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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

v



current is considered in the design process. A prototype of the MFT is utilised for the

experimental verification of the design.



Keywords: Fe-based amorphous magnetic material; Direct and inverse Preisach models;
Jiles-Atherton model; Hysteresis loss; Dynamic core loss; Alternating core loss;
Rotational core loss; Medium frequency transformer.
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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.

Medium MET Low
voltage grid AC DC voltage grid

ﬂ_ DC AC ﬂ_
6;' DC —|_ AC _@_ DC —|_ AC @

Isolated DC-DC converter

(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



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



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
MEFT 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.



» 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:
(1) measurement of the rotational core losses of the magnetic material at different

magnetic flux densities and frequencies; (ii) proposal of an improved analogical model
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for modelling of the rotational hysteresis loss; and (ii1) 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
8



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 (), 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.

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

AN Saturation region
Knee point

\

Approximate linear

portion
—

\ 4

H

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.

Domain wall

INNEEERETN ) VYO L
T T

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]
17



P=pAVC AT 2.1)

1 Calorimeter tube ]
FC40 fluid
CUT
Data
acquisition [€ > AT
and plot
l Valve

Pump

Calorimeter reservoir
and cooling system

Fig. 2.4. The block diagram of a core loss measurement system using calorimeter [2.7].

where p is the mass density of the coolant, V" the flow rate of the coolant, Cs the specific
heat of fluid, and 4 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]:

I | CUT
Source I g E
AVAVAY,

Ryes

Digital oscilloscope

©r

Fig. 2.5. Schematic diagram of core loss measurement using oscilloscope [2.11].

p=1
T

[i,@v, @t (2.2)
where i, 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].

N,

N

Np 1
N N, &

(2.3)

>U

ref

where N, and N; are the numbers of turns in primary and secondary windings,
respectively, Rrerthe resistance of current sensor, vr the voltage across the current sensor
resistor, and N: 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]

M (2.4)

N7’ L,

7

where Ln 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

P=K, BB £ L K B2 £? 1 8.76K, B3 f15 (2.5)

m exc— m

where fis the frequency, Bn is the maximum magnetic flux density, and Kz, 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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P=kf*B? (2.6)

where &, a and f 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
P=k f2'BIf, (2.7)

where /- is the fundamental frequency and fe; s given by

o = i(d—szdt- (2.8)

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]:

1 j Pl d dB(t) |B(e) ™ di 2.9)

where k;, = k

27 )
27)*" [|eos 6||sin 6" d@
0

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]:

dB—E’) B di (2.10)

di

lT
Pz?z[ki
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k

where k, = T .
Q2m)*! [|cos6]* 27 *do
0

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]:

a

4B 4 (2.11)

. [&)M Kyt
dt

2 T 4

k

where ky = — .
2m)* " [|cos 6 d6
0

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 (Krwc), 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]
P=Kyok B (2.12)

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 dB

P:ﬁ szl (2.13)
T

where P is core loss, T is time period, and p 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 a and f, 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 (a, f) plane for Hsat > a > f > -
Hsar, and ST 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:

“’YGB A B
+1 f---- < >
S
\ 4 A 0 >
> He o
B o H
S+
-1 |« > Ho.
(a) (b)

Fig. 2.8. (a) Rectangular hysteresis model of magnetic dipoles [2.28], and (b) Preisach diagram [2.28].

M(H) = | w(a, Yy ,(H)dad (2.14)

B = u[H + M (H)] (2.15)

where u(a, p) is the distribution function of the magnetic dipoles, yqs the Preisach operator
which is 1 on S* and -1 on S°, and S the triangular region on the (a, ) plane for Hsa > o
> > -Hsar 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

AB

H(t+At)=H(t)+ 2.16
( ) () dB/dH ( )
with

dB aM

i PTP csil 2.17

M, (2.17)

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 M; and

reversible magnetisation M.y components, which is as follows:

M :Mirr +Mrev (218)
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where, M;.» is calculated from the anhystertic magnetisation Ma. and irreversible
magnetisation M;». According to J-A model, the equations related to the calculation of

Myev, and M, for a given H are as follows:

dM;
Mirr =Man —ké‘ﬁ (219)
M ey ZC(Man _Mirr) (2.20)

where £ and ¢ are the model parameters, Man the anhysteretic magnetisation, He. the
effective magnetic field strength, and o 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:

M, =M, {coth&—i} 2.21)
a H

e

H, =H+aM (2.22)

where M; is the saturation magnetisation, M the total magnetisation, H the applied
magnetic field strength, H. the effective magnetic field strength, and a and « 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]:

dﬂ :( —c) M g — My +chan (2.23)
dH k6 —a(My, —M,,)  dH

Using the above-mentioned expressions of Miyr, 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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(l—C) dMirr +c dMan
M dH,  dH, 2.24)
aH l-a(l-c) My _ ac M gy
dH dH

where dMi/dH. and dMa/dH. can be obtained using (2.19) and (2.21), respectively.
From (2.19), the dMi/dH. can be written as:

am irr _
dH

e

(Man _Mirr)
ko

(2.25)

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, dMi/dHe. becomes zero. Therefore, (2.25) can be
updated as follows [2.42]—[2.44]:

dMirr :5M (Man _Mirr) (2 26)
dH, ko ‘

where oum 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:

(Man - RMirr)
ko

aM irr _
dH

e

(2.27)

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]:

N _ 2
£ = \/Z (Bmeai NBcalz) (2.28)
i

where &5 1s the root mean square of error, N the number of samples per period of the
magnetic flux density, Bmes the measure magnetic flux density, and Bcai 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

dmM

M(t+At)=M(t)+d—BAB (2.29)
B(t+At)
H(t+At)=——=—-M(t+Ar) (2.30)
Ho
with
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am dB, u, dH,
L ' - (2.31)
1+ 4, (l—a)(l—c)i’:rjtc(l—a) den
. M (t)-M.
am,, _M,,(1)-M,.(1) (2.32)
dB 1k
i M H ’
an _ s {100&12—64‘(1} } (233)
dH, a a H,

where B. 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].
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Fig. 2.10. The typical pattern of the alternating hysteresis loss of a magnetic material.
T. =1y |M><H| = UpMH sin 6 (2.34)

where 7 is the torque, and M and H are the magnetisation vector and magnetic field
strength vector, ¢ 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 0 becomes zero, as

shown in Fig. 2.12 [2.37]. Thus, the hysteresis loss will be zero in that case.

v

Fig. 2.11. Induced torque angle due to the rotational magnetic field at general magnetic flux density [2.37].

8:0 -

\ > > »

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].

p dB
P (la B g oy (2.35)
Tpy\ ~ dt i/

where P: 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]:

H, coil H, coil
/
2 1 ‘/ !

t\
H, coil

(@) (b)

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

[2.37].

1 .
H = < ijidt i=Xx,y (2.36)

where Kui indicates coefficients calculated by calibration of the coils [2.37] and wo

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

/Oﬂ 2
| B

Coil 1

|A/

Specimen

d>

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

_ dZHl _lez
d2_dl

H (2.37)

where d; and d> indicate distances of the coils from the specimen as shown in Fig. 2.14,

and H; and H: 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:

Fig. 2.15. A typical Hall element which uses the Hall effect [2.37].
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(2.38)

where e 1s the induced voltage, #: the thickness of the plate, R» 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]:

Sycimen Sp7imen
v v

By cEil

By coil y coil

By coil

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

1 o
&:E;L%m i=x,y (2.39)

where Kgi=NBiA.i are the coefficients of B-sensors, Ng; are the number of turns in the
sensing coils, and va; 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.
B = iJ‘\/B,dl‘ i=Xx,y (2.40)
1 bd 1

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

specimen.

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.

Hand B
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A/
A
A
Tester
core

=
W
\/
Exciter
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Fig. 2.18. Block diagram of a square specimen tester [2.73].

36



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.

| %

i

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.

0 20 40 60 80 100
Frequency, f(kHz)

Fig. 2.20. Typical pattern of R,. 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
>l

OO0Q OO0

i
eeg-mam HHH

Fig. 2.21. Conversion of solid conductor from round shape to rectangular shape.

2 2 ’
= PP;Z; L, {M:V+ (p ;DDW} (2.41)
n

t"w
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where Ay is the winding breadth, p, resistivity, # porosity factor, p the number of layers,
Ninumber of turns per layer, / mean turn length, d; height of conductor, M| and D] are

the real parts of M and Dw, respectively, which are as follows [2.84]:
M, = ad, coth(ad,), D, =2a,d, tanh(eyd, /2), o = [L210 (2.42)
P,

where o is angular frequency and u is the permeability of the conductor. The above-

mentioned AC resistance can also be expressed by the following equation [2.85]:

(2.43)

sinh 2A +sin 2A | 2(p? —1) sinh A—sin A
cosh 2A —cos 2A 3 cosh A+cosA

Rac = Rdc A|:

where R is the DC resistance of the winding, A 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]

R =R, 7 ber}/bezzy—bez Zber 4 C2r(2p—1)> ber, ;/ber2 ;/+bel§]/bel 14 (2.44)
2 ber'” y +bei'” y ber” y +bei” y
where y =d_ / (\/55) , dc is the diameter of conductor, and J 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:

39



ber® y +bei’ y

R, - Rdcz berj/beiz'y—bei ;;ber';/ —2m? 4p2 -1 1 ber, y ber'y —bei, y bei' y
2 ber'* y +bei'" y

(2.45)

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]

45 ol

rms

2_ II 2
R =R, |1+ IA“( o ) (2.46)

!
rms

where Ims 1s the root mean square value of current and /. _is the derivative of Lms.

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 /N, x/N, ,

where N 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]:
di
N
> s

OOC OO0
OO0 O—|mm oV,

000 DmOoOd

Fig. 2.22. Conversion method of a Litz wire to several layers for calculation of AC resistance [2.90].
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. . 2 . .
R, =R,A. { sinh 2A +sin 2A N 2(N,p”—1) sinhA —sin A, } (2.47)

cosh2A —cos2A, 3 coshA +cosA,

J7ZN,
where AS=i md N,
28 2D

L

, and d; is the diameter of a strand and D 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]:

Inductance, L (uH)

o o

— o

wn S

/Z
1 1

0 100 200 300 400 500
Frequency, f(kHz)

Fig. 2.23. Typical leakage inductance with frequency for turn ratios (m) 1 and 2.

3 2 " 2 "

3 pz ‘alzdtz

w

where M and D! are the imaginary parts of M, and Dy, 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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/ 2 (k, +2k 1 -
L, - Holin, np( 1"|‘ 2)(m+ )+ (k1 4‘k2)(m+1) +{2n2 + 2mn? +l+1}tim (2.49)
6h,, ysinh’ (ytp) 2ny sinh’ (pr) ’ fom

where, k1= sinh 2yt,) —2vtp, k2 =yty cosh yty)—sinh y#y), np is the number of layers in the
primary winding, m the turn ratio, #, the primary conductor thickness, tiso insulation

thickness and /win 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]:
AT=PR, (2.50)

where AT is the temperature rise, Ru the thermal resistance, and Pr 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 R,

04
~OO—57 (2.51)

R, ~
th \/V—c

where Ve 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]:

0.826
Pr

Kst (AcAw

AT =450 (2.52)

)0.5

where Pr is the total loss in W, Ki: a constant related to the structure of the core, and A
and A 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
4



maximum permissible temperature rise, i.e., Protal Rih < ATmax, where ATmax 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]:
P=kf*B? (3.1)

where £, o and S 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]:

2
(Fni = Pi)” (3.2)

where Pn; and Psi are the measured and calculated core loss data, and # 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 (a,
B) plane for Hsar> a.> 8> -Hsar, 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:

M(H) =Jﬂ(a,ﬂ)7aﬂ(H)dadﬂ (3.3)

N
B= y,[H +M(H)] (3.4)
where u(a, p) is the distribution function of the magnetic dipoles, s the Preisach operator

which is 1 on S and -1 on S°, and S the triangular region on the (a, 8) plane for Hsa > o

> B> -Hsar as shown in Fig. 3.1(b).

“’Y&ﬁ A B
+1 }---- < >
S
\ 4 A 0 >
> He o
p o H
S+
-1 |« > Ho.
(a) (b)

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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M(H)=M(H )-2T(H

n’

H) (Downward) (3.5

MH)=M(H,)+2T(H,H)) (Upward) (3.6)

where H, represents the magnetic field strength at the last reversal point, and T (a, f) 1s a
function of the upward and downward magnetisation trajectories. 7 (a, ) 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 7 (a., f) 1s

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

M, () =M ,(f)

I(a,p)= 3

+ F(a)F(=p) (3.7)

where Ma(a) and M.(p) are the downward and upward magnetisations of the limiting loop,

and F(a) can be determined by

M,(e)-M ()

2yM (@)

F(a)=

when a >0 (3.8)

F(a)=\M,(-a) when a < 0. (3.9)

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

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]:

M(H):Mirr (He)—I—Mrev (He) (311)
M, (H)=c{M,(H)-M, (H,)} (3.12)
H,=H+KM (3.13)

where M is the irreversible magnetisation, M. the reversible magnetisation, Man the
anhysteric magnetisation, H. the effective magnetic field strength, K the feedback

coefficient, and ¢ a constant.

Substituting (3.12) into (3.11), one obtains

M(H)=SM, (H,)+(1-S)M,, (H,) (3.14)

ur e

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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AB

H(t+At)=H(¢
(+ ) ()+dB/dH

(3.15)

where AB is the change of magnetic flux density between two successive discrete times,
At 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

dB am

2 o+ == 3.16
JH Ho ™ Hy dH ( )

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
dM./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

dM dT'(H ,H .
=2 ( - ) For downward trajectory (3.17)
dH dH

M _2dT(H,Hn)
dH =~ dH

For upward trajectory (3.18)

where dT (Hn, H)/dH and dT (H, H»)/dH can be calculated from (3.7) which are as follows:

dr(H,.H) _1dM, ( )dF(—H) (3.19)
dH 2 dH "' dH '
dF (H
dT(Z}H"):%‘?[?wF(—Hn) dg{) (3.20)

Similarly, for the initial magnetisation, dM/dH can be obtained from (3.10) and (3.7) by
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dM dT(H,-H)
1dM,(H) , 1dM,(-H) dF (H)
2 dH 2 dH dH

+2F (H)

where dF(H)/dH can be obtained from (3.8) and (3.9) by

dr (H) _ 1 am, [, M, | 1 am, for H>0 (3.22)
dH 4 (M, (H) dH M,] 2M,(H) dH

dF(H) 1 dM,(-H) for H<0.  (3.23)
dH 2M,(-H) dH

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

i, _,xIM (3.24)
dHl arl

with
dM  dM dH. 12
dH dH, dH (3:25)

Substituting (3.24) into (3.25), one obtains
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dM

aM dH
= e (3.26)
dH | _ g dM
dH

e

The first order derivative of magnetisation with respect to the effective magnetic field

strength (dM/dH.) can be obtained from (3.14) by

. dM
dﬂzs%_,_(l_s) an (3.27)
dH, dH, dH

e

where dMin/dHe can be calculated by using the normal inverse Preisach model and

dMan/dH. can be obtained from the anhysteretic curve.

Substituting (3.26) into (3.16), one obtains

dM
dB
= Myt (3.28)
dH |- g M
dH

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 #. Finally, the

corresponding magnetic flux density B can be obtained by (3.4).

2 T T T T T T T T T 100

_____ Bea (1) N ========= B (1) N
{Normal Preisach) (Generalized Preisach) 100

0 02 04 06 08 1 12 14 16 18 2
Time, ¢ (s)

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 Hpc 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 (Hsa-Hpc)/Nst, where Hpc is the DC
magnetic field strength where the anhysteretic magnetisation value is calculated, and Nt
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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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]:

X,
S=1-—2 (3.29)
Xanho

where Yo and yanho 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

_M.-M (3.30)
M

where M and M. are the magnetisations calculated by the normal Preisach model and
measured by experiment respectively, and y 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:

6X10-5| T T T T

----- .= Considered feedback
4r coetticient at 1.06 T

Feedback coefTicient, K

-100 -80  -60 -40 20

0 20 40 60 80 100
H (A/m)

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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(1) The feedback coefficient of the upward magnetisation changes with both the

magnitudes of magnetic flux density and magnetic field strength;

(i1) Near to the coercive force, the feedback coefficient jumps to the opposite direction

and then decreases exponentially with the magnetic field strength; and

(i11)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 > H. and a negative value for H < H.. 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 > H. obtained by curve fitting. The feedback coefficients of upward and

downward trajectories of Fe-based amorphous magnetic material can be expressed by

% :{ ae "+, H>H

¢ (Upward) (3.31)
—(a,e" +c) H<H

c

¢ (Downward) (3.32)

P —(ae""+¢) H=-H,
(a, e’ +c, ) H<-H,

64



where a;=1.40113x10*, b;=4.71577, and ¢1=2.95626x107, 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 Hn for H > H..

_____ Experimental method

Normal Preisach
(Without feedback
coefficient)

— — — —Generalized Preisach
(Constant feedback -
coefticient)

........ Generalized Preisach]
{(Proposed feedback
coefficient)

-1 5 1 1 1 1 1
-80 -60 -40 -20 0 20 40 60 80
H (A/m)

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.
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Fig. 3.9. The feedback coefficient of upward magnetisation with the change of B,, for H > H..
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Fig. 3.10. The feedback coefficient of upward magnetisation with the change of H,, for H > H...

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]:
M)=M,+g(M-M,) (3.33)

where M, M and M, 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, ¢, 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 H.c (magnetic
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field strength at point ¢) is replaced by H. (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.

100 ; - ' 2
q 2 ——_——— Hipea (2) Hea () (Normal
inverse Preisach)
sof A7 N0 Heai (2) (Proposed 11
inverse Preisach) e
2 \ e, AT -
= S =
Z 00 NIZZ TN 05
I """"" Bmca ([) .
| Popping R 1.
L I Bea (2) point, P
(Generalized Preisach) d
-100 ‘ ' ' : -2
0 02 04 0.6 0.8 1
Time, ¢ (s)

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(¢) 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/dH. in (3.28)
is calculated by (3.27) which requires the calculation of dMi/dH., squareness, and data
table of dMan/dH.. 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 () 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 ¢; in (3.31) and (3.32) increases from
2.95626x1077 to 9.305626x1077 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

Limiting loop and corresponding derivatives, and Preisach
function and its derivative, values of squareness and parameters
of feedback coefficient

aforementioned techniques.

y
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| Calculate H.(¢) ‘
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dM/dH, (Dowanward) dM/dH, dM/dH, by

(upward) (Initial)
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¥
Calculate dB/dH
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Calculate H(r + Af)

r=t+Ar

End

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:

& = Pmea _Pcal %x100% (334)
mea
1 N (Hpeai — Hi )
& = Samel 1 x100% (3.35)
max (H peqi) - N

where & s the relative core loss error, &s the root mean square error between measured
and calculated H, Pmea 1S 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]

od? AB
_o¢ /2P 3.36
“dv 12 At (3-36)
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where ¢ and d are the conductivity and thickness of the amorphous ribbon, respectively,
and AB 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]:

AB AB
H, =\oGV4 WzKW (3.37)

where A; is the cross-sectional area of the ribbon, G and Vo are constant coefficients
depending on the material metallurgical properties, and Kexc is equal to the square root of

the product of 41, G, Vo and o.
3.7.1 Identification of Dynamic Coefficients

While the eddy loss parameters (¢ and d) can be easily obtained from measurement or the
data sheet provided by manufactures, the measurement of excess loss parameters, 41, G,
and Vo are very difficult to be found out. Instead, Kexc, which is the square root of the
product of 41, G, Vo and o, 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]:

2 712
orn'd

P=PF+

t

B f*+8.76K B (' (3.38)

exc m

where P is the total core loss per unit volume, and the first, second and third terms on the
right-hand side are the hysteresis (Pr), eddy current and excess losses per unit volume,
respectively. Fig. 3.14 shows the curve fitting of the measured core losses per cycle (Py/f)
with ffor 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 (emyf) 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 p . cm 130

Number of turns of coils 24/24

The magnetic field strength is obtained from the excitation current as follows [3.6]:

H(1)= _le © (3.39)

m

where iex is the excitation current, /» 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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)= NIA

sT ¢

va (1)dt (3.40)

where A.1s the effective cross-sectional area of magnetic core, vs the induced emf, and N

the number of turns of search coil.

Finally, the core loss per unit volume () can be calculated by
1 dB
P=—|H—dl 3.41
Ak G4

The unit of the abovementioned equation of the total core loss is W/m?. 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.
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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/m?/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:

(1) 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.

(i1) 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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(111)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 H., 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= -1.29113x10°).

Table 3.2 (a)
Comparison of calculated and measured hysteresis loss (W/m*/Hz) for Preisach models

Bm Test Normal Generalised Preisach
() Preisach Proposed K (Bm) Constant K
P (W/ Py(W/ | Error | Pp(W/ Error Py(W/ | Error
m*/Hz) m*/Hz) (%) m’/Hz) (%) m’/Hz) (%)
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 4248 -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 Test Normal Generalised Preisach
() Preisach Proposed K (Bwm) Constant K
Py (W/ Py(W/ | Error | Pp(W/ Error Py(W/ | Error
kg/Hz) kg/Hz) (%) kg/Hz) (%) kg/Hz) (%)
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/m?*/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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(1) 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.
(i1) The error decreases with the increase of magnetic flux density.

(111)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/m?/Hz) for inverse Preisach
models

Bm Test Normal inverse Generalised inverse Preisach

(T) Preisach Proposed K Constant K
Py (W/ Py(W/ | Error Pyr(W/ Error | Py(W/ | Error
m/Hz) | m’/Hz) (%) m’/Hz) (%) m?*/Hz) (%)

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 Test Normal inverse Generalised inverse Preisach

(T) Preisach Proposed K Constant K
Py, (W/ Py(W/ Error Py(W/ Error Py (W/ Error
kg/Hz) kg/Hz) (%) kg/Hz) (%) kg/Hz) (%)

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,
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although for the generalised Preisach model the congruent property has been relaxed
[3.15]; (i1) the low incremental magnetic field strength as the discrepancy between the
calculated and experimental results increases at low magnetic field strength [3.28]; (ii1)
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
Pn (Test) Normal inverse Generalised inverse Preisach
(W/m’/Hz) Preisach
P, (W/m’/Hz) Error P, (W/m’/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/m?/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.
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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].
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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.
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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 ¢, domain interaction «,
anhysteretic magnetisation’s shape parameter a, and saturation magnetisation M; [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 & 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 £. 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 £
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]:

dMirr :(Man _Mirr)
dH, ko
Mrev:c(Man _Mirr)
M—-cM
My, = =an
l-¢
H
ManzML{cothTe—Hiel
(l_c)dMirr_l_chan
aMm dH, dH,
dH l-a(l-c) My —-ac M g
dH, dH,
H,=H+aM
M(r+ai)=M(0)+ Y s
dH

B(t+Ar)= o {H (t+Ar)+ M (1+Ar)}

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

where k and c¢ are the model parameters, Man the anhysteretic magnetisation, H. the

effective magnetic field strength, M the total magnetisation and J 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 dM;./dH. becomes zero in the
magnetisation process if (Man - Mi)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]:

dMirr :5M(Man _Mirr) (4 9)
dH, ko '
where
5M =1 (Man_Mirr)dHe>0 (4'10)
0 (My,—M,,,.)dH, <0

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:

dMirr _ (Man _RMirr)
dH, kS

(4.11)

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, & 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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N(B. .—B. ..
&g z\/z( mealN call) (4.12)
i

where &5 is the root mean square of error, N the number of samples per period of the
magnetic flux density, Bmes the measured magnetic flux density, and Bcai 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:

P

mea

g, = Teal | 4100% (4.13)

mea

where ¢ is the relative iron loss error, Pmes 1S the measured iron loss and Pecu is the
calculated iron loss. In this chapter, the calculated Pcas is expressed in W/kg, which is as

follows:

1 dB
P=—| H—d .
oty t (4.14)

where P is the iron loss (W/kg), T time period (s), and p the mass density (kg/m?) of the
core. If anyone wants to express the iron loss in W/m?, the right side of (4.14) needs to

be multiplied by the mass density p 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 (&) 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 &. 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 &
at 1.26 T is 0.0347 where the relative error of iron loss calculation, &-1s 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 &5 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 &5, 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 & and
&r are considered as error criteria where both are slightly higher than their minimum
values, i.e. a trade-off between & and &r is set as error criteria in the optimisation
technique. To express &s as percentage of its maximum value, (4.12) can be updated as

follows:

. \/%(Bmem “Beai)” oo (4.15)
max(Bmeal-) ; N
Since ¢&; 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
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M, =vM, {coth He i} (4.16)
a H

e

%:% 1-coth? (&]+(LT (4.17)
a a

where v 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 v.
Since the domain wall displacement does not exist in a specific conditions, e.g. (Man -
Mi)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 (%, ¢, a, a and
M;) 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) & < & and 1ii) & <
&sc, where &rc and &sc are the minimum allowable ¢ and &5, and & and ¢s are calculated by
(4.13) and (4.15), respectively. If the values of & and & 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 v at other induction levels are calculated with considering other selected
four parameters (c, a, a and M;) as constants. In these cases, k£ and v 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 v at B»=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 & and &s do not occur at the same point where each
point associates with a feasible set of k& and v that satisfy the error criteria. Thus, a point
is selected in such a way that both ¢ and &s; remain in the acceptable values, as shown in

Fig. 4.4.

20 ) ) ) ) ) ) )

€, (%)

7 8 9 10

6
& (o)

Fig. 4.4. Pareto-optimal solutions by optimisation technique to identify model parameters at 1.26 T.

The constant parameters, ¢, a, a, and M; of the J-A model are considered as 0.18,
53.51A/m, 1.10 x 10* and 1420000 A/m, respectively. The values of k and v for the

considered magnetic core are shown in Figs. 4.5 and 4.6, respectively.

12 7

10 -

k (A/m)

2 1 1 1 1
0 50 100 150 200 250

H, (A/m)
Fig. 4.5. The values of the loss factor k£ with the change of peak magnetic field strength, Hp,.
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Fig. 4.6. The values of scaling factor v with the change of peak magnetic field strength, Hp,.

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/dH. are firstly calculated
by (4.6), (4.16), (4.17), (4.3), and (4.9), respectively. After that the calculated values of
dMan/dH. and dMi/dH. 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, #.

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]:

dM
iy (1=0)Sy (Mg, — M) +k5cﬁ
B T (4.18)
Ho | k6 —(a=D)A=)dy (Mg =My )~ (e —1)k5ccm“"}
e
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where Man in this study is calculated by (4.16) instead of conventional Mux as shown in
(4.4), and dMan/dH. is calculated by (4.17). Similar to the proposed modified J-A model,
k and v 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 £ and v 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 v with

the change of peak magnetic flux density, respectively.

14 T T T T T T T

2 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

B, (T)

Fig. 4.7. The values of the loss factor & with the change of peak magnetic flux density, Bm.
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Fig. 4.8. The values of scaling factor v with the change of peak magnetic flux density, B,.

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]:

2
IR

H
A"*|AB["

=H+
T 12

where Hr is the total magnetic field strength, d the thickness of the amorphous ribbon, o
the conductivity, At the time step between two samples, AB the change of magnetic flux
density within Az, 4:the cross-sectional area of the amorphous ribbon, and G and Vo are

constant coefficients. The (G Vo A1)"?

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 &; and minimum &, do not
often occur simultaneously, and consequently the relative iron loss error & at the
minimum & sometimes becomes much higher than its minimum value. Therefore, by
using the proposed error criteria where two error criteria are exploited, the value of &
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 s, 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 &, 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 &5 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 &s 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 &s is about 1.92 %.

25 Ll Ll Ll Ll Ll X . Ll
Only 28 (min) criterion

201 b
S5t -
%k

10 1

s Trade off between & and &, (Proposed criteria) 1

0 G 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

B (T)

Fig. 4.9. Percentage of core loss error, & with change of peak magnetic flux densities for the proposed error

criterion and existing error criterion.

20 T T T T T T
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151 as well as proposed modified J-A model -
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modified J-A model in [4.3]
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—<&— Trade off between g and &,
as well as modified J-A model in [4.3]
0 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Bin(T)

Fig. 4.10. Percentage of root mean square errors of the calculation of B at different peak magnetic flux

densities at different conditions of J-A models.
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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 (6/=8.31%) is slightly high. The reversible magnetisation is mainly responsible for
the minor loops. Consequently, the value of reversibility coefficient ¢ needs to be high
for the minor loops. Since the constant value of ¢ 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

15 0.9948.

150 T T T T T T ) ) )

100

Measured, H 7

= = = = Calculated, H .
(r=0.9987)

-150 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9 1

0.5
t(s)

Fig. 4.11. Comparison between calculated and measured H at B,=1.38 T and 1 Hz excitation.
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Fig. 4.12.
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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 B,=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, &- for these two cases are
2.86% and 0.16%, whereas ¢s 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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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 H. 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

110



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 90° 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 x 50 mm x 0.86 mm. As the thickness of an amorphous strip of
the core is about 25 pm 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%.
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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 = : I vy dt i=x 5.1
i KBi Bi 4 y ( . )

where Ksi=KsNsiFpidmdiw are the coefficient of Bi-sensing coils, Nsi the number of turns
of the sensing coils, Fsi the amplification factors, Ks the stacking factor, di the thickness
of the specimen, diw the length or width of the specimen, and vs; 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]:

1
H = v,dt i=x,y (5.2)
,UoKHi'[ !

where uo1s the permeability of air, vui is the induced voltage on the sensing coil and Kni
is the H-sensing coil coefficient obtained by calibration [5.2]. For the determination of
Ki, 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 Kui is then calculated by the following equation

VHi

Ky = —— i=x, 5.3
! 27Tﬂome y ( )

where Hn is the maximum field strength, f'is the excitation frequency and Vi 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 Kui is
calculated using (5.3) for each excitation. The average value of them is then taken as the
value of Kui. Tables 5.1 and 5.2 list the calibration results of the Hx and Hy-sensing coils

for different excitation currents.

Solenoid

S H-scnsing co

ils [
N -

Fig. 5.3. Calibration of H sensing coils using a solenoid.
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Table 5.1

Calibration of Hy.sensing coil

Si I (A)|Bi (mT) | Beom (mT) | Hn (A/m) Vix (V) Ky (m?)
(rms) | (peak) (peak)
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)|Bi (mT) | Beom (mT) | Hn (A/m) Vuy (V) Kny (m?)
(rms) | (peak) (peak)
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]:

1

COS ay

Cx
Cy | cosa,cosa

y

+sina, sina

y Sin OCy

—sina,

<
Cy

COS &y

(5.4)
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where ox and o, are the misalignment angles with the X and Y-axes respectively, Cx and

Cy are the corrected values, and C; and C; are the corresponding measured values.

Misalignment angles are then calculated as follows [5.2]:

Fig. 5.4. Rotation of the co-ordinate axis to deal the misalignment problems [5.2].

1-AZ2

crx:cos_1 TA, 2—y2 (5.5)
Ay —Aj
—1| sina,
a,=cos | —— 5.6
g [AJ}J >0

where Ax= C./C, when only the X-axis coils are excited, and Ay=C;/C! when only the

Y-axis coils are excited.

There is another approach for calculating the misalignment angles ox and oy, which is
based on the trial and error method [5.26]. The ox and a, 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 uV, and low noise 1.5 uVpp [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,

o
Il

1 % dB dB
— || H —+H — |dt

where P is the total core loss (W/kg), T the time period (s), p the mass density (kg/m?),
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.

Rotational loss (W/kg)

0.001 i : A R

B (T)

Fig. 5.6. Rotational core losses of the amorphous magnetic material with By, 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 By, 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 (Pat)
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 (Pi/Pai) 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 By, under 50 Hz sinusoidal excitation.
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Fig. 5.12. The rotational core loss of the amorphous material with By, 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 (¢) 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 Pn/f can

be modelled which is given by

1/ 1/(2-s
Byl f = S2 - ( )2 (5.8)
(ap+1/s)" +a3 {ay+1/(2-5)} +a3

where a;, a2 and a3 are constant parameters, and the s is defined by

s=1-M o f_ 1 (5.9)

s a% +Cl3

where M is the amplitude of magnetisation vector M (M=B/po-H), and M5 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 Bw/Bs. Accordingly, (5.9) can also be written as [5.18]

s=1—B—m 1- !

(5.10)
Bs Cl% +ajz

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:

Phr:(l_am){Pha(Blm)+Pha(Bsm)} (5.11)

where Pnq is the alternating hysteresis loss in W/kg, and am is the modification factor

calculated using measured data, Bim 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
By =2(1-a,) By . (5.12)

According to [5.24], the value of an 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.

] .5 L} L} L} L) L) L)

1 F —_— Modified parameter, a,, -
S
o '*‘ Measured parameter, a,,
£ 05 .
<
(1
3 *
= 4
s o *
3
=)
S * ¥

05 1 1
-1 1 1 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
B, (T)

Fig. 5.15 Modification parameter a,, 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

(5.13)

where P is the developed mechanical power, 7 is the torque, and w,= (1-s)ws is the

angular speed of the rotor, ws synchronous angular speed of the three-phase induction

motor. The torque can be written as [5.29]
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V2R, /s

T —
2 2
a)s[(R,h +Ry /s)" +( Xy +X>) }

7

(5.14)

where Vin, R and Xu are the parameters related to the three-phase induction motor. From

(5.13) and (5.14), one can write,

2
P= 3o Vil /s . (5.15)

X [(Rth +Ry /S)Z +( X +X2)2}

If b1, b2 and b3 are assumed for 3V2u/R2, Ru/R2, {(Xin+X2)/R2}?, respectively, by using
analogical approach, the hysteresis loss per frequency (Pn/f) can be obtained by

By lf =D (5.16)
[(bzs + 1)2 +b3s2}
where
s=1- B;—m (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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2 32
p =294 g (5.18)
er 6p m

where Per 1s the rotational eddy current loss in W/kg, o the conductivity of the amorphous
sheet, d the thickness of amorphous sheet, f the frequency, p 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 p .cm [5.7]. The

value of mass density of the material is 7180 kg/m°.
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

Po=CB S (5.19)

ar - m

where Cqur is the rotational excess loss coefficient. Therefore, the total rotational core loss

can be obtained as follows:

or’d?

P=P +2 B f*+C B " (5.20)

ar-— m

where both Pnr 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 Pnr 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. 5.17. Rotating and alternating excess loss coefficients with magnetic flux density.

128



0.015 T T T T T T T
soennennns . Model based on alternating loss [5.20]

— — — Existing analogical model [5.19]

o oorr o i
%D Proposed model ’:“‘
% &
Q * Measured
0.005 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
B (T)

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:

P

arzz(l_ae)Pa (5.21)

a

where Par is the rotational excess loss, Paa 1s 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 a. 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 Pait can be expressed as

2d2
_p +O-7T

ha

aa’  m

Bifz +C B1.5f1.5 (522)

alt
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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
i1s 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]:

P, =C,Bf (5.23)

ha~m

where Cha and f 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]:

P=R,P+(1-R,) P

alt

(5.24)

where Rz 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]:

1 X 2
\/ N1 > (Pi(test) — Bi(cal )
Err = i=1 (525)
max (Pi(test) )

where o is the standard deviation, N is number of measured data, Piest) the measured data
and Pical 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
1s 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)*? 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
2.5kW, 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.

T (04
¢, |dB( _
P:?jk,.# (ABY ™% s 6.1)
0
where
ki = o K (6.2)
(27)*7" [ |eos(0)* 2P~ a0
0

and Ap is the peak to peak amplitude of the magnetic flux density, and K, a and f are the
Steinmetz coefficients of the OSE. The coefficients of K, o and f 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:

P, =Kf*BF (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.

137



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:

~ f N
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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 A is the cross-sectional area of the core which is the product of core bread and
core height, Krthe form factor, K; the stacking factor of the core, N; the half number of
turns of the primary winding, B» maximum magnetic flux density, V1 the half of primary
voltage, and fthe 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
Gy =2+ 13 +digy +dp |+ dig, (6.5)

where G 1s the window width, W, the primary half winding width, /> the secondary half
winding width, diso the insulation thickness between the primary and secondary half
windings, dcr the insulation thickness between core and the nearest winding, and disq 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

W = pidyy | Ky +(pr = 1) dig) (6.6)

Wy = pydyp | Ko +(py =1)dijsr (6.7)

where p; 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, Ku; and K2 are the utilisation factors. Similarly, the core window height can

be obtained as follows:
Hw = Nlldwl /Kuh +2dcf (6.8)

where N is the number of the turns per layer in the excitation winding and Kux 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]

dips === 6.9)

ms

where dins 1s the insulation distance, v 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 der 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]:

dy =1.154\/Ng dg +24 (6.10)
dWZ =1.154 stdsz +2f2 (611)

where dw; and dw2 are diameters of the primary and secondary Litz wires, ds; the strand
diameter of primary Litz wire, ds2 strand diameter of secondary Litz wire, Ns; and Nis2 are
numbers of strands in primary and secondary Litz wire, #; the insulation thickness of the

primary Litz wire, and #2 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:

1.5

B (T)

0 500 1000 1500 2000 2500
Hp (A/m)

Fig. 6.2. B-H curve of the selected AMCC 50 core.

2\2Ny 1,
A==

ml

(6.12)

where Hy is the maximum magnetic field strength, /o the no-load current (rms), Lm the
effective magnetic flux path and N; the number of turns in the primary half winding. From

(6.12), one can write

In = HmLml

O—Tle . (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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I,= \/13 +1} + 211, cos (6.14)

where I, is the primary current, [ , the equivalent load current in the primary winding, and

¢ the angle between | ; and /o,

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
\/ﬁs X \/ﬁT where N; 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],

A,
OO0QC [EooO
OO O—|mom| /¥

000 DOoOd

Fig. 6.3. Conversion method of a Litz wire to several layers for calculation of AC resistance [6.23].

(6.15)

i 1 2 2 -1 . o
R =2R, A, { sinh 2A, +sin 2A, N (N,,p; —1) sinh A, —sin A, }

cosh2A, —cos2A, 3 cosh A, +cosA,

M

Njd N
where Al:c;_sél‘\/ﬂ ”2;1[ sl
w

and ds; is the diameter of a strand, = ,/1/ (72'0 f /1) is the skin depth, ¢ is the conductivity,

Racr 1s 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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R =2R,.A, sinh 2A, +sin 2A, N 2(N,,p; —1) sinhA, —sinA, (6.16)
' cosh2A, —cos2A, 3 coshA, +cosA,
N jpdH TN
where A, = ds2 [2752N"7s2
20 2H,,

Therefore, the winding loss can be calculated by

P.=1%R, +I2R 6.17

ac —*ptacl TLs tac2 (6.17)

where [, indicates current in primary winding and /s 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 W X W

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:

dinsl dis CllrriZ di s] d 2
1

Primary winding Secondary winding Primary winding Secondary winding

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 /w; and /w2 are the mean length of the primary and secondary half windings on a
limb respectively, and dm: and dui can be calculated using Fig. 6.4 which are as follows
[6.26]:

dmi:ﬁ dwi 2, =12 (6.19)
2 Nsi

d,; It .
dyi = %—T(dwi -24;) i=1,2 (6.20)

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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(6.21)

where Pr is the total loss in W, and A is the cross-sectional area of the core window and

K 1s 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]: (1) fixed parameters and (i1) 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.
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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 (<70°C) and leakage inductance (< 100 uH) 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 33.15W 46.15 uH
Without no-load current 32.60 W 47.08 uH

99 Ll 1 I L

98.5 -

Efficiency (%)
\O
o0

97.5T

. Without no-load current
With no-load current

97

0 05 10 15 20 25
Power density (MW/m?®)

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 | 34 Magnetic flux density, Bm 1.20T
primary winding, N,

Number of layers per limb in | 2 Core loss 1220 W
primary winding, ¢i

Number of turns per limb in | 68 Winding loss 33.15W
secondary winding, N>

Number of layers per limb in | 2 Power density 17.31 MW/m?
secondary winding, ¢»

Core height, b 50 mm Efficiency 98.19 %
Core width, a 15.32 mm Temperature rise 66.32 °C
Number of strands for primary | 65 Leakage inductance 46.15 uH
winding, Ng

Number of strands for | 17 Core window height, H,, 60.29 mm
secondary winding, Ny

Turn ratio, n 2 Core window width, G,, 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.

S &+ Sufl a+ i
E MFT E
Vool /— E gllgi —_ Vbe
P 1o
Jf A< S A A A

Fig. 6.7. The experimental circuit for testing the MFT.

‘ ‘ Low voltage

Oscilloscope
Gate Drive | —— s RS
circuit '

Main DC
source

Differential
voltage probe

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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