.48], the 

isolation requirement [1.49]−[1.51], thermal models [1.52], Litz wire modelling for 

leakage inductance [1.53]], and winding loss modelling [1.54]. However, the no-load 

current, which is mainly responsible for magnetising current, of a high-power density 

MFT at low and medium power ranges affect the efficiency as well as the overall leakage 

inductance. Therefore, the no-load current is also essential to be counted in the design of 

the high-power density MFT. The designs of MFTs which are only based on the empirical 

core loss model for consideration of the magnetic properties of cores, generally ignore 

the effect of no-load current.  

1.3 Research Objectives     

Based on the above-mentioned research background and research gaps, the main 

objectives of the study are as follows: 

➢ To characterise the selected Fe-based amorphous magnetic material 

experimentally, and model the magnetic material by improved direct and inverse 

Preisach model.   
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➢ To model the selected Fe-based amorphous magnetic material by modified J-A 

model.  

➢ To investigate the 2-D rotating magnetic properties of the Fe-based amorphous 

magnetic material experimentally, and model the corresponding 2-D core loss.  

➢ To design of a high-power density MFT using the Fe-based amorphous magnetic 

material.  

1.4 Contributions of the Research 

Based on the above-mentioned research gaps and objectives, the contributions of this 

thesis are discussed below. 

The study has firstly been started with the experimentally measurement of core loss of 

the selected Fe-based magnetic material under alternating magnetic field. After that the 

magnetic material is modelled by Preisach and inverse Preisach models. The main 

contributions of this case are as follows: (i) characterisation of the static hysteretic effects 

of the selected Fe-based amorphous magnetic materials by the normal and inverse 

Preisach models; (ii) development of a generalised inverse Preisach model based on the 

generalised Preisach model by incorporating the reversible magnetisation and 

magnetisation dependent hysteresis effects; (iii) development of a new technique to find 

out the feedback coefficient of the generalised Preisach model whose value varies with 

the magnitude of magnetic flux density. 

The selected Fe-based amorphous magnetic material is also characterised under 

alternating magnetic field by modified J-A model. The main contributions in this case 

include incorporation of an additional error criterion along with general error criterion for 

the identification of the J-A model parameters, and a proposal of a modified J-A model 

where scaling factor is incorporated into the anhysteretic magnetisation of original J-A 

model in order to reduce the rate of irreversible magnetisation and anhysteretic 

magnetisation especially at the low magnetic induction levels.  

The vector magnetic properties of the Fe-based amorphous magnetic material have been 

carried out under the 2-D rotating magnetic field. The key contributions in this case are: 

(i) measurement of the rotational core losses of the magnetic material at different 

magnetic flux densities and frequencies; (ii) proposal of an improved analogical model 



 
 

8 
 
 

for modelling of the rotational hysteresis loss; and (iii) modelling of the total core loss of 

the selected Fe-based amorphous magnetic material under circularly and elliptically 

rotating magnetic field. 

Another target of this study is to design a high-power density medium frequency 

transformer using the selected Fe-based magnetic material. In this study, an optimal 

design of a high-power density MFT is proposed which includes the effect of the no-load 

currents in the empirical based design process. 

The above-mentioned proposed models, parameter identification techniques related to the 

different models, and optimal design of the MFT are validated by comparing the 

calculated results with experimental and/or works in the literature. 

1.5 Thesis Outline     

This thesis consists of seven chapters where each chapter contains different contents of 

the study. Short descriptions of each chapter are discussed as follows: 

Chapter 1 presents background of the study which directs scopes of the study. In addition, 

the contributions of the research are included in this chapter. Moreover, the chapter 

presents outline of the thesis.  

Chapter 2 presents the literature survey on previous works which are related with this 

study. The chapter includes the general magnetisation process in a magnetic material, 

experimental techniques for their conventional core loss measurement, and their 

mathematical models such as empirical models, Preisach model and Jiles-Atherton 

models. In addition, the chapter presents descriptions of two-dimensional rotational core 

loss measurement testers, and measurement methods. The different design parameters of 

a medium frequency transform are also explained in this chapter.  

Chapter 3 presents the experimental characterisation of the selected Fe-based amorphous 

materials. Then based on the experimental results, the magnetic material is modelled by 

using direct Preisach and inverse Preisach models. This chapter also includes a proposal 

of a generalised inverse Preisach model based on the generalised Preisach model by 

incorporating the reversible magnetisation and magnetisation dependent hysteresis effects 

into the conventional model. Investigation of the effects of minor loops are also carried 
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out into the chapter. Finally, the validation of the proposed method is shown by a 

comparison between calculated and experimental results. 

Chapter 4 presents a proposal of an additional error criterion along with general existing 

error criterion for the identification of the J-A model parameters by optimisation 

techniques. The chapter also includes a proposal of a modified J-A model. Dynamic losses 

are also incorporated with the static modified J-A model to make the model generalised. 

The chapter presents the validations of the proposed method of identifying the model 

parameters, and proposed modified J-A model by comparing the calculated results with 

experimental and recently works in the literature. 

Chapter 5 presents the experimental rotational core loss measurement of the selected Fe-

based amorphous magnetic material. It also includes investigation of different loci of 

magnetic flux density (B) and magnetic field strength (H) vectors under the various types 

of rotational magnetic excitations. A proposal of an improved and simplified analogical 

model of the rotational hysteresis loss is presented in this chapter. Moreover, investigation 

of dynamic loss and investigation of effects of the changing axis ratio of B loci on the 

total loss of the material are experimentally carried out. The chapter includes a 

verification of the proposed model by a comparison between experimental and simulation 

results.  

Chapter 6 presents a methodology of an optimum design of an MFT. The magnetisation 

current affects the design of an MFT especially for high power density. This chapter 

considers the magnetising current in the empirical based design process. Modelling of a 

round Litz wire is presented in this chapter. Based on the design consideration, a 

prototype of a 2.5 kW, 1 kHz MFT is considered, and that prototype is used for 

experimental verification of the design. 

The chapter 7 presents the conclusion of the study. Future research directions are also 

included in this chapter.  
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Chapter    2  Literature Review 
 

The existing works in the literature related to this study are discussed in this chapter. 

When a magnetic material is exposed to a magnetic field strength, magnetisation occurs 

and electromagnetic power loss is dissipated there. Before designing the electromagnetic 

devices, magnetisation and power loss of the core are necessary to be investigated. 

Therefore, proper experimental and mathematical models are essential for 

characterisation of a magnetic material under both alternating and rotating magnetic 

fields. This chapter presents different ways of characterisation of magnetic materials. In 

addition, the general design parameters of an MFT is discussed in this chapter.  

2.1 Magnetisation Process 

Magnetisation is obtained from two ways: one is from permanent magnet and another 

from electromagnetic process where electrical charge motion generates a magnetic field. 

Magnetic field obtained from the permanent magnet is uncontrollable. Consequently, in 

the electromagnetic devices, the electromagnetic process is generally utilised for 

magnetisation process where a magnetic material is normally used for high magnetisation. 

When magnetic field strength (H), which is the magnetomotive force per unit distance, is 

applied to a magnetic material, a magnetic field is produced there, and its response to H 

is defined by the magnetic flux density (B). Thus, a magnetic material is generally 

characterised by the relation between H and B or its B-H loop which is also known as 

magnetisation curve. Fig. 2.1 shows the general pattern of B-H loop of a magnetic 

material. The power dissipation in the magnetic materials is presented by the area of B-H 

loop. Therefore, depending on the B-H loops, the magnetic materials can be divided into 

soft magnetic materials and hard magnetic materials [2.1]. The B-H loops of soft magnetic 

materials are generally narrow which indicates low power dissipation and low magnetic 

energy storing. On the other hand, the hard-magnetic materials, the B-H loops are 

generally wide which represents high power loss as well as the high magnetic energy 

storing. From the Fig. 2.1, it is observed that for a specific magnetic field strength, two 

values of magnetic flux density are obtained which happens due to the hysteresis effect 

of magnetic material. However, the pattern of initial magnetisation curve is a single value 
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B-H curve, as shown Fig. 2.2. From Figs. 2.1 and 2.2, it is observed that the magnetic 

material shows non-linear properties especially at the vicinity of knee point as well as 

saturation region. Magnetic domain’s theory is commonly used to explain the 

magnetisation of magnetic materials. 

H 

B 

HcHc

Br

Fig. 2.1. The general pattern of B-H loop of a magnetic material.  

B

H

Saturation region
Knee point

Approximate linear 
portion

Fig. 2.2. A typical initial B-H magnetisation curve of a magnetic material.  

According to the magnetic domain theory, magnetic materials are considered as a 

combination of small regions known as domains, and each domain consists of many 
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magnetic moments [2.2]. When a magnetomotive force is imposed on a magnetic 

material, the magnetic moments change their orientations in the region between domains 

[2.3]. This region is known as domain wall as shown in Fig. 2.3 [2.4]. The size of the 

domains also changes along with the orientations’ changes. The change of orientations 

and sizes of the magnetic domains can be reversible and irreversible. In the reversible 

change, the magnetic moments return to their original state after removal of applied 

magnetic field. The magnetisation related to the reversible change is known as reversible 

magnetisation. On the other hand, the magnetisation related to the irreversible change is 

known as irreversible magnetisation. Both the reversible and irreversible magnetisation 

generally happen together. The magnetisation process [2.5] in a magnetic material 

starting from zero to saturation magnetic field is discussed below. 

  

S

N

N

S

Domain wall 

 

Fig. 2.3. Orientation change of magnetic moments at magnetic domain wall [2.4].   

 

Firstly, a low external magnetic field is considered into a sample of magnetic material 

with demagnetised state. This external magnetic field produces domain wall movement 

and changes the domain sizes. In this case both the domain wall movement and domain 

size changes are mainly reversible, and the corresponding magnetisation becomes 

reversible. After increase of the magnetic field strength, the irreversible domain wall 

movement also occurs, and it increases with the magnetic field. In that case, the rapid 

change of domain direction occurs due to the overcome of barriers presented by pinning 

sites in the structure. In this case, the magnetisation increases almost linearly with 

increase of magnetic field strength as shown in Fig. 2.2. With further rise of the magnetic 

field, the magnetic domains with favoured directions become a single domain state, the 
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whole volume of the magnetic material comes under magnetisation. With more increase 

of external magnetic field, magnetisation vectors within individual domains rotate and 

they simultaneously come close to the direction of applied magnetic field. The resulting 

magnetisation is mainly irreversible as after removal of the external magnetic field, all 

magnetic vectors do not return back to their original axes. In this case, the magnetisation 

increases slowly with increase of magnetic field strength which is represented in the 

region of knee point of Fig. 2.2. At higher external magnetic field, the magnetisation 

vectors of individual domains become parallel to the direction of the external magnetic 

field which is reversible magnetisation. After that, further rise of applied magnetic field 

does not generate any increase of magnetisation [2.1]. This situation is called the 

magnetisation saturation. The details of magnetisation process according to Domain’s 

theory can be obtained in [2.5]. 

2.2 Measurement and Modelling of Alternating Core Loss 

2.2.1 Measurement of Alternating Core Loss 

Magnetic core loss plays one of the vital roles in the design of electrical machines and 

transformers. The core loss, which mainly depends on the frequency, magnetic flux 

density and properties of the material, affects the efficiency and heat dissipation of the 

electrical devices [2.6]. Consequently, the accurate core loss measurement becomes 

significant in design of electrical machines and transformers. There are many core loss 

measurement techniques reported in the literature which can be generally classified into 

two groups: thermal or calorimeter technique, and electrical technique [2.7]–[2.10]. 

2.2.1.1 Thermal or Calorimeter Technique 

In the thermal method, different types of coolants, e.g., water and air are used to absorb 

heat produced by core loss and winding loss. As a result, the temperature of the coolant 

increases due to the power loss dissipation in the device. The power loss can be obtained 

from the temperature difference and flow rate of coolant. In [2.7], the authors used a 

calorimeter to measure the core loss. A core under test (CUT) is placed inside the vessel, 

where FC-40 is used as coolant which flows at a constant rate with a pump and control 

valve, as shown in Fig. 2.4. Under steady state condition, the final temperature difference 

is measured. Finally, the total dissipated power is calculated by [2.7] 
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TAVCP s=                                                                                                          (2.1) 
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Fig. 2.4. The block diagram of a core loss measurement system using calorimeter [2.7]. 

 

where ρ is the mass density of the coolant, V the flow rate of the coolant, Cs the specific 

heat of fluid, and A the cross-sectional area of coolant path. To reduce the loss due to the 

convection and radiation, the authors of [2.8] proposed an improved calorimeter 

technique to measure the core loss, where the CUT is placed inside a vacuum chamber, 

and the test is done under isothermal conditions. The thermal methods have some 

common disadvantages, e.g., time consuming, difficulty of separating winding loss from 

core loss, high error in case of low core loss and difficulty of making test platform [2.9]. 

2.2.1.2 Electrical Technique 

The disadvantages of thermal techniques can be eliminated by using the electrical 

techniques. The electrical techniques are classified into two groups: impedance technique 

and wattmeter technique. In impedance techniques, the core loss is considered as an 

equivalent loss resistance, which may be associated with parallel or series with the 
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magnetising inductance. The Maxwell-Wien Bridge and network analyser are generally 

utilised in this approach to measure the core loss. The wattmeter technique is the mostly 

used technique to measure the core loss of magnetic materials where two windings are 

wound around a core used for experiment as shown in Fig. 2.5. Instead of traditional 

wattmeter, oscilloscopes are commonly exploited to measure core loss especially for non-

sinusoidal excitation [2.10]. A signal generator is generally used as excitation source. The 

excitation current and secondary open circuit voltage are used for calculation of core loss 

by the following equation [2.10]:  

 

Source

Rref

Digital oscilloscope

v2

CUT

vR
 

Fig. 2.5. Schematic diagram of core loss measurement using oscilloscope [2.11]. 
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P sp= )()(1                                                                                            (2.2) 

 

where ip indicates the excitation current in the primary winding and vs indicates induced 

voltage in the secondary winding. Authors of [2.12] used digital signal processing for 

data accusations instead of oscilloscope. Instead of signal generator as source, and 

oscilloscope for data accusations, LabVIEW was used for both source and output 

measurements in [2.13]. However, in the above-mentioned methods, DC bias in 

magnetisation current is not included during the core loss measurement set up. The 

experimental set up for core loss measurement with DC bias is shown in Fig. 2.6. A digital 

oscilloscope is exploited to sample the excitation current and voltage. Finally, the core 

loss is calculated from sampled data by using the following equation [2.14]: 
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Fig. 2.6. Schematic diagram of core loss measurement with DC bias [2.14]. 
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where Np and Ns are the numbers of turns in primary and secondary windings, 

respectively, Rref the resistance of current sensor, vR the voltage across the current sensor 

resistor, and Nt the number of samples per period. To decrease the effect of phase 

discrepancy which exists in abovementioned methods, a resonant capacitor or ideal 

inductor is connected in series with excitation winding [2.11], [2.15], [2.16]. In these 

approaches, the sum of voltage of secondary winding, and capacitor or inductor voltage 

is closely equal to the voltage due to core loss. Consequently, the effect of phase 

discrepancy decreases. Fig. 2.7 shows core loss measurement using capacitive 

cancellation where a capacitor is connected with windings. The value of the capacitor (Cr) 

is given by [2.15] 
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where Lm is the magnetising inductance of the winding.  
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Fig. 2.7. Core loss measurement using capacitive cancellation [2.15]. 

 

2.2.2 Modelling of Alternating (1-D) Core Loss 

For design of electrical machines and transformers, one of the main challenges is to 

predict the core loss accurately. Several models in the literature have been proposed to 

predict the core loss in the last few decades. These models can be grouped into two 

approaches: empirical based models and microstructures-based models. Both models are 

deliberated in the following subsections.  

2.2.2.1 Empirical Core Loss Model 

Empirical core loss model can be divided into two groups: loss separation model and 

Steinmetz based model. In the first model, the core loss is divided into three parts: 

hysteresis loss, eddy current loss and the anomalous or excess loss [2.17]. Authors of 

[2.18] proposed a loss separation model for sinusoidal excitation which is given by 

  

5.15.122 76.8
2

fBKfBKfBKP mexcme
cbBaB

mh
mm ++=
++                                             (2.5) 

 

where f is the frequency, Bm is the maximum magnetic flux density, and Kh, Ke, Kexc, a, b, 

and c are the constant coefficients. The measurements for determining the coefficients of 

(2.5) are extensive which makes the method impractical for designers. In contrast, the 

Steinmetz equation based empirical methods [2.19]−[2.22] are more practical and 

straightforward to predict the core losses. The expression of original Steinmetz equation 

(OSE) is given below [2.19], [2.22].  
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
mBkfP =                                                                                                            (2.6) 

 

where k, α and β are the Steinmetz parameters. The main downside of OSE is that the 

equation is effective for only sinusoidal excitation. However, in MFT topologies, the 

excitation voltage is non-sinusoidal. Therefore, many models have been proposed to 

predict the core loss for non-sinusoidal excitation. The OSE was modified by authors of 

[2.20] where, the core loss is also related to the rate of the change of magnetic flux density 

which is given by  

 

rmeq fBfkP  1−=                                                                                                      (2.7) 

 

where fr is the fundamental frequency and feq is given by 
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In [2.21], it is shown that core loss not only depends on the rate of the change of the 

magnetic flux density but also depends on its instantaneous value. Thus, the following 

generalised Steinmetz equation (GSE) was proposed for prediction of core loss [2.21]: 
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In [2.22], authors reported that the time history of magnetic material also affects the core 

loss. For that, the instantaneous value of magnetic flux density is substituted by the peak 

to peak value and the equation of the loss is given by [2.22]: 
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The author of [2.23] proposed another modified Steinmetz equation known as natural 

Steinmetz equation (NSE) to predict the core loss. The equation of NSE method is as 

follows [2.23]: 
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The simplest way to predict the core loss for non-sinusoidal excitation with slight 

modification of Steinmetz equation was proposed in [2.24], known as waveform 

coefficient Steinmetz equation (WCSE). A factor (KFWC), which is the ratio of areas of 

the non-sinusoidal and sinusoidal magnetisation waveforms, is just multiplied by the 

original Steinmetz equation. The waveform coefficient Steinmetz equation for any 

arbitrary excitation voltage is given by [2.24] 

 

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2.2.2.2 Microstructures of the Material-Based Models 

In microstructure-based models, the core loss is obtained from the waveforms of B and 

H, which is as follows: 

1

T

dBP H dt
T dt

=                                                                                               (2.13) 

 

where P is core loss, T is time period, and ρ is mass density of the material. In this type 

of models, Jiles-Atherton (J-A) hysteresis model and Preisach model are generally 

utilised for predicting B from H. On the other hand, as the calculation of H from B is 

important in finite element analysis, inverse J-A and inverse Preisach models, which are 
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based on their original J-A and Preisach models respectively, are also utilised for core 

loss prediction.  

2.2.2.2.1 Preisach Model 

The magnetic material in Preisach model is considered as a set of magnetic dipoles [2.25], 

and each magnetic dipole is assumed as a rectangular elementary shape as shown in Fig. 

2.8(a) where two switching magnetic field strengths, denoted by α and β, are considered 

in the increasing and decreasing magnetic trajectories, respectively. Fig. 2.8(b) shows the 

Preisach diagram, where S is the triangular region on the (α, β) plane for Hsat ≥ α ≥ β ≥ -

Hsat, and S+ and S- are regions of positive and negative switched dipoles, respectively. If 

the applied magnetic field strength is H, the output magnetisation M, and the 

corresponding magnetic flux density B can be calculated by (2.14) and (2.15) [2.26], 

[2.27] as follows, respectively:   
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β 
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S+
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β α H 
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Fig. 2.8. (a) Rectangular hysteresis model of magnetic dipoles [2.28], and (b) Preisach diagram [2.28]. 
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M H H d d     =                                                                         (2.14)  

       0[ ( )]B H M H= +                                                                                      (2.15) 

 

where µ(α, β) is the distribution function of the magnetic dipoles, γαβ the Preisach operator 

which is 1 on S+ and -1 on S-, and S the triangular region on the (α, β) plane for Hsat ≥ α 

≥ β ≥ -Hsat as shown in Fig. 2.8(b). Using the Preisach diagram, the magnetisation is firstly 

calculated, and the magnetic flux density is then calculated from magnetisation and 

magnetic field strength.  
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The main challenge of the Preisach model is to find out the distribution function which is 

generally obtained from experimental data.  For identification of the distribution function, 

the first order reversible curve or limiting loop are generally utilised. In addition, some 

analytical approximations such as power series approximation, Gaussian distribution and 

product models are also used for identification of Preisach model parameters. The normal 

Preisach model does not consider the internal interaction magnetisation which can be 

considered by introducing a feedback coefficient [2.29]–[2.34]. The Preisach model 

considering the magnetisation dependent Preisach distribution function is known as 

moving Preisach model. However, both the normal and moving Preisach models consider 

only the irreversible magnetisation component. The generalised Preisach model, on the 

other hand, takes into account both the irreversible and reversible magnetisation 

components, as well as the magnetisation dependent component with a feedback 

coefficient [2.35]–[2.37]. Thus, the generalised Preisach model provides better result than 

the normal and moving Preisach models. 

The inverse Preisach model [2.38] can also be derived from the original normal Prisach 

model, where the magnetic field strength H can be obtained by 
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where dM/dH can be calculated by performing the first derivative of (2.14) with respect 

to H. The details of the both Preisach and inverse Preisach models are also discussed in 

Chapter 3. 

2.2.2.2.2 J-A Model 

In J-A model [2.39], the magnetisation M is considered as the sum of irreversible Mirr and 

reversible magnetisation Mrev components, which is as follows: 

 

irr revM M M= +                                                                                           (2.18) 
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where, Mrev is calculated from the anhystertic magnetisation Man and irreversible 

magnetisation Mirr. According to J-A model, the equations related to the calculation of 

Mrev, and Mirr, for a given H are as follows: 

 

     irr
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e

dMM M k
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where k and c are the model parameters, Man the anhysteretic magnetisation, He the 

effective magnetic field strength, and δ the directional parameter which is +1 for dH/dt > 

0 and -1 for dH/dt < 0. The anhysteretic magnetisation and the effective magnetic field 

strength can be expressed as follows:  
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eH H M= +                                                                                                       (2.22) 

 

where Ms is the saturation magnetisation, M the total magnetisation, H the applied 

magnetic field strength, He the effective magnetic field strength, and a and α are the model 

parameters. In the J-A model, the magnetisation in the next time step is calculated from 

its present magnetisation and its derivative with respective to the magnetic field strength 

(dM/dH) [2.40]. According to the J-A model, dM/dH can be obtained as follows [2.39]: 
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Using the above-mentioned expressions of Mirr, Mrev, Man, and He, the total magnetisation 

susceptibility (dM/dH) can also be obtained by (2.24), which is expressed as follows 

[2.41]: 
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where dMirr/dHe and dMan/dHe can be obtained using (2.19) and (2.21), respectively. 

From (2.19), the dMirr/dHe can be written as: 
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It was considered in [2.39] and [2.42] that domain wall displacement does not exist if 

(Man - Mirr)dHe < 0, and in that case, dMirr/dHe becomes zero. Therefore, (2.25) can be 

updated as follows [2.42]−[2.44]: 
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where δM is 1 if (Man - Mirr)dHe > 0, and 0 if (Man - Mirr)dHe ≤ 0. 

However, it is reported in [2.45] and [2.46] that the pinning parameter (k) of the J-A 

model changes with the magnetic induction levels. Therefore, k is considered as the 

function of H in [2.45] and [2.46], which improves the accuracy of the model. It is also 

observed in [2.47]–[2.49] that at low magnetic induction levels, the high discrepancy in 

both the iron loss and B calculations is obtained. To reduce this discrepancy, a scaling 

factor is included in (2.25) so that it limits the rate of irreversible magnetisation at the low 

induction levels. According to [2.49], (2.25) can been modified as follows: 
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where R is the scaling factor which can be expressed by the magnetic field strength or 

magnetic flux density depending on the input of the J-A model. Recently, the authors of 

[2.50] considered both the pining coefficient k and scaling factor R as functions of 
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magnetic field strength for inner loops. Therefore, for inner loops especially at low 

magnetic induction levels, the relative error in the calculation of iron loss reduces.  

Identification of the parameters is also important in the J-A model. Initially few equations 

corresponding to the model parameters are developed using model equations and a large 

B-H loop of a magnetic material [2.51], [2.39], [2.41]. Those equations are solved 

numerically to acquire the J-A model parameters. In the last few decades, different 

optimisation techniques were considered to obtain the J-A model parameters where an 

error criterion is generally set as an objective function [2.43], [2.46], [2.52], [2.53], [2.54]. 

An error criterion, which is based on the root mean square of the difference between 

measured and calculated magnetic flux density, is generally used in the optimisation 

methods that can be expressed as follows [2.45]: 
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where εs is the root mean square of error, N the number of samples per period of the 

magnetic flux density, Bmeai the measure magnetic flux density, and Bcali the calculated 

magnetic flux density. After calculating the model parameters, the iron loss of the 

corresponding magnetic core is calculated using (2.13). 

In the inverse J-A model [2.40], the static magnetic field strength is calculated from the 

magnetic flux density. In the model, the M is firstly calculated, and H is then calculated 

from M and B, which are as follows 
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where Be is the effective magnetic flux density.  

The above-mentioned J-A and Preisach models are generally used for static hysteresis 

loss modelling. With the increase of the frequency, the dynamic losses such as eddy 

current and excess losses are also responsible for core loss. The loss separation method is 

generally used for modelling total core loss. The incorporation of eddy current and excess 

losses into the Preisach and J-A models are discussed in Chapters 3 and 4, respectively.  

2.3 Measurement of 2-D Core Loss 

As the 1-D measurement system considers only alternating magnetic field, the method 

cannot be used to characterise the magnetic core under the rotating magnetic field. Two-

dimensional (2-D) measurement methods are generally utilised for estimation of the core 

losses in the presence of the rotating magnetic field. The pattern of the rotational 

hysteresis loss is quite different from that of alternating hysteresis loss. The typical 

patterns of rotational and conventional alternating hysteresis losses of a magnetic material 

are shown in Figs. 2.9 and 2.10, respectively. Alternating hysteresis loss always increases 

with the magnetic flux density whereas the rotational hysteresis loss near to the saturation 

region decreases and even becomes zero at saturation magnetic flux density. However, in 

the presence of the rotating magnetic field, a torque is induced in the magnetic material 

which can be written as follows [2.37]: 
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Fig. 2.9. The typical pattern of the rotational hysteresis loss of a magnetic material [2.37].  

B

P h

 
Fig. 2.10. The typical pattern of the alternating hysteresis loss of a magnetic material.  

 

0 0 sinrT MH  =  =M H                                                                            (2.34) 
 

where Tr is the torque, and M and H are the magnetisation vector and magnetic field 

strength vector, δ is the angle between M and H, and M and H are the magnitudes of M 

and H vectors, respectively. For circular rotation of magnetic field, the angular speed of 

the magnetic flux density vector at a fixed frequency is constant, and then the hysteresis 

rotational loss directly depends on the average induced torque in the magnetic material. 

With the low applied magnetic field, the magnetisation is generated due to the change of 

orientation and size of the magnetic domain as similar to the alternating magnetisation. 

Consequently, domain wall movement occurs due to the applied magnetics field strength. 

Moreover, due to the pinning of domain walls by defect sites in magnetic material, there 

exists an opposite force which resists the change of magnetisation which is indicated by 

the angle between M and H as shown in Fig. 2.11 [2.37]. In the medium magnetic field 

strength, the annihilation and recreation of magnetic domain walls occur, which increases 
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the rotational hysteresis loss as extra energy is required for annihilation and recreation of 

magnetic domain wall. In this region, smaller magnetic domains convert into large 

magnetic domain. At the point near the saturation region, there exists only few large 

magnetic domains, and consequently the opposite force reduces and the angle between M 

and H also reduces. At highly saturated magnetisation, there exist only one large domain 

and the opposite force becomes almost zero, and the corresponding δ becomes zero, as 

shown in Fig. 2.12 [2.37]. Thus, the hysteresis loss will be zero in that case.  
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Fig. 2.11. Induced torque angle due to the rotational magnetic field at general magnetic flux density [2.37]. 
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Fig. 2.12. Induced torque angle due to the rotational magnetic field at saturation magnetic flux density 

[2.37]. 
 

In [2.55], the rotational loss was calculated from measured induced torque in the 

specimen. In the last hundred years, different rotational core loss measurement methods 

such as thermometric method, field-metric method, and watt-metric method were 

developed [2.55]−[2.61]. The field metric technique is generally used to measure the core 

loss as the magnetic field in the specimen can be easily controlled by a feedback system. 
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In this method, the B and H are firstly calculated, and the core loss is then calculated from 

B and H which is as follows [2.37]. 

 
T

0

1 yx
t x y

dBdBP H H dt
T dt dt

 
= + 

 
                                                                           (2.35) 

 

where Pt is the total rotating core loss, Hx and Hy are the components of H in their 

corresponding directions, and Bx and By are the components of B in their corresponding 

directions.  

2.3.1 Calculation of H Components 

The conventional H-sensing method, as shown in Fig. 2.13, is generally used to detect 

the H components. In this method, two search coils are placed very close to the specimen, 

and the voltages induced across the coils are measured. The H components are then 

calculated from the measured voltages which is given below [2.37]: 
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(a)                                                        (b) 

Fig. 2.13. (a) H coil in one dimensional configuration and (b) H coils in two-dimensional configuration 

[2.37]. 

 

0 Hi

1 ,
Ki HiH v dt i x y


= =                                                                  (2.36) 

 

where KHi indicates coefficients calculated by calibration of the coils [2.37] and µ0 

indicates the permeability of air. The coils are wound either separately on a thin structure, 
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as shown in Fig. 2.13 (a), or wound in the same structure with opposite direction, as 

shown in Fig. 2.13 (b). 

Two coils arrangement [2.62] for each search coil, as shown in Fig. 2.14, is also used to 

find high accuracy value of H components. The component of H is then calculated by 

d2 

d1 

Coil 2

Coil 1

Specimen

 

Fig. 2.14. The arrangement of two coil method for measurement of H components [2.62]. 

 

 

2 1 1 2

2 1

d H d HH
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−

=
−

                                                                                              (2.37) 

 

where d1 and d2 indicate distances of the coils  from the specimen as shown in Fig. 2.14, 

and H1 and H2 indicate magnetic field strengths of coil 1 and coil 2, respectively.  

The Hall element is also used to measure the H [2.63]. A Hall element is a semiconductor 

plate where constant current passes through two ends as shown in Fig 2.15. A voltage 

induced in the opposite edges of the plate is measured, and the magnetic field strength 

can be then calculated as follows: 

i

H

t

eh 

 

Fig. 2.15. A typical Hall element which uses the Hall effect [2.37]. 
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h h

h

e tH
R i

=                                                                                                 (2.38) 

 

where eh is the induced voltage, th the thickness of the plate, Rh Hall constant of the plate, 

and i the current flowing through the plate.  

2.3.2 Calculation of B Components 

The search coils are used for measuring the components of the B. For uniform B in the 

specimen, the search coils are wound over the specimen, as shown in Fig. 2.16 (a). On 

the other hand, for non-uniform B, the search coils are wound at the middle of the 

specimen as shown in Fig. 2.16 (b), because the magnetic flux density in the middle 

region is generally considered as uniform. The components of B are then calculated from 

voltage induced in the coils under the rotating magnetic field which are as follows [2.37]: 

 

Specimen Specimen

Bx coil

By coil

Bx coil

By coil

 

Fig. 2.16. Searching coil arrangement for (a) uniform B, and (b) nonuniform B [2.37]. 

 

 

Bi

1 ,
Ki BiB v dt i x y= =                                                                    (2.39) 

 

where KBi=NBiAci are the coefficients of B-sensors, NBi are the number of turns in the 

sensing coils, and vBi are the induced voltage on sensing coils and Aci cross-sectional area 

of the specimen.  
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In [2.64] and [2.65], another method for measurement of B was reported where two 

needles of voltage measurement devices are placed at the two points of the specimen as 

shown in Fig. 2.17. The induced voltage between two points is measured, and the 

components of B are then calculated from the measured voltages.  

 

2 ,i BiB v dt i x y
bd

= =                                                                         (2.40) 

 

where b indicates distance between two points and d indicates the thickness of the 

specimen.  
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Fig. 2.17. Measurement of B component using B tips [2.65]. 

 

2.3.3 Apparatuses of 2-D Measurement System 

Depending on the variation of the sample structures such as disk type sample, cross and 

strip sample, square sample, and large sheet sample, different types of testing devices 

were proposed by different researchers for measuring the 2-D core loss [2.56], [2.57], 

[2.59], [2.66]−[2.74]. Some of the testers are discussed in this subsection. 

At the preliminary stage of the 2-D measurement system, disk samples were utilised for 

investigation of the magnetic properties. The testing system was developed by Brailsford 

in 1938 [2.59]. Torque-metric method was used for measuring the rotational losses. 

Depending on the rotational direction of the applied magnetic field, the disk sample could 

rotate in both clockwise and anticlockwise directions. Fixed disk sample-based testing 

device was later developed by Fiorillo and Reitto [2.67]. In this case, both thermo-metric 
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and field-metric methods can be used for measuring the loss. The demerits of the disk 

sample-based testing system are that the induced B in the sample is not uniform, and the 

feedback system cannot be utilised.  

The above-mentioned problems of disk sample tester can be reduced by cross sample-

based testing device which was reported in [2.56]. In the cross-sample based testing 

device, a feedback system is utilised to decrease the nonlinear effect of magnetic material. 

The core loss in this case is measured by the field-metric method. Later, the cross sample-

based testing system was fully computerised, which was developed by Brix, Hempel, and 

Schroeder [2.69].  

Square sample-based tester produces more uniform magnetic field in the specimen than 

the disk and cross sample-based testers. The square sample-based tester was first 

developed by Brix, Hempel, and Schulte [2.65]. In this system, field-metric method is 

exploited to measure the H and B as well as the rotational loss. Later, different square 

sample-based testers were reported by different researchers [2.70]−[2.72]. The block 

diagram of a square sample tester is shown in Fig. 2.18. The tester consists of two set of 

coils, where one set is for one axis and each set has two coils connected in series. The 

magnetic material sample with B and H sensors is placed in the middle of the tester as 

shown in Fig. 2.18. An analog feedback system is also utilised in the testing system to 

control the shape of the output voltage.  
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Fig. 2.18. Block diagram of a square specimen tester [2.73]. 
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Another testing device based on the large sheet sample, as shown in Fig. 2.19, was 

reported in [2.57], [2.74]. The field-metric and watt-metric methods are used in this tester. 

The main problem of the tester is that B cannot reach up to the saturation magnetic flux 

density due to the high leakage and stray magnetic fluxes.   

The modellings of rotational core loss under both circular and elliptical rotating magnetic 

field are discussed in Chapter 5.  

 

Fig. 2.19. Large sheet sample-based tester for rotational core loss measurement [2.57]. 
 

2.4 Design of the MFT 

Recently solid-state transformers (SST) are getting attentions in the field of power 

electronics, where MFTs and HFTs are generally utilised in order to achieve high power 

density. The optimal design processes are generally used to design the MFTs and HFTs. 

In the optimisation techniques, core geometry and number of turns, Bm, and current 

density are generally considered as design variables. In addition, the researchers have also 

counted unusual design constraints such as the ripple voltages [2.75], the isolation 

requirement [2.76]−[2.78], thermal models [2.79], type of heuristic optimisation 

technique [2.80], Litz wire modelling for leakage inductance [2.81], [2.82] and winding 

loss modelling [2.83]. The design of MFT incorporates the modellings of core loss of the 

magnetic material, AC resistance and leakage inductances of the windings, and 

temperature rise. For the prediction of core loss, the empirical models, which has been 

already discussed in this chapter, are generally used in the MFTs’ design processes due 

to its simplicity. The modellings of AC resistance and leakage inductances of the 

windings, and temperature rise are discussed below.  
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2.4.1 Winding AC Resistance Modelling 

Winding loss or copper loss depends on the resistance of the winding wires, and affects 

the performance of a transformer. On the other hand, the AC resistance of a winding 

increases with the increase of the excitation frequency, as shown in Fig. 2.20. Thus, the 

increase of operating frequency also affects the winding loss. 
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Fig. 2.20. Typical pattern of Rac for different layers (p) with frequency. 

  

Due to the skin and proximity effects, the distribution of the current across the cross 

section of a conductor is not uniform. This non-uniform current distribution makes a 

difference in the values of AC resistance from DC value. One dimensional Maxwell’s 

equation is firstly utilised to derive the expression of leakage impedance in [2.84]. In 

[2.84], the round conductor is converted into rectangular shape to make the mathematics 

more manageable, as shown in Fig. 2.21. Dowell’s expression of leakage resistance is 

then given by (2.41) [2.84] 

di di

 
Fig. 2.21. Conversion of solid conductor from round shape to rectangular shape. 
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where hw is the winding breadth, ρr resistivity, η porosity factor, p the number of layers, 

Nl number of turns per layer, lw mean turn length, dt height of conductor, wM   and wD are 

the real parts of Mw and Dw, respectively, which are as follows [2.84]: 

 

0
1 1 1 1 1coth( ), 2 tanh( / 2),w t t w t t

r

jM d d D d d 
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
= = =                          (2.42) 

 

where ω is angular frequency and µ is the permeability of the conductor. The above-

mentioned AC resistance can also be expressed by the following equation [2.85]:  
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where Rdc is the DC resistance of the winding, Δ is the ratio of thickness of conductor and 

skin depth, and p is the number of layers. The aforementioned Dowell’s expression is 

derived using rectangular coordinates. In [2.86], cylindrical coordinates are used to derive 

the expression of AC resistance due to the winding’s curvature on the transformers.  

The Dowell’s expressions of AC resistance have also some shortcomings, e.g., the effect 

of magnetising current is not considered and round conductor is replaced by square 

conductor. These shortcomings, especially second one, can be reduced by more accurate 

analytical methods reported in [2.87]. Accordingly, the AC resistance of a solid round 

conductor is given by, [2.87], [2.88] 
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where / ( 2 )cd = , dc is the diameter of conductor, and δ the skin depth. In the above-

mentioned methods, it is assumed that the magnetic field across the cross section of the 

conductor is uniform. This consideration is eliminated in [2.89], and a new expression of 

AC resistance is developed which is given as follows: 
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Equations (2.41)− 2.45) are derived for only sinusoidal excitation. For non-sinusoidal 

excitation, Fourier series expansion can be utilised for determining the AC resistance. 

The main problem of the approach is that the method needs the determination of Fourier 

coefficients. The authors of [2.85] proposed a method to derive the expression of AC 

resistance without calculating the Fourier coefficients. The expression for AC resistance 

is given by [2.85] 
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ac dc
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                                                                      (2.46) 

 

where Irms is the root mean square value of current and rmsI  is the derivative of Irms.  

The above-mentioned expressions of AC resistances are used for a foil or round solid 

conductor. Presently, Litz wire is generally utilised to decrease the effect of eddy current 

and proximity effect. Litz wire consists of many strand conductors in which the diameter 

of each is so small that, eddy current effects decrease significantly. To model the Litz 

wire, the strand conductors in a wire are considered as an arrangement of ss NN  , 

where Ns is the number of strands [2.90]. After that, the round conductor is transformed 

to corresponding rectangular conductor, as shown in Fig. 2.22. Next, the Dowell’s 

expression is applied to obtain the AC resistance factor. The expression of Litz wire of a 

winding is given below [2.90]: 

sN

di
sN

 

Fig. 2.22. Conversion method of a Litz wire to several layers for calculation of AC resistance [2.90]. 
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where 
2 2

s ss
s

L

d Nd
D

 


 = , and ds is the diameter of a strand and DL is the diameter of 

the Litz wire.  

2.4.2 Leakage Inductance Modelling 

Leakage inductance is another parasitic element of MFT, which also affects the 

performance of MFT. Similar to the AC resistance, the leakage inductance in high 

frequency differs from its static value, and changes with the frequency due to eddy current 

and proximity effects, as shown in Fig. 2.23. The analytical expressing of leakage 

inductance of a winding was obtained from the Dowell’s expression which is as follows 

[2.84]: 
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Fig. 2.23. Typical leakage inductance with frequency for turn ratios (m) 1 and 2. 
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where wM  and wD  are the imaginary parts of Mw and Dw, respectively. In [2.84], the total 

leakage inductance is obtained from the stored magnetic energy. The simplified equation 

of the total leakage inductance with considering one turn per layer and equal conductor 

thickness in the windings is obtained from the sum of all stored magnetic energies which 

is given below [2.91]: 
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where, k1 = sinh  2γtp) –2γtp, k2 = γtp cosh  γtp)–sinh  γtp), np is the number of layers in the 

primary winding, m the turn ratio, tp the primary conductor thickness, tiso insulation 

thickness and hwin core window height. 

2.4.3 Temperature Rise 

The temperature rise is one of the major constraints in the MFT design process. Since the 

whole power losses are dissipated as heat, the temperature of the transformer rises which 

affects the performance and safety of the device. The amount of increased temperature 

due to the total loss is obtained by the following equation [2.92]: 
 

   T thT P R =                                                                                                   (2.50) 

 

where ΔT is the temperature rise, Rth the thermal resistance, and PT the transformer total 

loss. Compared to the theoretical methods, empirical models are simple and easy to 

incorporate into the MFT design. Moreover, empirical models may provide almost the 

same accuracy as the theoretical models. In [2.92], it is reported the following empirical 

expression to predict Rth, 
 

c
th V

R 0457.0
                                                                                                       (2.51)       

where Vc is the volume of the core.  Another temperature rise empirical model is used in 

the design of the MFT which is as follows [2.93]: 
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                                                                       (2.52) 

where PT is the total loss in W, Kst a constant related to the structure of the core, and Ac 

and Aw are the cross-sectional areas of core and core-window, respectively. Since one of 

the MFT design constraints is the thermal limit, the transformer must operate below the 



 
 

43 
 
 

maximum permissible temperature rise, i.e., Ptotal Rth ≤ ΔTmax, where ΔTmax is the 

maximum permissible temperature rise. 

2.5 Conclusion 

In the above-mentioned discussion, it can be concluded that the magnetisation processes 

in a magnetic material under alternating and rotating magnetic fields are quite different, 

and the corresponding measurement methods and modellings of core loss are also 

different. In this study, electrical method is used for measurements of core loss, and the 

corresponding B and H, under alternating magnetic field excitation. For modelling the 

alternating magnetic properties, three common models such as empirical, Preisach and J-

A model are exploited to model the selected magnetic material. On the other hand, the 

square specimen tester is selected to measure the vectorial magnetic properties of the 

selected magnetic material under 2-D rotational magnetic field excitation. From the 

literature, it is observed that the design of an MFT is associated with various mathematical 

expressions of different parameters, and an optimization technique is then exploited to 

obtain the required design specifications using those expressions. In the subsequent 

chapters of this thesis, measurement and modellings of magnetic properties of the selected 

amorphous magnetic material under alternating and 2-D rotating magnetic field 

excitations, and optimal design of an MFT are presented. 
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Chapter    3  Modelling of Amorphous Magnetic 

Material Using Empirical and Preisach Models 
 

3.1 Introduction 

Characterisation of magnetic core materials is very important for design of 

electromagnetic devices such as transformer. It has already been discussed in Chapter 2 

that empirical, Preisach and J-A models are generally utilised to characterise a magnetic 

material. In this chapter, empirical and Preisach models are implemented to characterise 

the selected amorphous magnetic material, whereas J-A model is implemented in the next 

chapter.  

Empirical method is firstly implemented to model the magnetic material. Empirical 

method is generally based on the original Steinmetz equation which is generally utilised 

for sinusoidal excitation [3.1]. The advantages of the empirical method are that it can be 

easily implemented in the design process of electromagnetic devices, and it requires less 

computational time and memory resources than those of other models. In contrast, the 

empirical method cannot be directly implemented into FEM and the model does not 

provide the actual magnetic properties [3.2].  

On the other hand, Preisach or inverse Preisch model is one of the tools for 

characterisation of magnetic material which can predict core loss by tracing explicitly the 

magnetisation trajectory of magnetic flux density versus magnetic field strength. Thus, 

the method can be directly incorporated with FEM as the prediction of H from B can be 

calculated using inverse Preisach model. The Preisach model generally requires some 

experimental data to find out the magnetic distribution functions [3.3]−[3.5]. The Preisach 

magnetic distribution functions are generally based on the first, second or higher order 

transition curves, or limiting loop that is a low frequency large B-H loop of the magnetic 

material [3.3]−[3.8]. It is normally expected that the experimental data are obtained from 

manufacturers or simple experimental process. Since the determination of any order 

transition curves is more difficult than that of the limiting loop [3.6], in this thesis the 

limiting loop-based distribution function is considered. In this chapter, Preisach model is 
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also exploited for the numerical characterisation of the selected magnetic material 

(Amorphous   1k101 [3.9] which is also known as j1k101).  

In the last decade, different Fe-based amorphous magnetic materials such as Metglas 

2605S3A and 2605SA1 were characterised by using the empirical models [3.10]. The 

empirical models often generate high error if the loss is predicted at a point (frequency 

and magnetic flux density) far from those used for calculating the Steinmetz parameters. 

In addition, they cannot predict the trajectories of magnetic flux density from its magnetic 

field strength or its vice versa. However, the harmonic contents due to the non-sinusoidal 

excitations obtained by power electronic converters, would generate significant core 

losses due to the presence of minor loops [3.11]. The empirical methods cannot cope with 

the minor loops in the non-sinusoidal magnetisation process. The abovementioned 

problems can be solved by using Preisach model. 

When magnetic field strength is applied on a magnetic material, the material is subjected 

to the magnetisation process, and a magnetic field is generated as output. Therefore, it 

can be said that the magnetisation depends on the magnetic field strength. It is also 

investigated that the magnetisation process is also affected by the internal magnetisation 

of elementary magnetic diploes which makes the process as magnetisation dependent. 

There are different types of Preisach models in the literature such as normal Preisach 

model, moving Preisach model and generalised Preisach model. The normal Preisach 

model deals with only magnetic field strength as input, where the effect of internal 

magnetisation is not considered in the magnetisation process. On the other hand, the 

moving Preisach model [3.12]–[3.16] deals with a magnetisation dependent process, 

where the input is considered as sum of a feedback magnetisation based magnetic field 

strength, which is product of a feedback coefficient and the output magnetisation, and the 

applied magnetic field strength. Although this feedback coefficient changes with the 

magnitude of magnetic flux density and magnetic field strength, a constant feedback 

coefficient was used in [3.14]. In the magnetisation process of a ferro-magnetic material, 

there exists two magnetisation components: reversible and irreversible magnetisation 

components [3.17]. However, both the normal and moving Preisach models consider only 

the irreversible magnetisation component. The generalised Preisach model, on the other 
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hand, considers both the irreversible and reversible magnetisation components, as well as 

the magnetisation dependent component with a feedback coefficient [3.6], [3.18], [3.19]. 

The classical Preisach model or normal Preisach model is generally used for predicting 

the hysteresis loss where the Preisach function is a static function of magnetic field 

strength. For prediction of dynamic hysteresis loss (a combination of hysteresis, eddy 

current and excess losses), dynamic Preisach models are used where the Preisach function 

considers not only the magnetic field strength but also the rate of change of magnetic flux 

density with respect to time [3.3], [3.20]. Thus, the inclusion of dynamic effect is 

necessary to include with the static Preisach model for its practical application.  

For design and performance analysis of electromagnetic devices and systems, the finite 

element method is commonly employed to calculate the magnetic field distribution by 

using the vector magnetic potential, which requires the prediction of magnetic field 

strength from the magnetic flux density in each finite element. Since the normal Preisach 

models predict magnetic flux density from magnetic field strength, an inverse Preisach is 

required for the prediction of magnetic field strength from the magnetic flux density. In 

[3.21], a dynamic inverse Preisach model was proposed, in which the inverse Preisach 

function is obtained by curve fitting the first order polynomial function of static inverse 

Preisach function and the rate of change of magnetic flux density with time. In [3.22], 

another inverse Preisach method was proposed based on the recursive procedure which 

has high computational burden. In [3.23], a normal inverse Preisach model was presented 

by using the normal Preisach function to find out the magnetic field strength from the 

magnetic flux density. The advantage of normal inverse method in [3.23] is that it does 

not require any iteration and extra curve fitting, and thus the computational cost becomes 

low. However, none of the above mentioned inverse Preisach models consider the 

reversible magnetisation and feedback coefficient in the magnetisation process. In 

addition, to the best knowledge of the author of this thesis, no investigation has been 

reported in the literature on the effects of minor loops on characterisation process using 

the inverse Preisach models. Neither the normal or inverse Preisach models has been used 

to characterise the selected Fe-based amorphous magnetic material (amorphous 1k101 

[3.9]). 
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In this chapter, firstly original Steinmetz equation based empirical model is utilised to 

model the selected Fe-based amorphous magnetic material. Later, a limiting loop based 

Preisach and inverse Preisach models are used to characterise the magnetic material. In 

addition, a new technique to find out the feedback coefficient of the generalised Preisach 

model whose value varies with the magnitude of magnetic flux density has been also 

proposed in this chapter. In addition, development of a generalised inverse Preisach 

model based on the generalised Preisach model by incorporating the reversible 

magnetisation and magnetisation dependent hysteresis effects is proposed in this chapter. 

Moreover, the effect of variable squareness, which indicates the proportion of reversible 

magnetisation in the magnetisation process, is studied in this chapter. The chapter also 

includes the investigation of the effects of minor loops by using the proposed inverse 

Preisach model.  

3.2 Empirical Model 

Original Steinmetz equation, which is normally exploited for sinusoidal excitation, is 

used as empirical model in this study. For sinusoidal excitation, the original Steinmetz 

equation can be expressed as [3.1], [3.24]:  

 

 
mBkfP =                                                                                                          (3.1) 

 

where k, α and β are the Steinmetz parameters which are calculated using curve fitting of 

measured data. The core losses at various magnetic flux densities and sinusoidal 

frequencies are firstly calculated, and the obtained losses are then curve-fitted by general 

reduced gradient  GRG) of Excel’s Solver [3.25]. In the GRG technique, an error (Err) is 

needed to be set which can be defined as follows [3.25]:   

 

         ( )
2n

mi si

mii

P P
Err

P
−

=                                                                                        (3.2) 

 

where Pmi and Psi are the measured and calculated core loss data, and n is the total number 

of observational measured data. However, the experimental process for the measurement 
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of core losses at various magnetic flux densities and frequencies are discussed in Section 

3.7 of this chapter.  

3.3 Preisach Model 

3.3.1 Normal Preisach Model 

In the normal Preisach model, a magnetic material is considered as a set of magnetic 

dipoles [3.26], and each of which has rectangular elementary shapes, as shown in Fig. 

3.1(a). Fig. 3.1(b) shows the Preisach diagram, where S is the triangular region on the (α, 

β) plane for Hsat ≥ α ≥ β ≥ -Hsat, and S+ and S- are regions of positive and negative switched 

dipoles. If the applied magnetic field strength is H, the output magnetisation M and the 

corresponding magnetic flux density B can be calculated by (3.3) and (3.4) [3.6], [3.27], 

[3.28] as follows, respectively:   

       ( ) ( , ) ( )
S

M H H d d     =                                                                        (3.3)  

0[ ( )]B H M H= +                                                                                           (3.4) 

 

where µ(α, β) is the distribution function of the magnetic dipoles, γαβ the Preisach operator 

which is 1 on S+ and -1 on S-, and S the triangular region on the (α, β) plane for Hsat ≥ α 

≥ β ≥ -Hsat as shown in Fig. 3.1(b). 

Hsat 

-Hsat 

α

β 

0

S+

S-

(a) (b)

+1

-1

β α H 

γαβ

 

Fig. 3.1. (a) Rectangular hysteresis model of magnetic dipoles [3.6], [3.29], and (b) Preisach diagram [3.6], 

[3.29]. 

 

From the Preisach diagram shown in Fig. 3.1(b), the downward and upward 

magnetisations for a given magnetic field strength can be expressed as 
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( ) ( ) 2 ( , )n nM H M H T H H= −            (Downward)                                             (3.5) 

( ) ( ) 2 ( , )n nM H M H T H H= +               (Upward)                                               (3.6) 

 

where Hn represents the magnetic field strength at the last reversal point, and T (α, β) is a 

function of the upward and downward magnetisation trajectories. T (α, β) can be 

calculated from a data table of a limiting hysteresis loop, which is a large loop of B 

(magnetic flux density) and H (magnetic field strength) of a given magnetic core 

measured at a very low frequency (e.g. not more than 1 Hz). The expression of T (α, β) is 

as follows [3.6], [3.27], [3.28]: 

 

( ) ( )( , ) ( ) ( )
2

u dM MT F F 
   

−
= + −                                                               (3.7) 

where Md(α) and Mu(β) are the downward and upward magnetisations of the limiting loop, 

and F(α) can be determined by  

 

( ) ( )( )
2 ( )

d u

d

M MF
M

 




−
= when α ≥ 0                                                                (3.8) 

 

 ( ) ( )dF M = −           when α < 0.                                                               (3.9) 

 

F(-β) can also be calculated using (3.8) and (3.9) depending on the value of β.  

In the same way, the initial magnetisation can be expressed as 

 

( ) ( , )M H T H H= − .                                                                                         (3.10) 

                                                               

3.3.2 Generalised Preisach Model 

In the generalised Preisach model, the irreversible component of magnetisation is 

obtained by using the normal Preisach model. On the other hand, the reversible 

component is proportional to the difference between the anhysteretic magnetisation and 
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irreversible magnetisation components [3.6]. To make the magnetisation dependent 

Preisach function, a magnetisation feedback is added in the Preisach model. The 

combination of applied magnetic field strength and feedback magnetic field strength is 

generally known as effective magnetic field strength [3.30]. Therefore, the magnetisation 

of a magnetic material, and the corresponding reversible magnetisation and effective 

magnetic field strength at a given magnetic field strength can be written as [3.6], [3.30]: 

 

   ( ) ( ) ( )irr e rev eM H M H M H= +                                                                    (3.11) 

  

   ( ) ( ) ( ) rev e an e irr eM H c M H M H= −                                                               (3.12) 

 

 eH H KM= +                                                                                                 (3.13) 

where Mirr is the irreversible magnetisation, Mrev the reversible magnetisation, Man the 

anhysteric magnetisation, He the effective magnetic field strength, K the feedback 

coefficient, and c a constant. 

Substituting (3.12) into (3.11), one obtains 

 

( ) ( ) ( ) ( )S 1 Sirr e an eM H M H M H= + −                                                         (3.14) 

 

where S=1–c is known as the squareness of the elementary loop which can be calculated 

using the initial susceptibilities of normal magnetisation and anhysteretic magnetisation 

[3.6]. Since there is a feedback coefficient in the generalised Preisach models, an iterative 

process is needed to calculate the magnetisation at each point of the applied magnetic 

field strength. 

3.4 Inverse Preisach Model 

3.4.1 Normal Inverse Preisach Model 

The normal inverse Preisach model, which is based on the above-mentioned normal 

Preisach model, calculates the magnetic field strength from the magnetic flux density 

[3.23]. The prediction of the magnetic field strength for the next time step can be obtained 

by (3.15) [3.30]:  
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( ) ( )
/
BH t t H t

dB dH


+ = +                                                                            (3.15) 

 

where ΔB is the change of magnetic flux density between two successive discrete times, 

Δt the time step, and dB/dH the derivative of magnetic flux density B with respect to 

magnetic field strength H. 

Taking the first order derivatives of both sides of (3.4) with respective to H, one obtains 

 

0 0
dB dM
dH dH

 = +                                                                                           (3.16) 

 

where dM/dH can be obtained from the limiting loop and the magnetic flux density.  

Since the corresponding upward and downward magnetisations are known for a given 

limiting loop, the derivatives of the upward and downward magnetisations, dMd/dH and 

dMu/dH, of the limiting loop with respect to H can also be obtained. Consequently, the 

first order derivatives of upward and downward magnetisations with respect to H can be 

calculated from (3.5) and (3.6) by 

 

( ),
2 ndT H HdM

dH dH
= −     For downward trajectory                                       (3.17) 

 

     
( ),

2 ndT H HdM
dH dH

=        For upward trajectory                                            (3.18) 

 

where dT (Hn, H)/dH and dT (H, Hn)/dH can be calculated from (3.7) which are as follows: 

 

( )
( )

( ), 1
2

n d
n

dT H H dF HdM F H
dH dH dH

−
= − −                                                   (3.19) 

 

   
( )

( )
( ), 1

2
n u

n

dT H H dF HdM F H
dH dH dH

= + − .                                                   (3.20) 

 

Similarly, for the initial magnetisation, dM/dH can be obtained from (3.10) and (3.7) by 
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( )

( )
( )

,

( ) ( )1 1 2
2 2

u d

dT H HdM
dH dH

dF HdM H dM H F H
dH dH dH

−
=

−
= + +

                                             (3.21) 

 

where dF(H)/dH can be obtained from (3.8) and (3.9) by 

 

    ( ) 1 11
4 ( ) 2 ( )

d u u

dd d

dF H dM M dM
dH dH M dHM H M H

 
= + − 

 

       for H ≥ 0           (3.22) 

 

 ( ) ( )1
2 ( )

d

d

dF H dM H
dH dHM H

−
= −

−
                                          for H < 0.        (3.23) 

 

3.4.2 Proposed Inverse Preisach Model 

The inverse Preisach model proposed in this chapter is based on the generalised Priesach 

model presented in Section 3.3.2. In this approach the effective magnetic field strength is 

mainly concerned in the model instead of conventional magnetic field strength. While the 

magnetic field strength is calculated by (3.15) similar to the normal inverse Preisach 

model, the proposed inverse Preisach model is different from the normal inverse Preisach 

in the way to calculate dB/dH in (3.15). The first order derivative of the effective field 

strength with respect to the applied magnetic field strength (dHe/dH) can be obtained from 

(3.13) by 

 

 1edH dMK
dH dH

= +                                                                                                    (3.24) 

 

with 

e

e

dHdM dM
dH dH dH

= .                                                                                                  (3.25) 

 

Substituting (3.24) into (3.25), one obtains 
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1
e

e

dM
dHdM

dMdH K
dH

=

−

.                                                                                    (3.26) 

 

The first order derivative of magnetisation with respect to the effective magnetic field 

strength (dM/dHe) can be obtained from (3.14) by 

 

         ( )S 1 Sirr an

e e e

dM dMdM
dH dH dH

= + −                                                                      (3.27) 

 

where dMirr/dHe can be calculated by using the normal inverse Preisach model and 

dMan/dHe can be obtained from the anhysteretic curve. 

Substituting (3.26) into (3.16), one obtains 

 

0 0

1
e

e

dM
dHdB

dMdH K
dH

 = +

−

                                                                                       (3.28) 

 

It is worth noting that the proposed inverse Preisach model does not require an iteration 

process although the generalised Preisach model does. 

3.5 Implementation of Preisach Models 

This section presents the implementation of the normal and generalised Preisach models, 

which require only the limiting loop data, and need the magnetic field strength as the 

input. Fig. 3.2 shows the measured limiting loop of the selected Fe-based amorphous 

magnetic material, where the left and right trajectories are the downward and upward 

trajectories of the limiting loop, and the remanence and coercive force are 0.81 T and 10.8 

A/m, respectively. Taking advantages of the symmetry, only the left half of the limiting 

loop is stored in the form of a look up table. 
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Fig. 3.2. Limiting loop of the Fe-based amorphous magnetic material. 

 

3.5.1 Implementation of Normal Preisach Model 

In the normal Preisach model, the initial magnetisation at a given magnetic field strength 

is calculated by (3.10) and (3.7). After reaching the first reversible point, the operating 

point is at the downward trajectory as shown in Fig. 3.3. For the downward and upward 

trajectories, the magnetisations at a given magnetic field strength are calculated by (3.5) 

and (3.6), respectively. The magnetisation and the corresponding magnetic field strength 

at the last reversible point are stored as they are required in (3.5) and (3.6) to calculate 

magnetisation. The process is repeated until it reaches the final time tf. Finally, the 

corresponding magnetic flux density B can be obtained by (3.4). 

 

 
Fig. 3.3. Applied magnetic field strength and corresponding measured and calculated magnetic flux 

densities. 
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3.5.2 Implementation of Generalised Preisach Model 

To implement the generalised Preisach model, the anhysteretic magnetisation curve, 

squareness and feedback coefficient are required to be identified for a given magnetic 

material. The identification of the anhysteretic curve, squareness and feedback coefficient 

are explained below. 

3.5.2.1 Identification of Anhysteretic Magnetisation Curve 

The anhysteretic magnetisation curve indicates the ideal magnetisation curve with no iron 

loss. The anhysteretic magnetisation curve plays important role during inclusion of 

reversible magnetisation with the total magnetisation. The anhysteretic magnetisation 

curve can be obtained by both experimental and simulation-based methods. In this study, 

simulation-based method is utilised to find out the anhysteretic magnetisation curve. The 

authors of [3.18] proposed a method for identification of anhysteretic magnetisation curve 

where the normal Preisach model is exploited to determine the anhysteretic 

magnetisation. In this process, an AC magnetic field strength is superimposed on a DC 

magnetic field strength at each point [3.6], [3.18], and the amplitude of AC magnetic field 

strength is set to decay gradually from the maximum to zero for simulating the 

demagnetisation process. The decay from the peak to zero magnetic field strength is done 

by finite number of steps. The reduction of AC magnetic field strength is done by two 

ways: one is at reversible point after downward magnetisation, as shown Fig. 3.4(a), and 

the other at reversible point after upward magnetisation, as shown Fig. 3.4(b). The 

magnetisation processes for both cases at HDC point are shown in Figs. 3.5(a) and (b).  

From Fig. 3.5, it is observed that for both reduction processes, the anhysteretic 

magnetisation point is not the same. Thus, two anhysteretic magnetisation curves are 

obtained from two types of reduction: the first one is upper and the second one lower 

anhysteretic magnetisation curves. The average of them is finally considered as the 

resultant anhysteretic magnetisation curve. For both ways of reduction of AC magnetic 

field strength, each step reduction is carried by (Hsat-HDC)/Nst, where HDC is the DC 

magnetic field strength where the anhysteretic magnetisation value is calculated, and Nst 

is the number of steps. The resultant anhysteretic magnetisation and its derivative of the 

Fe-based amorphous material sample are shown in Fig. 3.6. 
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Fig. 3.4. Excitation magnetic field strength for prediction of anhysteretic magnetisation using normal 

Preisach model: (a) upper value of anhysteretic magnetisation, and (b) lower value of anhysteretic 

magnetisation [3.6].  
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Fig. 3.5. Magnetisation processes for anhysteretic magnetisation using normal Preisach model: (a) upper 

value of anhysteretic magnetisation, and (b) lower value of anhysteretic magnetisation.  
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Fig. 3.6. Anhysteretic magnetisation curve of the Fe-based amorphous magnetic material calculated by the 

normal Preisach model and its derivative with respect to magnetic field strength H. 
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3.5.2.2 Identification of Squareness 

The squareness, S, can be calculated as follows [3.6]: 
 

io

anho

χS 1
χ

= −                                                                                                  (3.29) 

 

where χio and χanho are the initial susceptibilities of the normal and anhysteretic 

magnetisation curves, respectively.  

3.5.2.3 Identification of Feedback Coefficient 

According to [3.14], the magnetisation feedback coefficient K can be calculated by   
 
 

-= eM MK
M

                                                                                                  (3.30) 

 

where M and Me are the magnetisations calculated by the normal Preisach model and 

measured by experiment respectively, and χ is the susceptibility of a major loop at a given 

magnetic field strength. Fig. 3.7 illustrates the feedback coefficient values for the upward 

magnetisation of the Fe-based amorphous magnetic material at different magnetic flux 

density values. From Fig. 3.7, the following three observations can be made: 

 
Fig. 3.7. Feedback coefficient for the upward magnetisation of the Fe-based amorphous magnetic material 

at different magnetic flux density magnitudes. 
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(i) The feedback coefficient of the upward magnetisation changes with both the 

magnitudes of magnetic flux density and magnetic field strength; 
 

(ii) Near to the coercive force, the feedback coefficient jumps to the opposite direction 

and then decreases exponentially with the magnetic field strength; and 
 

(iii) The value of feedback coefficient decreases with the increase of flux density 

magnitude. 

 

Moreover, it is reported in [3.14] that the higher the standard deviation of dM/dH, the 

higher error is likely in the calculated results, and the standard deviation of dM/dH in the 

region near the coercive forces is higher than that of the rest part of B-H loop. 

Accordingly, from Fig. 3.8, it can be observed that at the vicinity of coercive forces, the 

discrepancy between the simulated and measured B-H loops is higher than the other part 

of the loop. To reduce the discrepancy, a new technique based on the above-mentioned 

observations is proposed to identify the feedback coefficient. On the upward trajectory, 

K is taken as a positive value for H ≥ Hc and a negative value for H < Hc. At the same 

time, the value of K decreases with the magnitude of magnetic flux density. The values 

of K at different magnitudes of magnetic flux density (Bm) are calculated in such a way 

that the hysteresis loss is minimised without distorting the B-H loop, and then the values 

of K are curve fitted by an exponential function. From the data set of K and Bm, linear 

interpolation can also be used instead of curve fitting technique to find out the K at any 

point of Bm in its specific range. Fig. 3.9 shows the feedback coefficient of upward 

trajectory for H ≥ Hc obtained by curve fitting. The feedback coefficients of upward and 

downward trajectories of Fe-based amorphous magnetic material can be expressed by 

 

     
1

1

1 1
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where a1=1.40113×10-4, b1=4.71577, and c1=2.95626×10-7, respectively. The generalised 

Preisach model with the proposed feedback coefficient can effectively reduce the 

discrepancy between the simulated and experimental results, as shown in Fig. 3.8. If the 

maximum magnetic flux density is unknown before implementing the model, the 

feedback coefficient can be calculated from the peak magnetic field strength as magnetic 

field strength is used as input in Preisach model. Thus, the feedback coefficient can also 

be presented as a function of Hm. Fig. 3.10 shows the feedback coefficient of upward 

magnetisation of Preisach model with Hm for H ≥ Hc. 

 

 
Fig. 3.8. Comparison of the B-H loops predicted by using constant feedback coefficient, proposed feedback 

coefficient, and no-feedback coefficient with the experimental result. 

 

 
Fig. 3.9. The feedback coefficient of upward magnetisation with the change of Bm for H ≥ Hc. 
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Fig. 3.10. The feedback coefficient of upward magnetisation with the change of Hm for H ≥ Hc. 

 

To implement the generalised Preisach model, magnetisation is calculated by (3.14), 

where the first term is calculated by the normal Preisach model and the value of 

squareness, and the rest is calculated from the anhysteretic magnetisation and squareness. 

The resultant magnetisation is calculated iteratively until the error between two 

successive results meets a pre-specified convergence criterion. To increase the 

convergence rate, a suitable acceleration factor or relaxation coefficient, g, is used, and 

magnetisation in each iteration is updated as follows [3.6]: 

 

       ( )o o oM M g M M = + −                                                                                     (3.33) 

 

where oM  , M and Mo are the updated, current and previous magnetisations, respectively.  

On the other hand, minor loops occur due to the incremental H and B, and hence the 

applied H contains local reversible points. To extract the simulated magnetic flux density 

using the Preisach model, the local reversible points must be popped out if the operating 

magnetic field strength outstrips the last reversible point in the previous opposite 

trajectory [3.6]. Consequently, the minor loop is wiped out and does not affect the next 

step magnetisation process. Fig. 3.11 shows an applied magnetic field strength which 

contains two pairs of local reversible points (b, c, e and f). The general magnetisation 

process is carried out up to the popping out point, P. When the operating magnetic field 

strength exceeds the value of magnetic field strength at point P, which is equal to the 

magnetic field strength at point b, the last reversible magnetic field strength Hcc (magnetic 
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field strength at point c) is replaced by Ha (magnetic field strength at reversible point a) 

in the magnetisation process. As a result, the minor loop is completed, and the 

magnetisation process proceeds onto the major B-H loop. Due to the minor loops, the loss 

in the core increases. 

 

 
Fig. 3.11. Calculated and measured magnetic field strengths and magnetic flux densities for minor loops. 

 

3.6 Implementation of Inverse Preisach Models 

3.6.1 Implementation of the Normal Inverse Preisach Model 

The normal inverse Preisach model also uses the limiting loop as the input data. The 

corresponding derivatives of upward and downward magnetisations with respect to the 

magnetic field strength H are then calculated. The derivative of Preisach function can be 

calculated in two ways: the first one is to use the derivatives obtained by (3.22) or (3.23) 

depending on the sign of H, and the other is to calculate it numerically using the data table 

of Preisach function.  

On the initial magnetisation curve, the derivative of magnetisation with respect to H 

(dM/dH) is calculated by (3.21), and H(t) is then calculated by (3.15) and (3.16). Similar 

to the normal Preisach model, the process continues until it reaches the first reversible 

point. The magnetic field strength at a reversible point and its corresponding 

magnetisation is stored in a stack. After that the derivative of magnetisation with respect 

to H is calculated by (3.17) and (3.19) for the downward trajectory. Similarly, (3.18) and 

(3.20) can be used to calculate the derivative of magnetisation with respect to H on the 
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upward trajectory. The magnetic field strength is then calculated from dM/dH by (3.15) 

and (3.16). The process is repeated until it reaches the final time step. 

3.6.2 Implementation of Generalised Inverse Preisach Model 

Due to consideration of the reversible magnetisation and feedback coefficient in the 

proposed generalised inverse Preisach model, the calculation of dB/dH, as shown in 

(3.28), becomes different from the normal inverse Preisach model. The dM/dHe in (3.28) 

is calculated by (3.27) which requires the calculation of dMirr/dHe, squareness, and data 

table of dMan/dHe. The other process is then done in a way similar to the normal inverse 

Preisach model. The normal inverse Preisach model produces higher error than the normal 

Preisach model, as listed in Tables 3.2 and 3.3 (Section 3.8.2.), since H (t) is calculated 

by (3.15) which is a successive approximation procedure neglecting the higher order 

derivative terms. Therefore, the feedback coefficient for the generalised inverse Preisach 

model is considered slightly higher than the generalised Preisach model as shown in Fig. 

3.9 to compensate the excess error. The value of c1 in (3.31) and (3.32) increases from 

2.95626×10-7 to 9.305626×10-7 for the generalised inverse Preisach model, and the other 

values of parameters are considered as the same as those in the generalised Preisach 

model. The flow chart of the generalised inverse Preisach model is shown in Fig. 3.12.  

Similar to the Preisach model, the generalised or normal inverse Preisach model requires 

modification during wiping out of minor loops. When the magnetic flux density outstrips 

the popping point, as shown in Fig. 3.11, the local reversible magnetic field strength is 

replaced by the global reversible magnetic field strength. After wiping out the minor loop, 

the rest process is carried out on the major loop. Since the feedback coefficient is 

calculated from a major loop, the feedback coefficient of generalised inverse model in 

this case is only applied on the major loop. 

In the abovementioned generalised inverse Preisach model, the squareness is considered 

as constant, and measured based on the limiting loop. It has been already discussed in 

Chapter 2 that the contribution of reversible magnetisation in the total magnetisation is 

variable where its contribution is initially high and later it decreases. Thus, the squareness 

can be considered as variable with the magnetic field. Therefore, the generalised inverse 

Preisach model can also be carried out using the variable squareness. For simplicity, in 
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this approach constant feedback coefficient is used in this case. An optimisation technique 

is used for identification of the squareness and feedback coefficient instead of the 

aforementioned techniques. 

 
Fig. 3.12 Flow chart of the proposed inverse Preisach model. 

 

In the optimisation technique, the relative iron loss error, and root mean square of error 

between measured and calculated magnetic field strength are considered as the objective 

functions where both errors are required to be minimum. Since both error criteria do not 
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often become minimum simultaneously, a set of errors will be obtained from the 

optimisation process, and their corresponding feedback coefficient and squareness are 

stored. From this set, the required feedback and squareness can be selected so that both 

errors remain within certain levels. The equations of relative loss error and root mean 

square of error are given below: 

 

mea cal
r

mea
100%P P

P
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−
=                                                                                   (3.34) 
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where εr is the relative core loss error, εs the root mean square error between measured 

and calculated H, Pmea is the measured core loss, Pcal is the calculated core loss, N the 

number of samples per cycle, and Hmeai and Hi the measured and calculated magnetic field 

strength, respectively. The calculated squareness with the change of peak magnetic flux 

density is shown in Fig. 3.13(a). Then, the calculated squareness and feedback coefficient 

can be exploited for implementation of the generalised inverse Preisach model. In the 

same way, the optimisation technique can also be applied for calculation of squareness 

and feedback coefficient of the generalised Preisach model. In this case, the squareness 

depends on the peak magnetic field strength which is shown in Fig. 3.13(b).  
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Fig. 3.13. Variable squarenesses for inverse and direct Preisach model with: (a) maximum magnetic flux 

density, and (b) maximum magnetic field strength, respectively.  

 

However, variable squareness with constant feedback based generalised inverse Preisach 

model is only studied for static hysteresis model. For consideration of dynamic core loss 

and minor loop, the early mentioned variable feedback coefficient with constant 

squareness based generalised inverse model is mainly considered in this chapter. 

3.7 Dynamic Hysteresis Effects 

The abovementioned Preisach and inverse Preisach models can only predict the static 

hysteresis loss. If the excitation frequency increases, the other core loss components, such 

as the eddy current and excess losses, which are also known as dynamic losses, have to 

be considered for calculating the total core loss. According to the Domain model, the 

eddy current losses are produced by micro-eddy currents induced at the vicinity of moving 

domain walls [3.6], [3.31]. Since the ribbon of amorphous magnetic material is very thin, 

the total eddy current loss is significantly smaller than those in silicon steel sheets. For 

simplicity, in the low and medium frequency range, the eddy current paths can be 

considered as global, which is known as the classical eddy current model [3.6], [3.31]. 

Thus, according to the classical model, the magnetic field strength due to the eddy current 

can be obtained by [3.30] 

 
2

12eddy
d BH

t
 

=


                                                                                       (3.36) 
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where σ and d are the conductivity and thickness of the amorphous ribbon, respectively, 

and ΔB is the change of magnetic flux density between two successive discrete time steps. 

Similarly, the magnetic field strength corresponding to the excess loss can be expressed 

as follows [3.30], [3.23]: 

 

0 0.5 0.50.5 0.5exc l exc
B BH GV A K

t B t B


 
= =

   
                                          (3.37) 

 

where Al is the cross-sectional area of the ribbon, G and V0 are constant coefficients 

depending on the material metallurgical properties, and Kexc is equal to the square root of 

the product of Al, G, V0 and σ.  

3.7.1 Identification of Dynamic Coefficients 

While the eddy loss parameters (σ and d) can be easily obtained from measurement or the 

data sheet provided by manufactures, the measurement of excess loss parameters, Al, G, 

and V0 are very difficult to be found out. Instead, Kexc, which is the square root of the 

product of Al, G, V0 and σ, can be calculated directly using curve fitting technique. In the 

curve fitting technique, the measured core losses per unit volume per cycle under 

sinusoidal excitations of different frequencies (starting form 1 Hz or less than 1 Hz) at 

the same magnetic flux density is curve-fitted. According to loss separation approach, the 

total loss, which is the sum of hysteresis, eddy and excess losses, can be expressed by 

using following equation [3.23]: 

 
2 2

2 2 1.5 1.58.76
6t h m exc m

dP P B f K B f
= + +                                                             (3.38) 

 

where Pt is the total core loss per unit volume, and the first, second and third terms on the 

right-hand side are the hysteresis (Ph), eddy current and excess losses per unit volume, 

respectively. Fig. 3.14 shows the curve fitting of the measured core losses per cycle (Pt/f) 

with f for two different maximum magnetic flux densities. The separation of the hysteresis 

and eddy and excess losses from the total loss is also observed in Fig. 3.14. From the Fig. 

3.14, it is also observed that the effect of eddy current is smaller than those of the 
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hysteresis and excess losses. However, both eddy current and excess losses per cycle 

increases with frequency. 

To achieve high accuracy Kexc, the procedure can be repeated for different magnetic flux 

densities, and the average Kexc is finally considered.  
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Fig. 3.14.  Curve fitting of the measured core loss data with frequency for different maximum magnetic 
flux densities, e.g. (a) 1.08 T, and (b) 1.41 T. 
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3.7.2 Incorporation of Dynamic Hysteresis with Inverse Preisach 

Model 

To incorporate the dynamic effects into the generalised inverse Preisach model, the 

magnetic field strength related to the static hysteresis loss is firstly calculated by the 

generalised inverse Preisach model, and the magnetic field strengths corresponding to the 

eddy current and excess losses are then calculated by (3.36) and (3.37), respectively. The 

total magnetic field strength is finally obtained by summing up all these components of 

magnetic field strength. 

3.8 Experimental Verification 

This section presents the experimental verification of different existing and proposed 

models. In addition, comparisons among different models are also presented in this 

section.  

3.8.1 Experimental Testing Method 

Fig. 3.15 shows a test platform for measuring the hysteresis effects of the Fe-based 

amorphous material sample, where the testing set up is based on [3.32] and [3.33]. The 

ring core sample of the selected amorphous magnetic material, which is obtained from 

Guangzhou Amorphous Electronic Technology Co. Ltd., China [3.34], is wound with two 

coils of equal number of turns, known as the excitation and search coils, respectively. 

Table 3.1 lists the different dimensions of core sample and number of turns of the coils. 

The Labview software is utilised for excitation source and data acquisition. A power 

amplifier is utilised to control both the excitation voltage and power levels. The excitation 

current is obtained by measuring the voltage drop (vR) across a resistor of 1  , which is 

connected in series with the excitation coil. Similarly, the magnetic flux density is derived 

by measuring the induced electromotive force (emf) in the search coil. The measured data 

are stored in XLS files and processed by a MATLAB program.  
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Fig. 3.15. Block diagram of the experimental set up for measuring B-H loops of magnetic materials. 

 
 

Table 3.1 

Different parameters of the tested core 

Parameters Values 
Material name Fe-based amorphous (1k101) [3.9], [3.34] 
Core type Toroidal 
Thickness (mm) 0.023 ~ 0.026 
Height (mm) 30 
Outer diameter (mm) 63 
Inner diameter (mm) 45 
Stacking factor 0.80 
Mass density (kg/m3) 7180 
Resistivity µ . cm 130  
Number of turns of coils 24/24 

 

The magnetic field strength is obtained from the excitation current as follows [3.6]: 

 

( )( ) ex ex

m

N i tH t
l

=                                                                                                    (3.39) 

 

where iex is the excitation current, lm the mean length of magnetic core, and Nex the number 

of turns of excitation coil. 

The magnetic flux density is calculated by integrating the induced emf in the search coil 

with respect to time which is as follows: 
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1( ) ( )s
s c

B t v t dt
N A

=                                                                                           (3.40) 

 

where Ac is the effective cross-sectional area of magnetic core, vs the induced emf, and Ns 

the number of turns of search coil. 

Finally, the core loss per unit volume (P) can be calculated by 

 

1

T

dBP H dt
T dt

=                                                                                                      (3.41) 

 

The unit of the abovementioned equation of the total core loss is W/m3. If the unit is 

replaced by W/kg, the right side of (3.41) needs to be divided by the mass density of the 

magnetic material. 

For minor loops, a voltage of 1 Hz fundamental sinusoidal component with a third 

harmonic component is used as the excitation voltage [3.6]. A proportional integral 

controller is also integrated with the experimental set up to control the size and position 

of the minor loops. Fig. 3.16 shows an experimental B-H loop which contains two minor 

loops on a major loop. 

 

 
Fig. 3.16. Comparison among measured and calculated B-H loops for minor loops over a major loop. 
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3.8.2 Verification of Simulated Results 

For verification of the empirical model, the calculated core losses are compared with the 

experimentally measured core losses as shown in Fig. 3.17. From the figure, it is observed 

that the mismatch between measured and calculated losses at initial and ending areas of 

considered frequency range is higher than that obtained at middle of the frequency range.   
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Fig. 3.17. Comparison between measured and calculated power losses per cycle at 1.08 T. 

 

For verification of the Preisach model, the waveform of magnetic flux density is firstly 

calculated from a given magnetic field strength waveform as shown in Fig. 3.3 (Section 

3.5.1). From the figure, it is seen that there is a good agreement between calculated and 

measured magnetic flux densities. The hysteresis losses at different magnetic flux 

densities are firstly calculated by the normal and generalised Preisach models, and then 

compared to the experimentally measured results which are listed in Table 3.2(a) and 

Table 3.2(b), where the unit of hysteresis loss in Table 3.2(a) is W/m3/Hz, and the unit in 

Table 3.2(b) is W/kg/Hz. From Table 3.2, the following three important observations can 

be made: 

(i) The calculated and measured losses are very close to each other although the 

discrepancy increases at a low magnetic flux density since the magnetic coercive 

forces at low flux density are significantly smaller than that of the limiting loop. 
 

(ii) The generalised Preisach model provides a significantly higher precision in 

calculating the hysteresis loss than that of the normal Preisach model, especially 

at low magnetic flux densities. 
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(iii)The hysteresis loss calculated by the proposed feedback coefficient has lower 

error at a low magnetic flux density than that obtained by the constant feedback 

coefficient. This can also be seen from Fig. 3.8 that at the vicinity of Hc, the 

magnetic flux density calculated by using the proposed feedback coefficient is 

closer to the experimental result than that obtained by using constant feedback 

coefficient (K= -1.29113×10-6). 

 

Table 3.2 (a) 
Comparison of calculated and measured hysteresis loss (W/m3/Hz) for Preisach models 

Bm 
(T) 

Test Normal 
Preisach 

Generalised Preisach 
Proposed K (Bm) Constant K 

Ph (W/ 
m3/Hz) 

Ph (W/ 
m3/Hz) 

Error 
(%) 

Ph (W/ 
m3/Hz) 

Error 
(%) 

Ph (W/ 
m3/Hz) 

Error 
(%) 

0.83 21.00 28.40 35.24 26.13 24.43 27.73 32.05 
1.06 31.24 33.51 7.27 32.12 2.82 32.76 4.87 
1.18 37.41 38.03 1.66 37.24 -0.45 37.51 0.27 
1.26 42.52 43.30 1.83 41.98 -1.27 42.48 -0.09 
1.38 50.38 51.40 2.02 50.09 -0.57 50.56 0.36 
1.52 63.22 66.14 4.62 64.64 2.25 65.51 3.62 

            

Table 3.2 (b) 
Comparison of calculated and measured hysteresis loss (W/kg/Hz)  for Preisach models 

Bm 
(T) 

Test Normal 
Preisach 

Generalised Preisach 
Proposed K (Bm) Constant K 

Ph (W/ 
kg/Hz) 

Ph (W/ 
kg/Hz) 

Error 
(%) 

Ph (W/ 
kg/Hz) 

Error 
(%) 

Ph (W/ 
kg/Hz) 

Error 
(%) 

0.83 0.002925 0.003955 35.24 0.003639 24.43 0.003862 32.05 
1.06 0.004351 0.004667 7.27 0.004474 2.82 0.004563 4.87 
1.18 0.005210 0.005297 1.66 0.005187 -0.45 0.005224 0.27 
1.26 0.005922 0.006031 1.83 0.005847 -1.27 0.005916 -0.09 
1.38 0.007017 0.007159 2.02 0.006976 -0.57 0.007042 0.36 
1.52 0.008805 0.009212 4.62 0.009003 2.25 0.009124 3.62 

 
 
Similar to Table 3.2, Table 3.3 lists a comparison of the hysteresis losses at different 

magnetic flux densities obtained by the normal and generalised inverse Preisach models 

with the measured results. The unit of hysteresis loss in Table 3.3(a) is W/m3/Hz and the 

unit in Table 3.3(b) is W/kg/Hz. From Table 3.3, the following three observations can be 

made: 
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(i) The generalised inverse Preisach model with the proposed feedback coefficient 

shows better agreement with the measured results than the normal inverse 

Preisach model and generalised inverse Preisach model with constant feedback 

coefficient. 
 

(ii) The error decreases with the increase of magnetic flux density. 
 

(iii) The calculation of maximum magnetic field strengths by both inverse Preisach 

models are almost the same, and both are close to the measure result. For instance, 

the calculated maximum magnetic field strength by the normal and proposed 

inverse Preisach models at 1.26 T are 76.95 A/m and 75.83 A/m, respectively, 

whereas the measured magnetic field strength is 78.19 A/m. 

Fig. 3.18 shows the comparison of hysteresis losses obtained from generalised inverse 

Preisach model with variable squareness and constant squareness along with the constant 

feedback coefficient. It is observed from Fig. 3.18 that variable squareness based 

generalised inverse Preisach model shows better performance than the constant 

squareness based generalised inverse Preisach model. It happens because the accuracy of 

generalised inverse Preisach model generally increases with increase of the magnetic 

induction levels. In the same way, with increase of squareness, the accuracy of the model 

increases especially in the range of 1 T to 1.4 T.  

 

Table 3.3(a) 
Comparison of calculated and measured hysteresis loss (W/m3/Hz) for inverse Preisach 
models 

Bm 
(T) 

Test Normal inverse 
Preisach 

Generalised inverse Preisach 
Proposed K Constant K 

Ph (W/ 
m3/Hz) 

Ph (W/ 
m3/Hz) 

Error 
(%) 

Ph (W/ 
m3/Hz) 

Error 
(%) 

Ph (W/ 
m3/Hz) 

Error 
(%) 

0.83 21.00 27.21 29.57 25.12 19.62 27.16 29.33 
1.06 31.24 35.76 14.47 34.03 8.93 35.75 14.44 
1.18 37.41 41.54 11.04 39.61 5.88 41.50 10.93 
1.26 42.52 44.88 5.55 42.89 0.87 44.71 5.15 
1.38 50.38 51.09 1.41 48.72 -3.29 50.95 1.13 
1.52 63.22 67.64 6.99 63.94 1.34 67.41 6.62 
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Table 3.3(b) 
Comparison of calculated and measured hysteresis loss (W/kg/Hz) for inverse Preisach 
models 

Bm 
(T) 

Test Normal inverse 
Preisach 

Generalised inverse Preisach 
Proposed K Constant K 

Ph (W/ 
kg/Hz) 

Ph (W/ 
kg/Hz) 

Error 
(%) 

Ph (W/ 
kg/Hz) 

Error 
(%) 

Ph (W/ 
kg/Hz) 

Error 
(%) 

0.83 0.002925 0.003790 29.57 0.003499 19.62 0.003783 29.33 
1.06 0.004351 0.004981 14.47 0.004740 8.93 0.004979 14.44 
1.18 0.005210 0.005786 11.04 0.005517 5.88 0.005780 10.93 
1.26 0.005922 0.006251 5.55 0.005974 0.87 0.006227 5.15 
1.38 0.007017 0.007116 1.41 0.006786 -3.29 0.007096 1.13 
1.52 0.008805 0.009421 6.99 0.008905 1.34 0.009389 6.62 

 
 

Furthermore, the prediction accuracies of hysteresis loss of both the normal and 

generalised inversed Preisach models depend significantly on the number of sampling 

points of magnetic flux density per cycle. For instance, if the number of sampling points 

of magnetic flux density per cycle is increased from 500 to 1000, the error of hysteresis 

loss calculation at 1.18 T by generalised inversed Preisach model can be reduced from 

8.50% to 5.88%. 
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Fig. 3.18. Comparison of calculated and measured hysteresis loss using inverse Preisach models with 
different squareness conditions.  
 
 
When the minor loops are considered on a major loop, the discrepancy between the 

calculated and experimental results increases slightly, as shown in Figs. 3.11 and 3.16, 

due to the following reasons: (i) the congruent property of the normal Preisach model, 



 
 

81 
 
 

although for the generalised Preisach model the congruent property has been relaxed 

[3.15]; (ii) the low incremental magnetic field strength as the discrepancy between the 

calculated and experimental results increases at low magnetic field strength [3.28]; (iii) 

further deviation occurs if the minor loops happen at the vicinity of magnetic coercive 

force for the reason discussed in Section 3.5.2.3. However, a significant improvement in 

the calculation of hysteresis loss is obtained by the proposed inverse Preisach model in 

comparison to the normal inverse Preisach model. Table 3.4 lists a comparison of the 

calculated and measured hysteresis losses with minor loops. As shown in Table 3.4, the 

errors in the calculation of hysteresis loss at 1.24 T by the proposed and the normal inverse 

Preisach models are 7.24% and 11.55%, respectively. 
  

 
Table 3.4 
Comparison of calculated and measured hysteresis loss with minor loops 

Ph (Test) 

(W/m3/Hz) 

Normal inverse 

Preisach 

Generalised inverse Preisach 

Ph (W/m3/Hz) Error Ph (W/m3/Hz) Error 

46.67 52.06 11.55% 50.05 7.24% 

 

 

In the case of dynamic hysteresis losses, the losses are calculated by the normal and 

proposed inverse Preisach models at the same magnetic flux density with different 

frequencies. The calculated and experimental results are then curve fitted and compared 

with each other, as shown in Fig. 3.19 (a) and 3.19(b), where the unit of core loss per 

cycle in Fig. 3.19 (a) is W/m3/Hz, and the unit in Fig. 3.19 (b) is W/kg/Hz. It is observed 

from Fig. 3.19 that the results calculated by the proposed generalised inverse Preisach 

model are closer to the measured results than those by the normal inverse Preisach model. 

On the other hand, both inverse Preisach models show better agreement with the 

experimental results than those obtained by empirical model. 



 
 

82 
 
 

0 100 200 300 400 500
0

10

20

30

40

50

60

70

Experimental method

Experimental method
(Curve fitted)

Normal Inverse Preisach 

Normal Inverse 
Preisach (curve fitted) 

Empirical method 
(curve fitted)

Empirical method

Generalized Inverse 
Preisach (Proposed)

Generalized Inverse Preisach 
(curve fitted) 

Frequency (Hz)

Co
re

 lo
ss

 (W
/m

3 /H
z)

        
(a) 

0 100 200 300 400 500
0

0.002

0.004

0.006

0.008

0.01

Experimental method

Experimental method
(Curve fitted)

Generalized Inverse 
Preisach (Proposed)

Generalized Inverse Preisach (curve fitted) 

Normal Inverse Preisach 

Normal Inverse 
Preisach (curve fitted) 

Empirical method

Empirical method 
(curve fitted)

Frequency (Hz)

Co
re

 lo
ss

 (W
/k

g/
H

z)

 
(b) 

Fig. 3.19. A comparison between calculated and measured core losses versus frequency at Bm=1.29 T with 
two different loss units: (a) W/m3/Hz and (b) W/kg/Hz. 
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Fig. 3.20. A comparison of errors in calculation of core loss using different models. 
 

Fig. 3.20 shows the percentage of errors for different calculated points obtained by the 

various models. It is observed from the figure that the accuracy of the proposed 
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generalised inverse Preisach model is higher than those of other two models. In addition, 

the percentage of error in the calculation of core loss by the proposed generalised inverse 

Preisach model decreases with the increase of the frequency.   

The experimental and calculated B-H loops of the Fe-based amorphous magnetic material 

at 500 Hz are shown in Fig. 3.21. From the figure, it is observed that the calculated B-H 

loop by the proposed model is very close to the measured loop. However, the B-H loop 

becomes small when the excess loss is excluded from the core loss. On the other hand, 

when both the eddy current and excess losses are excluded, i.e. if only hysteresis loss is 

considered, the B-H loop seems similar to the loop that considers both hysteresis and eddy 

current losses. The reason for this similarity is that the effects of eddy current loss in the 

amorphous sample are not as significant as those in the conventional magnetic materials, 

e.g. SiFe sheets, since the thickness of the ribbon of Fe-based amorphous magnetic 

material sample is much thinner than those of SiFe sheets [3.35]. 

 

 
Fig. 3.21. Calculated and measured B-H loops at 500 Hz and 1.29 T. 

 

3.9 Conclusion 

A generalised inverse Preisach dynamic hysteresis model is proposed in this chapter for 

characterisation of the Fe-based amorphous magnetic materials. The proposed model 

incorporates the reversible magnetisation component into the Preisach elemental operator 

and magnetisation dependent feedback coefficient that are missing in the existing types 

of inverse Preisach models, and thus can accurately characterise the dynamic performance 

of magnetic cores of the Fe-based amorphous magnetic materials for both low and 
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medium frequency applications. The theoretical derivation and numerical implementation 

of the proposed model are presented in details based on discussions of the existing normal 

Presiach model, generalised Preisach model, and normal inverse Preisach model. The 

theoretical results of the proposed and existing inverse Preisach models are compared 

with the experimental measurement results. The proposed model has demonstrated higher 

accuracy than the normal inverse Preisach model for the cases of both major loops and 

major loop plus minor loops under different excitation magnitudes as well as frequencies. 

However, inverse Preisach models are not only capable of calculation of magnetic field 

strength from magnetic flux density but also provides better prediction of iron loss than 

empirical model.  

References 

[3.1] K. Venkatachalam, C. R. Sullivan, T. Abdallah, and H. Tacca, “Accurate prediction of ferrite core 
loss with nonsinusoidal waveforms using only Steinmetz parameters,” in Proc. IEEE Workshop 
Comp. Power Electron., Mayaguez, Puerto Rico, USA, pp. 36–41, Jun. 3–4, 2002. 

[3.2] S. Hussain and D. A. Lowther, “The Modified Jiles–Atherton Model for the accurate prediction of 
iron losses,” IEEE Trans. Magn., vol. 53, no. 6, Jun. 2017, Art no. 7300504. 

[3.3] I. D. Mayergoyz, Mathematical models of hysteresis, Springer-Verlag, 1991. 

[3.4] I. D. Mayergoyz and G. Friedman, “The Preisach model and hysteresis energy losses,” J. Appl. 
Phys., vol. 61, pp. 3910-3912, 1987. 

[3.5] A. Ivanyi, Hysteresis models in electromagnetic computation, Akademiai Kiado, Budapest, 
Hungary, 1997. 

[3.6] J. G. Zhu, Numerical modelling of magnetic materials for computer aided design of electromagnetic 
devices, Ph.D. Dissertation, School of Electrical Engineering, University of Technology Sydney, 
Australia, July 1994. 

[3.7] E. D. Torre, “Magnetization calculation of fine particles,” IEEE Trans. Mag., vol. 22, no. 5, pp. 484-
489, Sep. 1986. 

[3.8] Y. D. Yan and E. D. Torre, “Particle interaction in numerical micromagnetic modelling, J. Appl. 
Phys., vol. 67, pp. 5370-5372, 1990. 

[3.9] Henan ZY Amorphous Technology Co. Ltd. Available: https://www.zyamorphous.com/. (Accessed: 
September 25, 2019). 

[3.10] M. R. Islam, G. Lei, Y. Guo, and J. Zhu, “Optimal design of high-frequency magnetic links for 
power converters used in grid-connected renewable energy systems,” IEEE Trans. Magn., vol. 50, 
no. 11, Nov. 2014, Art. 2006204. 

[3.11] A. Benabou, J. V. Leite, S. Clénet, C. Simão, and N. Sadowski, “Minor loops modelling with a 
modified Jiles–Atherton model and comparison with the Preisach model,” J. Mag. Mag. Mats., vol. 
320, no. 20, pp. e1034–e1038, Oct. 2008. 

[3.12] G. Kadar and E. D. Torre, “Hysteresis modeling: I. Non-congruency,” IEEE Trans. Magn., vol. 23, 
no. 5, pp. 2820–2822, Sep. 1987. 



 
 

85 
 
 

[3.13] E. D. Torre, “Existence of magnetization-dependent Preisach models,” IEEE Trans. Magn., vol. 27, 
no. 4, pp. 3697–3699, July 1991. 

[3.14] J. Oti, F. Vajda, and E. D. Torre, “Identification of parameters in a moving model,” J. appl. Phys., 
vol. 69, no. 8, pp. 4826–4828, Apr. 1991. 

[3.15] F. Vajda and E. Della Torre, “Efficient numerical implementation of complete-moving-hysteresis 
models,” IEEE Trans. Magn., vol. 29, no. 2, pp. 1532–1537, Mar. 1993. 

[3.16] Z. Szabó and J. Füzi, “Implementation and identification of Preisach type hysteresis models with 
Everett Function in closed form,” J. Magn. Magn. Mater. vol. 406, pp. 251–258, May 2016. 

[3.17] Y. Cao, K. Xu, W. Jiang, T. Droubay, P. Ramuhalli, D. Edwards, B. R. Johnson, J. McCloy, 
“Hysteresis in single and polycrystalline iron thin films: major and minor loops, first order reversal 
curves, and Preisach modeling,” J. Magn. Magn. Mater. vol. 395, pp. 361–375, 2015. 

[3.18] D. Atherton, B. Szpunar, and J. Szpunar, “A new approach to Preisach diagrams,” IEEE Trans. 
Magn., vol. 23, no. 3, pp. 1856–1865, May 1987. 

[3.19] I. D. Mayergoyz and G. Friedman, “Generalized Preisach model of hysteresis,” IEEE Trans. Magn., 
vol. 24, no. 1, pp. 212–217, Jan. 1988. 

[3.20] I. D. Mayergoyz, “Dynamic Preisach models of hysteresis,” IEEE Trans. Magn., vol. 24, no. 6, pp. 
2925–2927, Nov. 1988. 

[3.21] Y. Bernard, E. Mendes, and F. Bouillault, “Dynamic hysteresis modeling based on Preisach model,” 
IEEE Trans. Magn., vol. 38, no. 2, pp. 885–888, Mar. 2002. 

[3.22] E. Cardelli, E. D. Torre, and B. Tellini, “Direct and inverse Preisach modeling of soft materials,” 
IEEE Trans. Magn., vol. 36, no. 4, pp. 1267–1271, Jul. 2000. 

[3.23] E. Fallah and J. S. Moghani, “A new approach for finite-element modeling of hysteresis and dynamic 
effects,” IEEE Trans. Magn., vol. 42, no. 11, pp. 3674–3681, Nov. 2006. 

[3.24] C. P. Steinmetz, “On the law of hysteresis,” Trans. American Ins. Elect. Engr., no. 1, pp. 1–64, Jan. 
1892. 

[3.25] L. Evangelista, M. A. Carvalho, and P. A. P. Wendhausen, “Steinmetz coefficients’ prediction based 
on processing parameters of soft magnetic composites,” IEEE Trans. Magn., vol. 56, no. 2, pp. 1-5, 
Feb. 2020, Art no. 2000205. 

[3.26] L. R. Dupré, R. V. Keer, and J. A. A. Melkebeek, “Evaluation of magnetostrictive effects in soft 
magnetic materials using the Preisach theory,” J. Magn. Magn. Mater., vol. 254–255, pp. 121–123, 
Jan. 2003. 

[3.27] S. Y. R. Hui and J. Zhu, “Numerical modelling and simulation of hysteresis effects in magnetic 
cores using transmission-line modelling and the Preisach theory,” IEE Proc. – Elect. Pow. Appls., 
vol. 142, no. 1, pp. 57–62, Jan. 1995. 

[3.28] S. R. Naidu, “Simulation of the hysteresis phenomenon using Preisach's theory,” IEE Proc. A Phy. 
Sci. Mea. Inst. Man. Edu., vol. 137, no. 2, pp. 73–79, Mar. 1990. 

[3.29] J. G. Zhu, S. Y. R. Hui, and V. S. Ramsden, “A dynamic equivalent circuit model for solid magnetic 
cores for high switching frequency operations,” IEEE Trans. Power Electron., vol. 10, no. 6, pp. 
791–795, Nov. 1995. 

[3.30] N. Sadowski, N. J. Batistela, J. P. A. Bastos, and M. Lajoie-Mazenc, “An inverse Jiles-Atherton 
model to take into account hysteresis in time-stepping finite-element calculations,” IEEE Trans. 
Magn., vol. 38, no. 2, pp. 797–800, Mar. 2002. 

[3.31] C. R. Boon and J. A. Robey, “Effect of domain-wall motion on power loss in grain-oriented silicon-
iron sheet,” Proc. IEE., vol. 115, no. 10, pp. 1535–1540, 1968. 



 
 

86 
 
 

[3.32] P. Kis, M. Kuczmann, J. Fuzi, and A. Ivanyi, “Hysteresis measurement in LabView”, Pysica B: 
Cond. Matt., vol. 343, no. 1–4, Jan. 2004. 

[3.33] S. Y. R. Hui, J. G. Zhu, and V. S. Ramsden, “A generalized dynamic circuit model of magnetic cores 
for low- and high-frequency applications. II. Circuit model formulation and implementation,” IEEE 
Trans. Power Electron., vol. 11, no. 2, pp. 251–259, Mar. 1996. 

[3.34] Guangzhou Amorphous Electronic Technology Co. Ltd. [Online]. Available: 
https://www.coilcore.com/. (Accessed: December 22, 2019) 

[3.35] A. Krings, M. Cossale, A. Tenconi, J. Soulard, A. Cavagnino, and A. Boglietti, “Magnetic materials 
used in electrical machines: a comparison and selection guide for early machine design,” IEEE Ind. 
Appl. Mag., vol 23, no. 6, pp. 21–28, Nov.- Dec. 2017. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

87 
 
 

Chapter    4  Modelling of Amorphous Magnetic 
Material Using Jiles-Atherton Model 
 

4.1 Introduction 

In the previous chapter, empirical as well as direct and inverse Preisach model are utilised 

to characterise the selected Fe-based amorphous magnetic material. In this chapter, 

another characterisation tool named J-A model is used to model the magnetic material. 

The J-A models [4.1]−[4.9] can also be capable to present the nonlinear properties of 

magnetic material, and requires less computational time and memory resources compared 

to Preisach model [4.1], [4.8]. Depending on whether the orientation of the applied 

magnetic field varies, the J-A models can be classified into the scalar J-A model and 

vector J-A model [4.10]. In this chapter, the scalar J-A model is considered to characterise 

the selected Fe-based amorphous magnetic material named amorphous 1k101 [4.11], 

[4.12] under the alternating magnetic excitation that varies with time in a fixed 

orientation. 

The original J-A model consists of some equations which are mainly equations of 

magnetisation susceptibility with respect to the applied magnetic field strength, 

irreversible magnetisation susceptibility with respect to effective magnetic field strength, 

reversible and anhysteretic magnetisations, and the effective magnetic field strength. The 

J-A model equations generally need to be identified some model parameters which are 

pinning coefficient or loss factor k, reversibility coefficient c, domain interaction α, 

anhysteretic magnetisation’s shape parameter a, and saturation magnetisation Ms [4.4]–

[4.7]. In the original J-A model [4.4]–[4.6], all model parameters are considered as 

constants for the whole range of magnetic induction levels. Different researchers [4.1], 

[4.13] later observed that the pinning parameter or loss parameter k depends on the 

magnetic induction levels. After considering the loss factor as a function of B or H, the 

modelling of magnetic core shows higher agreement between measured and calculated 

waveform of B or H than that with the constant loss factor k. In the same way, it was also 

observed that at low magnetic induction levels, the J-A model produces more error in 

calculation of core loss as well as higher difference between experimental and calculated 

waveform of B or H than those at high magnetic induction levels [4.14]–[4.16]. The main 
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reason for these high discrepancies at low magnetic induction levels is that model 

parameters are calculated based on a large B-H loop, and consequently the rate of 

reversible magnetisations at low magnetic induction levels becomes larger than its actual 

values. To reduce the rate of the reversible magnetisation, a scaling factor, which can be 

a constant value or the function of B or H depending on the input of the model, is 

incorporated into the equation of rate of change of reversible magnetisation [4.14]–[4.16]. 

Therefore, both calculated iron loss and calculated B or H show better agreement with 

experimental results. Recently, the authors of [4.3] considered both variable loss factor k 

and variable scaling factor R in the J-A model which gives higher agreement between 

experimental and calculated results than the one in a situation where they are constant 

values or one of them keep constant and another is variable.  

The model parameters are initially calculated by solving some equations which are based 

on model equations at some specific conditions on a large B-H loop of a magnetic material 

[4.5], [4.6], [4.17]. The problem of the initial methods is that they provide the low 

accuracy in the calculations of B or H and iron loss. Later different optimisation 

techniques [4.13], [4.15], [4.18]–[4.20] such as genetic algorithm, stimulated annealing 

and particle swarm optimisation are utilised to obtain the model parameters, which 

improve the accuracy of the J-A model. The optimisation techniques as well as other 

similar methods [4.1], [4.7] are actually exploited in such a way that the error becomes 

the minimum. The different error criteria [4.1], [4.7], [4.13], [4.19], [4.21], [4.22] such as 

the mean error, or mean square error or root mean square error between experimental and 

calculated B or H are generally used in the optimisation techniques. Among different error 

criteria, the root mean square is widely used to identify the model parameters. The 

identified model parameters are then used for calculation of B-H loop, and the iron loss 

is finally calculated from the calculated B-H loop. The detailed analysis of measured and 

calculated B-H loop shows that the minimum relative error in the iron loss calculation 

does not often occur simultaneously with the minimum root mean square error of 

calculated B or H. It is also observed that with a slight increase of root mean square of 

error between calculated and experimental waveform of B or H, the relative error of the 

calculation of iron loss reduces significantly. Therefore, in the optimisation techniques 

double error criteria, where one is based on the conventional root mean square of error 

and the other is based on the relative iron loss error, can be a good technique for high 
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accuracy of iron loss calculation along with satisfactory calculated waveform of B or H. 

In this study, Brute Force algorithm-based optimisation [4.23] is utilised to identify the 

model parameters. The advantages of the Brute Force optimisation method are that the 

method is easily executed, and does not require derivative evaluation or any sophisticated 

intelligent techniques.  

If the root mean square error of calculated B or H slightly increases, the error in the 

calculation of coercive magnetic force (Hc) increases a bit. To improve the calculation of 

Hc as well as B or H, a scaling factor can be included in the anhysteretic magnetisation 

instead of its general inclusion into the equation of the rate of change of reversible 

magnetisation. The inclusion of the scaling factor in the anhysteretic magnetisation 

simultaneously reduces the rate of irreversible magnetisation and anhysteretic 

magnetisation, and consequently it provides better agreement between experimental and 

calculated results than the existing inclusion way of scaling factor.  

In this chapter, the selected Fe-based amorphous magnetic material is characterised by a 

modified J-A model. The main contributions of the study include incorporation of an 

additional error criterion along with general error criterion for the identification of the J-

A model parameters, and inclusion of a scaling factor in the anhysteretic magnetisation 

of original J-A model in order to reduce the rate of irreversible magnetisation and 

anhysteretic magnetisation especially at the low magnetic induction levels. Dynamic 

models, which signify the eddy current and excess loss models, are later incorporated 

with the static modified J-A model to make the model generalised. The proposed method 

of parameter identification and proposed modified J-A model are examined by comparing 

the calculated results with experimental as well as recently publish works in the literature. 

4.2 Jiles-Atherton model 

The implementation process of the J-A model for characterisation of magnetic materials 

can be divided into two parts: formulation of J-A model and identification of J-A model 

parameters which are discussed in the next two subsections. 
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4.2.1 Formulation 

It is already discussed that J-A model consists of a set of equations which are given below 

[4.2], [4.5], [4.6], [4.17]: 
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where k and c are the model parameters, Man the anhysteretic magnetisation, He the 

effective magnetic field strength, M the total magnetisation and δ the directional 

parameter which is +1 for dH/dt > 0 and -1 for dH/dt < 0.  
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According to [4.6] and [4.10], it can be assumed that dMirr/dHe becomes zero in the 

magnetisation process if (Man - Mirr)dHe < 0 as the domain wall displacement does not 

exist in that case. Therefore, (4.1) can be updated as follows [4.7], [4.10], [4.24]: 
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To improve the accuracy in the calculation of B by J-A model especially at low induction 

levels, a scaling factor is included in (4.1) which actually reduces the rate of irreversible 

magnetisation. Thus, according to [4.16], (4.1) can be modified as follows: 

 

( )an irrirr

e
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−
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where R is the scaling factor which can be a constant or a function of B or H. In addition, 

for further improvement of the model, the pinning parameter, k of the J-A model can also 

be expressed as a function of B or H depending on the input [4.1], [4.13].  

4.2.2 Identification of Model Parameters 

In the last few decades, different optimisation techniques, such as genetic algorithm, 

stimulated annealing and particle swarm optimisation, are becoming popular to identify 

the J-A model parameters. The optimisation techniques, which are generally used for 

parameter identification, consider different error criteria that need to be minimum [4.1], 

[4.7], [4.13], [4.19], [4.21], [4.22]. The root mean square of error, which is mainly error 

between measured B and calculated B, is commonly used as error criterion that can be 

expressed as follows [4.1]: 
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where εs is the root mean square of error, N the number of samples per period of the 

magnetic flux density, Bmeai the measured magnetic flux density, and Bcali the calculated 

magnetic flux density. The minimum root mean square of error in calculation of B or H 

of a B-H loop is calculated using optimisation techniques, and the corresponding J-A 

model parameters are selected for implementation of the model. 

4.3 Proposed Model 

For design of electromagnetic devices, the proper tracing of H from B or vice versa, and 

the corresponding iron loss calculation are necessary. The conventional identifications of 

J-A model parameters are mainly based on the error between experimental and calculated 

B or H. In the identification process, the relative error between experimental and 

calculated iron loss is generally ignored. The error in the calculation of the iron loss is 

obtained from the difference between experimental and calculated iron losses which is as 

follows: 

 

100%mea cal
r

mea

P P
P


−

=                                                                                      (4.13) 

 

where εr is the relative iron loss error, Pmea is the measured iron loss and Pcal is the 

calculated iron loss. In this chapter, the calculated Pcal is expressed in W/kg, which is as 

follows: 

1
T

dBP H dt
T dt

=                                                                                                  (4.14) 

 

where P is the iron loss (W/kg), T time period (s), and ρ the mass density (kg/m3) of the 

core. If anyone wants to express the iron loss in W/m3, the right side of (4.14) needs to 

be multiplied by the mass density ρ of the magnetic material. 
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In this study, it is investigated using experimental and calculated data using J-A model 

that there exist some cases where the minimum root mean square of error (εs) between the 

calculated and measured B, and the minimum relative error in the iron loss calculation do 

not often occur simultaneously. Therefore, the relative error of iron loss calculation 

sometimes increases to maintain the minimum εs. The existing modified J-A model 

reported in [4.3] is firstly exploited here where k and R are assumed as function of H. 

After implementing the J-A model, it is observed from Fig. 4.1(a), that the minimum εs 

at 1.26 T is 0.0347 where the relative error of iron loss calculation, εr is 11.701%. On the 

other hand, the minimum relative error of the iron loss calculation at the same magnetic 

induction is 0.017% where the εs is 0.0625. Similarly, at 0.83 T, both types of errors do 

not occur simultaneously as shown in Fig. 4.1(b). It is observed from the calculated results 

that slight increase of εs, such as from 0.0347 to 0.0473 at 1.26 T, significantly reduces 

the iron loss error such as from 11.701% to 4.512%. Therefore, in this study, both εs and 

εr are considered as error criteria where both are slightly higher than their minimum 

values, i.e. a trade-off between εs and εr is set as error criteria in the optimisation 

technique. To express εs as percentage of its maximum value, (4.12) can be updated as 

follows:  
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Since εs slightly increases by the proposed parameter identification method, the errors of 

the calculation of coercive magnetic field strength (Hc) increases as shown in Fig. 4.2. To 

mitigate these errors, the rate of irreversible component can be reduced especially at lower 

magnetic induction levels by introducing a scaling factor in the anhysteretic 

magnetisation as shown in (4.16) instead of the scaling factor with the irreversible 

component of magnetisation [4.3] as shown in (4.11). Therefore, according to the 

proposed anhysteretic magnetisation, the expressions of the anhysteretic magnetisation 

and its derivative with respective to He can be written as: 
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Fig. 4.1. Comparison of B-H loops obtained by experimental measurement and the J-A models for 1 Hz 

sinusoidal excitations at (a) Bm = 1.26 T and (b) Bm = 0.83 T.  
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where ν is the scaling factor which is the function of H or B depending on the input of J-

A model. As the scaling factor is only necessary for inner B-H loops, the parameter 

identification for the large B-H loop is carried out with considering 1 as the value of ν. 

Since the domain wall displacement does not exist in a specific conditions, e.g. (Man - 

Mirr)dHe < 0, the rate of irreversible magnetisation with respect to the He is calculated in 

this study by (4.9) instead of (4.11).  

To identify the J-A model parameters, a large B-H loop with various inner loops are firstly 

experimentally measured, as the identification process is based on the measured data. The 

detailed experimental process is discussed in Chapter 3. Since the Brute Force 

optimisation technique is utilised in this study, the J-A model parameters (k, c, a, α and 

Ms) are swept away over their specific ranges to produce many sets of model parameters. 

After that J-A model is implemented using each set of model parameters to calculate B 

from the given H of the large measured B-H loop. The calculated and measured B-H loops 

are then exploited to calculate the objective functions which are: (i) εr < εrc and  i i) εs < 

εsc, where εrc and εsc are the minimum allowable εr and εs, and εr and εs are calculated by 

(4.13) and (4.15), respectively.  If the values of εr and εs remain within their limits, their 

values and corresponding model parameters are stored otherwise rejected. When the 

search is completed, the required solution is selected from the stored data depending on 

the optimal target. After selecting the J-A model parameters for the large loop, the 

variables k and ν at other induction levels are calculated with considering other selected 

four parameters (c, a, α and Ms) as constants. In these cases, k and ν are only swept away 

over their ranges, and their optimum values are selected in the same way as for the large 

B-H loop. Fig. 4.3 shows the flow chart of the proposed method for identifying the J-A 

model parameters. However, instead of a single global optimum value, a set of optimal 

solutions known as Pareto-optimal solutions, is generally obtained in this study. Pareto-

optimal solutions for calculation of k and ν at Bm=1.26 T are shown in Fig. 4.4. From the  
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Fig. 4.3. Flow chart of the proposed method for the identifying the J-A model parameters. 
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figure, it is observed that minimum εr and εs do not occur at the same point where each 

point associates with a feasible set of k and ν that satisfy the error criteria. Thus, a point 

is selected in such a way that both εr and εs remain in the acceptable values, as shown in 

Fig. 4.4. 
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Fig. 4.4. Pareto-optimal solutions by optimisation technique to identify model parameters at 1.26 T.  
 
 
The constant parameters, c, a, α, and Ms of the J-A model are considered as 0.18, 

53.51A/m, 1.10 × 10-4 and 1420000 A/m, respectively. The values of k and ν for the 

considered magnetic core are shown in Figs. 4.5 and 4.6, respectively.  
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Fig. 4.5. The values of the loss factor k with the change of peak magnetic field strength, Hm.  
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Fig. 4.6. The values of scaling factor ν with the change of peak magnetic field strength, Hm.  

 
In the above-proposed algorithm of the J-A model parameter identification, one of the 

important tasks is the calculation of B from H using the J-A model, as shown in Fig. 4.3. 

To implement the J-A model, He, Man, dMan/dHe, Mirr and dMirr/dHe are firstly calculated 

by (4.6), (4.16), (4.17), (4.3), and (4.9), respectively. After that the calculated values of 

dMan/dHe and dMirr/dHe are exploited to calculate the value of dM/dH by (4.5). The value 

of dM/dH at any time step is used to calculate the magnetisation for the next time step by 

(4.7). Finally, the corresponding B for a given H is calculated by (4.8). The process is 

repeated until the calculation of B reaches at final time, tf. 

 
4.4 Inverse J-A model 

For modelling of a magnetic material using finite element method, it generally requires 

the calculation of H from B which can be achieved by inverse J-A model. In the inverse 

J-A model, the calculation M at the next step is firstly carried out using its present value, 

its derivative with respect to B (dM/dB) and the change of B between two consequent 

steps [4.16]. H is then calculated from M and B. Using the modified J-A model, the change 

of magnetisation with respective to magnetic flux density can be defined by as follows 

[4.24]: 
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where Man in this study is calculated by (4.16) instead of conventional Man as shown in 

(4.4), and dMan/dHe is calculated by (4.17). Similar to the proposed modified J-A model, 

k and ν are considered as variables in the proposed modified inverse J-A model. The same 

values of the other constant parameters of the direct J-A model are used in the inverse J-

A model. The values of k and ν of the inverse J-A model are also calculated in the same 

way as the direct J-A model. Figs. 4.7 and 4.8 show the obtained values of k and ν with 

the change of peak magnetic flux density, respectively. 
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Fig. 4.7. The values of the loss factor k with the change of peak magnetic flux density, Bm.  
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Fig. 4.8. The values of scaling factor ν with the change of peak magnetic flux density, Bm.    

 

4.5 Inclusion of Dynamic Losses 

Both direct and inverse J-A models with certain model parameters can be used for any 

specific frequency where all types of magnetic iron losses, e.g. hysteresis loss, eddy 
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current and excess losses, are inherently retained. The same J-A model parameters cannot 

be applied if the operating frequency is changed as the B-H loop changes with the 

frequency. To make the generalised J-A model, the loss separation approach is considered 

where hysteresis, eddy current and excess losses are modelled separately [4.2]. The 

magnetic field strengths corresponding to the hysteresis and other two losses are 

calculated using inverse J-A model, classical eddy current and conventional excess loss 

models, respectively. For hysteresis loss, parameter identification of the inverse J-A 

model can be carried out based on the B-H loops at very low frequency (e.g. no more than 

1 Hz) as at that low operating frequency the eddy current and excess losses are negligible. 

The obtained model parameters can be then used for calculating hysteresis loss and the 

corresponding magnetic field strength for any frequency. Therefore, the total magnetic 

field strength can be written as [4.2], [4.25]: 
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where HT is the total magnetic field strength, d the thickness of the amorphous ribbon, σ 

the conductivity, Δt the time step between two samples, ΔB the change of magnetic flux 

density within Δt, Al the cross-sectional area of the amorphous ribbon, and G and V0 are 

constant coefficients. The (σGV0 Al)1/2 in (4.19) can be calculated by using curve fitting 

of core loss data which has been already discussed in Chapter 3. The total iron loss is then 

calculated by (4.14) where the total magnetic field strength is calculated by (4.19).  

4.6 Results and Discussions 

For experimental verification of the proposed error criteria and proposed modified J-A 

model, a toroidal amorphous magnetic core is also utilised in this study. The details of 

experimental procedure can be obtained in Chapter 3. 

It has been already discussed in Section 4.3 that the minimum εs and minimum εr do not 

often occur simultaneously, and consequently the relative iron loss error εr at the 

minimum εs sometimes becomes much higher than its minimum value. Therefore, by 

using the proposed error criteria where two error criteria are exploited, the value of εr 

reduces significantly, as shown in Fig. 4.9. On the contrary, the proposed error criteria of 
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the optimisation method for parameter identification slightly increases the values of εs, as 

shown in Fig. 4.10. The proposed modified J-A model, where the scaling factor is 

introduced in the anhysteretic magnetisation, reduces the percentage of root mean square 

error εs, as shown in Fig. 4.10. In addition, the proposed modified J-A model reduces the 

error in the calculation of coercive magnetic forces, as shown in Fig. 4.2 (Section 4.3). 

From Fig. 4.10 it is also observed that the εs for the J-A models decreases significantly 

with the increase of the magnetic induction level. At a low magnetic induction level such 

as 0.12 T, the εs for the proposed modified J-A model is about 19.59 %. On the other 

hand, at high induction level such as 1.52 T, the εs is about 1.92 %.  
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Fig. 4.9. Percentage of core loss error, εr with change of peak magnetic flux densities for the proposed error 

criterion and existing error criterion. 
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In this study, the inverse J-A model is also based on the proposed error criteria and the 

proposed modified J-A model. As H is calculated from B by the inverse J-A model, both 

loss and scaling factors depend on the Bm. From Fig. 4.11, it is observed that the calculated 

H using the proposed modified inverse J-A model shows a good agreement with the 

measured H, where the correlation coefficient, r = 0.9987. For consideration of more 

complex signals than the conventional sinusoidal signal, the minor loops on a major B-H 

loop are also considered in this study. Two minor loops on a major B-H loop are 

experimentally obtained by applying an excitation voltage consisting of a 1 Hz 

fundamental sinusoidal component with a third harmonic component which can be 

obtained details in Chapter 3. The proposed modified inverse J-A model is then applied 

to calculate the B-H loop. Fig. 4.12 shows the comparison between the experimental and 

calculated B-H loops. From Fig. 4.12, it is observed that the calculated minor loops are 

slightly bigger than the calculated ones and consequently, the error in the calculated core 

loss (εr=8.31%) is slightly high. The reversible magnetisation is mainly responsible for 

the minor loops. Consequently, the value of reversibility coefficient c needs to be high 

for the minor loops. Since the constant value of c is considered for both the major and 

minor loops, the mismatch between calculated and measured core losses increases 

slightly. In this case, the correlation coefficient between the measured and calculated H 

is 0.9948. 
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Fig. 4.11. Comparison between calculated and measured H at Bm=1.38 T and 1 Hz excitation. 
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Fig. 4.12. Comparison between the calculated and measured B-H loops for two minor loops on a major 
loop. 
 
 
To observe the effect of hysteresis, eddy current and excess losses on the total core loss, 

the core loss is measured at 1.08 T at different frequencies. After that the inverse J-A 

model along with eddy current and excess models is exploited, and the results are 

graphically presented in Fig. 4.13. It is observed from Fig. 4.13 that the hysteresis loss 

per cycle is almost constant with the increase of frequency. On the other hand, both the 

eddy current and excess losses increase with the frequency although the effect of eddy 

current is very small compared to the other two losses due to the very thin amorphous 

ribbon. It can also be seen from Fig. 4.13 that the calculated total core losses are very 

close to the measured ones.  
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Fig. 4.13. Core loss separation at Bm=1.08 T using the proposed modified inverse J-A model. 
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Fig. 4.14. Comparison between the measured and calculated B-H loops at 1.41 T and 0.67 T for 500 Hz 

excitations. 

 
 
Fig. 4.14 shows the measured and calculated B-H loops with the inclusion of a dynamic 

core loss model in the inverse J-A model. It is observed from Fig. 4.14 that the calculated 

B-H loops under 500 Hz excitations at 1.41 T and 0.67 T are close to their measured ones 

where the correlation coefficients in the calculation of H are 0.9973 and 0.9603, 

respectively. The relative error in the iron loss calculation, εr for these two cases are 

2.86% and 0.16%, whereas εs are 3.46% and 16.13%, respectively. From the figure, it is 

also observed that at high magnetic induction levels especially near to the saturation 

induction, the calculated B-H loop and the corresponding core loss become closer to the 

experimental ones than those for low magnetic induction levels. In addition, it is observed 

that area of B-H loop and the corresponding iron loss increase with increase of magnetic 

induction level. It is seen from Fig. 4.15 that the calculated iron loss results show a good 

agreement with the measured results for a whole range of magnetic induction where the 

correlation coefficient among their results is 0.9998.   
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Fig. 4.15. Comparison between the measured and calculated core loss at 500 Hz with different peak 

magnetic flux densities. 

 

The comparison among empirical, inverse J-A and inverse Preisach models in the 

calculation of core loss at 1.08 T and at 1.29 T under different frequencies is shown in 

Fig. 4.16. From Fig. 4.16(a), it is observed that the calculated core loss at 1.08T by inverse 

J-A model shows better agreement with experimentally measured results than those 

obtained by the generalised inverse Preisach model. On the other hand, at 1.29 T near to 

the saturation magnetic flux density, the performance of inverse Preisach model is slightly 

better than that of inverse J-A model. It is also observed from Fig. 16, for both cases of 

magnetic flux densities, inverse J-A model and inverse Preisach models provide better 

results than empirical method.  
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Fig. 4.16. Comparison among different core loss models at (a) Bm=1.08 T and (b) Bm=1.29 T. 
 

4.7 Conclusion 

In this chapter, two error criteria instead of conventional one error criterion are proposed 

in the optimization method to identify the J-A model parameters, where one is based on 

the conventional root mean square of error and the other is based on the relative error of 

iron loss. The proposed error criteria for parameter identification significantly reduce the 

error of iron loss calculation, e.g., at 1.26 T the iron loss error decreases to 4.512% from 

11.701%. A proposed modified J-A model, where a scaling factor is incorporated with 

anhysteretic magnetisation, reduces the value of the root mean square of error between 

the measured and calculated waveforms. The proposed modified model also improves the 

calculation of coercive magnetic force, e.g., the error in the calculation of Hc at 0.62 T 

reduces from 9.58% to 7.95%. The inverse J-A model based on the proposed modified J-

A model also provides good results for both sinusoidal and non-sinusoidal excitations. 

With the inclusion of the dynamic core loss model with the modified inverse J-A model, 

there exists a good agreement between calculated and measured iron losses at different 

frequencies and magnetic induction levels, e.g., the error of iron loss calculation under 

500 Hz sinusoidal excitations at 0.67 T and 1.28 T is 0.16% and 2.86%, respectively. 
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Chapter    5  Measurement and Modelling of 
Core Loss Under Rotating Magnetic Field  
 

5.1 Introduction 

In the previous Chapters 3 and 4, the magnetic field is considered as alternating in which 

amplitudes of both magnetic flux density and magnetic field strength vary with time. On 

the other hand, there exist some cases, e.g., the rotating electrical machines and the T-

joints of the three-phase transformers, where rotating magnetic field is mainly concerned 

[5.1], [5.2]. The rotating magnetic field actually varies with both time and orientation, 

and consequently the power loss in the magnetic core due to the rotating magnetic field 

is different from that caused by the alternating magnetic field. In addition, since the 

permeability property of magnetic material generally varies in different directions, the 

corresponding power dissipations may also vary, and this variation needs to be considered 

in the design of the electrical machines.  

In the literature, different types of electrical machines were proposed where amorphous 

magnetic materials are used as core material [5.3]–[5.5] due to their low core loss 

property. In this study, the selected Fe-based amorphous magnetic material (amorphous 

1k101 metal) [5.6], [5.7], is used for the investigation of the 2-D rotational core loss.  

The alternating core loss measurement methods cannot be used to characterise the 

magnetic core under the rotating magnetic field. For estimation of the core loss in the 

presence of the rotating magnetic field, two-dimensional (2-D) measurement techniques 

are generally utilised. In 1896, the first measurement technique of the rotational core loss 

was developed by Baily [5.8], where the developed torque, which is imposed on the core 

specimen by rotational magnetic field, is firstly measured and the corresponding loss is 

then calculated from the measured torque. In the last hundred years, different rotational 

core loss measurement methods such as thermometric method, field-metric method and 

watt-metric method were developed [5.8]–[5.13]. In this chapter, the field metric method 

is used to measure the core loss, as the magnetic field in the specimen in the method can 

be easily controlled by a feedback system. Based on the different measurement 

techniques, different testing devices such as the square specimen tester (SST), disk 
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specimen tester and large sheet-based tester were developed [5.2], [5.8]–[5.10], [5.15]–

[5.17]. 

In the literature, different researchers of refs. [5.18]–[5.20] investigated the 2-D core loss 

measurements and modellings of soft magnetic composite materials and silicon steels. 

The experimental investigation of 2-D vector magnetic properties of Metglas 2605 HB1 

and Metglas 2650S-2 amorphous materials was experimentally investigated in [5.21] and 

[5.22], respectively. In those cases, the mathematical modellings are not carried out. For 

modelling of rotational hysteresis loss, two empirical methods are commonly utilised: 

one is founded on the analogical approach [5.23] and the other on alternating measured 

hysteresis loss data [5.24]. The analogical model of rotational hysteresis loss shows better 

accuracy than the model obtained from the alternating loss data. In addition, the 

analogical rotational hysteresis model is independent of the alternating measured 

hysteresis loss. The first method basically uses the torque equation of a single-phase 

induction motor to model the rotational hysteresis loss, as its torque-slip relation is similar 

to the relation between rotational hysteresis loss and magnetic flux density. In the same 

way, it is observed that the equation of developed mechanical power of a three-phase 

induction motor, which also shows similar patterns to the rotational hysteresis loss, is 

more simplified approach than the torque equation of the single-phase induction motor. 

Therefore, it is a big opportunity to use the developed mechanical power equation of a 

three-phase induction motor to model the rotational hysteresis loss for not only 

simplifying the approach but also improving the accuracy. Since the eddy current and 

excess losses occur simultaneously with hysteresis loss for any time changing excitation, 

their modellings are also included with hysteresis loss models to obtain the total loss 

under both circular and elliptical rotating magnetic fields. The modelling of 2-D magnetic 

rotational core loss of any amorphous metal has not been found in the literature.  

In this chapter, the 2-D vector magnetic properties of a Fe-based amorphous magnetic 

material named amorphous 1k101 metal has been investigated under 2-D rotating 

magnetic fields. In addition, the rotational core loss separation (divided into hysteresis, 

eddy and excess losses) is also carried out in this chapter. Furthermore, an improved and 

simplified rotational hysteresis loss model is proposed in this study. Finally, the 

modelling of the total core loss is carried out to calculate the rotational loss. The proposed 
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model is verified by considerable agreement between experimental and simulation 

results.  

5.2 2-D Core Loss Testing System 

5.2.1 2-D Core Loss Tester 

The square specimen tester (SST) initiated by Brix [5.14] is favourable for measuring 2-

D core loss due to its flexible control system, uniform magnetic field and high accuracy. 

In 1993, an SST, which is utilised in this study, was developed at University of 

Technology Sydney (UTS), Australia [5.2], [5.25] to experimentally measure the 2-D 

vector magnetic properties of soft magnetic materials. The corresponding block diagram 

of the 2-D experimental set-up is shown in Fig. 5.1. The SST consists of yokes made of 

vertically laminated grain-oriented silicon steel sheets. The shapes of the yokes were 

constructed in such a way that the tester has four wedge type magnetic poles. Two sets of 

excitation coils are arranged on X and Y-axes magnetic poles, and each set has two coils, 

which are connected in series. Each coil consists of 300 turns of 1.6 mm insulated copper 

wire. In the middle of the tester, a square specimen of the material is placed as shown in 

Fig. 5.1. The rotating magnetic field is then generated around the specimen by exciting 

both groups of exciting coils. Labview is used for data acquisition, and generating the 

two channel excitation signals of 90o phase difference to produce rotational magnetic 

fields. The rotating magnetic field generated by the tester induces magnetisation in the 

specimen, and the induced magnetisations are then measured by B and H-sensing coils 

for both axes, respectively.  
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Fig. 5.1. Block diagram of 2-D square specimen testing system [5.25]. 
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A feedback system is employed to control the shape of the induced voltage in the B-

sensing coils. A two-channel power amplifier is used in the testing system to amplify the 

voltage as well as power of the output signals of the feedback system so that they can be 

capable to excite the coils of the tester. A photo of the 2-D rotational core loss 

measurement system is shown in Fig. 5.2. The specimen was cut from the AMCC-320 

amorphous core [5.7] which is made of amorphous 1k101 strips, and the dimensions of 

the specimen are 50 mm × 50 mm × 0.86 mm. As the thickness of an amorphous strip of 

the core is about 25 μm which indicates that the specimen, whose thickness is 0.86 mm, 

consists of a stack of amorphous strips. The stacking factor of the specimen is the same 

as that of the core which is about 85%. 

 

 

Fig. 5.2. A photo of the 2-D core loss measurement set-up. 

 

5.2.2 Measurement Methods for B and H  

Since the core loss is measured using field-metric method, the measurements of magnetic 

flux density and magnetic field strength are firstly required to be measured. B and H are 

measured from the sensing coils which are placed around specimen. The voltages induced 

in H-sensing coils are very small especially at low frequency and low magnetic flux 
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density. Therefore, the measured induced voltages sometimes are not smooth, and they 

can be easily affected by electrical interferences during measurement process. Precision 

operational amplifiers with high amplification factor e.g., about 100, are utilised to 

overcome the low voltage measurement problems. On the other hand, the low voltage 

problems for B-sensing coils are not so severe as that of H-sensing coils since the voltages 

induced in B-sensing coils are much higher than that of-H sensing coils. Nevertheless, 

amplifiers with low amplification factor, e.g., about 2, are also used for B-sensing coils 

to co-relate with H-sensing coils.   

The B-sensing coils are wound over the middle of the specimen so that one coil is 

positioned in the X-axis direction and the other in the Y-axis direction. Each coil consists 

of 15 turns of 0.1 mm enamel insulated copper wire. The components of B on each axis 

are then calculated by the following equation, respectively. 

 

B
Bi

1 ,
Ki iB v dt i x y= =                                                                              (5.1) 

 

where KBi=KsNBiFBidthdlw are the coefficient of Bi-sensing coils, NBi the number of turns 

of the sensing coils, FBi the amplification factors, Ks the stacking factor, dth the thickness 

of the specimen, dlw the length or width of the specimen, and vBi the induced voltages on 

sensing coils.  

The H-sensing coil of each axis consists of 153 turns of enamel insulated copper wire of 

0.06 mm in diameter wound over a 0.50 mm plastic former. The components of magnetic 

field strength are then calculated by the following equation [5.2]: 

 

0 Hi

1 ,
Ki HiH v dt i x y


= =                                                                  (5.2) 

 

where µ0 is the permeability of air, vHi is the induced voltage on the sensing coil and KHi 

is the H-sensing coil coefficient obtained by calibration [5.2]. For the determination of 

KHi, the sensing coils are placed in the middle of a solenoid, and the voltages induced 

across the sensing coils and the corresponding magnetic flux density are then measured. 
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The orientation of each sensing coil is adjusted in such a way so that the maximum voltage 

is induced in each coil. The magnetic flux density is measured by a Gauss meter. There 

is another method for calculating the magnetic flux density in the solenoid which is 

calculated from the measured excitation current and solenoid’s B/I ratio [5.2]. The value 

of KHi is then calculated by the following equation 

 

   Hi
Hi

0

VK ,
2 m

i x y
fH

= =                                                                      (5.3) 

 

where Hm is the maximum field strength, f is the excitation frequency and VHi is the peak 

voltage induced in the sensor. A photo for the calibration of the H-sensing coils is shown 

in Fig. 5.3. The solenoid coil is excited with different excitation currents and KHi is 

calculated using (5.3) for each excitation. The average value of them is then taken as the 

value of KHi. Tables 5.1 and 5.2 list the calibration results of the Hx and Hy-sensing coils 

for different excitation currents.  

 

 
Fig. 5.3. Calibration of H sensing coils using a solenoid. 
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Table 5.1 

 Calibration of Hx-sensing coil 

Si I (A) 
(rms) 

BI (mT) 
(peak) 

BGM (mT) 
(peak) 

Hm (A/m) VHx (V) KHx (m2) 

1 0.5 1.032376 1.05 835.5614973 0.0286405 0.086824124 
2 1 2.064752 2.09 1663.165266 0.0577475 0.087950034 
3 2 4.129504 4.17 3318.372804 0.1150475 0.087819355 
4 3 6.194255 6.27 4989.495798 0.1727080 0.087678685 
5 4 8.259007 8.35 6644.703336 0.2287165 0.087188686 
6 5 10.32376 10.46 8323.784059 0.2869680 0.087327474 

Average 0.087464726 
 
Table 5.2 

Calibration of Hy-sensing coil 

Si I (A) 
(rms) 

BI (mT) 
(peak) 

BGM (mT) 
(peak) 

Hm (A/m) VHy (V) KHy (m2) 

1 0.5 1.032376 1.05 835.5614973 0.0280250 0.084958226 
2 1 2.064752 2.09 1671.122995 0.0560780 0.085000667 
3 2 4.129504 4.17 3318.372804 0.1117965 0.085337765 
4 3 6.194255 6.27 4989.495798 0.1679070 0.085241361 
5 4 8.259007 8.35 6644.703336 0.2237875 0.085309709 
6 5 10.32376 10.46 8323.784059 0.2792230 0.084970587 

Average 0.085136386 
 

5.2.3 Misalignment of H Sensing Coils 

Due to the misalignment of the H-sensing coils with the specified axes, the calculation of 

power loss becomes different from its original values. The effect of misalignment of the 

H-sensing coils on the power loss calculation can be eliminated by averaging the power 

losses at both clockwise and anticlockwise rotating magnetic field directions. On the other 

hand, the effect of misalignment of the H-sensing coils on the magnetic field strength can 

be corrected by rotating the coordinate axes as shown in Fig. 5.4, which can be done by 

the following equation [5.2]: 

 

cos sinC 1
C sin coscos cos sin sin

y xx x

y yy xx y x y

C
C

 

    

−     
=     +      

                               (5.4) 
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where αx and αy are the misalignment angles with the X and Y-axes respectively, Cx and 

Cy are the corrected values, and xC  and yC   are the corresponding measured values. 

Misalignment angles are then calculated as follows [5.2]: 
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Fig. 5.4. Rotation of the co-ordinate axis to deal the misalignment problems [5.2]. 

 

2
1

2 2
1 A

cos A
A A

y
x x

x y
 −

 
− = 

 − 
 

                                                                                    (5.5) 

 

1 sincos
A

x
y

y


 −

 
=  

 
 
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where Ax= /x yC C   when only the X-axis coils are excited, and Ay= /x yC C   when only the 

Y-axis coils are excited.  

There is another approach for calculating the misalignment angles αx and αy, which is 

based on the trial and error method [5.26]. The αx and αy are considered such values that 

the calculated power loss is equal to the average value of power losses obtained from both 

clockwise and anticlockwise rotations.   

 

5.2.4 Feedback System 

The magnetisation on ferromagnetic materials shows a non-linear relationship with the 

magnetic field strength especially at the vicinity of the saturation point. Consequently, 
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the magnetic flux density becomes non-sinusoidal in spite of sinusoidal excitation 

voltage. Therefore, the rotating magnetic field B no longer exists as circular. To obtain a 

circular rotating magnetic field, a feedback differential control circuit on each axis is 

added in the testing system [5.2]. A differential amplifier is mainly exploited as the 

feedback system on each axis of the tester which receives the differential input obtained 

from Labview and amplified B-sensing coil signals as shown in Fig. 5.5. A high pass 

filter with very low cut off frequency (0.3 Hz) is also used in each axis to decrease the 

drift voltage which appears from the amplifier. Moreover, a low pass filter is used in each 

axis circuit to eliminate the high frequency interferences which may exist from inter-

windings interference or other electrical equipment near the testing set up. Fig. 5.5 shows 

the feedback circuit for each axis of the tester. Precision amplifier LTC1151 is used as 

the operational amplifier of the feedback circuit which shows the maximum offset voltage 

5 μV, and low noise 1.5 μVp-p [5.27]. 
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Fig. 5.5. Feedback system used for the 2-D magnetic properties measurement system [5.2]. 

 

5.3 Core Loss Measurements under Different Rotating Magnetic 

Fields  

5.3.1 Core Loss Measurement under Circularly Rotating Magnetic 

Field 

If a rotating magnetic field is imposed on a magnetic specimen, power dissipation 
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happens which can be theoretically derived from Poynting’s theorem [5.2]. Accordingly, 

the loss dissipated in the specimen is obtained by the following equation,

yx
t x y

0

1 T dBdBP H H dt
T dt dt

 
= + 

 
                                                                           (5.7)

where Pt is the total core loss (W/kg), T the time period (s), ρ the mass density (kg/m3), 

Hx and Hy the components of H, and Bx and By the components of B, respectively. Fig. 

5.6 shows the rotational core losses of the magnetic material at different frequencies and 

different maximum magnetic flux densities (Bm). It is noticed from Fig. 5.6 that the loss 

increases with the increase of the B except when it is near to the magnetic saturation 

region especially at low frequencies, e.g., 5 Hz, 10 Hz and 20 Hz. In those cases, the core 

loss decreases slowly due to the annihilation and formation of the magnetic domain walls. 
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Fig. 5.6. Rotational core losses of the amorphous magnetic material with Bm for different frequencies.

Figs. 5.7 and 5.8 show the controlled circular loci of B and the corresponding loci of H

at different magnetic flux densities under 50 Hz rotating magnetic fields, respectively. It 

is noticed from Fig. 5.8 that the loci of H are not circular as the permeability of the 

amorphous material varies with B. In addition, the maximum values of Hx and Hy are not 

exactly the same, which indicates that the permeability of the magnetic material in the X 

and Y-directions differs slightly. 
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Fig. 5.7. Loci of B at different magnetic flux densities under 50 Hz rotating magnetic field. 
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Fig. 5.8. Loci of H at different magnetic flux densities under 50 Hz rotating magnetic field. 

 

5.3.2 Core Loss under Alternating Magnetic Field 

The above mentioned 2-D core loss testing system can also be utilised to measure the 

alternating loss of the magnetic material. In this case, the excitation coils on X and Y-

axes of the tester are excited separately, and their corresponding core losses are measured. 

The alternating losses on the X-axis (Transverse direction) and Y-axis (Rolling direction) 

differ slightly from each other due to the anisotropy of the magnetic material. The average 

value of them can be used as the final alternating core loss of the material.  
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Fig. 5.9 B-H loops under alternating magnetic field at 50 Hz and peak value of magnetic flux density 1.40 

T at X and Y-axes.

Fig. 5.9 shows the B-H loops in both directions with the peak value of 1.40 T under 50 

Hz sinusoidal voltage excitation. It is observed from Fig. 5.9 that the B-H loops for X and 

Y-axes directions are slightly different. Therefore, the corresponding permeabilities are 

not the same which indicates that the selected magnetic material shows anisotropy 

property. The alternating loss always shows an increasing trend with the increase of Bm 

at any operating frequency as shown in Fig. 5.10.
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Fig. 5.10. Alternating core losses of the amorphous magnetic material with Bm for different frequencies.
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Figs. 5.11 and 5.12 show the alternating and rotational core losses of the amorphous 

material at 50 Hz for different magnetic flux densities, respectively. From the figures, it 

is observed that the rotational core loss (Pr) is higher than the alternating core loss (Palt) 

for the same value of Bm. It is observed from the measured core loss data that the ratio of 

the rotational and alternating core losses (Pr/Palt) of the magnetic material at 50 Hz 

remains nearly 1.90 with some fluctuations for Bm up to 1 T, and after that it decreases 

dramatically. There are mainly two reasons for the significant reduction of the ratio: (i) 

the rotational hysteresis loss decreases dramatically at the vicinity to the saturation region, 

and (ii) the sharp increase of the alternating loss in the magnetic saturation region. In 

addition, the rotating excess loss coefficient changes slightly with the change of Bm 

(details in Section 5.4.3), which also affects the ratio. 
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Fig. 5.11. The alternating core losses of the amorphous material with Bm under 50 Hz sinusoidal excitation. 
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Fig. 5.12. The rotational core loss of the amorphous material with Bm under 50 Hz rotating magnetic field. 
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5.3.3 Core Loss under Elliptical Magnetic Field 

For elliptically rotating magnetic field, the values of Bm at the major and minor axes of 

elliptical loci of B differ from each other. Consequently, both the rotational and 

alternating core losses exist in the total loss. Their shares in the total loss depend on the 

axis ratio of the loci of B. The elliptical loss is measured by keeping the major axes on 

one axis and the minor axes on the other axis as shown in Fig. 5.13.  
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Fig. 5.13. Elliptical loci of B at 50 Hz when major axis is on (a) X-axis and (b) Y-axis, and the 

corresponding loci of H when major axis is on (c) X-axis and (d) Y-axis. 

 

Fig. 5.14 shows the average elliptical loss with the axis ratio of the loci of B. In Fig. 5.14, 

Bm for the major axis is considered as 1.20 T, and Bm for the minor axis varies discretely 

from 0 to 1.2 T. From Fig. 5.14, it is observed that when only one of the axes is excited, 
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the loss becomes equal to the alternating core loss. After that the core loss increases with 

the increase of the axis ratio although the increasing trend is not linear. At the low value 

of the axis ratio, the loss changes slowly with the change of axis ratio but at a high value 

of the axis ratio the loss changes rapidly with the change of the axis ratio. When the minor 

and major axes of loci B are equal, the elliptical loss becomes equal to the circular 

rotational loss. 
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Fig. 5.14. Total core loss with different axis ratios at 50 Hz excitation. 

 

5.4 Modelling of Circularly Rotational Losses  

Loss separation method is exploited to model the core loss. In the loss separation method, 

hysteresis, eddy current and excess losses are modelled separately, and after that they are 

combined to obtain the total rotational core loss which are discussed below. 

5.4.1 Rotational Hysteresis Model 

5.4.1.1 Existing Rotational Hysteresis Models 

It has already been discussed in introduction section that two types of empirical models 

are generally utilised to model the rotational hysteresis loss which are (i) an analogical 

approach-based model; and (ii) the alternating hysteresis loss-based model. The details 

of both models are discussed below. 

In [5.2] and [5.23], it was reported that in spite of different mechanisms, there is an 

analogy between the patterns of the rotational hysteresis loss and the torque-slip curve of 
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a single-phase induction motor. Accordingly, a rotational hysteresis model was proposed 

in [5.23], which is based on the equation of torque-slip relation of a single-phase induction 

motor. By using the analogical approach, the rotational core loss per frequency Phr/f can 

be modelled which is given by 
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where a1, a2 and a3 are constant parameters, and the s is defined by  
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                                                                                     (5.9) 

 

where M is the amplitude of magnetisation vector M (M=B/μ0-H), and Ms is the saturation 

magnetisation of a magnetic material. Since it can be generally considered as M >> H, 

M/Ms in (5.9) can be written as Bm/Bs. Accordingly, (5.9) can also be written as [5.18] 
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                                                                                     (5.10) 

 

Another method was postulated in [5.28], where the rotational core loss can be assumed 

as the sum of alternating losses in both axes under the same maximum magnetic flux 

density. Unfortunately, this approach cannot be used for rotational hysteresis loss as the 

rotational hysteresis loss at the vicinity of the saturation magnetic flux density shows 

different characteristic compared to that of alternating loss. To solve the problem, the 

method was modified in [5.24] where an approximate modification factor is included in 

the calculation as follows:  

 
( ) ( ) ( ) hr m lm sm1 ha haP a P B P B= − +                                                                  (5.11) 

 
where Pha is the alternating hysteresis loss in W/kg, and am is the modification factor 

calculated using measured data, Blm and Bsm are the maximum magnetic flux densities in 
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major and minor axes, respectively. Since the magnetic flux densities in both directions 

are the same for circular rotating magnetic field, (5.11) can be written as 

 

( )2 1hr m haP a P= − .                                                                                             (5.12) 

 

According to [5.24], the value of am for the low magnetisation is considered as zero and 

for the rest part, it increases linearly up to one until full magnetic saturation. The 

modification factor of the Fe-based amorphous magnetic material for the alternating 

hysteresis loss-based rotational hysteresis loss model is shown in Fig. 5.15.  
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Fig. 5.15 Modification parameter am of the alternating hysteresis loss-based rotational hysteresis loss model. 

 

5.4.1.2 Proposed Rotational Hysteresis Model 

The proposed model is also an analogical approach, which is based on equation of 

mechanical power developed on a three-phase induction motor. The developed power in 

the three-phase induction motor can be calculated by  

 

    m r rP T =                                                                                                         (5.13) 

 

where Pm is the developed mechanical power, Tr is the torque, and ωr= (1-s)ωs is the 

angular speed of the rotor, ωs synchronous angular speed of the three-phase induction 

motor. The torque can be written as [5.29]                                                                                                
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where Vth, Rth and Xth are the parameters related to the three-phase induction motor. From 

(5.13) and (5.14), one can write,  
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If b1, b2 and b3 are assumed for 3V2th/R2, Rth/R2, {(Xth+X2)/R2}2, respectively, by using 

analogical approach, the hysteresis loss per frequency (Phr/f) can be obtained by 
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1 m

s

Bs
B

= −                                                                                                              (5.17) 

 

From (5.16) and (5.17), it is observed that the proposed analogical rotational hysteresis 

loss model is more simplified approach than that of the existing analogical rotational 

hysteresis model [5.23], as shown in (5.8) and (5.9). 

5.4.2 Modelling of Rotational Eddy Current Loss 

Rotational eddy current loss appears due to the micro-eddy currents generated near to the 

moving domain walls. Since the thickness of the amorphous sheet is much smaller than 

that of silicon steel, the eddy current loss of the amorphous material slightly affects the 

total loss. Thus, the skin effect on the material in the low and medium frequency ranges 

can be neglected. For modelling of the rotational eddy current loss, the classical model 

can be used which is as follows [5.28]: 
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where Per is the rotational eddy current loss in W/kg, σ the conductivity of the amorphous 

sheet, d the thickness of amorphous sheet, f the frequency, ρ the mass density and Bm the 

maximum magnetic flux density. The conductivity is defined as reciprocal of resistivity. 

The resistivity of the amorphous material studied in this research is 130 µ .cm [5.7]. The 

value of mass density of the material is 7180 kg/m3.   

5.4.3 Modelling of Rotational Excess Loss 

Rotational excess loss can be modelled by two ways: one is the conventional analytical 

model [5.23], and the other is obtained from measured alternating excess loss data [5.24]. 

In this study, the first one, i.e. conventional excess loss model is incorporated with the 

analogical rotational hysteresis model. The conventional rotational excess or anomalous 

loss Par (W/kg) can be obtained by 

 
1.5 1.5

ar ar mP C B f=                                                                                                    (5.19) 

 

where Car is the rotational excess loss coefficient. Therefore, the total rotational core loss 

can be obtained as follows: 
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where both Phr and Car are unknowns which can be obtained by extrapolation and curve 

fitting of the measured core losses. Fig. 5.16 shows the curve fitting of the measured core 

losses per frequency (Pr/f) with f for different Bm, where Pr is obtained from (5.20). The 

separation of the rotational hysteresis loss from the total loss at different magnetic flux 

densities is also observed in Fig. 5.16. Thus, Car and Phr for the whole magnetic flux 

density range can be obtained as shown in Figs. 5.17 and 5.18, respectively. From Fig. 

5.17, it is observed that rotating excess loss coefficient changes with the magnetic flux 

density. Consequently, the change of excess loss coefficient with magnetic flux density 
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affects the total core loss as well as the ratio of rotating and alternating core losses. In 

addition, it is observed from Fig. 5.16 that the lines for hysteresis loss and eddy current 

loss plus hysteresis loss seem overlapping to each other which indicates that the effect of 

eddy current loss of the amorphous material is very small.  
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Fig. 5.16. Curve fitting of the measured core loss data with frequency for different maximum magnetic flux 

densities, e.g. (a) 0.15 T, (b) 0.50 T, (c) 1.00 T and (d) 1.40 T. 
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Fig. 5.18.  Comparison of different models for modelling rotational hysteresis loss of the amorphous 
magnetic material. 
 

In the second method, the rotational excess loss can be directly obtained from the 

alternating excess loss which is as follows: 

 

( )2 1ar e aaP a P= −                                                                                          (5.21) 

 

where Par is the rotational excess loss, Paa is the alternating excess loss and ae is the 

modification factor for the excess loss. Alternating excess loss can be obtained by 

subtracting the alternating hysteresis and eddy current losses from the total alternating 

loss. The value of factor ae is determined as the same as the factor for the rotational 

hysteresis loss as discussed in Section 5.4.1.1.  

 

5.5 Modelling of Alternating Core Loss 

The loss separation method is also used for modelling of the alternating core loss. The 

alternating eddy current and excess losses are modelled as the same as the rotational core 

loss modelling. As the total loss is the sum of hysteresis, eddy current and excess losses, 

the total alternating loss Palt can be expressed as 
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where Caa is the alternating excess loss coefficient. The calculations of the Pha and Caa are 

carried out as the same as that for the rotational core loss. The calculated alternating 

excess loss coefficient with magnetic flux density is shown in Fig. 5.17. From this figure, 

it is seen that the rotating excess loss coefficient is higher than the alternating excess loss 

coefficient. In the low magnetic flux density region, e.g., up to 0.5 T, both coefficients 

increase but after that the alternating excess loss coefficient becomes almost constant. On 

the other hand, the rotating excess loss coefficient shows an increasing trend. The pattern 

of the alternating hysteresis loss is quite different from the rotational hysteresis loss 

especially at the situation near to Bs. Thus, the modelling of the alternating hysteresis loss 

is not carried out as the same as the rotational hysteresis loss. In this research, the 

alternating hysteresis loss is modelled by the following Steinmetz equation [5.30], [5.31]: 

 
 ha ha mP C B f=                                                                                                         (5.23) 

 

where Cha and β are the Steinmetz parameters which are obtained by curve fitting of 
hysteresis loss data.  

5.6 Modelling of Elliptical Core Loss 

The elliptical rotational core loss model was done by an analytical approach reported in 

[5.23]. In the analytical approach, some assumptions are considered such as the ratio of 

minor and major axes of loci of B is equal to that of loci of H, and the components of B 

and H on both axes are sinusoidal. The expression of elliptical loss is then written as 

[5.23]: 

 

( )
21t B r B altP R P R P= + −                                                                                       (5.24) 

 

where RB is the ratio of minor and major axes of the elliptical B loci. 

5.7 Experimental Verification of Modelling of Core Losses 

This section presents the experimental verification of the proposed rotational hysteresis 

loss model, and compares it with other models. Accordingly, the modellings of the 

rotational loss, alternating loss and elliptical core losses are also carried out and 
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experimentally verified.  

The proposed rotational hysteresis model is verified by curve-fitting the rotational 

hysteresis losses with respect to the Bm. To assess the accuracy of the model, the error is 

defined as follows [5.23]: 
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where σ is the standard deviation, N is number of measured data, Pi(test) the measured data 

and Pi(cal) the calculated data. The optimisation technique with considering the minimum 

error is applied for calculating the parameters of analogical rotational hysteresis models. 

The above-mentioned hysteresis models are applied to model the amorphous magnetic 

material. Fig. 5.18 (Section 5.4.3) shows the comparison among their results with the 

measured values. It is observed from Fig. 5.18 that the proposed model achieves a better 

agreement with the measured values than other models. The error for the proposed model 

is 2.11% whereas it is 3.55% and 6.42% for the existing analogical model and alternating 

loss-based model, respectively. 

To achieve high power density, transformer and electrical machines are generally 

operated near to the saturation magnetic flux density. From the Fig. 5.7, it is observed 

that loci of B at high magnetic induction levels become slightly distorted form being exact 

circle. It happens due to the influence of saturation in high magnetic induction especially 

at near to the saturation magnetic flux density.  From Fig. 5.18, it is observed that the 

rotational hysteresis loss in this region decreases with increase of magnetic induction 

level. However, excess and eddy current losses increase with increase of magnetic 

induction level. 

Fig. 5.12 (Section 5.3.2) shows the comparison among the simulation results and 

experimental results of the rotational core losses. It is observed from Fig. 5.12 that the 

analogical approach achieves a better agreement with the experimental results than the 

alternating loss-based approach. 
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Fig. 5.11 (Section 5.3.2) shows the simulated and measured alternating losses. It is 

observed from Fig. 5.11 that the simulated results are close to the measured results. For 

the elliptical core loss, the simulation results also agree with the experimental results, 

although there exist small errors in the middle range of the axis ratio as shown in Fig. 

5.14 (Section 5.3.3). As the analytical model, which is used for the simulation, is based 

on some approximations discussed in Section 5.6, it shows small errors with the 

experimental results especially in the middle of the axis ratio range. In addition, in both 

rotational and alternating excess loss models, the excess loss is considered to be 

proportional to (Bmf)3/2 as shown in (5.20) and (5.22), which is not a generalised approach 

for all types of magnetic materials as a perfect alignment of magnetic domains of the 

magnetic materials with magnetic field is hardly possible. Therefore, the aforementioned 

excess loss model introduces a small error in the calculation of core loss. Moreover, in 

this research the effect of temperature change, mechanical stress, and change of annealing 

process have not been considered in the measurement and modelling processes  

5.8 Conclusion 

Two-dimensional magnetic properties of the selected Fe-based amorphous magnetic 

material are measured and investigated under different excitation conditions. From the 

investigation, some remarkable results have been obtained, which are: (i) the rotational 

hysteresis loss of the amorphous magnetic material decreases at the vicinity of the 

saturated magnetic flux density which is similar to that of the silicon steels; (ii) the 

permeability differs slightly with the change of the direction of the magnetic field; (iii) 

the ratio of the rotational to alternating core losses is about 1.90, and decreases 

dramatically at the vicinity of saturation magnetic flux density; and (iv) for elliptical 

rotational core loss, the small change of axis ratio near to the peak axis ratio highly affects 

the total core loss. In addition, a simple improved rotational hysteresis loss model is 

proposed and experimentally verified. It is also observed that the proposed model 

achieves a better agreement with measured data compared to others. Moreover, 

alternating and elliptical rotating core losses are modelled and compared with the 

measured results.  
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Chapter    6  Design of Medium Frequency 
Transformer  
 

6.1 Introduction 

In the last few decades, the multi-stage energy conversion techniques such as solid-state 

transformer (SST) are getting attentions in energy conversion systems [6.1]. The SSTs 

are also used for power flow regulation and galvanic isolation [6.2], [6.3]. Low volume 

and low weight SSTs are generally demanded in the different energy conversion systems 

such as power grid connected converters, solar and wind farms, and tractions. One of the 

components of the SSTs is the DC-DC converter in which transformers are mainly used 

to provide galvanic isolation, and to change the voltage levels in the energy conversion 

systems. To reduce the size and weight of the transformers, the operating frequency and 

magnetic flux density of the transformers are generally required to be high as the cross-

sectional area of the transformer core mainly depends on the frequency and magnetic flux 

density. Thus, the high-power density can be obtained by increasing the operating 

frequency and magnetic flux density.  

One of the disadvantages of SST is that an additional loss known as switching loss occurs 

in the system, and it increases with the increase of the frequency. Therefore, the increase 

of the switching frequency of SST decreases the efficiency of the DC-DC converter. 

Moreover, the nonsinusoidal excitation voltage such as square wave voltage is generally 

applied on the transformer of SST. As a result, harmonics, which are also related with the 

switching frequency, are generated in SST based systems, and affect the power quality 

and efficiency [6.2]. Accordingly, in this chapter, the switching frequency of 1 kHz is 

used so that it remains under the design requirement of harmonic contents of SST. 

The selection of core material of the MFT transformer in the DC-DC converter is 

important as the core loss highly affects the efficiency of the MFT. There are many core 

materials, e.g., amorphous magnetic material, silicon steel, nanocrystalline magnetic 

material and ferrite, which are normally used in SSTs. The amorphous magnetic materials 

are suitable for medium frequency ranges [6.4], [6.5]. Among different amorphous 

magnetic materials such as Fe-based, Co-based, and Ni-based amorphous materials, the 

Fe-based magnetic material shows the highest maximum magnetic flux density. 
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Accordingly, in this chapter, the Fe-based amorphous magnetic material is used as the 

core material.   

The optimal design of an MFT is a multi-objective problem. Improvement of one 

objective by changing the design variables may affect the other objectives. For instance, 

the increase of operating magnetic flux density increases the power density and reduces 

the volume, and at the same time the efficiency decreases as the core loss increases with 

the increase of the magnetic flux density. In the literature, it is observed that many optimal 

designs were proposed, and each design focused on a specific design variable or objective 

of the multi-objective problem such as the ripple voltages [6.1], the isolation requirement 

[6.6]−[6.8], thermal models [6.9], heuristic optimisation technique [6.10], and Litz wire 

modelling for leakage inductance [6.11], [6.12], and winding loss modelling [6.13]. To 

achieve the high-power density, the transformer is generally operated at high magnetic 

flux density. At the same time, the number of the turns in the windings are also kept low 

in order to decrease winding losses. The low number of turns in excitation winding 

increases the value of the no-load current which is mainly responsible for the 

magnetisation of the windings. The no-load current becomes significant if the transformer 

operates in low and medium power ranges. The no-load current of the transformer 

actually affects the winding loss and leakage inductance of the windings. The empirical 

core loss model-based design of medium frequency transformers with the effect of no-

load current, which is the vector sum of magnetising and core loss equivalent current, is 

not found in the literature. Based on the optimal design consideration, a prototype of a 

2.5 kW, 1 kHz MFT is considered, and that prototype is used for experimental verification 

of the design.  

6.2 Modelling of MFT  

A design approach of an MFT requires mathematical expressions. Thus, before applying 

the optimisation technique, different analytical and empirical expressions of all 

transformer design prospects are firstly required to be modelled. In this section, the 

modellings of different design prospects of MFT are discussed. 
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6.2.1 Core Loss 

The determination of the core loss of magnetic material is important in the design process 

as it largely affects the efficiency. The empirical methods of the core loss are generally 

chosen, as they reduce the computational cost significantly. Since the excitation voltage 

is not sinusoidal, the original Steinmetz equation is not utilised for core loss prediction 

[6.14]–[6.16]. For non-sinusoidal excitation, other empirical models such as generalised 

Steinmetz equation (GSE) [6.15], improved generalised Steinmetz equation (IGSE) 

[6.16], natural Steinmetz equation (NSE) [6.17], and waveform coefficient Steinmetz 

equation (WCSE) [6.18] can be used. Depending on the accuracy, the IGSE model is used 

for prediction of the core loss which is obtained by following equation.  
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and Δβ is the peak to peak amplitude of the magnetic flux density, and K, α and β are the 

Steinmetz coefficients of the OSE. The coefficients of K, α and β are calculated by curve 

fitting of measured core loss data [6.19] under sinusoidal excitation with OSE equation 

[6.14], [6.16] which is as follows: 

 

sP Kf B =                                                                                                          (6.3) 

 

where, Ps is the calculated power loss. A rectangular shape of amorphous core (uncut 

AMCC 50 [6.20] which consists of amorphous 1k101 strips) is considered for calculation 

of Steinmetz coefficients. The process of the measurement of core losses of the magnetic 

core at different magnetic flux densities is detailed in Chapter 3. 
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6.2.2 Core Geometry 

Different core shapes, e.g., double C-core and EE-core, are generally used in medium 

frequency transformer. The double C-core is generally core-type transformer, and the EE-

core is shell type transformer. The leakage inductance in the shell type transformers is 

less than that in the core type transformers. Moreover, since the whole primary and 

secondary windings are generally wound in only one limb of the EE core, the insulation 

requirement in EE-core based transformer is also higher than that of the double C-core 

type transformer. Thus, the double C-core transformer is selected in this study. The 

typical double C-core type magnetic core is shown in Fig. 6.1. In order to reduce the 

leakage inductance of the transformer, halves of both primary and secondary windings 

are wound in the same limb, and the other halves are wound in another one. Two 

important parameters of the core are the cross-sectional areas and core window area. The 

cross-section of the core depends on the operating magnetic flux density, frequency, the 

number of the turns and excitation voltage, which is expressed as follows: 
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Fig. 6.1. Design sketch of a double C-core type MFT (Only inside conductors are shown). 
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where Ac is the cross-sectional area of the core which is the product of core bread and 

core height, Kf the form factor, Ks the stacking factor of the core, N1 the half number of 

turns of the primary winding, Bm maximum magnetic flux density, V1 the half of primary 

voltage, and f the frequency. The window cross sectional area, which is the product of the 

window height (Hw) and window width (Gw), mainly depends on the primary and 

secondary winding cross-sectional areas and insulation thickness. The core window width 

can be obtained by  

 

( )1 22w iso cf isaG W W d d d= + + + +                                                                          (6.5) 

 

where Gw is the window width, W1 the primary half winding width, W2 the secondary half 

winding width, diso the insulation thickness between the primary and secondary half 

windings, dcf the insulation thickness between core and the nearest winding, and disa is 

the insulation thickness between outer windings of the limbs as shown in Fig. 6.1. The 

primary and secondary half winding widths can be expressed by 

 

( )1 1 1 1 1 1/ 1w u insW p d K p d= + −                                                                                 (6.6) 

 

( )2 2 2 2 2 2/ 1w u insW p d K p d= + −                                                                             (6.7) 

 

where p1 and p2 are numbers of winding layers of primary and secondary half winding, 

dins1 and dins2 are the insulation thickness between two layers in the primary and secondary 

windings, Ku1 and Ku2 are the utilisation factors. Similarly, the core window height can 

be obtained as follows: 

 

11 / 2w l w uh cfH N d K d= +                                                                                         (6.8) 

 

where Nl1 is the number of the turns per layer in the excitation winding and Kuh is the 

utilisation factor. 
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6.2.3 Insulation Design 

Proper insulation among core limb, primary, secondary winding and inter winding turns 

are necessary to prevent the electrical breakdown of the transformer. For medium 

frequency transformers, dry type insulation is generally used. The minimum insulation 

distance between conductors is calculated by [6.2] 

 

ins
ins

ins

Vd
E

=                                                                                                                 (6.9) 

 

where dins is the insulation distance, ν the safety factor, Vins the voltage needed to be 

insulated, and Eins the dielectric strength of the insulating medium. Similarly, all the 

insulation thickness such as dins1, dins2, diso, disa, and dcf can be calculated by (6.9). 

6.2.4 Winding Wire Selection 

In this study, Litz wire is used as winding wire to decrease the effect of eddy current on 

the coils. There are many types of Litz wires, such as AWG 28 and AWG 30, depending 

on the operating frequency ranges. AWG 28 is generally used for frequency range from 

60 Hz to 1 kHz, and AWG 30 is used for frequency range from 1 kHz to 10 kHz. Since, 

the excitation current contains harmonics, the AWG 30 is used to reduce further eddy 

current due to harmonics. The Litz wire consists of many strand conductors, and is 

generally covered by insulation. Therefore, the diameters of the Litz wires can be written 

for both windings as follows [6.21]: 

 

1 1 1 11.154 2w s sd N d t= +                                                                                       (6.10) 

 

2 2 2 21.154 2w s sd N d t= +                                                                                     (6.11) 

 

where dw1 and dw2 are diameters of the primary and secondary Litz wires, ds1 the strand 

diameter of primary Litz wire, ds2 strand diameter of secondary Litz wire, Ns1 and Ns2 are 

numbers of strands in primary and secondary Litz wire, t1 the insulation thickness of the 

primary Litz wire, and t2 the insulation thickness of the secondary Litz wire.  
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6.2.5 Consideration of Transformer’s No-Load Current 

The no-load current mainly rises in the transformer due to the magnetisation of the 

magnetic material. The no-load current is then superimposed on the primary current. The 

magnetic flux in the magnetic core of a transformer is almost constant whatever the load 

conditions, and it is approximately equal as at no-load condition [6.22]. Therefore, the 

magnetic field strength of a transformer can be calculated using the no-load current as 

shown in (6.12). If the magnetic flux density is known, the corresponding magnetic field 

strength can be easily calculated from the magnetisation curve of the magnetic material. 

Fig. 6.2 shows the magnetisation curve of a Fe-based magnetic material (uncut AMCC 

50 [6.20]). The magnetic field strength can be expressed by (6.12) which is as follows: 
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Fig. 6.2. B-H curve of the selected AMCC 50 core. 
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where Hm is the maximum magnetic field strength, I0 the no-load current (rms), Lml the 

effective magnetic flux path and N1 the number of turns in the primary half winding. From 

(6.12), one can write 

 

0
12 2

m mlH LI
N

=  .                                                                                                      (6.13) 

Therefore, (6.13) can be used for calculation of the no-load current of any transformer. 

As the no-load current is vectorially added with the primary current, the resultant primary 

current can be written as [6.22]: 
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2 2
0 02 cosp p pI I I I I  = + +                                                                                     (6.14) 

 

where Ip is the primary current, pI   the equivalent load current in the primary winding, and 

φ the angle between pI  and I0.  

6.2.6 Winding Losses 

For winding loss calculation, the AC resistances of the windings are firstly determined. 

To acquire the AC resistances of the windings, the Litz wires need to be modelled. For 

modelling the Litz wire, the strands in the Litz wire are considered as an arrangement of

s sN N  where Ns is the number of strands of the Litz wire, as shown in Fig. 6.3 [6.23]. 

In addition, the round conductor is converted to equivalent rectangular conductor. 

Dowell’s expression [6.24] is then applied to calculate the AC resistance. The expression 

of AC resistance of the Litz wire of the primary winding is given below [6.5], 

 

sN

di
sN

 
Fig. 6.3. Conversion method of a Litz wire to several layers for calculation of AC resistance [6.23]. 
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and ds1 is the diameter of a strand, ( )1/ f  =  is the skin depth, σ is the conductivity, 

Rdc1 is the primary half winding DC resistance, and f is the frequency. Similarly, the 

expression of secondary AC resistance is obtained as follows:  
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2 2 2

l s ss

w

N d Nd
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Therefore, the winding loss can be calculated by  
 

2 2
1 2ac p ac s acP I R I R= +                                                                                            (6.17) 

 

where Ip indicates current in primary winding and Is indicates current in secondary 

winding.  

6.2.7 Leakage Inductance 

Just like the model of AC resistance of the Litz wire, the strands are arranged as s sN N   

patterns and converted to rectangular equivalent for the modelling of the leakage 

inductance as shown in Fig. 6.4. Due to the presence of the magnetic field, the magnetic 

energy is stored in the conductor and insulation, which is responsible for the leakage 

inductance. For the conducting part, Dowell’s expression [6.24] is used to calculate the 

leakage inductance, and for the insulation part the calculation of the leakage inductance 

is carried out by calculating magnetic stored energy in the insulation [6.25]. Thus, the 

leakage inductance for the round Litz wire can be calculated by the following equation: 

   

Primary winding Secondary winding

dins1dm1 diso 

Primary winding Secondary winding

dins1da1 da2 dm2 

 

Fig. 6.4. Conversion method of a Litz wire-based transformer windings to several layers for calculation of 

leakage inductance. 
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where lw1 and lw2 are the mean length of the primary and secondary half windings on a 

limb respectively, and dmi and dai can be calculated using Fig. 6.4 which are as follows 

[6.26]: 
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6.2.8 Temperature Rise 

The electromagnetic power loss in any electromagnetic devices associates with the 

increase of the temperature. Thus, the temperature rises in the MFT due to the core and 

winding losses which affects the insulation and the life span of the transformer. Different 

empirical methods have been reported in [6.2], [6.5], [6.11], [6.27], for analysing 

temperature rise in the transformer. In this chapter, one of the common expressions of the 

temperature rise is used which is as follows [6.27]: 
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where PT is the total loss in W, and Aw is the cross-sectional area of the core window and 

Kst is a constant related to the structure of the core. 

6.3 Design Methodology 

The design of the MFT is traded off between the high-power density and high efficiency 

with including all design requirements, e.g., low leakage inductance, proper thermal 

management and isolation. The parameters used for design of the MFT can be divided 

into two groups [6.13]: (i) fixed parameters and (ii) variable parameters. The fixed 

parameters are the output power, voltage levels, frequency, core material, core stacking 

factor, turn ratio and Litz wire type. In contrast, geometrical parameters of the core, 

magnetic flux density, number of turns of the primary winding, the number of layers in 

primary and secondary windings, number of strands in primary and secondary Litz wire 

may be considered as free or variable parameters. In the optimisation method, a large 

number of free parameters are firstly made by changing the variable parameters within 

their specific ranges. Then, using each set of the free parameters along with the fixed 

parameters, different design objectives and parameters such as the core loss, winding loss, 

efficiency, power density, leakage inductance and temperature rise are calculated. In 

addition, the maximum leakage inductance, maximum temperature rise, and minimum 

efficiency are set in such a way that the unacceptable set of the free parameters are 

automatically rejected. At the same time, the free parameters and the corresponding 

evaluated results are stored. The process is repeated until the all sets of free parameters 

are executed for design consideration. Fig. 6.5 shows the flow chart of the design 

technique for medium frequency transformer (MFT). Due to the several conflicting 

objective functions, the optimisation process provides a set of optimal results instead of 

a single global optimal point. The optimal results are shown in Fig. 6.6 where each dot 

represents a unique transformer design which satisfies the all design objectives. Designer 

can choose any design set from the optimal results depending on the design targets, and 

magnetic core and Litz wire specifications. 



146

Start

Optimi
Check
design

objectives

Stop

No

Yes

Variable parameters, e.g. core geometry, 
Number of turns and layers,  number of strands,

Insulation distance

Fixed data of  core material, core loss coefficients, 
inter layer and core distances, and insulating 
material,  dielectric constant etc.

System requirements, e.g. 
voltage, frequency, power

Calculation of no-load current, AC 
resistance, leakage inductance, 

winding loss, and core loss

Calculation of temperature 
rise, power efficiency and 

power density

Optimi
All set of 

design variables 
finish?

Store results

Yes

No

Fig. 6.5. The flow chart of the optimal design of MFT.

The above-mentioned design technique is carried out for both the inclusion and exclusion 

of the no-load current. The efficiency of the MFT with respect to the power density at 

same temperature rise limit (<700C) and leakage inductance (< 100 µH) is shown in Fig. 
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6.6. From the figure, it is observed that due to the consideration of the no-load current in 

the primary current, the efficiency decreases especially at the vicinity of the high-power 

density. A design set from the region of the high-power density of Fig. 6.6 is selected for 

the comparison of winding losses with and without no-load current. It is observed from 

Table 6.1 that the winding loss increases from 32.60 W to 33.15 W due to the 

consideration of the no-load current. Similarly, it is obtained that the leakage inductance 

from the primary side decreases due to the inclusion of the no-load current as listed in 

Table 6.1. The efficiency of the MFT reaches a certain maximum value of power density, 

and after that it decreases with the increase of power density, as shown in Fig. 6.6.   

 
Table 6.1  

Comparison of winding loss and leakage inductance from primary side of a selected MFT (2.5 kW, 

200V/400V, 1.2 T) 

Conditions Winding loss Leakage inductance 

With no-load current 33.15 W 46.15 µH 

Without no-load current 32.60 W 47.08 µH 
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Fig. 6.6. Efficiency with respect to power density with inclusion and exclusion of the no-load current. 

 

Based on the availability of the magnetic core and Litz wire, an optimal MFT design set 

is selected from the optimal design results. The specifications of the selected MFT design 

is shown in Table 6.2.  
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Table 6.2  

Selected optimal design parameters of MFT (2.5 kW, 1 kHz, 200V/400V) 

Parameters Values Parameters Values 
Number of turns per limb in 
primary winding, N1 

34 Magnetic flux density, Bm 1.20 T 

Number of layers per limb in 
primary winding, q1 

2 Core loss 12.20 W 

Number of turns per limb in 
secondary winding, N2 

68 Winding loss 33.15 W 

Number of layers per limb in 
secondary winding, q2 

2 Power density 
 

17.31 MW/m3 

Core height, b 50 mm Efficiency 
 

98.19 % 

Core width, a 15.32 mm Temperature rise 
 

66.32 oC 

Number of strands for primary 
winding, Ns1 

65 Leakage inductance 
 

46.15 µH 

Number of strands for 
secondary winding, Ns2 

17 Core window height, Hw 60.29 mm 

Turn ratio, n 
 

2 Core window width, Gw 26.94 mm 

 

6.4 Experimental Testing    

For experimental verification of the design, a prototype of the MFT (2.5 kW, 200V/400V) 

is utilised in this study. As the MFT is generally utilised in DC-DC converters, a DC-DC 

converter is desired for experimental verification. Fig. 6.7 shows a DC-DC converter used 

for testing the MFT which is mainly based on [6.2]. A computer based digital signal 

processing unit is used to generate the gate pulses which are +5 V. To drive the inverters’ 

gates of the selected DC-DC converter, the voltage of gate pulses needs to be +15 V. 

Therefore, a gate driver circuit is used to amplify the signals from +5 V to +15 V. 

Differential voltage probes are utilised to measure the voltages. Fig. 6.8 shows a photo of 

the experimental set-up.  

For core loss verification of the proposed MFT, open circuit test is carried out. The 

primary and secondary voltages, and excitation current under no-load condition are 

shown in Fig. 6.9. The corresponding magnetic flux density is shown in Fig. 6.10. The 

experimental core loss is 13.07 W which is close to the simulation result (12.20 W) as 

shown in Table 6.2.  For measuring the copper or winding loss, the short circuit test is 

carried out. The obtained winding loss is 35.78 W which is slightly higher than that of the 
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simulated loss of 33.15 W. One of the main reasons for this variation is that for modelling 

of the winding loss, the effect of harmonics in the load current is not considered.  

 

 

S1 S3

S2 S4

VDC1 VDC2
1 :   n

MFT

 
Fig. 6.7. The experimental circuit for testing the MFT. 
 
 
 

 
 
Fig. 6.8. A photo of the experimental set-up for testing the MFT.  
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Fig. 6.9. Measured Primary and secondary voltages, and excitation current of the MFT at no-load 
condition. 
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Fig. 6.10. The measured magnetic flux density of the MFT. 

 

6.5 Conclusion 

This chapters represents an optimal design of Fe-based amorphous MFT design. In the 

design process, power density and efficiency are considered as the optimal targets which 

provides a set of optimal results. According to the magnetic core and Litz wire 

specifications, necessary design of MFT can be chosen from the optimal results. From 

the obtained results, it is observed that the no-load current of MFT at high power density 

affects the efficiency as well as the leakage inductance. For the verification of core loss 

and winding loss of the MFT, open circuit test and short circuit test are conducted which 

shows a considerable agreement with the simulation results.   
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Chapter    7  Conclusion and Future Works  

 

7.1 Conclusion 

In this study, the conventional alternating (one-dimensional) and two-dimensional 

rotational magnetic properties of the selected Fe-based magnetic material have been 

measured and modelled. Moreover, a high-power density MFT is designed and 

implemented using the Fe-based amorphous magnetic material. The main contributions 

of this study are listed as follows: 

(1) A generalised inverse Preisach model is proposed for modelling the alternating 

core loss, where the reversible magnetisation and magnetisation dependent 

hysteresis effects are considered. In addition, a new technique to find out the 

feedback coefficient of the generalised inverse Preisach model is also proposed 

and verified. 

  

(2) An improved J-A model parameter identification technique, where the relative 

core loss error is also considered as optimisation criterion along with the general 

existing error criterion, is proposed for modelling the alternating core loss. The 

proposed parameter identification technique significantly increases the accuracy 

in the calculation of core loss using J-A model. In addition, a modified J-A model 

is proposed in order to improve the agreement between experimental and 

simulated results at the low magnetic induction levels.  
 

(3) An improved and simplified analogical rotational hysteresis model under 2-D 

rotational magnetic field is proposed and verified for the amorphous magnetic 

material. Moreover, the modellings of total specific rotational losses of the Fe-

based amorphous magnetic material for both circular and elliptical rotating 

magnetic fields are carried out in this study.  
 

(4) An optimal design of a high-power density MFT is proposed where the effect of 

the no-load current is considered in empirical core loss model-based transformer 
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design process. The experimental verification of the design is also done in the 

study. 

 

7.2 Possible Future Works 

In this thesis, a Fe-based amorphous magnetic material is characterised by both 

experimental and mathematical ways where modified modellings have been also 

proposed. To improve further performance of the characterisation processes as well as its 

applications, many possible approaches can be considered in future. A few of the possible 

works are listed below: 

(1) In this study, skin effect which affects the magnetic flux distribution in the core is 

not considered. To consider the skin effect as well as better observation of 

distribution of magnetic flux density in the magnetic material, the finite element 

analysis needs to be incorporated with the inverse Preisach or inverse J-A model.  
 

(2) In this study, Preisach distribution function of the Preisach model is based on an 

experimental limiting loop of the magnetic material. Preisach model for other 

distribution functions which are based on first order reversible curve or gaussian 

distribution functions may be implemented for further improvement of the model.  

 
(3) The optimum design of MFT can be done using finite element method to obtain 

high accuracy of leakage inductance, winding loss and core loss. In addition, the 

temperature distribution on the transformer can also be obtained which helps to 

find out the hot spot points in the magnetic core.  

 
(4) For modelling of the amorphous magnetic material under rotating magnetic field, 

the empirical method is used in this study. Vector Preisach and vector J-A models 

can also be implemented for observation of the high accuracy of the core loss and 

magnetic flux distribution in the magnetic material. 

 
(5) The measured rotational core loss and proposed rotational core loss model can be 

used for design of an amorphous core based rotating electrical machine.  
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(6) The magnetic flux in the core of rotating electrical machines may pass through in 

all direction. Therefore, the three dimensional (3-D) magnetic properties of the 

core material are also important for the design of the electrical machines. The 3-

D magnetic properties of the amorphous magnetic material can be investigated in 

future. 
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