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Abstract

This thesis examines the use of electromagnetic modelling techniques in the
development of realistic models for a saturable core fault current limiter (FCL),
which can be extended to other electromagnetic power devices. It includes the
use of mathematical, analytical and FEM tools which incorporate magnetic
properties of the FCL with the properties of the electrical circuit in which it is

placed.

Two independent models for a saturable core FCL have been developed on
different platforms, validated against measured results, and compared with each
other for consistency. The models were incorporated into a time-domain
circuitry representation of a power distribution network to assess their
performance as predictive representations of the actual device. The
electromagnetic models incorporate analytic representations of the non-linear
soft ferromagnetic material used in the magnetic cores of the devices obtained
from sample measurements. Particular attention is paid to the effects and
changes needed by the non-linear equations and data, due to the high-field
applications in which they are used. The models also include an improved
analytic magnetic field distribution function developed for calculating the
variation of magnetic field H in magnetic cores that combines accuracy and
speed of computation and offers advantages over conventional finite element

calculations.

Three dimensional finite element modelling was also used for developing
structural improvements to the FCL, such as the effect of various design

configurations on the performance of the FCL in the power circuit.

A comparative study of the modelling methods employed shows the advantages
of each modelling method while underlining some of the challenges faced during
the model development. This has provided solutions to problems which
invariably arise in the modelling design of such electromagnetic devices for

applications.
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CHAPTER 1: General Introduction

Chapter 1. General Introduction
1.1. Introduction and Aim

With increasing demand being placed on the interconnectivity of power networks
and renewable generation, innovative technologies are needed to help control the
faults currents in the power grid [1], [2]. Such devices also increase the longevity of
other protective equipment present in these power systems by improving the
stability and robustness of the power networks [3], [4], [5]. Many electromagnetic
technologies are being developed for this purpose one of which is the fault current
limiter (FCL). Some FCLs depend on the inherent non-linear behaviour of
ferromagnetic core materials to enable the devices to automatically adjust the
impedance of an electric power circuit so that at low currents the circuit has low
permeability and low impedance, while at high currents it has high permeability and
high impedance. This change in impedance limits the propagation of fault currents

throughout the power grid.

Development and design of these devices requires an understanding of the
electromagnetic behaviours of the constituent elements, and an ability to use this
knowledge in improving the design and assessing the performance of such devices.
Furthermore, the use of computational electromagnetic techniques in the design
process has become increasingly prominent due to their ability to solve large-scale
problems in short time periods [6], compared with the use of approximate

mathematical models.

However, given the insight and simplicity that can be provided by analytic
mathematical models, a comprehensive approach to modelling such devices like the

fault current limiter has been taken in this thesis. This includes a combination of

both numerical and analytic methods. This multi-physics approach has been
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successfully used in the design of electromagnetic devices such as power
transformers and fault current limiters [7], [8], [9]. Furthermore, the effects of very
high fields and currents on the assumptions and equations used in creating these

analytic models have not been properly investigated.

The aim of this thesis is to use a electromagnetic multiphysics approach to
modelling in the design of a saturable core fault current limiter (SCFCL). This
includes the use of analytic mathematical models and FEM techniques, combined
with the use of electromagnetic property information obtained from laboratory
measurements, to improve understanding and design of the device. The work also
provides an examination of the electromagnetic equations and methods used in
these modelling and how they change with the modelling of power devices. This has
resulted in models which are reliable representations of the real device and which
can be used in the design, analysis and performance of FCLs in power system

models.

1.2. Thesis Outline

The thesis is organised into nine chapters that cover the development and analysis

of the SCFCL models developed.

Chapter 2 provides a fundamental background of the underlying scientific, magnetic
and engineering concepts used in the thesis. It describes the magnetic properties of
ferromagnets and introduces their use in the design of fault current limiters, which
are the devices of interest in this thesis. A literature review of the attempts at
electromagnetic modelling of this device has also been carried out. An introduction
to the finite element modelling method has been given, including how it is used in

engineering applications.
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Chapter 3 includes the data measurements and equipment setup for the thesis. The
chapter shows the preparation of the data obtained from measurements for their
use in material selection and also device modelling in the mathematical and FEM
software either by way of direct data inclusion or by curve fitting to obtain material

representative curves.

Chapter 4 outlines some critical problems and challenges faced in obtaining and
processing magnetic property data for representation of magnetic materials. These
include finding appropriate extrapolation methods for ferromagnetic materials, and
also problems with the standard Ampere’s Law formulation equation generally used

in calculation and measurement.

Chapter 5 details the development of a mathematical model for the FCL. The model
provided a basis for studying the FCL functionality and performance directly in a
network, and formed a basis from which improvements in material selection. The
core design and structural modifications could be further investigated by simply

changing the model parameters.

Chapter 6 uses the finite element method in the structural analysis and modification
of the electromagnetic FCL. Improvements due to this static solver analysis

approach are sought for the different designs of the FCL.

Chapter 7 uses FEM static and transient solvers to improve the understanding and
performance assessment of the device. The inductance calculations performed in the
work are examined in order to find the most appropriate method of comparing the
inductances of various FCL design models. The insertion inductance of the FE
models were compared to those measured from actual prototypes in order to
authenticate the FCL models. The performance of various models and design

modifications were then assessed.
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- ______ _________ _____ _____________________________________ ____ _________________ _____]

Chapter 8 presents the development of another model in a commercial power
system simulator PSCAD. It analyses the unique problems faced in building a module
in this software and uses the model that has been developed to assess the
performance of the device in real MV networks. A comparison is also performed

between the two models developed in the thesis.

Chapter 9 concludes the work with a summary of the achievements and conclusions

from the research, along with suggestions for future work.
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Chapter 2. Technical Background

2.1. Magnetic Material Classification

Classifying magnetic materials traditionally has been done by an examination of
their macroscopic susceptibilities [1], or their relative permeabilities [2]. Some
magnetic materials show such minimal magnetic effects that they are essentially
considered “non-magnetic’. A method of quantifying ‘magnetic effects’ is by
examining materials on the basis of their magnetic susceptibility (i.e. how their
magnetic dipole moments behave in the presence of a magnetic field). With this
definition, magnetic material classes can be distinguished as shown in Fig. 2.1 to
include:

* Diamagnetism: These are materials with no net dipole moment in the
absence of an applied field magnetic, but can acquire a weak magnetic
moment in the presence of an applied magnetic field, and the direction of that
magnetic moment opposes the applied field. A typical example is Bismuth.

* Paramagnetism: These materials possess a net magnetic moment even
without the influence of an external magnetic field. An application of an
external field will cause the moments to align themselves with the direction
of the external field. Examples include Aluminium and Manganese.

*  Ferromagnetism: Such materials benefit from a quantum phenomenon called
‘exchange coupling’, which greatly facilitates the alignment of their moments

into rigid parallel configurations over regions called domains. It can also be

CuROT .
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considered that the moments in ferromagnets are ‘ordered’ in domains. As
such, they can have very high net magnetic moments without an applied field.
They do however, lose this capacity above a critical temperature called the
Curie temperature, after which they become paramagnetic. Examples include
Iron and Cobalt.

Antiferromagnetism: Here, the magnetic moments of adjacent atoms though
same in magnitude, align themselves antiparallel to each other when the
temperature is low enough. As such they have a net magnetic moment of zero
in the absence of an external field. This arrangement of domains is unaltered
in the presence of an external field. An example is Manganese oxide.
Ferrimagnetism: In these materials the adjacent atomic moments are aligned
in opposition but are unequal. Hence there is a net moment but not as strong
as those in ferromagnets. A special class of these materials, called ferrites,
also possess low electrical conductivity and hence are useful in inductor

cores and ac applications. An example is magnetite or Fez04. [3]
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All materials
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tl L]

Fig. 2.1: Classification ofmaterials by their alignment oftheir magnetic dipole moments.

Further sub-classes like superparamagnetism, helimagnetism can be defined with
the principle of ordered moments introduced in ferromagnetism. This thesis will
focus on the most important class of magnetic materials, which is ferromagnetism,

as they are the materials, which are most practically used in science and industry.

2.2. Ferromagnetic Material Properties

2.2.1. Introduction

Ferromagnetism is the term used to characterise strong magnetic behaviour [i.e.
large susceptibility] exhibited by some materials. This is understood to be due to
spontaneous magnetisation [4], a phenomenon that occurs due to the unforced

parallel alignment of spin dipole moments of constituent adjacent atoms. The atomic
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dipole moments tend to align themselves over regions, or domains, containing many
atoms. This spontaneous magnetisation gives rise to two very important
characteristics of ferromagnets, which are:
* Their relatively large magnetisations that can be induced in them
spontaneously or by comparatively low fields.
* Their retention of these induced fields, even when the external field sources
are removed. [5]
These two factors are responsible for the most important magnetic characteristics
observed from ferromagnets on a macroscopic scale. Characterising ferromagnets
provides a way of comparing these materials, and how these magnetic materials
can be described in models for their application, such the devices to be modelled in
this thesis. These important factors used in the characterisation of magnetic

materials are now examined.

2.2.2. Characteristic Features In Ferromagnetism

2.2.2.1. Magnetisation and Magnetic Induction

When an external magnetic field H is applied to a material, the response of the
material is called its magnetic induction B, which physically can be understood as
the magnetic flux density in the medium. In some materials and in free space, this
relationship is linear, but in most cases it is more complicated and non-linear, and

sometimes not even single-valued [6]. The equation relating B and H in SI units is:

B = u,(H + M) @1
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where M is the magnetisation of the medium, and g, =47*107Hm? is the

permeability of free space, a universal constant. M is defined as the magnetic

moment (m) of the constituent atoms or molecules, per unit volume (V) of the

materials
m

M=— (2.2)
V7

In this thesis the unit convention adopted for magnetic field H will be Amps per

meter (A/m), and for the magnetic induction B will be Tesla (T).

The line or curve showing the relationship between H and B for any given material
is called a magnetisation curve. If the values of H are increased monotonically from
zero and the magnetisation M starts from zero, then the curve is termed an initial
magnetisation curve, which is one type of magnetisation curve commonly used to
represent the magnetic material in the modelling of devices. If H is increased
indefinitely, the magnetisation eventually reaches saturation at a value designated
M;. At this point, it is understood that all the magnetic dipoles are aligned in the
direction of the magnetic field; hence any further increase in field produces no
increase in magnetisation M. Fig. 2.2 illustrates the effects of a field on the domains
(groups of similarly aligned magnetic moments), as it re-orients all the domains in
its applied direction. Saturation is attained when all such domains are aligned in one

direction.
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Fig. 2.2: Stages of magnetisation of a ferromagnet with a) domain alignment with no field and
b) saturation magnetisation with all domains magnetised in direction of external field [7].

2.2.2.2. Permeability

By far the most useful characteristic of ferromagnetic materials used in modelling is
the permeability (or absolute permeability) of the material. Permeability is the ratio
between the magnetic induction B and the magnetic field H. It provides a measure of
how easily a material allows flux through it. A material that concentrates a high
amount of flux density in its interior is said to have high permeability, as is the case

with most ferromagnetic materials:

B

M=-_H—=H0ﬂr (2.3)

where U is the permeability and (£, is the relative permeability of a material.

It should be noted that the permeability of a material is not constant as a function of

field. A more useful quantity is the relative differential permeability g]% which is

R
LA A.E Umenei

11 Ph.D Thesis



CHAPTER 2: Technical Background

determined by the small change in induction by a change in field around the point of

interest, as the field tends to zero. Mathematically speaking:

B _ . ap o BUH+AH)-B(H) o
dH AH

taken at any point of interest on the magnetisation curve.

Any subsequent reference to “permeability” in this thesis will refer to this definition,
except where otherwise stated. The relative differential permeability will hence be
termed relative permeability, or simply permeability. Eqn. 2.4 gives two useful

kinds of permeability descriptions viz - the maximum permeability, max u_ (or

Uz ) Which is the relative permeability from the line of steepest slope on the initial

magnetisation curve, and the initial permeability, initial 1, which is taken as the

slope of the initial magnetisation curve at the origin. These two descriptions are
more commonly used in relating and comparing materials for their appropriateness
for usage in magnetic devices. Fig 2.3 illustrates the differences between the various
types of permeability measurements possible, and their values relative to their

position on the initial magnetisation curve of Iron.
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Fig. 2.3: a) Initial magnetisation curve and b) relative permeability curve for iron illustrating
the different aspects and methods of measuring permeability.

2.2.2.3. Coercivity and Remanence

The coercive field (sometimes called the coercivity) of a ferromagnetic material is
defined as the field strength necessary to reduce the magnetisation of the material
to zero. This is a reverse field He, which is strongly affected by external factors like

heat and stress.

The remanence on the other hand, is the remaining magnetic induction in a

magnetic material when the external field applied to such a material is reduced to
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zero. It is the residual flux that is due to the ordering of the intrinsic domains in a
ferromagnet, and it is denoted Br.

These are two characteristics that are used to determine the hardness or softness of
a ferromagnetic material. This shall be examined in more detail later on in this

Chapter.

2.2.24. Hysteresis

Hysteresis, which means ‘lag behind’ [8], is the terms used in describing the
behaviour of ferromagnets wherein the magnetisation always seems to lag behind
the applied field. This phenomenon is observed during the cyclic variation of field H,
which results in a non-identical magnetisation curve for increasing and decreasing
values of H. Such cyclic loops of B vs H are called a hysteresis loop or B-H loop. The
loop shows that the magnetisation of a material is not only dependent on the
external field, but also on the history of changes in magnetic field undergone by the
material. Hysteresis loops are plotted by increasing the field from zero (of the
demagnetised sample) till the material attains positive saturation (Bs) (called the
initial portion of the hysteresis loop), and then reducing the field through zero till
the sample attains negative saturation (-Bs) (termed the upper branch), before
finally increasing it back into positive saturation (termed the lower branch). This
cyclic process produces a major hysteresis loop, also called B-H loops, whose main
characteristics are shown in Fig. 2.4. Such loops are usually sigmoidal in shape and

symmetric about the origin. Other cyclic measurements not required to reach

-
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positive and or negative saturation also produce loops, usually referred to as minor

loops.

For any given ferromagnetic material, the B-H loop is a useful representation in that
it provides a limiting boundary for all possible states that can be attained by the
material in the B-H space, as any points outside the loop can never be reached for
the particular material. Hence the B-H loop provides a complete set of all the
possible states of a magnetic material. The suitability of magnetic materials for
applications is generally determined from the magnetic characteristics shown by
their respective hysteresis loops. This is why the hysteresis loop is so important;
because it contains information on all the magnetic parameters that have been
discussed earlier like coercivity, remanence, saturation magnetisation, power loss
and permeability. This completeness and all-inclusiveness, makes the hysteresis
loop the single most important representation for ferromagnetic materials for

technical applications.
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Fig. 2.4: Typical hysteresis loop showing various magnetic material characteristics [9]

Historical empirical facts about hysteresis like the fact that the addition of non-
magnetic elements to iron increase the hysteresis loss and coercivity, or that an
increase in coercivity is observed when iron is subjected to cold working, seem to
point towards imperfections (such as dislocation or impurities) as the main agents
responsible for hysteresis. There are other contributing factors like anisotropy and
stress in a material [10]. It is beyond the scope of this thesis to examine the theories
behind this phenomenon, and hence it shall suffice that the study simply makes use

of the fact of hysteresis and the role it plays in device modelling.

2.2.2.5. Anhysteretic Magnetisation
Assuming the earlier mentioned hypothesis about hysteresis being caused by

imperfections, it is conceivable to acquire some additional material information
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from a reference curve that has no hysteresis. This kind of magnetisation is the
anhysteretic curve, which by definition for every material, is single-valued for all
values of H. Given that such a flawless material is practically impossible to find, the
only way of obtaining such a magnetisation curve, is by cyclic decaying
magnetisation with an alternating field at every point on the curve determined by a
DC bias field, using minor loops such that the extremes of the minor loops - both
positive and negative - lie on the anhysteretic curve [11]. The anhysteretic curve
which is independent of the history of the sample is reproducible. It is always above
the initial magnetisation curve and does not feature an inflection point or Raleigh
region as seen on an initial magnetisation curve [12]. Fig. 2.5 shows the low field
regions of a ferromagnetic material (Fe-Si), magnified to show the difference
between the anhysteretic curve and the initial magnetisation curve in the first

positive quadrant. At high fields leading towards saturation, both curves coincide.

2.0
1 Anhysteretic curve
T o—o—o—-——-o-———o-—_—-
1.5 -
1l
F
B (T) ] ’
07 Initial magnetisation
] curve
0.5
0.0 v i N ¥ T v v - Y * ¥
) 20 amm) 40 ol

Fig. 2.5: Initial magnetisation curve and anhysteretic curve of grain-oriented Fe-Si, showing
differences at low fields [13]
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With the complexity of hysteresis modelling incorporation in power applications,
sometimes the anhysteretic curves are used for modelling instead of the initial
magnetisation curves, especially in ferromagnets where the difference between
anhysteretic curves and initial magnetisation curves are negligible [14] for many

modelling purposes.

2.2.3. Analytic Representation of Ferromagnetic Materials

Considering the initial assertion about the completeness of the hysteresis loop in
capturing the important properties of magnetic materials, it follows that accurate
magnetic material modelling will entail finding mathematical descriptions and
models for these hysteresis loops. This problem has been tackled extensively in the
literature, with the Jiles-Atherton model, and the Preisach model of hysteresis being
the most popularly accepted and used, due to their simplicity and applicability
across a wide range of engineering problems [15].

The application of these elaborate hysteresis models and algorithms in
electromagnetic design is fraught with substantial difficulties and disadvantages.
Not only do they require large amounts of computing resources, but the
appreciation and determination of the model parameters is not easily achieved. In
fact, the existing models are not universal with one model being more readily
applicable to specific material types than others [16]. Therefore most
electromagnetic modelling is carried out with simpler approximations like the

anhysteretic expressions for ferromagnetic materials. Such an approximation is
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made possible due to the narrow hysteresis loops of soft magnetic materials. Hence
over a wide field range, such B-H curves can adequately be approximated as a
single-valued function. Neglecting the effects of hysteresis in such cases gives
reasonably good results faster and with more flexibility to investigation, providing
another reason why the assumption is desirable. Thus finding expressions for the

anhysteretic curves of ferromagnets is of particular importance to this study.

In principle, for the approximation of an idealised anhysteretic curve, one can use
any function that adequately describes the achievement of saturation, and quite
many have been researched in literature. One such equation was developed

independently by Frohlich and Kennelly [17]:

oH
= m (2.5)
and,
a+bH = 1
u—- U, @8

where a, B8 ,a, b are constants such that a/f = Ms = 1/(uob), and 1/a= psa.
A series  expansion of Eqn. 2.5 will lead to the more generalised form of the

anhysteretic equation

M=M, 1-CZS +(CMS) —(CMS)

(2.7)
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Another very similar relation which is mostly applicable at high fields is the Law of
Approach to Saturation as given by Becker and Doring [18]. These two relations
appreach each other asymptotically as the field increases.

For isotropic materials, an analogous relation like that proposed for paramagnets by

using the Langevin -Wiess function [19], is used for modelling ferromagnets

s a H (2.8)

and for uniaxially anisotropic materials,

He
a (2.9)

M = M tanh

where He is the effective magnetic field as introduced by Weiss to account for

ferromagnetism and a=k"%0m, is a material parameter that depends on

temperature T, kg is the Boltzmann constant and m is the magnetic dipole moment

per atom [20].

These analytic functions have their limitations as to how accurately they can

represent one ferromagnet or the other, but their widespread use suggests that they
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are good enough representations to be used in modelling of applications that

contain ferromagnets.

2.3. Soft Magnetic Materials

Ferromagnets are popularly classified with respect to their properties for
applications in engineering. One of such classifications is on the basis of their
coercivity. The two simple groupings on this basis are soft (easy to magnetise and
demagnetise) materials with low coercivities (typically <1 kA/m), and hard (difficult
to demagnetise and magnetise) materials with high coercivities (typically >10

kA/m) [21]. This difference in coercivity is illustrated in Fig. 2.6:

B(T)

Soft magnetic malefi\

/
Y
He1 fHc2 H (A/m)
Yi Hard magnetic material
Hel < 1 kA/m

j He2 > 10 kA/m

Fig. 2.6: Characteristic hysteresis loop for soft and hard magnetic materials of typical
coercivities Hc; and Hc; respectively.
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Hard magnetic materials are characterised by broad B-H loops, higher hysteresis
losses, high coercivities, low permeability and susceptibility, high eddy current loss
(due to low resistivity), and usually have larger lattice defects and impurities.
Examples include NdFeB, chromium steel, Smz CO1s. Their primary characteristics of
retaining magnetisation once magnetised and their high retentivity makes them
useful as permanent magnets in motors, generators, loudspeakers etc. Semi-hard
materials are used in data storage applications. Their material properties however
make them undesirable for high power applications (high time-varying magnetic
fields) where their high losses will be major sources of inefficiency and potential
danger to the equipment due to overheating. Because of these issues, hard magnetic
materials will not be the materials of focus in this research.

On the other hand, soft magnetic materials are characterised by thinner and steeper
B-H loops (hence lower hysteresis loss), high permeability and susceptibility, low
coercivity, high resistivities (and hence low eddy current loss), and low impurities.
Examples include silicon-iron alloys, low carbon steels, nickel-iron alloys, cobalt-
iron alloys, amorphous alloys etc. These materials’ properties enable their usage as
flux multipliers due to high permeability [22] in transformers, electromagnetic
relays, generators, and fault current limiters amongst others. Their low hysteresis
and eddy current losses make them appropriate for high power devices. This thesis
shall hence focus on the magnetic modelling of soft magnetic materials in power
applications with particular interest in their applications in fault current limiters

and induction heaters.
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2.4. Magnetic Circuits and Material Property Measurements

2.4.1. Magnetic Circuits

The study of magnetic materials and their uses in electromagnetic devices is best
understood from the perspective of magnetic circuits. Some important aspects of
these circuits will now be highlighted in order to aid the understanding of the

subsequent discussions on electromagnetic modelling.

Magnetic circuits are generally described as a combination of magnetic materials
that form a complete path for magnetic lines of force or magnetic flux [23]. Most of
this flux stays in its intended path, while some of it flows out of the intended path
and is termed leakage flux. In magnetic calculations, such leakage flux are either
usually ignored or empirically accounted for. Magnetic circuit design is largely
concerned with two principal issues. First of all, is the issue of how to determine the
excitation (magnetomotive force - mmyf) needed in producing the magnetic flux ® or
magnetic field H, required in the application. This can be through permanent
magnets or electromagnets (current carrying coils and solenoids). Secondly is the
aspect of determining the flux effects or the flux density B at any particular point in
the application. This is achieved by the use of the constitutive electromagnetic

equations (Maxwell's equations). Taking the analogy from electric circuits, it is
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useful to the study to define the reluctance Rm, of a magnetic circuit as the

resistance of the material to the flow or passage of magnetic flux. It is defined as:

(2.10)

where, 1 is the magnetic path length , u is the absolute permeability of the material
and A is the cross-sectional area of the material.
The relation provides an invaluable tool in designing devices, as it combines

geometric quantities with the intrinsic material property of permeability.

In magnetic circuits, the magnetic field produced by a current carrying conductor
can be described analytically using Ampere’s circuital law which states that the
field around a closed path is equal to the sum of the currents in an area enclosed by

the path C. Ampere’s law is easily derivable from Maxwell’s third law. In integral
form it is represented as,

fH.dl = E I

(2.11)

where dl is the vector element of length, tangential to the path direction. This

equation governs the generation of magnetic fields using current carrying coils or

electromagnets that are essential in power device design.
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The effect of a magnetic field H on materials is usually measured in terms of the
magnetic flux density B. Hence for any given field H applied to a magnetic material,
the relation between the flux and the flux density is represented by the surface

integral such that:

D =fB .ndA (2.12)
A

where n is the unit vector normal to the elementary area dA.
These two constitutive equations give a platform from which magnetic material

measurements can be performed.

2.5. Methods of Magnetic Material Measurements

Magnetic characterisation is the process of measuring the intrinsic magnetic
parameters of magnetic materials such as saturation magnetisation and Curie
temperature. It also is the determination of the constitutive law of the material, that
is, the dependence of the magnetisation on the effective field in the form of
magnetisation curves and hysteresis loops. Different techniques have been
developed for these purposes. They generally make use of:
e Forces and mechanical torques wherein a non-uniform field generates a
translational force on a magnetised sample.
* Inductive methods wherein signals induced on the magnetic material
samples by Faraday-Maxwell laws are picked up and integrated to provide

material magnetisation.
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e Magneto metric methods which are techniques based on the measurement of
stray fields emitted by a magnetised open sample.
* Magneto-optical techniques like the Kerr Effect hysteresisgraphs.
* Magnetostrictive techniques based on measuring the magnetisation-related
dimensions of the sample.
* Magnetic resonance methods based on the resonant frequency energy
emission of magnetic nuclei due the applied magnetic field strength.
Due to the fact that this thesis is focused principally on soft magnetic materials, the
inductive technique of characterisation will be the technique of choice as it is the

most appropriate when dealing with this class of magnetic materials [24].

2.5.1. Closed and Open Magnetic Circuit Configurations

Closed magnetic circuits are those in which there is a complete flux path, through
magnetic materials. This usually means with no inclusion of airgaps. Closed
magnetic circuit measurements are by far the preferred method of material
characterisation and measurement because magnetic testing usually depends on the
direct vector relationship between B or M, and H. Such a relationship is not
immediately evident in open circuits and as a consequence the measured properties
will depend on how the magnetic circuit is realised, in more than one dimension. As
such, toroidal samples will provide very good measurement samples for closed
circuits as uniform mmf and field can be ensured, by wrapping both magnetising

and sensing coils uniformly around such a sample. The toroid ensures flux closure
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and since this configuration provides the least reluctance path, leakage flux and

fringing are held at a minimum, thus improving the accuracy of the measurements.

But in practical terms, preparation of toroid samples is extremely laborious, and the
field strength achievable with the primary windings is limited. Also, such closed
toroidal samples have a field gradient from the inner to the outer diameters that can

be a problem for measurement accuracy.

Because of these limitations on doing toroidal closed sample measurements, the
more accepted closed circuit measurement standard is one made by a square
assembly of suitable ferromagnetic magnetic material sample strips, cut along the
desired testing direction. This is the Epstein frame configuration, defined under IEC
60404-2, and used for power frequency measurements (0-10kHz), used
predominantly for the measurement of electrical steels [25]. Test material strips are
cut with dimensions 30x3x0.03 cm and placed in an Epstein frame in sets of four.
This frame consists of four solenoid pairs; each with 700 turns primary (external)
and 700 turns secondary (internal) uniform coil windings assembled to produce a
uniformly distributed field. Overlapping the strip edges ensures flux continuity at
the edges of the strips, and placing 1 Newton weights on these joints improves
reproducibility of flux measurements. The magnetic path length for the standard
25cm Epstein frame is Im = 0.94m. The structure of the Epstein frame measurement

unit is shown in Fig. 2.7.
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Im=0.94m
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Fig. 2.7: Epstein frame setup showing double overlap of samples to ensure close flux path.

Not only have the Epstein frame results proven to be reproducible, but the system
also offers easy usage [26]. Other closed circuit methods include using very soft
material in a yoke that provides a near zero reluctance flux path for the sample
which is magnetised by wrapping both the primary (excitation), and secondary
(sensing coils) directly on the specimen. Alternatively, an electromagnet with high
permeability poles can be used to magnetise samples. A hall-effect probe is used to
detect the magnetic field strength and a sensing coil wrapped on the sample gives

the magnetic induction readings.

Open circuit measurements, which are measurements performed on materials

without a determined closed flux path, are also used in material characterisation.
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They do however suffer from particular problems like demagnetising factor
considerations and spurious field effects (earth’s magnetic field), which make
determining the effective field on the sample problematic. With this in mind, this
thesis will use the closed circuit method of material measurements as its de facto
measurement method, unless otherwise stated. There are many power applications
which use both the characterisation methods and material modelling techniques we

have examined so far in this thesis.

2.6. Fault Current Limiters

2.6.1. Introduction

The focus of this thesis will be on a special class of devices which use soft

electromagnetic material cores, called fault current limiters.

A fault current limiter is a device that prevents fault current reaching damagingly
high levels in a power network. For example, a EU study has estimated that there are
about 150 faults per year per 100 km of transmission line occur in the distribution
network of Europe [27]. In today’s operating environment, the ability to control
fault levels without paying a penalty in the system flexibility is economically
attractive. The fault level management problem is particularly acute in large
conurbations (urban areas) where fault levels are already close to the design limits

of switchgear. The ever-increasing connection of short circuit contributing
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distributed generation (DG) in these areas requires some action to be taken, such

that fault levels remain within the design ratings of existing switchgear.

Several methods are used to control fault current levels in power systems. These
including grid splitting, upgrading switchgear and using fault current limiters. Grid
splitting is not very desirable, due to the decreased flexibility and larger network
failures that result due to reduced redundancy in power systems. The possibility of
uprating switchgear and other equipment will require enormous financial overhead.
Consequently, designing and introducing fault limiting devices into the already
existing infrastructure is a matter of intense economic and scientific interest, as

these devices do not contain the inherent disadvantages ofthe other methods

Fig. 2.8 gives a brief overview of the various types of fault limiters available in

industry and research, presenting the categories under which they are

characterised.
Passive Active
Increase of impedance at Small impedance at nominal load
nominal and fault conditions fast increase of impedance at fault
Splitting of grids Transformer with SCFCL
Splitting of busbars Increased short-circuit Fuses PTC resistors
Introduction of impedance Is limiters Liquid metal FCL
higher voltage Fault current limiting Solid-state FCL
levels reactors Hybrid FCL
commercially available development
Topological Apparatus
measures measures

Fig. 2.8: Overview ofcharacterization offault current limiters [28],
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Passive FCLs limit a fault current by providing different current paths with different
impedances at nominal and fault conditions. Therefore, they generate losses and

voltage drops under fault conditions.

Active FCL devices on the other hand, show a highly non-linear behaviour and
quickly increase the impedance in the current path only during the fault. These
include the PTC (Positive thermal coefficient) resistors, and different FCL models.
This is usually by inclusion of a non-linear ferromagnetic material in their
operational elements [29]. They intelligently add impedance to a power system in
the advent of a fault. Examples include hybrid FCLs and superconducting FCLs
(SFCL) which are among the most promising of fault limiting prospects. Of particular
interest to this study are the saturable-core type fault current limiters (SCFCLs),

which contain ferromagnetic cores.

Industrial standards have set the requirements for any FCL being designed. These
include [30];
* Negligible insertion impedance under nominal operating conditions - which
include negligible resistive and reactive losses and no voltage drop. In other
words, it should be transparent to the network under normal operating

conditions, and return to the same state after limiting a fault.
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* Fast and multiple response - the first peak of short-circuit current (<5 ms)
must be limited in order to limit the magnetic forces on the other equipment
on the network. Also, the device should be able to automatically recover
within a short period of time to respond to multiple fault cycles.

* Selectivity - It should not limit motor start currents and not respond to
transients or capacitor switching currents; this should be achieved by FCL
configuration. The current for coordination with protective devices has to be
provided, so that existing protection concepts do not need to be modified.

* High reliability and fail safety -the FCL must correctly operate under any
fault magnitude and any fault phase condition. Correct response must
reliably occur after a long duration without fault events as well as in cases of
consecutive multiple faults. A failure of the device should not disrupt the
power network.

* Compact size, long lifetime, maintenance-free and low cost.

2.6.2. Operating Principles of FCLs and FCL types.

A fault current limiter can limit a fault current passing through it within the first half
cycle. Their fundamental principle of function is either by amplitude reduction or
switching before peak value of fault is attained. The use of fault current limiters
allows equipment to remain in service even if the prospective fault current exceeds

its rated peak and in case of circuit-breakers also its rated short-circuit current.
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Fig. 2.9: Typical waveform for FCL limiting current.

When no limiting action takes place - depending on the type of fault in the system
(short circuit) -a fault current waveform as shown in Fig. 2.9 will flow (prospective
fault current) in the system. However, when an FCL is put in the network, and there
is a fault current, it inserts an impedance of a high enough value into the circuit in

order to limit the fault right from the first half cycle.

Designing such devices at high voltages usually implies the use of special materials
like ferromagnets and superconductors where their highly nonlinear characteristics

can be exploited to dynamically alter the impedance of the circuit.

GuRot ,

FRIFTIEOL A.E Umenei
Yool

CARDYS 33 Ph.D Thesis



CHAPTER 2: Technical Background

2.6.2.1. Types of FCLs

FCLS are broadly categorized into the resistive and inductive varieties.

Ferromagnets are usually included in these FCLs as flux concentrators and for their

high nonlinear permeability. A brief description of these types will provide an

insight into their functioning and how they introduce impedance onto a network.

Resistive FCLs use nonlinear material to insert a resistance into the circuit
configuration. For example, resistive superconducting FCLs (SFCLs) make
use of a superconducting nonlinear resistive element (Rvar) put into a circuit
of AC voltage u. Superconductors have the unique property of being able to
rapidly switch from zero resistance state to the resistive state of a normal
conductor. This may be achieved through the application of a transport
current greater than the superconductor critical current, I (current at which
change of state is effected). The operation of this device is based on the
principle that if a fault occurs causing a current I to become larger than I,
normal state resistivity is established and current limiting occurs. Here, the
actual fault duration has to be shorter than the permissible fault duration for
the superconducting element, beyond which it could be damaged (thermal

effects).
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Resistive type SCFCL

Fig. 2.10: Circuit diagram for resistive SCFCL.

Fig. 2.10 shows a schematic of the nonlinear variable resistance (representing the

FCL) in a circuit with load resistance R, and inductance L.

The resistive FCL is challenged by two important practical difficulties which restrict
its potential for application. Firstly, the quenching process of the superconducting
elements introduces thermal and mechanical instabilities which have still not be
properly understood or circumvented. Secondly, the long recovery time for the
element to return to superconducting state after limiting a fault, are still too long for

industrial standards [31].

* Inductive FCLs (FCL) are those FCLs which insert an inductance into the
current circuit using the special characteristics of its constituent materials.
An example is the saturable core fault current limiter (SCFCL) which makes

use of the transducer principle that, as an inductive device goes into or out of
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saturation, its impedance changes significantly due to the nonlinear increase

in its permeability.

From basic principles, the inductance of a coil carrying a current i, with a flux

linkage @, can be written as,

D

L= 7 (2.13)

Substituting a derivation of Eqn. 2.13 with BA= ®, and Eqn. 2.3, and considering the
induction changes for every time step due to the nonlinear core, the equation

becomes

_ MothAH

(1) j

(2.14)
()

Hence a change in the permeability at any point in time will increase or decrease the

inductance, depending on the total magnetising field on the core.

To achieve current limiting in both halves of a cycle, two inductive cores (inductors)
are required per phase as shown in Fig. 2.11. These are driven into saturation by a
DC bias field supplied in the case of interest of this thesis, by a superconducting coil
because of its ability to supply a permanent ampere turns to magnetise the core
almost with no losses [32]. The AC line to be protected is therefore wound around
two inductor cores. During a fault, the inductive cores are driven alternately out of

saturation by the fault current. The large magnetomotive force (mmf) produced by
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e —— gttt —
the AC winding, drives the core out of saturation on one half cycle, automatically
inserting large impedance and limiting the magnitude of the fault current. Limiting
on the reverse half-cycle is achieved by the use of the second inductor connected in
series with the first and is saturated in the opposite direction. To protect all three
phases, six inductors are therefore required. The saturated inductor design is
attractive because the superconducting component (the field winding) is external to
the circuit being protected, hence transition from normal to fault operation is
gradual and without interruption of the superconducting state of the winding. Fig.

2.11 gives a circuital representation of this device.

Inductive cores

Saturable core inductive
SCFCL

Fig. 2.11: Transducer principle of the inductive-type saturated iron core FCL.

Given the inherent advantages of the SCFCL and its promise in ongoing research,
this type of FCL was the focus of this thesis in examining how magnetic modeling

can be used in its design and testing.
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2.6.3. Modelling Considerations for FCLs

The design and implementation of FCLs is a complex issue because it involves not
only different materials but a balance between electric and magnetic requirements
and circuitry, and more importantly, a set of industrial requirements every
prototype or device must meet. Modelling becomes an integral process in achieving
these aims, both in the design process, and also in the implementation of the FCL in
tests and analysis. Therefore a detailed understanding of the operation of the FCL
and how to convert this into accurate analytic and mathematical models that
represent the actual device is needed, in choosing the right parameters and making

the right assumptions, for successful device design.

The complexity is further enhanced by the acute nonlinearity of the materials
(superconductors and ferromagnets) most commonly used in these devices.
Previous work in modelling FCLs has followed vastly different methodology in
producing mathematical models for their respective configurations. A broad ranging
literature search of these different attempts, points towards two general stages at

which the modelling was carried out.

2.6.3.1. Material Modelling
Material modelling is the process of finding analytic or numerical methods of
representing the behaviour of the constituent materials in the FCL - the

superconducting and the ferromagnetic components of the devices. For SFCLs,
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material modelling entails the analysis of the electric field - current density (E-J)
characteristic for the particular superconductor element being utilised. Many
modelling attempts for these FCLs follow the same method as Langston et al. [33].
In their theoretical modelling of a SFCL, they resort to approximating the E-]
characteristic of the Y-123 superconductor being used into 3 regions, each
represented by a different power law. This approximation in a piecewise
representation gives a faster analytic incorporation of the FCL in the general model.
The resistance by the superconductor Rsc generated during a short circuit at every
time step is then measured as
_E@,

1,.(2)

where I is the fault current, and Is is the length of the superconducting element.

R (1)

(2.15)

In other models the HTS material is modelled by a more general analytic and
continuous temperature-dependent function for the resistivity, obtained from the V-
I characteristic of the superconductor. The resistance introduced into the network

during the fault is then calculated using

p(i,T)d,
sc ——A_ (2.16)

Where p(i,T) is an analytic representation of the resistivity of the FCL, 4 is its cross

sectional area, and I its length.
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The inductive type FCLs models pay particular attention to the ferromagnetic
material within the device. Modelling ferromagnets usually involve a choice of which
ferromagnetic material representation is appropriate for use. Given that the
hysteresis loops carry the most information about magnetic materials, some
application models were built to represent hysteresis using models like the Jiles-

Atherton model for hysteresis, in order to obtain the differential permeability at

each field point on the B-H curve for the ferromagnetic material, j—i The model

parameters are obtained from measured hysteresis curves [34]. These
instantaneous values for permeability at every time step were substituted in the
generalized equation for inductance to find the reactance added to the circuit by the
coil in order to limit the fault. The fault inductance gained Lsc per time step were

obtained from;

u,N°A4 dB
[ dH(®) @17

L.()=

where, N is the number of turns of coil on the ferromagnet and [ is the mean

magnetic path length of the magnetic circuit.

This process requires a lot of processing time. Moreover it requires complex spatial
formulations as the hysteresis model is not single-valued and will have to be

specified for spatial location and direction at each modeling time step.
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A less complicated method of modelling a hysteresis loop in an FCL system is by
replacing the continuous loop with linear piecewise approximations, as proposed by

Hoshino et al. [35] shown in Fig. 2.12

s
- g Measured B-H hysteresis
loop for ferromagnet

-
L od

Fig. 2.12: Piecewise representation of B-H loop for modelling of magnetic material

This idea cuts down on the modelling resources needed for the magnetic material,
but still has to deal with the complexities of spatial differentiation and double-

valued functions.

With the complexities introduced by directly trying to model hysteresis into FCL
systems, many researchers resorted to using single-valued representations of
ferromagnets in FCL modelling on the assumptions that soft magnetic materials

have such low hysteresis loss that it can be neglected and hence replaced by their
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anhysteretic curves. This idea is also made attractive by the amount of modelling
resources conserved by making this assumption. Secondly, finding an analytic
representative function for the material eases its incorporation into both analytic
and numeric model analyses. Such an approach was used by Abbott et al. [36], in
modelling an SCFCL where they modelled the permeability of the core by fitting it to

an arbitrary function of the form

;R
E=6H8H 2.18)

where a, b and ¢ are constants representing the magnetizing properties of the steel

core laminations.

To determine the terminal inductance of the FCL, the nonlinear B-H characteristics
of the laminated steel core for this model were represented within the 0-30 kA/m
region. This approach brings even more simplicity to FCL modelling as it obviates
the need to find the permeability directly from the material characteristics, and it
produces an easily utilised well-behaved function to find the inductance during the
fault. It is however very problem specific and the functions involved have no
magnetic meaning or representation. This means that they cannot be adapted for
other materials and devices apart from the specific material used in that particular

FCL model. Furthermore, there is uncertainty as to how such an arbitrarily chosen

DIFf
Sreico A.E Umenei
\4
CQ¥RPS 42 Ph.D Thesis



CHAPTER 2: Technical Background

function will behave past the range for which it was fitted, if ever the FCL reaches

higher fields than the 30kA/m range specified.

A lack of magnetic information also brings in the handicap of not being able to use
the equation to improve the model by investigating the actual effects of the
equations’ parameters on the magnetic core. Such flexibility, where the parameters
are mapped to the behaviour of the material characteristic can be useful to the
researcher as it would immediately offer the possibility of researching other closely-
related materials using the same model. This type of reverse engineering is very
useful in design, as the analytic material function could be used to find exactly the
type of parameters a target material needs to have in order to give the best
performance. Such material predictions can thus help the designers to find a more
appropriate material than that which they started off with. This dynamic material
representation helps in an effort to improve the design and performance of the FCL,
without having to do multiple measurements and curve fittings. This will be the path
taken in this thesis, as it offers the best compromise between modelling complexity,

flexibility and maintaining adequate magnetic integrity in material representation.

2.6.3.2. Equivalent Circuit Modelling

The next stage in device modelling is integrating the material representation

adopted, into the generalised electromagnetic circuitry of the system in which the
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FCL is placed. The circuit modelling varies vastly from one model to the other due to
factors that include amongst others:
* The type of FCL being modelled - resistive or inductive.
* The type of configuration being used - that is, open core (airgaps) or closed
core [37].
* The arrangement of the primary and secondary coils [38].
* General assumptions made about the circuit like neglecting of mutual
impedances, or neglecting leakage flux.
The device models usually are fitted into differential equations that describe the
physical systems, which are then solved for their electrical outputs like voltage and

current.

2.7. Finite element modelling techniques and methods

2.7.1. Introduction

When engineering problems comprise simple systems, solving and modelling them
is generally done using the equivalent circuit approach, which is easy and fast.
Moreover, it is physically readable, in the sense that an equivalent circuit represents
quantities familiar to the engineer, such as voltage or current. Physical
electromagnetic systems are often more complex and are usually represented by
means of systems of partial differential equations which exhibit time- and/or space-
boundary conditions. These systems, in general, cannot be solved with the simplistic

analytic equivalent circuit modelling approaches.
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A technique largely shared with other branches of engineering consists of the
discretisation of the system governing equations (breaking down a large complex
system into smaller subsystems which are mathematically easier to analyse), which
entails substituting the system of differential equations with a system of algebraic
equations. This process is the basic idea behind the use of finite element modelling
in device modelling. Not only does this engineering technique aid with providing a
holistic view of how a device functions at any particular point in time, it also has a
solution space from which analysis of many different physical properties can be
carried out. It provides more detail to the designer than would have been available

through the basic analytic equivalent circuit approach.

2.7.2. Finite Element Modelling Of Electromagnetic Devices

Finite Element Method (FEM) is one of the most widely used methods for the
realisation of system discretisation. It allows one to convert a constructed model
problem into a system of equations that is suited for computer resolution. The finite
element method is based on the concept of dividing the original problem domain
into a group of smaller elements called finite elements, and applying a numerical
formulation based on interpolation theory to these elements [39]. In this process of
discretisation or meshing a problem domain, it is necessary to choose elements of

given shape.
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Several element shapes are used including the triangular, quadrilateral and
curvilinear shapes. This process of making the elements small is important in order
that the field potentials in the elements can be safely approximated by linear terms.
Sometimes, higher order terms are used where necessary. The collection of these
elements or their associated expansions or shape functions, can model arbitrarily
large complex fields and potentials in terms of unknown coefficients. Equations to
find these unknown coefficients are constructed by enforcing the boundary values
on the various elements and nodes, hence forming a solution matrix [40] .This
process can be carried out in either the Galerkin method (weighted residuals) or the
Rayleigh-Ritz method (energy functional) [41]. However, the idea is to hypothesize
the local behaviour of the unknown space (or time) quantity, and to transform the
differential equations into algebraic equations, which can be solved for the
quantities of interest in a solution space. Fig 2.13 presents a schematic of the FEM

mathematical process of solving equations.
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Fig. 2.13: FEM schematic showing path to arriving at a numeric solution.

The method of weighted residuals is more popular in electromagnetics due to its

simplicity and accuracy. It is summarised below in the following steps:

i. Meshing: The computational domain is discretized in small contiguous

cells called elements.

ii. Base functions approximation: The unknown fields are approximated on

each element using a finite set of pre-determined base functions with

unknown coefficients. These functions are based on the edges or nodes of
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the elements, with the requirement that the solution must be continuous
across inter-element boundaries.

Elementary systems construction: This step involves the model
equations, which are valid on the entire computational domain, and in
particular on each element taken separately. On each element, the
unknown fields are replaced in the model equations by their corresponding
base function elemental approximation constructed in Step 2. The model
equations are then multiplied by weight functions and integrated over the
element, thereby generating a system of equations for the element.

Global matrix assembly: The elementary systems of all the elements, as
well as the boundary conditions, are then assembled into a global matrix
system S[x]=b.The order N of the matrix system corresponds to the total
number of unknown field values at mesh nodes.

Linearization of the global system: if the matrix system is non-linear, e.g.
the device involves non-linear magnetic materials, § = S(x) and §
depends on the ‘a-priori’ unknown solution x. In such a case, § must be
linearized before one can proceed with the resolution (or inversion x=51-b)
of the system.

Solving: The solution x of the linearized matrix system finally provides the
value of the fields at all the nodes.

Post-processing: The solution is analyzed from the calculated global

quantities and field plots.
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2.7.3. FEM Software Processes

From a problem-solving perspective, there are three major stages in FEM modelling

in every FEM software package; from defining the problem space to obtaining the

required solutions. These stages include:

Pre-processing - Model description and geometry construction. This phase
includes definition of the boundary conditions of the physical system, and
material modelling. It also entails the discretisation or meshing procedure of

the total problem space.

Solving - This phase is transparent to the user of FEM package. It includes
the finite element processes of finding the numerical solution to the
constituent differential equations and potentials for all the nodes of the
problem set. Depending on the physical system input during pre-processing
the solver algorithm can either be magnetostatic (no time variation), time
harmonic (linear materials with sinusoidal excitation) or time transient
(non-linear time varying systems). The constituent equations will change as

per which solver is used, as will be explained in later.

Post-processing - This phase involves interrogating the solver output for
required quantities, and presenting them in required formats. Further

calculations can also be performed on the solutions obtained from the solver.

I
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2.7.4. Equations in Electromagnetic Fields Analysis for FEM

Electromagnetic modelling is focused on solving the differential equations that arise
from field theory. The study of electromagnetic fields can be fully performed by
means of five vector quantities and one scalar quantity viz: electric fields (E [V/m]),
magnetic fields(H [A/m]), electric flux density(D [C/ mZ2]), magnetic flux density (B
[T]), current density (] [A/mz]), and the scalar electric charge Q [C/m3]. These
quantities are governed by the four partial differential equations known as

Maxwell’s equations:

JD
cul H=J + —
J (Ampere’s Law), (2.19)
JB
curlE = ——
t (Faraday’s Law), (2.20)
divD = P (Gauss’s Law), (2.21)
divB =0 (Gauss’s Law), 2.22)

together with the constitutive equations involving the material properties:

D= 80E + P, (2.23)
B = u,(H + M), (2.24)
J=0E (2.25)

With P being the polarisation of the electric poles.Static fields imply no time

variation; setting the time derivatives to zero in Eqns. 2.19 and 2.20 give
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curlE=0 (2.26)

curlH=J (2.27)

These are the uncoupled equations of static fields; the electrostatic field is
determined from the solution of Eqns. 2.20, 2.23 and 2.24 with specified applied
potentials or charges, and the magnetostatic field from the solution of Eqns. 2.19,

2.24 with specified current sources.

When the fields vary with time, the electric and magnetic fields are no longer
independent but are coupled through the time derivatives in Eqns. 2.19 and 2.20. At

low frequencies, such as the power frequencies where our devices of interest reside,

the displacement current term (;—D in Eqn. 2.19 is negligible in comparison with J,
t

but Eqn. 2.20 shows that there is an induced electric field E associated with a time-
varying magnetic field B. This in turn gives rise to an induced current-density J

through Eqn. 2.25 if the material has a finite conductivity.

Eddy-current problems are readily solved when the applied excitation - usually J- is
a sinusoidal time-varying quantity. The problem is then described as time
harmonic. As with AC circuits, the problem is simplified by transforming to the
frequency domain where time-varying quantities are replaced by time invariant

complex quantities, and time derivatives are replaced by jw. The time-harmonic

-
A.E Umenei
CERDYS 51 Ph.D Thesis



CHAPTER 2: Technical Background

FEM solvers return the real and imaginary parts of the complex potential from

which the corresponding field may be calculated.

Most electromagnetic simulations are conducted using the scalar or vector

approaches, depending on the quantities in the physical system. For the electrostatic

field, Eqn. 2.26 implies that the electric field strength E can be expressed as the

gradient of a scalar potential V:

—

E =-gradV (2.28)
This is the familiar electric potential, which is calculated by the electrostatic solver
in FEM software. For example,, in 2-D problems with the z-direction assumed to be

the same, the Cartesian components of E are given by the derivatives

av av
E,=—,E =— (2.29)

X cfx d)}
Thus the electric field magnitude E is zero along any equipotential - contour of

constant V - so the electric field lines are orthogonal to the equipotentials, and

symmetry in the z-direction.

In a current-free region, where J= 0, Eqn. 2.27 shows that it is likewise possible to

express the magnetic intensity H as the gradient of a scalar potential €2 :

—

H = -gradQ (2.30)
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In the majority of magnetostatic problems the current density J is not zero, so the
field cannot be expressed in terms of a scalar potential. It is beyond the scope of this
thesis to exhaustively look through all the variations of the Maxwell’s equations, but
there is a reason for examining the vector potential in two-dimensions. Most high
power devices such as transmission lines, electrical machines and transformers,
exhibit some kind of symmetry; usually an axial symmetry that enables the

potentials to be treated as two-dimensional.

Instead of the scalar potentials shown above, Eqn 2.31 is used to express the flux

density B in terms of another vector A, through the equation

B =curlA (2.31)

where A is known as the magnetic vector potential. Simililarly in 2-D, the current

and therefore the vector potential is in the z-direction. The components of B are

then given by
B4 p 94
ay dx

(2.32)

where A=A; is the magnitude of the vector potential. It follows from Eqn 2.31 that
equipotentials - lines of constant A - are flux lines. Moreover, the magnetic flux

between any two points in the x-y plane, for a depth d in the z direction, is given by
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¢=d(4 - 4) (2.33)

where A1 and A2 are the values of 4 at those points.

With this definition of flux, it is easier for engineers to define their systems in two
dimensions, and this can ultimately help limit solving resources and also help
reduce the pre-processing with use of symmetry. A similar extension, which makes
the electromagnetic models closer to reality, is extending the above reasoning with
potentials, into the third dimension. The equations and matrices become larger and
more complex, but the basic ideas used above for the two-dimensions remain the

same.

For the work carried out in this thesis, the FEM software which has been used is the
MagNet package designed by Infolytica [42]. The use of any other package will be
expressly stated where appropriate. The MagNet package was chosen because of its

ease of use, and its flexibility in incorporating other specialised software like Matlab.

2.8. Summary

This section provided an overview of the technical background for the work carried
out in the subsequent Chapters of this thesis. It has covered the basic magnetic
material properties and how they are used in electromagnetic devices. An
introduction to the methods of modelling used in current research has been
examined. Of particular interest was the modelling of SCFCLs, wherein different

methods used for its modelling were examined. The relative merits and demerits of
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some of the methods were highlighted from the literature search, and the direction
which will be pursued by this work in modelling a saturable core limiter was

mapped out.

The concept of finite element modelling which will be used in conjunction with
analytic modelling throughout this thesis was introduced to give a basic
understanding of the underlying equation which will be encountered during the
modelling work carried out in this thesis. Having examined the basic technical
background of the thesis statement, the next Chapter will delve into the material
selection and characterisation for the purpose of modelling the saturable-core fault

current limiter.
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Chapter 3. Characterisation, Measurement and Data
Preparation for Material Modelling

3.1. Introduction

In order to find the appropriate materials for the design and development of an
electromagnetic application such as a fault current limiter, characterisation and
modelling of the candidate ferromagnetic material, is one of the first steps in the
process. These initial steps help not only in identifying the appropriate soft
ferromagnetic material and assessing its suitability for the particular application,
but it also provides data for use in the FEM simulations and model development.
This thesis focuses on the saturable core inductive fault current limiter (SCFCL), its
design, and material selection. The material selection aspect entails finding the

appropriate ferromagnet for this device.

When examining how the FCL functions in Chapter 2, it follows that the selected
material should fulfil two important prerequisites:

* The desired material should have low hysteresis losses.

* The desired soft ferromagnetic material needs to have low differential
permeability in the region of normal operation and high differential
permeability in the region of fault limiting operation. From this a maximum
amount of change in inductance should occur between the saturated and
unsaturated states of the material.

These requirements amongst others, let to the selection of grain-oriented high

permeability electrical steels, specifically M4 steel (1.25-1.40% Carbon (C),

0.15-0.40% Manganese (Mn), 0.20-0.45% Silicon (Si), 3.75-4.75% Chromium

(Cr), 0.3% Nickel (Ni), 4.25-5.50% Molybdenum (Mo), 5.25-6.50% Tungsten (W),

3.75-4.50% Vanadium (V), 0.25% Copper (Cu), 0.03% Phosphorus (P), 0.03%

Sulphur (S), and the base metal Iron (Fe)).
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Such steels have high permeability and low losses, and hence can prove
challenging in characterisation and measurement using generic measurement
systems. Since providing data for modelling is one of the principal reasons for
these measurements, a system was designed using a closed magnetic circuit
design as an immediate way of studying the intrinsic properties of the material,
without incorporating the additional effects (classical and excess losses) that
result with AC measurements. These measurements are useful for the
comparative purposes, however it is understood that DC curves represent the
rate independent B-H behaviour, which is related only to the sequence of values

attained by a quasi-static applied field, and not the rate of change of that field [1].

It was also important to measure the materials properties under time varying AC
fields, given that this is the condition under which the core will be operated in

the actual fault current limiter.

The approach taken in this research was first to get the intrinsic characterisation
with DC measurements for a number of materials for comparison, and
subsequently, to take AC measurements for a few selected materials in order to

have more appropriate data for the operating conditions.

3.2. DC Measurement Setup

3.2.1. DC Permeameter System Overview

The measurements performed on M4 steel samples, were taken on a customised DC

permeameter measurement system (Fig. 3.1}. This system provided a flexible DC

measurement platform for a wide range of soft magnetic materials. It was built

because of the need in this project to characterise the ferromagnetic candidate

material by precisely measuring hysteresis loops. The aim was to have
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magnetisation data with high data point density for the samples over the whole

measurement range.

The system hardware was controlled by custom written software in LabView™ to
provide control for a bipolar current source (from the power supply amplifier unit),
that was used in generating the magnetising current needed. This could either drive
the primary magnetizing winding in the Epstein system described in Chapter 2, or

control the field in the electromagnet.

The magnetising field was changed continuously, but at 0.25 Hz to avoid eddy
current effects. This essentially makes the method more appropriately termed a
quasi-static measurement, instead of a DC measurement. The data acquisition (DAQ)
card receives input from the fluxmeter, which integrates the flux picked up by the
secondary coils in the Epstein frame. The fluxmeter and gaussmeter were connected

by GPIB connectors.

The magnetic field strength at the surface of the test sample was either measured
by a Hall probe connected to the gaussmeter (best practice), or in some cases by
measuring the voltage across a precision resistor in the ground return of the
magnetising winding. The magnetic flux density was measured by connecting an
integrating fluxmeter to a second winding wound tightly around the sample (in the
case of the electromagnet) in order to minimise measurement errors due to

magnetic flux in the region between the sample and the winding.
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Fig. 3.1: Schematic ofthe DCPermeameter showing closed circuit measurement systems using
Epsteinframe and electromagnet

3.2.2. Epstein Frame System Measurements

In this system, the test circuit is formed by a closed circuit Epstein frame (which is
defined to meet the international standard IEC 404-2). In the setup, the DC
permeameter system measures 30x3x0.03 cm strips of M4 material, cut in the
direction of interest (usually the rolling direction) and inserted in sets of four into

the 2T Epstein frame with 700 turns for each of the primary and secondaiy coils.
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The Epstein frame employs air flux compensation using a mutual inductor
connected such that the secondary winding is in series opposition with the
compensation coil or mutual inductor. The compensation is accomplished such that
the voltage due to the air flux in the Epstein frame which is picked up by the B-coils,
is also picked up by the compensation coil. Since they are wired in series opposition,
there is always a cancellation of the air flux effects from the induced voltage in the
secondary coil circuit. This ensures that only the magnetisation of the test samples is
measured. This H compensation coils is calibrated by magnetising an empty Epstein
frame and adjusting the number of turns on the H-compensation coil till the

effective voltage induced in the secondary coils is zero.

The Epstein frame used ensures fast measurements (due to the ease of cutting and
handling the Epstein strips and completing the test setup), and the repeatability of
the measurements is usually enhanced by placing 1N weights at the frame corners
(where the sample strips overlap) to ensure maximum contact between the strips.
The flux uniformity that this setup provides allows the current to be controlled, and

hence the field generated can be calculated from:

H = N] = 700[ controlled
[ 0.94 (3.1)

where Icontrotted is the current supplied by the computer-regulated power amplifier,
and !/ is the standard mean magnetic path length for a 25 cm Espstein frame [2].
The secondary sensing coils pick up an induced emf from the flux linking these coils

through the sample. This emf is generated following Faraday’s law,

g--NY

di (3.2)

where N is the number of turns in the sensing coil, & is the induced emf, and ¢ is

the flux linkage of the coil. For a sample cross-sectional area, A (obtained by
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measuring the total sample weight and length and assuming the density), the linked

flux density can be calculated as B= ¢ /A. Hence for the stationary sense coils, the

emf induced leads to the calculation of the flux density by the fluxmeter using

1
B = —M f &dt (3.3)

It is worth noting at this juncture that the flux density measured in an Epstein frame
test will differ from that which could be measured by placing the sense coil directly
on the sample (as is in the electromagnet). This difference might introduce some
inherent differences in the measured curves from the manufacturer information
sheet, and hence need a correction in order to be able to correlate them. To
understand this, it is essential to start from the general equation of magnetic

induction

B=J+ uOH (3:4)

where B is magnetic flux density, /] =poM (such that when M=M; ]=Bs= poMs ) is

magnetisation and H is magnetic field.

Fig. 3.2(a) represents an idealistic case of the electromagnet wherein the search coil
is wrapped in a close configuration around the sample. However, in the case of the
Epstein frame system, the sample does not occupy the whole cross-sectional area of
the search coil as is shown in Fig.3.2 (b). In this configuration, there still exist a layer
of air between the sample and the search coil, and at high fields this will play a role
as well. It is because of this that an air flux compensation coil is introduced in series
with the sensing coil. The formula for the magnetic flux density at magnetic fields

can now be written as:

B = Jsample + luOH SearchCoil (3.5)
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Fig. 3.2: Cross-sectional areas of search coil position (red) relative to sample position (black) for
measurements for the case with (a) close configuration (electromagnet) and (b) loose
configuration (Epstein frame)

Due to the presence of the air gap, compensating coils are used in the Epstein frame

system, such that it incorporates negative flux from the air around the coil:

= * - * —
B measured ~ ']sample + Hy H SearchCoil H H SearchCoil ~— Jsample (3.6)

What is being measured in the Epstein frame system has units of Tesla, but it is
actually magnetisation M. Hence the saturation magnetization Ms, is the maximum

reading obtainable from the Epstein frame system.

For the purposes of this thesis, measuring B-H far into saturation is the main
objective given that the devices to be modelled function at high fields. Consequently

the Epstein frame was used to measure J (or M) vs H till saturation, and the term

uH sample Was added to find B.

Secondly, the magnetic field H in the Epstein frame system is not measured directly
using a Hall probe, but is instead calculated using Eqn. 3.1. At high magnetic field
strengths when the relative permeability of the material comes very close to 1 (the
permeability of air), the mean path length [ increasingly becomes a function of he
applied field and Eqn.3.1 is no longer valid [3]. Furthermore, at higher
magnetisation fields, more feedback systems are required which introduce higher

levels of complexity in the setup. These reasons therefore limit the magnetic

e - — ]
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induction level for which the Epstein frame can be confidently used to do magnetic
measurements to below 1.9T only, otherwise the errors mentioned above become
difficult to quantify and account for.

With these issues in mind, the DC permeameter was used up to about 1.9T and the
B-H curves obtained were used for material characterisation purposes, as the fields
generated were not strong enough to take the M4 samples into the expected
magnetic induction regimes for the actual device (> 2T). Such high field
measurements were made using the electromagnet with a Hall-effect probe to
measure the H-field and a sensing coil wrapped tightly around the sample. This

allowed for measurements at higher field strengths.

3.2.3. Measurement System Calibration

The fluxmeter in the DC permeameter setup is highly sensitive but prone to the
problem of drift, which is the change over time of the zero reference point for the
magnetic flux integration. This is caused by leakage currents and stray fields from
the wires in the circuitry around the integrator (or fluxmeter) [4]. If calibration of
the fluxmeter is not done, it will continually integrate a small out of balance voltage

with time, giving an erroneous varying magnetic induction B.

The DC permeameter measurements need a reference point for the sample under
investigation, and the reference point for these measurements is usually the
demagnetised state of the specified sample. This state is achieved by applying an
alternating decaying field with no DC offset to the test sample with its amplitude
starting from a high field so as to insure technical saturation. Another practical
method used in correcting drift is linear numeric compensation wherein the B
obtained from the air coil is recorded, and this value is introduced as a negative
offset to all measured values. The offset is consistently subtracted from the

integrated induction. The processes described above ensure that the calculations
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performed give correct values that are closer to the actual value of the B-field than

the raw data because they take into account the effects of drift.

3.3. Magnetisation Curve Measurement Procedure

Before a test run was started, it was essential that the test sample was fully
demagnetised. The test control program can operate in two distinct modes. The
first mode drives the current such that the rate of change of magnetic field strength
is constant and measures the field strength and flux density at a predefined set of
evenly spaced discrete fields. This mode is inappropriate for very soft materials
such as the grain oriented M4 steel samples because the discrete spacing of the field
is not fine enough in resolution to measure many points at the highest slope region
of the hysteresis loop. Hence a more complex adaptable fine control algorithm is

required over the magnetising current at low values of field (less than 40 A/m).

This fine control is not easy to achieve and obtaining an appropriate number of data
points on the magnetisation curve becomes very difficult. Therefore a second mode
is preferred that uses a predefined set of discrete flux densities, at appropriate
increments (0.1T for example). This mode uses a variable rate of change of magnetic
field strength which is dependent on the rate of change of flux density. Depending
on the feedback acquired, the rate of change of the discrete field values can be
altered in order to ensure that a measurement is obtained at any particular point.
The control of the flux density rate is accomplished by an adaptive digital negative

feedback algorithm [5] incorporated into the software.

Hysteresis loops were then obtained for several values of maximum field. After each
test run, the sample was routinely demagnetised, by selecting a demagnetising field
value greater than the maximum field value attained by the previous measurement.

Fig. 3.3 shows one of such loops obtained at maximum field value of 1kA/m.

. Y
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Fig. 3.3: Epstein frame measurement of M4 steel sample up to the maximum field value 1kA/m

Fig.3.3 shows a DC B-H loop measurement for M4, showing little hysteresis loss and
symmetry with the appropriate correction of drift. The initial hysteresis loops taken
were used to determine fluxmeter drift which was apparent from the non-symmetry
of the B-H loop. The offset in B was calculated from such loops and used for
subsequent set of measurements on for the sample, resulting in symmetrical zero-

offset loops like that shown in Fig. 3.3.

A.E Umenei

TRIFYSCOL

QRDS 69 Ph.D Thesis



CHAPTER 3: Measurement, Characterisation, and Data Preparation for Material Modelling

3.4. Anhysteretic and Initial Magnetisation Measurements

As earlier argued in Chapter 2, the modelling representation of soft magnetic
materials, (in our case M4 steel) can often be adequately represented by the
anhysteretic magnetisation curve for such a material. The measurements in Fig.3.3
actually confirm this assumption for M4 steel as even at a maximum field of only 1
kA/m, the loop is very thin, with very little hysteresis. If the maximum field range is
increased, this loop only appears thinner as it has more data points from negative to
positive saturation, to which its anhysteretic curves becomes a very good
approximation. Thus hysteresis loop measurements described above were not only
to characterise the material, but also be used to construct their anhysteretic

equivalent [6].

The process involves separating the loop into two single-function curves f(x*) (curve
from negative saturation to positive saturation) and g(x-) (curve from positive to
negative saturation); inverting g(x) (by changing the sign on the values) to get
Inv(g(x)); adding both curves and diving by two to get the new calculated
anhysteretic curve, Anhyst(x) passing through the origin.

Symbolically,

Anhyst(x) = S+ ];w(g(x‘)) (3.7)

This alternative algorithm, although only an approximation, is used instead of a
direct measurement for reasons of convenience. Furthermore the problems faced
with measuring the anhysteretic curves of very soft magnetic materials such as
silicon iron, and controlling the rate of change of field during the anhysteretic
measurements makes the procedure described above more attractive, as it provides
a faster and acceptable alternative. This process yielded the anhysteretic curve for

M4 steel as shown in Fig. 3.4.
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Fig. 3.4: Anhysteretic curve for M4 obtained from hysteresis loop by applying anhysteretic
algorithm in Eqn. 3.7.

Another dataset of interest that was measured using the permeameter, was the
initial magnetisation curve. As earlier mentioned in Chapter 2, in soft magnetic
materials such as the M4 steel under investigation, the anhysteretic curve and the
initial magnetisation curves are quite similar and for most modelling purposes can

be used interchangeably.

Obtaining the initial curve required demagnetising the M4 steel samples, and then
slowly magnetising the sample strips to the highest possible magnetic fields. Given
the field generation limitations of the Epstein frame test for high field
magnetisation, an M4 steel sample was inserted into an electromagnet
measurement system, wherein fields up to 15 kA/m were obtained. The effective
field on the sample was measured using a Hall probe mounted on the surface of the

sample to detect the tangential field. For wvalidation purposes, these initial
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magnetisation curves were compared with the magnetisation curve information
obtained from the industrial manufacturers’ manual. A direct comparison was made

between the two measurements as show in Fig. 3.5.
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Fig. 3.5: Measured initial magnetisation for M4 steel from electromagnet compared with
manufacturer dataset.

Fig. 3.5 shows that the permeameter measurement is comparable with the
manufacturer data, especially at the major regions of interest (the knee point where
d3B/dt® = 0 provides the largest permeability change, and the origin), hence
suggesting that the measurements are adequate enough for use in modelling the M4

steel.

3.5. AC and DC Measurement Comparison

In performing the DC measurements, the primary motive was to obtain accurate
data for characterisation of the candidate material and to obtain the material
parameters necessary to incorporate a model of the material in software simulators.
Another area of interest to the thesis was to find out how the material behaved
under AC conditions given that the high power devices of interest in this thesis make

use of ferromagnetic cores which necessarily function under AC conditions.
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Furthermore, performing AC measurements provides more information on the
relevant material properties beyond those already obtained, hence providing more
parameters and magnetic information needed in confirming the choice of material
for this particular application. It is one objective of this thesis to ascertain that the
analytic expressions obtained for the DC anhysteretic curves were still valid in
representing the ferromagnetic material even in an AC environment, and to make

any necessary adjustments or corrections.

To achieve this aim, AC measurements were made and the results compared with
the DC measurements. It follows that because of classical eddy current losses and
excess losses, the AC measurements will necessarily have wider hysteresis loops
than the DC measurements, but the expectation was that the general shape of the
loops curve obtained from the AC measurements would correlate with those from
the DC measurements, such that an anhysteretic curve derived from either of these
loops would be an appropriate representation of the material. This will validate the
use of the parameters and analytic the representation of the M4 steel obtained from

these measurements, in the modelling of the device.

The permeameter equipment set up to measure the DC B-H loops was also
appropriate for use in obtaining AC measurements up to the 50-60 Hz power
frequency range, with a few modifications. This is so because these frequencies used
are still sufficiently low for the effects of stray capacitances and leakage inductances
on the circuit to be ignored. Attention was paid to some aspects which needed

alteration from the DC system as follows:

Firstly, the rate of change of field was increased in the LabView system control
software configuration to the appropriate level (50Hz) for AC measurements. Also,
the Epstein frame standard is valid and reproducible at this frequency (under the
IEC-60604-2 standard) and adequate data acquisition is ensured by using high

sampling rate data acquisition cards (DAQs). Secondly, due to the thermal
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coefficients of all the copper wiring involved, calibration of the fluxmeter was done

frequently, especially after maximum magnetisation (high current) test runs.
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Fig. 3.6: B-H loop comparison between DC measurements and AC measurements (Bs= 1.9T and
1.8T)

The measured AC hysteresis loop results in a wider loop due to higher hysteretic
losses as expected. Furthermore, a slight difference in magnetisation is noticed (a
0.08% difference between the flux density values at 500 A/m), which is expected,

depending on the maximum value of Bs used in the particular measurement.

These differences will have little effect to the choice of the analytic function used to
represent the material in the model, as the ‘knee’ slope and maximum magnetisation
do not vary significantly, especially over the large range of magnetic fields for which
the model functions will be used. This assertion, that the slight variance of the
material parameters will not affect the general representation of our material is

investigated in a subsequent Chapter.
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3.6. Curve Fitting for Analytic Anhysteretic Curve Representation

After obtaining the anhysteretic curves at various maximum magnetic field
strengths, and also obtaining data for the initial magnetisation curves, the next step
towards obtaining a representative function for the mathematical models was to
find the most suitable analytic expression for the data obtained. This was to
facilitate the inclusion of the model of the material into the mathematical model of
the engineering simulator for fast calculation, which is essential at the initial stages

of design.

Non-linear anhysteretic representations of the M4 steel core material that was
measured above entails ideally devising closed form functions, which represents the
magnetic characteristics of the FCL core as closely as possible throughout its
performance cycle. Usage of these closed form functions will allow quick
calculations in assessing the performance and functionality of the FCL. Data analysis
and curve fitting were carried out to identify mathematical expressions that could

adequately represent this specific dataset with as much accuracy as possible.

Various mathematical expressions are commonly used in the magnetic property
modelling theory, some of which were examined in Chapter 2, and two of such
functions in particular were investigated to find the best fit for the M4 steel dataset
obtained from the measurements. Attention was directed towards the particular
regions of interest on these curves, which are the ‘knee’ point of maximum
curvature (where d3B/dt3 = 0), the origin, and the approach to saturation of the
anhysteretic curve. This was in order to improve the magnetic representation of the
curve at low fields while also adequately representing the curve as the
magnetisation values increase into high field regimes.

This process also served to extract the material parameters (the a-parameter and

the Bs-parameter) that could be used to analyse the behaviour of the material, and
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examine the macroscopic effect of such material parameters on the performance of

the device when they are investigated in the mathematical model.

The hyperbolic functions along with modifying parameters were judged to be the
most adequate to use in a non-linear representation of the soft ferromagnetic data.
As discussed in Chapter 2, the two viable candidate functions are the tanh(x)
function for uniaxially anisotropic materials, and the Langevin-Wiess formulation
(from here-on called the modified Langevin function) for isotropic materials. Figs.
3.7 & 3.8 show how these functions fit the measured data after the data was point

correlated and interpolated for point step uniformity.
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Fig. 3.7: Fitting of Tanh(x) function (red) to measured data (black), showing error margin of
extracted parameters Bs and a
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Fig. 3.8: Fitting of modified Langevin function (red) with measured data (black)

The modified Langevin function showed a better fit to the data as shown in Fig. 3.8.
It gives better representation at the regions of interest as compared to the Tanh(x)
function. The fundamental parameters of interest - Bs and a - are directly calculated
from fitting the function to the anhysteretic magnetization data. These parameters
will be investigated to observe their effects on device performance. They provide a
method of determining how the changes in the material properties affects the
performance of the whole device system, and how to select the best material for the
application by modifying these parameters to get optimum performance from the

device.

3.7. Summary

In this Chapter, the various measurement configuration used for obtaining the data
for the M4 steel samples were examined and the types of measurements needed

were presented. A contrast between the AC and DC setups and results was given and
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comparisons for validation between measured graphs and manufacturer-provided
information were undertaken. Furthermore, various analytic representations of soft
magnetic materials were fitted to the data to obtain the best functional
representations for modelling, and the important magnetic parameters necessary

for building an analytic equivalent circuit model for the FCL were also determined.

Furthermore, the methods used for characterisation and measurements of the M4
electrical steel material were detailed. The limits of the laboratory experimental

setup were analysed, and how these limitations reflected on the data obtained.
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Chapter 4. Problems Associated With Measurements and
Data Processing for Modelling At High Flux
Densities

4.1. Introduction

In this Chapter some of the intrinsic challenges and shortcomings noticed in
measurement of magnetic fields and flux densities in high field regimes were
examined. The challenges faced in measuring electromagnetic parameters for this
study were detailed and the proposed solutions used to circumvent these problems

were analysed.

Also, the Chapter examined material data preparation for use in FEM modelling of
the ferromagnetic core. It highlighted some of necessary modifications to the
process of data calculation and acquisition commonly used in data handling in an
effort to improve on the general accuracy of the material representation, and data

acquisition process for devices that function at high flux densities.

The use of the ferromagnetic M4 steel in either the FCL systems on which this Thesis
focuses, make use of the property of ferromagnets as flux concentrators because of
their high permeability and consequently low reluctance. In the FCL, it is desirable
to saturate the core for the device to function properly, with a low inductance under
normal operating conditions, and hence finding the B-H characterisation at high
fields is essential. In this case, the design has a closed magnetic circuit.
Consequently, the analysis of the problems encountered in measurement and data
modelling will be examined from a perspective of a closed circuit made up of a
ferromagnetic M4 steel core. Firstly examination of some theoretical limitations of
the laboratory setup was carried out, and then a description of how these problems
were solved is described. The underlying equations and assumptions used in the
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software will also be analysed to show their shortcomings and better equations
were developed for this particular case to improve the accuracy of modelling. Finally
a discussion of the techniques developed for extrapolation of the data to higher flux
densities than can be measured was undertaken, with a description of the most
suitable methods that were adopted for the data modelling of the magnetic

properties of the test samples.

4.2. Measurements Close to Saturation for Electrical Steels

While taking the closed circuit measurements of the samples of M4 steel, it was of
interest to determine the permeability of the material at high induction levels of 2T
and above, given that the FCL need to operate at these high flux densities.
Performing laboratory measurement to such high fields with the permeameter

presented some difficult challenges.

4.2.1. Field Generation Limitations

One of the principal problems encountered during measurement, was the inability
to generate the amount of H-field necessary to magnetise the samples in order to
obtain B-H data at the flux densities required for the operation of such power
devices. To illustrate the problem, consider the saturation magnetisation (Bs) for M4
electrical steel at 2.03 T (the manufacturer’s specification). Assuming that the
saturation of the core is reached at an arbitrarily high magnetic field 100kA/m (a
safe assumption given how soft the material is, as per the measurements obtained in

Chapter 2), the magnetic induction will be:

B=B, +p, H=2.03+0.126=2.156 T (.1
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If the operational range of the device is taken above 2T, the magnetic field required

to achieve such values is:

B=B,+u H — p,H=B-B, — H=D25:

Ho (4.2)
Therefore, for M4 with target B = 2.3 T and Bs = 2.03T saturation magnetisation, the

required applied field will be:

2.3-2.03
Ho
The usual standard formula used for calculating magnetic fields in a closed magnetic
circuit is:
NI
}¥:jf (4.4)

This formula represents an average field and does not allow for non-uniform
distribution of the field due to leakage flux, geometrical variations and the non-

uniform distribution of magnetomotive force (mmf).

For further illustration of this example, values for a SCFCL prototype core design
were used, with number of turns, N = 171, magnetising current, I= 77 A. and, mean

magnetic path length, I= 2.8m

Using Eqn. 4.4, the average field strength generated, H = 4.7 k/Am. This is only
slightly over 2% of the 215 kA/m that is required to reach 2.3 T according to
calculations (Eqn. 4.3). Moreover, given that the field generating coil is not
uniformly wrapped on the FCL or induction heater, the field distribution is uneven
around the core and hence the values for the H-field could be lower or higher at
different parts of the core.

Another problem is encountered when the ferromagnetic core is modelled in the

FEM software MagNet™, The underlying material representation in the software for
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the M4 steel only has values up to H= 40 kA/m. The permeability calculated from B

and H values is shown in Fig. 4.1
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Fig. 4.1: u-H characteristic for M4 steel used in FEM software MagNet

From Fig. 4.1, it is estimated that at H = 40 kA/m the relative permeability is 41. It
can be seen that the saturation phase (defined herein as reducing the relative
differential permeability to that of air, u, (air) =1) is estimated to be reached atH =
100 kA/m. Moreover, using Eqn. 4.4, the magnetomotive force (NxI) needed to
attain H = 100 kA/m will have to be approximately 280 kAmp-turns , which for a
current of 77 A would require 3,636 turns; that is 47 times more than the number of

turns quoted at the start of this analysis.

In fact, the situation may be even worse, because if the graph is plotted on a log
scale, as in Fig.4.2, a straight line extrapolation shows that it is possible that

maghnetic field values required for actual saturation could reach H= 2 MA/m.
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Fig. 4.2: u-H characteristic for M4 steel used in FEM (log scale ) linearly extrapolated to
saturation (u,= 1)

This analysis shows not only the difficulty in actually obtaining measurements as far
into saturation as is required for modelling the device, but also the discrepancies
that exist between calculated FEM H-field values for the M4 steel and measurements

taken for the same material.

Hence a step taken towards improving on the general efficiency of modelling was to
use the same data set measured in Chapter 3 for the subsequent modelling of the
ferromagnetic material, ignoring the representation of the B-H curve supplied in the

‘library’ file of the FEM software.

4.2.2. Inadequacy of Average Field Equations Used In Measurement

Another difficulty of measuring the magnetic properties at high fields for soft
magnetic core samples lies in the fact that in the actual devices, the magnetic field is

generated non-uniformly around the core. Fig 4.3 shows a typical core schematic for
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the SCFCL with the magnetising solenoid located on only part of the core. Full
saturation of the core is desirable hence the permeability in all parts of the core,
especially the limb furthest from the magnetising coil (herein called the
unmagnetised limb) would have to equal 1. However, due to the practical limitations
of the design such as the finite length of the solenoid which limits it to less than the
entire length of the core, the material on the limb covered by to the coil (herein
called the magnetised limb) will be exposed to a higher H-field. Hence this region of
the core will approach saturation faster than the rest of the core. Therefore there
will be more leakage flux through the air as the magnetisation increases, because
the air becomes increasingly favourable as a return flux path. So, as more flux leaks
through the air, there is less increase in the flux in the unmagnetised limb, making it
even more difficult for it to attain saturation. This is explained by the fact that the of
the reluctance of air, which is determined by the path length and the permeability
(Egn.. 2.10),becomes increasingly lower due to its shorter path length as opposed to
the full length of the core. This thus provides a more favourable path for the flux

instead of going all round the core.

..>s> Ferromagnetic
Core

+> Possible flux path through air due to increased limb magnetisation

» Usual flux path through core with high permeability

Fig 4.3: Schematic ofmagnetised core showing possibleflux paths (dashed lines) at high
saturation ofmagnetised limb
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Finally, if the whole core is fully saturated, then the permeability equals unity
everywhere and the flux just spreads around the coil as the saturated region of the

core becomes equivalent to air.

In Fig. 4.3, it would seem to be impractical to generate a magnetic field strong
enough to achieve complete saturation of the core - that is, permeability equal 1
throughout. Thus a practical compromise implemented in framing the problem was
to pick a target operating point which is on the unsaturated part of the core

(unmagnetised limb), and measure the magnetisation up to that point.

Considering the issues introduced above, a compromise method was used wherein,
the best possible measurements were taken with the existing permeameter
measurement system (up to H = 14 kA/m), and extrapolation methods based on the
available magnetic information were used to extend the data into the higher field
regimes. Furthermore, a number of ways of expressing the field in the calculations
as a function of location around the core were researched, in order to improve on
the ‘standard’ field generation equation that is usually used (Eqn.. 4.4). These

modelling solutions are examined in detail in the next section.

4.3. Data Processing for M4 Steel Modelling at High Magnetic Fields

4.3.1. Introduction

Given the limitations of the measurements taken in Chapter 3, it was imperative that
a different method be formulated to extend the available data into the field range
needed for modelling using extrapolation. These methods have been used before for
other modelling projects. [1], [2]. However, because these do not take into
consideration the physical magnetisation processes occurring simultaneously in the

materials at higher fields they can result in significant errors in the predictions [3]
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The more common techniques for numeric extrapolation include the straight line
extrapolations (SLE) using the last few measured data points of a dataset and the
Richardson method of data extrapolation which uses interpolation polynomials and
the power law [4], amongst others. These algorithms have been compared and
recommendations made on a per problem basis for extrapolation [5]. Though
numerically efficient, these methods do not add any insight into the high magnetic
regime processes or provide any supplementary magnetic information to the single-
value nonlinear B-H curves measured for use to represent the M4 steel.
Furthermore because these do not take into consideration the physical
magnetisation processes occurring simultaneously in the materials at higher fields

they can result in significant errors in the predictions [6]

Furthermore, most FEM modelling packages ignore magnetic phenomena like
hysteresis and do not usually model the Rayleigh region of the initial magnetisation
curves used in material representation (due to large changes in slope which put a
burden on both the precision limits and computational resources of most
computers) [7]. Hence it can be argued that there is a need to retain as much
magnetic information as is possible within the present mathematical and
convergence limitations of the software. Better extrapolation techniques, including
physically realistic models and more reliable measurements constitute areas where

such improvements can be introduced.

For the purposes of this Thesis, the extrapolation methods were analysed and used
on the measured data, before using this new data set in the FEM software for

modelling.
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4.3.2. Preliminary Measurements and Sample Preparation

The initial magnetisation curve of M4 steel measured in the DC permeameter system
was used as the starting point for the extrapolation method assessment, with
maximum achieved field of H = 14kA/m. The straight line extrapolation (SLE)
method is the most common method used in extrapolating magnetic material data,
especially when the last measurement points are assumed to be in saturation. This
was the first procedure used to predict B-H data measured (initial magnetisation
curve) outside the range of the original measurement data. This was used to

establish a baseline against which all the other procedures could be compared.

In order to get the high magnetisation data required for validation of the data
extrapolation procedures, a SQUID (Superconducting Quantum Interference Device)
magnetometer in combination with a superconducting magnet called a Magnetic
Properties Measurement System (MPMS), which is a commercial measurement
system was used to measure initial magnetisation curves for a 7.04g M4 steel
sample in an open circuit test. The MPMS from Quantum Design can reach magnetic
field strength values of 4 MA/m ( or close to 50 kOe), with a sensitivity of up to 10-8
emu for the measurement of magnetic moments [8]. As analysed in Section 4.2.1,
such a field is enough to get the material into saturation, and hence this system was
suitable to measure points in the saturation magnetisation range of interest in the
material.

However, the difference between this type of MPMS measurement and the Epstein
frame measurements used so far, is that the MPMS measures samples in an open
circuit as opposed to the close circuitry of the Epstein frame system. The data

obtained from both systems is shown in Fig. 4.4.
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Fig. 4.4: Uncorrected MPMS and Epstein frame test measurement with a straight-line
extrapolation

The major differences between the two measurements were in the geometry and
measurement type [9], and hence a demagnetising correction of the data obtained is
required.

Given this need to compare open and closed circuit measurements, the
demagnetisation field Hq = NgM was estimated, and used in correcting for the

effective field using the equation:

H,. . =H H,

effective applied ~ (4.5)

Considering that the soft magnetic material used in this experiment approaches
saturation at relatively low fields compared to other magnetic materials, it was
assumed that the open and closed circuit measurements far into the saturation
region would be comparable if not equal, after demagnetising factor corrections to
the measured fields were made using Eqn. 4.5. This was not the case as Fig. 4.5

shows.
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Fig. 4.5: Corrected open circuit measurement compared with SLE to obtain reference point

From the graph it is seen that the demagnetisation correction does bring the open
and close circuit measurements in alignment in saturation. But this correction is not
adequate when the measurements are not in saturation as seen by the discrepancy

in the curves below our saturation reference point.

From the measurements at high fields using the MPMS, a reference point in the
saturation region was found at which it was assumed maximum magnetisation
occurs. From this point, it was ascertained by comparison, which algorithms come
closest to predicting the correct value of the reference point. In this way such a
reference point was used a developmental tool for a formulated extrapolation

algorithm.

The field value of Hsmax = 385 kA/m was determined as the field at which maximum

magnetisation occurred (maximum field value obtained) and was set as the
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reference point for saturation. With these preliminary measurements and basic

assumptions, various procedures were examined and compared with the SLE.

4.3.2.1. Procedure 1: Law of Approach to Saturation Extrapolation (LAS)

The first procedure that was investigated was the LAS, as a data extension

algorithm. The LAS as obtained experimentally by Becker and Déring [10] is,

M=M, 1—1—% +xH
H H (4.6)

where a and b are curve fitting coefficients, Ms and H are the saturation
magnetisation and applied field respectively, and kH is the forced magnetisation

term which is small.

This procedure assumes that the measured Epstein data is correct, and the
measurements are taken close enough to actual saturation such that the Law of
Approach is applicable. From Eqn. 4.6, it is further assumed that constants a (due to
the absence of reversible rotation components of magnetisation in saturation) and k
(assuming there is no significant forced magnetisation caused by the external
magnetic field at these fields strengths) can be neglected. These assumptions reduce

Eqn..4.6 to the following simplified form:

H
(4.7)

Combining Eqn.. 4.7 and the expression for magnetic induction B = po(H+M), and

then differentiating, the following system of equations is obtained:
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b
B=,UO H+MS—MS_}?2_
9
dB b
—— = U, 1+2MS___3—
. dH H 45)

Solving this system of equations simultaneously using the last data points on the
measured data curves obtained from the Epstein tests (Hiast, Biast, past) = (14209,
2.02, 1.18), gives values of b = 1.66 x 105AZm-2, and Ms = 1.6 x 106 A/m, where pjas: is

the relative differential permeability.

Substituting these into Eqn. 4.7 provides an analytic function for extrapolating the
B-H curve to larger field strengths beyond the range of measurements. Fig. 4.6
shows the LAS extrapolation of the measured curve up to 300 kA/m, compared with

the SLE.
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Magnetic field, H{A/m)
Fig. 4.6: Extrapolation curves obtained using the LAS procedure and SLE, added to measured
data from 14 kA/m.
CRONE A.E Umenei

92 Ph.D Thesis



CHAPTER 4: Problems Associated with Measurements and Data Processing for Modelling at

High Flux Densities
- |

In Fig. 4.6 it is seen that the Law of Approach gives a curve with lower magnetic
induction for all extrapolated values of field compared with the SLE algorithm. This
is due to a lower derivative dB/dH of the material. For example, at an arbitrary
value of magnetic field of H = 160 kA/m, a discrepancy of about 0.04 T in magnetic
flux density is noticed between the two predictions. This difference gets larger as

the fields increase.

4.3.2.2. Procedure 2: Saturation Field Extrapolation (SFE)

By including an assumption that at some reference point Hs the material must have
reached saturation, another extrapolation procedure can be constructed which is

herein referred to as the Saturation Field Extrapolation (SFE).

Starting from the Epstein test measurements, the data set uses an adjacent point
differentiation to obtain a dB/dH versusH dataset as shown in Fig. 4.7.From this
data, an algorithm for the extension of this curve can be developed from the last
data point (Hiast, Biast, Hiast) if the saturation field Hs is known. These saturation
values are such that H = Hs, B = Bs, and pr = 1 (Hs, Bs, 1). Therefore, for all field
strengths above this relative differential permeability value will be equal to 1. In
addition, the functional dependence of permeability on increasing magnetic field
strength has to be specified for this procedure. It is then possible to extrapolate (by
integration) B-H data for the M4 steel, up to any field required.
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Fig. 4.7: Differential permeability as a function of magnetic field for M4 steel, showing slope and
the asymptote relative permeability for free space ur =1

It is possible to estimate both a minimum (Hsmin) and a maximum (Hsmax) magnetic
field value for saturation to occur by combining the measured values of the Epstein

and MPMS measurements.

In the case where the decrease in the differential permeability is linear until the
value of differential permeability reaches 1, the value of Hsmin can be obtained using
the two measurement data points at the two highest field strengths, Hiast and Hiast-1

as shown in the Fig. 4.8. In this case the equation for Hsm is:

Hiast — 1

Hiast — Higse

H SMIN™ [_]last + ) (]{last - I{last—l )

(4.9)
This equation was obtained from the equation of a straight line using the last two

points on the permeability vs field graph. Hsmivn = 19 kA/m was estimated by a

straight line extension of the last measured slope of the curve dB/dH.
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The other extreme case is to take a value of the magnetic field at which saturation
must have assuredly occurred. This value was taken from the MPMS measurements
and is Hsmax = 385 kA/m.

These procedures place both upper and lower bounds on the saturation field Hs:
Hsmin < Hs < Hsmax and therefore, identifies the bounds of the range of possible

extrapolations as shown in Fig. 4.8

1.24 -\ —e— L ast two points of permeability data curve

egion of possible extrapolation uncertainty

1.20 4 Maximum possible siope

[ SRR e —

1.16

1.12

1.08 S

Differential permeaibility

1.04

1.00

H H TH,

it Rt

Mg

Magnetic Fiéld,H (Saturation field point, H )

Fig. 4.8: lllustration of the concept behind the SFE. After the last measured point, (Hiast, , Blast,
Hiast), differential permeability decreases to 1. (Hiase = 14 kA/m, Hemin = 19 kA/m, Hgnax = 385
kA/m). The actual saturation field, Hs, must lie between Hsmin and Hsmax

As a first approximation to this algorithm, a linear decrease of the differential
permeability from the last measured point (Hiast, Blast, iast) to the saturation point

(Hs, Bs, 1) is such that

dB H —[{last

— = . S L L -1
dH :uO /ulast HS N ]{last (lulast )

(4.10)
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Therefore in the field range until saturation field Hs is reached, the magnetic flux

density is,

— /l OH 2Hlasl
2 (H

—H+(H_2HS)*aulast
_Hs)

B

last

(4.11)

After the saturation magnetic field has been reached, magnetic flux density

increases linearly with field with permeability equal to that of free space.

Fig. 4.9 shows the difference in extrapolation curves for different chosen values of

Hs.
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Fig. 4.9: Extrapolation curves following the SFE procedure for different values Hs, compared to
the SLE.

A robustness test for the SFE algorithm provided above was carried out by varying
the value of Hs by as much as 100kA/m (Hs = 200 kA/m to 300 kA/m), to assess the
sensitivity of the curve to variations or errors in data. Fig. 4.9 shows that there is a

less than 0.05 T difference between the extrapolated curves (compared arbitrarily at
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160 kA/m). This shows that the algorithm is quite stable, and still markedly
different from the SLE. It is important to note, however, that depending on various
factors like the geometry of the sample, the saturation may actually occur at higher

field strengths. Therefore, a good estimate is needed for Hsmax.

4.3.2.3. Procedure 3: Exponential Law Extrapolation (ELE)

In this procedure it is assumed that the magnetisation of the material continues into

saturation following an exponential function [11] which can be written as

B = ,uO(MS[l— e‘/”H]+ H)
‘%2!10 +pg Mg e
(4.12)

where Ms is the saturation magnetisation and f is an exponential coefficient.
Solving this system of equations simultaneously by using the last point on the
Epstein data curve it is possible to find both Ms and B. In this case (Hiast, Biast, Wast) iS
(14209, 2.02, 1.18) respectively and, therefore, # = 6.07 x 10-* m/A and Ms = 1.59 x
106 A/m.
Substituting the calculated values into Eqn. 4.12 makes it possible to extrapolate the
B-H curve to high field strengths. Fig. 4.10 shows such an extrapolation compared

with the linear extrapolation procedure.
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Fig. 4.10: Extrapolation curve obtained from the ELE procedure, added to the 15kA/m measured
data, compared to the SLE

By comparing the different extrapolation procedures proposed above, a baseline for
the highest and lowest slope acceptable for the extrapolation of the data has been
established. It is seen that all three procedures result in lower B-H values than are
achieved using the algorithm presently used in most software. Fig.4.11 compares

the results of all the procedures discussed above.
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Fig. 4.11: Various extrapolation procedures compared, using the same measured data.

Given the deviation that all three procedures show from the standard straight line
extrapolation, it suggests that the magnetic considerations used in the procedures
all have the effect of reducing the slope with which magnetisation curves are
extrapolated in FEM software. The difference in slope also gives an indication of the
errors that are likely to be introduced in the model calculations if an appropriate
extrapolation procedure for the specific application is not used. This is especially
critical when used in simulation of ferromagnetic materials in models requiring high
power and high magnetic fields, as these errors are magnified with increase in field,

as the analysis have demonstrated.

The SFE (procedure 2) can be used if data far into saturation can be obtained from
other measurements. However, the procedure can only be used if we can make the
critical assumption that at some point deep in saturation, the open and closed circuit

measurements from which the datasets are obtained are considered comparable.
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This approach can be used for various ferromagnetic materials to seamlessly
combine open and closed circuit measurements to form a consistent extrapolated B-

H representation.

Furthermore, two of the procedures investigated - the LAS and ELE - have
overlapping extrapolation curves. This may indicate that these methods of
extrapolation, though independently developed, take into consideration the
appropriate behaviours of the material at high magnetic fields better. Consequently,
the LAS procedure was implemented as the choice for extrapolation for the

purposes of this Thesis.

4.4. The Standard Measurement Ampere’s Law Extension

4.4.1. Introduction

Another challenge that was evident in the modelling process was the integrity of the
measurement data when transcribed from a uniform mmf laboratory specification
to a real device design, which invariably included non-uniform mmf cores.
Essentially, the idea to quantify what error was introduced by assuming that the
material representation for a uniform emf around the actual magnetic core was
adequate for modelling non-uniform field distribution was considered. This is an
important consideration which is most usually ignored, and hence could lead to
significant error in both the analytic modelling (finding the proper equation to
represent the H-field in the equivalent circuit models), and the testing and
measurements in prototypes (the algorithms implemented in measurement systems

to measure the H-fields in device prototypes).

One of the principal predictive tools used in this regard is Finite Element Modelling
(FEM) which requires meshing of the spatial domain, including the device and

surrounding air boundaries, and providing solutions in 3D. During the initial stages
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of device modelling, the analytic models were usually more important to use in
order to get an understanding of the likely behaviour of the device. At this stage,
detailed analysis of the device is not necessary, and hence analytic models that are
quick, are preferred to FEM, which is too time-consuming and detailed for this initial

analysis [12].

For these reasons, and the fact that this problem seemed to not have been
adequately researched before, this Thesis takes a detailed look into the
shortcomings of the uniform mmf assumption which leads to errors in the
calculation of the field around a core. A procedure is then proposed which gives a
more realistic variation of the field around the core that can be used in

measurement algorithms and mathematical models of devices.

4.4.2. Standard Ampere’s Law Derivation Problem

As earlier mentioned in the Chapter, the Ampere’s circuital law in materials, which
is widely used in field calculations, [13] provides a relationship between the
magnetic field H, around a current carrying conductor and its current source. The

more standard derivation for this equation usually used in applications is

N.I
H = _T (4.13)

The equation has the assumption of uniform mmf, and is constant for all parts of a
core. Practical cores in devices on the other hand, generally do not have this uniform
distribution due to the location of the energising coils due to practical device design
limitations and requirements. With uneven mmf in such cases, a non-uniform field
profile around the core is a consequence, and Eqn.. 4.13 which is widely employed

for such calculations and representations, cannot be used.
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This failure is even more significant in terms of the error magnitudes when
calculations are needed in higher field regimes for simulation or design for power
devices such as FCLs and induction heaters. The fact that in such devices the mmf
produced by the applied current source is non-uniform and non-local, applying Eqn..
4.14 to field calculations or measurements for such devices that require accurate
values for magnetic field for their proper calibration and functioning, can lead to

significant error in design and prototyping.

4.4.3. Prototype Design and Measurements for Ampere’s Law Derivation
Problem Investigations

The Amperian approach to field generation is most commonly used in laboratory
closed circuit measurements for ferromagnetic materials, due to their practicality
and the ease of current-controlled field generation. In some device models, the exact
spatial field distribution variation along their component cores is needed for
calculations such as inductance and magnetic induction, B. For example, in the FCL
modelled in this Thesis, a localised magnetising coil that does not extend over the
entire core accomplishes the magnetisation of the M4 steel cores. This results in
non-uniform mmf around the core, and hence uneven field distribution across the
cores, thus violating the principal assumptions of the Ampere’s law derivation, given

in Eqn..4.13.

Furthermore, most field calculations using this standard equation are made with the
magnetising coil as a reference point instead of at the point where the
electromagnetic interactions and calculations of inductance on FCLs, are performed.

Consequently, for larger ferromagnetic cores, the field distribution can become
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highly non-uniform and hence vastly different from the analytically calculated

values using Eqn. 4.14.

To illustrate the problem, a scaled-down prototype of a ferromagnetic core stack
was built from standard laminated Epstein-size strips of M4 non-oriented steel,
30x30x0.03 cm as shown in Fig.4.12. The stack was 0.3cm thick. Only one limb had a
magnetising 1000-turn DC coil around it, referred to as the magnetising limb.
Several search coils (SC] were wrapped at various points around the length of the
core. A power amplification system comprising two cascaded KepCo 36V/12A
bipolar power supplies was used to generate the magnetising current which was
measured over a 0.1 Ohm resistor in series. The H-field was calculated using Eqn.

4.13.

M4 steel .1
laminated coi

1000-tum
solenoid

Fig. 4.12: Picture ofprototype core 30x30x3 cm, madefrom Epstein laminated strips

A similar core was 'built' in FEM software MagNet to highlight the differences in H-
field values obtained using Eqn. 4.13 and those obtained from the finite element
calculations. Fig. 4.13 highlights the search coil locations and the axis of reference

for the calculations.
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As shown in the schematic, the field distribution was taken as a function of
displacement, x, around the core, starting from the middle of the magnetising limb.
The core was first demagnetised using a cyclic decaying field over 240 seconds and

then the current in the magnetisation was gradually increased

agnetizing coil

Unmagnetized
Shaded Plot . . .
[H] smoothed limb mldeIHt,
509431 XRef>

458586
407741
(V]

306051
255206
204361
153516
102671
51826.3
981.279

Fig. 4.13: FEMofmagneticfield in a core, showing difference in H-field distribution on opposite
limbs.
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Fig. 4.14: Flux density measurements, B, on miniature prototype core at various locations vs field
values, H, obtained using the standard form of Ampere’s law derivation, at the coil, i.e. Eqn. 4.13.

The setup was then magnetised with a 50Hz current source, and the flux densities
are measured by the various search coils, using the H-field calculated from the line
current, the initial magnetisation curves were measured, at the different positions,

SC1-SC4, on the core as shown in Fig. 4.13.

Fig.4.14 shows the problems involved in obtaining B-H measurements in such
situations. Different curves are obtained when the measurements are taken at
different parts of the core. This is because the assumption of uniform mmf around
the closed circuit is not met. The magnetic field H is inhomogeneous around the
closed path of the core, varying significantly from the prediction of Eqn. 4.13, and
hence the H-values calculated at the coil location are not the effective H-values at the

various search coils.

Eqn. 4.13 relates the average H-values produced by the current carrying conductor

over the length of the solenoid, but accounts neither for the finite dimensions of
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most practical solenoids, nor the geometric effects of the core and coil location on
the field distribution. Thus, magnetic field values at some parts of the core can drop
to less than 2% of their peak value between the magnetized and un-magnetisted
limbs. The FEM model calculated in Fig 4.13 illustrates this clearly as the H-field
values ranged from 50.9 kA/m to less than 1 kA/m.

A proposed alternative to accurately calculate the effective magnetic field at a
particular location of a core evidently is essential, given the errors that can arise for
the primary B-H loop measurements and also for derived or secondary

measurements like inductance.

4.4.4. Improved Generalised Ampere’s Law Extension for Core H-field
Calculations.

In order to overcome the problem detailed above, an approach was used in this
Thesis based on a combination of measurements and modelling to form a procedure
that provides a better solution, especially at high fields and flux densities where the

shortcomings of Eqn. 4.14 are more prominent.

The first step of the procedure was accomplished by taking accurate B-H loop data
and extended it using the LAS extrapolation method investigated above. The B-H
information obtained herein was then incorporated into FEM and H-field
distribution profiles were obtained over a large range of current values around the
core (0-25kA). Calculation of field distributions were made, starting from the middle
of the magnetized limb and tracing the displacement, x, around the core to an
arbitrary point of interest, xrer, along the core length (for this case, taken as the

midpoint of the unmagnetised limb due to symmetry, as shown in Fig. 4.13).
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The closed core path was then transformed conformally as that for a non-uniform
media into a straight core, since both structures are planar (z-direction potentials
are unchanged) and the analytic function representing the transformation is well-
behaved [14]. Therefore, the edge or fringing effects are to be accounted for by an
analytical function, which is denoted as w=f(x). The H-l graph which results from
this transformation, was then plotted alongside the Ampere’s law derivation

function for the same current value range as shown in Fig. 4.15.

The hypothesis for this method is that the magnetic field is better calculated with
the analytic solution for a finite solenoid extension of Ampere’s equation [15]
instead of the usual averaged Ampere’s law extension of Eqn. 4.13, for field profile

around the non uniform mmf core. This hypothesis is now considered.

The formula for a straight finite solenoid provides an expression for determining the
magnetic field H at a distance x from the centre of the solenoid in a linear axis. It also
takes into consideration the solenoid characteristics like length L, diameter D and

number of turns, N.

g NI @42 (-2
L | 2D +(L+2x) 2D +(L—2x)

‘fshape(x)

(4.14)

where H is the on axis field, x is the displacement around the core along the axis
from the centre of the coil mapped into a linear distance equivalent to the path

length, L.

The shape function fshape(x) is introduced to allow for the effect of the shape and
fringe effects (equivalent to w=f(x)) of the core on the field as transcribed by the

conformal mapping procedure. For a first approximation, let fsape(x)=1. The
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expression was then compared to FEM calculated data over the core profile as

shown in Fig. 4.15.

12000~
10000 — FEM calculated field profile
- — Ampere’s Law extension
g 8000
x
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= 2000
H=N*l/L
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-1500 -1000 -500 0 500 1000 1500

Displacement around core x,mm

Fig. 4.15: Magnetic field profile around core (FEM calculated) compared to the new generalised
Ampere law extension (Eqn. 4.15) and the usual Ampere’s law derivation (Eqn. 4.14).

The Fig. 4.15 shows excellent agreement between the FEM measured data and the
modified Ampere’s Law extension. It also highlights the disparity between the
commonly used standard derivation of Ampere’s law, which is essentially an
average value, as compared to the detailed variation around the core given by the

modified equation.

It is clearly seen in Fig. 4.15 that the standard Ampere’s Law derivation produces
values which deviate markedly from the actual values at all points in the profile
except directly under the solenoid. Ideally, it would be useful to have the description
of the field over the whole range of variation of the current; however, the H-1
dependence was only investigated in two regions: low and high magnetic field (low

and high applied current respectively)
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4.4.5. Investigation of Function Validity over Large Magnetic Field Range

A detailed investigation into possible functions to represent the H-1 relationship was
carried out, to support the claim that Eqn. 4.15 could be used extensively over a
large current range. This is needed because in order to be able to use this new
extension, it has to be proven robust and applicable for the whole current range for
which it needs to be used. Thus, current values were recorded at the reference point,
and compared with both the FEM calculated and the standard ampere’s law
equation. The idea was to search for a valid relationship between the field and the
current and how it varied over time. For this purpose, the H-field profile is split
arbitrarily into a low-level magnetic field range (< 500 A/m) and a high-level

magnetic field range (> 500 A/m).

At low magnetic fields, there is need for high accuracy in determining both H and B
because at these field strengths exists the highest core inductance and, hence, the
inductance of the device is very sensitive to the changes (or errors) in permeability.
The correct description of the field in this region is very in determining the validity
of the model for predicting the functioning of the device. As a first approximation,
the square root function was used arbitrarily to fit the region for lower magnetic

field (low applied current) because it provided the best fit for the data:

H=PBI (4.15)

where H is the magnetic field value , I is the current and P; is an adjustable

parameter.

Fig. 4.16 shows how the low magnetic fields corresponded with the square foot
function fitting. Also shown in Fig 4.16 is the comparison with the values obtained if

the standard Ampere’s derivation was used. These are clearly in serious error.
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Fig. 4.16: Low H-field calculations with FEM, standard calculation ( H = ), and first

approximation with P;=178.4

Extending this relation into higher fields proves problematic as the extension only
increased the deviation of the value obtained from the analytic function and the

FEM-calculated values.

Hence a search was initiated to find a function that might be applicable over a wider
which might not be as accurate for the low fields as Eqn. 4.15, but will better fit the

complete data range.

Consequently, at the reference point xger, the range of applied currents was extended
from zero to 25KA. A linear dependence of field H, on current I, was obtained by
fitting the proposed equation (Eqn. 4.15) to H-field values produced over a more

complete field ranges.
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Fig. 4.17: New generalized linear extension (Eqn.. 4.14) fitting for H-I1 data contrasted with
standard Ampere’s derivation (Eqn.. 4.13) results for H-field values(FEM calculated) over large
coil current range.

The agreement shown in Fig.4.17 between FEM-calculated values and Eqn. 4.15 is
remarkable and proves not only how consistently the new generalised equation
models the field distribution over a large range of current or field values, but also
the difference between the calculated values based on this equation and those based

on the usual Ampere’s law derivation equation.

Fig. 4.17 shows the FEM generated field distribution profile of the core, compared to
the Ampere’s law equation and the modified Ampere’s Law extension in Eqn. 4.15. It
confirms the fact that modified the Ampere’s law extension introduced here can be
used for a larger range of field values - from low to high fields -with more accuracy

than the original Ampere’s law equation.

The accuracy of this modified analytic expression cuts down on the time resources

needed for magnetic field computations using complex FEM analysis. Furthermore,
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the edges of both graphs show that our first approximation of the shape function as
unity, though good, has room for improvement. This makes the analytic function
even more adaptable, accurate and applicable to various specific core geometries.
An analytic function with such a high level of accuracy in predicting the field
distribution on a closed core can easily be incorporated into larger system

modelling.

This function was investigated particularly because of its usefulness in
mathematically modelling a ferromagnetic closed core for the FCL. Analytic
formulations such as this are model/problem-specific, but the approach can be
extended to other core models, and is certainly faster than relying on FEM

calculations alone.

4.5. Summary

In this Chapter, some critical problems and challenges faced in obtaining and
processing magnetic property data for representation of magnetic materials have
been examined in detail. This includes finding appropriate extrapolation methods
for ferromagnetic materials, and also problems with the standard Ampere’s Law
formulation equation generally used in calculation and measurement. A procedure
for the derivation of a better extension of this law was proposed, and proven to be

more accurate than the previously used equation.

The Thesis will now proceed to consider how these material data and
representations can be used in formulating the models for the FCL device being
investigated. A detailed look into the formulation of the mathematical model will be
undertaken, and the direct relationship between the material properties and their

effects on the functionality of the device will be examined. This knowledge is
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essential in making the choice of a ferromagnetic core material for use and also to

assess the effects of material properties on device functionality.
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Chapter 5. Functional Algorithm Design and
Mathematical Modelling of EM Devices: Case
of the Fault Current Limiter

5.1. Introduction

This Chapter will focus on the development of such a model for the saturable core
fault current limiter (SCFCL) under development in this Thesis. It will focus on
building the model in the time domain,- with time as an independent explicit
variable - as this method of electromagnetic analytic modelling is not only computer
efficient but more suiting to such devices where the states of the constituent
materials and underlying equations change with time [1]. It will examine the
limitations of the underlying equations, analyse the effects of the material
parameters on the functioning of the FCL and also propose solutions to problems

usually encountered with such models.

Such modelling usually entails incorporating measurement data, and the physical
operational principles of the device using a set of mathematical tools and equations
that describe the system under investigation. This kind of modelling is usually used
because it provides a fast method of understanding the full system. Furthermore, in
the case under study, it is also an easy way of investigating circuit and material
parameters for their effects and optimum values for the functioning of the device.
This can lead to a simplification of the device or electromagnetic system, by
discarding the unimportant features to gain this deeper understanding of the system
[2]. Due to the intrinsic limitations of trying to represent physical systems with
purely mathematical tools, such models are usually approximate in nature and are

used more for qualitative than quantitative purposes.
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5.1.1. Principle of Operation ofSCFCL

The SCFCL functions on the principle of increasing the inductance of a circuit in
which it is connected in series, in order to limit an incoming fault current. This is
accomplished by biasing the FCL core with a DC circuit such that the normal
operating point lies as far into saturation as is necessary for the device to provide
little or no impedance to the system (the so-called 'transparency' condition]. Here,
the operating point refers to the state of core as characterised by a position on its B-
H curve, determined by the total magnetic fields acting on the core, at a particular

point in time.

The AC coil is wound around both ferromagnetic cores such that the flux produced
by the AC or line current is in opposition to the flux generated by the DC coil bias.
Thus a fault current will oppose such a bias and move the operating point of the core
into the region of high differential permeability, and hence high inductance and
impedance. Fig. 5.1 gives a schematic ofa prototype ofthis device.

Ferromagnetic cores

AC current

AC current

Positive Negative
half cycle Half cycle

A—

| —

Fig. 5.1: Schematic ofprototype SCFCL showing wiring configuration and placement ofDC coil
generating flux 0dc, in bothferromagnetic cores (from Zenergy power report).
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By Ohm’s law, increase in inductance will limit the fault current seen by the
power system. When the fault current is removed from the system (either by
circuit breakers or other protection equipment), the DC-generated field restores
the core back to its original operating point in saturation. The annotated diagram
in Fig. 5.2 of an anhysteretic representation of the M4 steel core in the first
quadrant shows the various processes that occur for a simple AC waveform.

OP - movement during
normal operation

B(T) 4
Bs |-

—

\
[}
H
]
}
H
[]
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1

Operaling point (OP)

Movement of operading point during >
T

faull current with larger amplitude

than normal operating current \

\ waveform (desaturation} Normal operating

Region of high permeability and \ current waveform

hence high inductance /
i

'._—-l
\\
——» Fault current waveform
moves operating point

into high inductance
region

-

>Hoc H(A/m)

Hac<

Fig. 5.2: Schematic of anyhsteretic curve showing the movement of the operating point during
normal operating conditions and fault conditions.
The processes in Fig. 5.2 take place in one half cycle and the current limiting on the
second half cycle is taken care of by the second core, magnetised in the opposite
direction (anhysteretic curve in the third quadrant). Hence to completely limit the
full waveform, two cores are magnetised by the DC coil in opposite directions (Fig.
5.1).
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5.2. Mathematical Model Formulation for SCFCL

5.2.1. Equivalent Circuit for Electrical System Implementation of FCL

Formulating a mathematical model for the SCFCL required the creation of an
equivalent circuit for the FCL in a simple electrical circuit. This leads to the
formation of a first order ordinary differential equation, which is then solved for the
quantities of interest (line current and or voltage). The equivalent circuit model
incorporates the functional magnetic material representation equation along with
the dimensions of the FCL, into an electrical system model, which is comparable to

that in which the device will be used.

For this particular device, a voltage driven electrical model (VDM) was devised, and
for simplicity, a couple of assumptions were made. Firstly, the structure of the
prototype (Fig. 5.1), shows that the coils, being on different sides of the core are far
from each other. Hence leakage inductances (or mutual inductances) are neglected
in the analysis. This assumption is usually made for non-concentric coils [3]. Hence
for a simple inductive circuit, the ordinary differential equation (ODE)
representation is,

: di
V. sin ot =iR+ L% (5.1)
dt

The diagram in Fig. 5.3 is a representation of the basic components of the voltage

driven equivalent circuit.
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Fig. 5.3: Circuit diagram for the voltage driven equivalent model for FCL circuit implementation

The simplified circuit consists of an AC voltage source Vs, a source impedance Zs= Rs
+ iwLs and a purely resistive load Z,=R,+iwL, (circuit capacitances are assumed
negligible for this analysis). In the setup, the FCL is introduced as a variable inductor
whose value changes depending on the AC line current. The inductance from both
cores is independently factored into the circuit as two separate inductances, both
producing variable values of inductance depending on the differential permeability

at the operation point on the ferromagnetic cores.

The fault is introduced as a very small resistance Z¢=Ry in paralled with the load,
which results in a short circuit across the load. A switch is used to insert the fault
after the current waveform for normal operating conditions has been established
and stabilised. The total current waveform is initially obtained without the FCL in
the circuit to establish the expected circuit behaviour before and after the fault is
introduced, in the absence of the FCL. This waveform will be called the base current

or base, to which all other waveforms will be compared.

In order to solve these model ODEs, a program using the Mathematica™ [4]
platform was implemented as follows:

When the FCL is not included in the circuit, the Eqn.. 5.1 ODE becomes;
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R R di

L .
_fﬁ: 1+ (Ls + LL )E (5.2)

V.sinwt=| R, +
where current i has to be found as a function of time t. Ry is a fault resistance which
is made very large with Rr = 106 Ohms (by turning off the switch in Fig. 5.3) when
there is no fault, and takes a value of R¢f=0.08 Ohms when there is fault present (by
turning on the switch in Fig. 5.3). Let Re1 be total resistance under normal operation

and L be total inductance under normal operating conditions.
When the FCL is introduced, the ODE becomes:

+L,,+L,

varl var2

. R/R, .
V.sinwt =| R, + ——— z+(Ls+L
TR,

where the conditions relating to Ry are the same as above. Let Rz be total resistance
during the fault condition and L¢z be total inductance under fault conditions. The
variable inductances Lvar1 (inductance due to the positive half cycle limiting process
of the FCL) and Lvarz (inductance due to the negative half cycle limiting process of
the FCL) are both functions of current i because the permeability of the core changes
with the total magnetic field which is in turn controlled by the line current. The total
magnetic field is represented by the cumulative sum the fields generated by the AC

line current, and the DC bias coil current. Symbolically,
H,.+H,(t) for positive half cycle

H (1) =
I .

ol —H,.+H,(t) for negative half cycle ¥

where Hpc is the DC bias generated field, and Hac(t) is the field generated by the AC

line current per time step. The analytic equation used to represent the H-field here

is the generalised Ampere’s extension Eqn. 4.14 proposed in Chapter 4, with the
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exception of the shape function fshape (X) being represented as a numerical variable

factor (ACMultfac). As a consequence,

Ni(?) L+29) (-2

H(t) = ACMultfac
2D? +(L+2x)*  2D* +(L—2x)

(5.5)

where the variables N, L, I, D and x depend on the generating coil - either AC or DC.
It should be noted that since the electromagnetic interactions are taking place at the
AC coils, xac=0 and hence the equation reverts to the standard Ampere’s derivation

of Eqn. 4.14 when dealing with the AC coils on both cores.

Another physical significance of the factor ACMultfac is that it is used to determine
the appropriate bias level for the DC coil. A requirement of the FCL is that during
normal operating conditions, the magnetic cores have to be deeply saturated so that
the AC winding impedance is low enough for the device to be considered
transparent to the network [5]. Usually, the required value of the DC mmf can be
determined from the requirement that the maximum limiting process occurs when

the DC bias field is brought to zero by the AC line current induced field Hac. That is,

Thus for either core, the FCL average inductance calculated is,

AAC‘NfZIC

Lt orny (1) = My H, (H rorat (i(t ))) (5.7)

where Nyc is the number of AC coil turns, Aac is the surface area of the AC coil, and 1
is the mean magnetic path length around the core. It should be noted that the
inductance here depends on the current values and also the time value of the
waveform. The inductance is thus represented by an expression for the differential

permeability obtained from the B-H expression in Eqn. 2.14 of Chapter 2.
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/Ur(f)= dB =/uo Bs a ; ——I—COSQC }Itotal(t) +1 ;
dH(t ) /10 H;‘otal(t) a a 8

Implementing these equations in the section above into the circuit ODE provides an

equivalent circuit model that incorporates the FCL and its parameters.

5.3. Piecewise Formulation of Material Representation and
Analysis of Effects in SCFCL

5.3.1. Piecewise Function Determination

Given the complexity and interdependence of the constitutive equations of the ODEs
and the output variables, the resulting differential equation was initially difficult to
solve analytically. This was due to the cyclic dependence of the variables as was
evident with the fact that the inductance Lyar of the equation depended on the value
of the current at any particular solution time step, and this current value was in turn
depended on the total inductance of the circuit. Furthermore, the nonlinear
resultant inductance that was added through the functioning of the FCL does not
have a direct analytic expression and hence was difficult to implement in the
software due to solver limitations. This level of complexity was initially

circumvented in order for an initial solution to the circuit ODE to be obtained.

The method used to solve this equation was to replace the continuous material
representation B-H characteristics with a piecewise function, with linear constituent
equations. This traded some degree of accuracy, but resulted in an initial solvable

differential equation.
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Fig. 5.4: Piecewise representation of the M4 steel anhysteretic curve.

The piecewise equation obtained from the fitting was:
(B, + u,H when H<-H,
B.H

B(H) =1 +uH when—H,<H<H,

(5.9)

- B +u,H when H>H,

The value for 1 .~ 3a was estimated from the closest fitting with the modified
Langevin function (obtained as the slope of the curve at the origin) representation of
the anhysteretic curve. From this B-H function, a function for the differential

permeability is thus obtained by piecewise differentiation as
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-

— U, when H <-H,
EUQ—(H—)=JB°’+,UO when —H_< H < H,
dH 3a (5.10)

| Ko when H > H

This provides a constant permeability for every part of the piecewise equation that
represents one of the three regions of the curve as shown in Fig. 5.4. Hence an
analytic model can be formulated by solving the ODEs under normal operating

conditions and during the fault condition.

The general solutions for Eqns. 5.2 and 5.3 give a complete solution to the current
wave equation. Let the time of fault inception be t;, and if F4=N?sc.Aac/], then the

general solution is,

When t<t,,

R, .
(1) = KeZ'TI N V, [— L,wcoswt + R, sin a)t]
R, +L, o

When t> i,

(R, :

KeF‘““’*L’I N 4 [_ (Fy i, + L, )wcosax + fﬂ smat] ’ H<—3a

R, +(Fuy+L)w
B )
;?ﬁTL—t V. [— (F, (—3—5 + 1)+ L )wcosax + R, smat:l
4 =+ +L
i(f)=1Ke 3" d _ ~3a<H<3a
R, +(Fu,+L)w
R, .
KeEWMLSt + Vs [(F:UUO +Ls )Cl)COSdt + R121 Slnat] , H>3a
Ry +(Fypy+ L) w
\
(5.11)
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Using initial boundary condition such that i(t)=0 at t=0, C can be found and
substituted in Eqn. 5.11.

The mathematical implementation model incorporating above solutions and
expressions was then analysed in the voltage driven model, to check its the
functionality and the limits of its applicability.

The initial circuit parameters and FCL prototype values used were:
- AC voltage supply, at 60 Hz, V (t) =27.96 sin(a) t)

- Source inductance, Ls=0.002 H
- Source resistance, Rs=0.1 Ohms
- Load inductance, L;=0.008 H
- Load resistance  R;=10 Ohms

- Fault resistance ~ R=0.08 Ohms

For the AC side of the system:
- Number of turns on AC side, Nac = 20
- Cross sectional area of AC coil, Aac = 0.015m?
- Height of AC coil, Hac= 0.35 m

- Diameter of AC coil, Dgc = 0.2m

For the DC side of the FCL system:
- Current in DC coil, Inc = 400A
- Number of DC turns, Npc = 300
- Cross sectional area of DC coil, Apc = 0.0225m?;
- Height of DC coil, Hpc = 0.35m

- Diameter of DC coil, Dpc = 0.2m

with the initial fitted values for the M4 steel magnetic material parameters :

-Bs=1.7T
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-a=5 A/m
These values were input into the voltage model and preliminary tests were run with

different variations to the parameters under investigation

5.3.2. Investigation ofModel Parameters With Piecewise Model
Implementation

In order to investigate how the parameters under investigation (material
parameters @ and Bs, and model parameter ACMultfac) influence the functioning of
the FCL model, the initial prototype values were input into the VDM coded in
Mathematica™ and the parameters under investigation were input with ranges
above and below the initial input value, to test its effects on the current waveform.
The system was implemented such that normal operating conditions were in place

from the start of the test run, till the fault was inserted at 0.1s, and allowed to run

indefinitely.
5.3.2.1. Waveform investigation at ACMultfac o f1 00
Base current (kA)
20- a=1.0
a=1.02
10 -
®
o

-10 -

0.09 0.0 0.1 0.12 0.3 0.4 0.15 0.16 0.17
Time. tfs)

Fig 5.5: Piecewisefunction comparison at different a-valuesfor ACMultfac =100

Points to note from the waveform:
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iii.)

53.2.2.

the Fault Current Limiter

The current waveform clipping is apparent only from a=/, as any values

below this resulted in no apparent clipping of the waveform;

The clipping was almost instantaneous at 17.7 kA (not a gradual
progressive clipping);

Above a=1.05, the waveform was distorted or destroyed by the algorithm.

Investigation at ACmultfac o f5000

...... i- Base current

a=5

a=1000
a=3000
3=5000
a=8000
a=10000
a=50000

1 !

1 T 1 7 1 ¥ 1 14 s+ 17T ' 4
1 T T T T

1 1 N
I—77—1 T I 1T I 7 I T I

Ir T T
0.08 009 0.10 0.11 0.12 0.13 0.14 0.15 016 0.17 0.18 019
Time, t{s)

Fig 5.6: Piecewisefunction comparisons at different a-valuesfor ACMultfac =5000

Points to note from this model test run:

i)

ii.)

Clipping is visible only from a=4.9. All values below that resulted in no
instantaneous clipping of the waveform as for the previous value of the
ACMultfac in Fig. 5.6;

The current waveform attains a maximum clipping between ¢=3000 and

a=5000,

A.E Umenei
128 Ph.D Thesis



CHAPTER 5: Functional Algorithm Design and Mathematical Modelling of EM Devices: Case of

the Fault Current Limiter
e ——

iii.)  For increasing values of the a-parameter above 5000, there is continuous
current clipping although the magnitude of this clipping reduces with

increasing value of the a-parameter;

Numerous tests carried out with these initial factors using the piecewise function
revealed that the voltage model with the piecewise implementation:

e provided a proof of concept for the model, showing that the
implementation algorithm adequately represented the circuit
conditions.

e strongly depended on the choice of the ACMultfac, and hence could
not be trusted as the model was not robust enough to represent a real
situation.

e resulted in a sudden and instantaneous clipping which was not
consistent with what was expected in reality;

e distorted the current waveform .

Hence, the algorithm had to be made more restrictive with more constraints
introduced, as per the behaviour of the analytic equations, and the current

waveform before the VDM could be used for analysis of the FCL parameters.

5.4. Refinement and Mathematical Limitations of Model Equations

An important part of describing the voltage driven model (VDM) was to be able to
predict and control the clipping levels. This ultimately included finding analytic
tools that could describe the clipping that was realised and which could be included

in the model.

The piecewise function, enabled this part of the research by providing a starting

point for such an endeavour, but as seen above the model needed more restrictive
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equations in order to provide better functionality. The sudden clipping of the
waveform seen is due to the fact that the initial assumptions were made for a knee
point for the B-H characteristic representation having sharp change from one linear
equation to the other, instead of the smooth continuous curvature of the B-H curve

which is more representative of reality.

More assumptions had to be made for a consistent mathematical formulation to
result. Firstly, effective current clipping is assumed to start at a particular value of
field, Hz, which is determined from the anhysteretic piecewise curve by comparison
to the modified Langevin function. The expressions were incorporated into the
equivalent circuit system by using the idea that clipping will start immediately after
the DC field Hpc is pushed by the AC contribution Hac past the field H; in either
direction. This condition supposes that the clipping capacity of the FCL is
concentrated at the steepest part of the curve and hence taking the curve to this

steep part gives the highest inductance gain. Mathematically:
Hp.—H, =H, (5.12)

Now, the clipped current waveform Icip which is the current at H; will be calculated

using the standard Ampere’s Law derivation

H o =2ae;
AC — ] clip (5.13)
because the interaction is assumed to be inside the AC coil and hence the uniform

mmf. Therefore the general equation for determining the clipping current level will

be,

: Hy,.-3a I
Lelip = (5.14)
ACMultfac N ,. '
A.E Umenei

130 Ph.D Thesis



CHAPTER 5: Functional Algorithm Design and Mathematical Modelling of EM Devices: Case of
the Fault Current Limiter

But for most practical purposes and the majority of the materials being investigated

at the moment, H - >>3a. Hence it can be asserted that the line current should

conform to the analytic expression,
clip ~ (5.15)
AcMultfac N ,.

Secondly, the test runs showed that when clipping of the current occurred,
depending on the inductance, there was an overshooting of the solution current

waveform, as illustrated in the magnified diagram in Fig. 5.7

20 4
iclip
10
-
c
g Y | gt
> BV,
O
-10 - )
— Base current {without FCL)
Line current with FCL (piecewise formulation)
L T N T ¥ T
0.28 0.30 0.32

Time, t(s)

Fig. 5.7: Modelled current-time graph showing the overshoot properties of Laip at taip

The clipped current waveform overshoots the base current waveform, and this
anomaly increases with increase in inductance. This effect stops the expected
sinusoidal pattern of the solution waveform for a couple of cycles, essentially
converting it into a quasi-DC response. This observation is due to modelling
equation approximations and errors

To remedy this, there have to be restrictions placed on the inductance-current

waveform interaction, so that such large increases in inductance that cause the
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destruction of the sinusoidal waveform be avoided, and hence the AC line current
and the base current should be identical in both phase and amplitude.

Thus the further assumption that at the start of fault, before the clipping sets in, the
FCL inductance is essentially negligible (L ~0) is made. Substituting this into the

Eqn. 5.14, and circuit ODEs from the circuit equation, Eqn. 5.1 gives,

, H,..l.R
= arcsin pe 7

t
“tp AcMultN .V, (5:16)

This is a new analytic constraint to determine the approximate time at which the

clipping should stop occurring on an appreciable scale.

Using Eqn. 5.16 to solve the ODE in order to insure a sinusoidal solution current
waveform, results in a constraining equation between the network parameters and
the inductance, Eqn. 5.17. Solving and simplifying the results in a complex condition
which has to be satisfied for the solution current to stay in coherent oscillation with

the base current:

R
L1, —f)\
1_ e L ? w

R
L~ / =L coth(ar,, )
( ff—(ztc,,-,,—%\ @ ’

l+el @ (5.17)

\ Y,

It is clear from this equation given that i exist on both sides that, that L can only
be solved iteratively using numerical methods, one of which is the Newton-Raphson

method of iteration.
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With these mathematical constraints incorporated into the algorithm, the analysis of
the device by varying the parameters under investigation to see their effects on the

clipping point was undertaken.

5.5. Study of Material Parameters on Functionality of SCFCL at
Fault Inception

In order to represent the non-linearity of the core material, the continuous
anhysteretic equation was used instead of piecewise approximation for the further
study of the FCL functional model.

Except where otherwise stated, the following parameters under investigation, were
held constant at these values: Bs= 1.5 and a =5, but the X/R ratios of the circuit was
changed to 44 and the source voltage increased to 100V such that the peak fault
current changed to 270 kA from 2kA nominal current, in order to get a more
asymmetric fault current. This helps in providing a higher fault peak, and hence
makes it easier to see the effect of the various parameters investigated. Also, the

time for the fault inception was changed to 0.3s to allow for stability of the circuit.

5.5.1. Effect of the ACMultfac

The first parameter investigated in the setup was the ACMultfac numerical factor.
This ratio is defined as the factor that incorporates the differences in the core
geometry and fringe effects into the magnetic field distribution. It can also be
considered as the factor between the DC and AC mmfs, used in locating where the

operating point should be.
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Fig. 5.8: Comparison of different current waveforms in circuit after fault inception, with FCL
having different AC coil turns ratios

The waveforms are now properly sinusoidal and moreover, the clipping of the line
current is continuous and not instantaneous. This shows that the additional
constraints and improvements incorporated as discussed earlier have made the

model more realistic in modelling the current clipping of the FCL.

As seen in Fig. 5.8, there is increased clipping of the waveform for increased
ACMultfac values. Moreover, the ACMultfac variation has been reduced significantly
compared with what was previously seen in the piecewise interpretation. These
point to the fact that the model has become more accurate and robust as a tool to be
used in studying the FCL.

But there is a peculiar occurrence with ACMultfac =1, where the current clipping
levels become uneven even after the fault level has stabilised. These results are
better explained in terms of how the total magnetic field varies during the same

time period.
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120005 A\cMultfac = 0.3
ACMultfac = 0.4
10000- ACMultfac = 0.5
R — ACMultfac = 0.6
s, B000- . —ACMultfac = 1.0
X  6000-
e
9 4000
0
7 2000-
-a
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4 -2000 -
C -
0>
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0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38 0.39
Time, t(s)
Fig 5.9: Comparison ofdifferent H-field valuesfor different AC coil ratios plotted in the same
time period.

It is noticed in Fig. 5.9 that, as the ACMcultfac is increased, a point is reached where
the total field waveform goes through a point of inflection before continuing in a
sinusoidal path. These points coincide with the areas of unevenness in the clipping
of the current waveforms. When the model allowed the total magnetic field to be
pushed past the origin into the negative part of the material representative curve
(overshoot), there is a violation of the initial operating condition for clipping of the

FCL established earlier such that

HACZEHIX}"O (5.]8)

This violation does not necessarily disrupt the clipping but reveals an important
design possibility. For added clipping, Eqn. 5.17 can be relaxed in design as long as it
does not take the core into reverse saturation, such that the positive cycle can be
moved into the negative part of the curve by Hag but stays in the region of high

permeability. It is noticed though, that the uneven clipping waveform occurs below
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the initial peak clipping current value as Fig. 5.8 shows. Hence if the uneven clipping
is tolerable during the fault period, it could be an option to configure the device such
that the total H-field can go beyond zero into the negative part of the B-H curve. This
happens during the positive fault limiting cycle, in order to increase the gain
inductance and hence clipping capability. The same procedure occurs for the

negative limiting cycle.
5.5.2. Effect of the Bs-parameter

The Bs-parameter describes the upper limit of the non-linear material
representation of the core. What this means in the context of the ferromagnetic

material type is shown in Fig. 5.10.

B (T) _
5 Bs=2 A
1.5 - Bs=1.5 Direction of

y increasing Bs

qu Bs=0.1
100 200 .300 400 500 H(A/m)

Fig. 5.10: Non-linear anhysteretic curve (15t quadrant) representation for M4 steel with different
values of the Bs.

The effect of different values of Bs on the line current is shown in Fig. 5.11.
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Base current

B=0.1

— — B=05
250 -
200
150 -
100 -
-50 .
-100 -
150

0.28 0.30 0.32 0.34 0.36 0.38

Time,t(s)

Fig 5.11: Comparison ofcurrent waveformsfor different values ofthe Bs-parameter.

As shown in Fig. 5.11, there seems to be an optimum value for Bs below which
changes in Bshave little effect on the clipping of the current. In this test run, beyond
Bs = 1.5, there is little functional gain in clipping the current when this value is
increased. This implies that materials around this saturation magnetisation value
could be the best for this FCL. This means it may be unnecessary to consider more
expensive materials with higher saturation magnetisation. The analysis also point
towards the possibility that particular materials (with particular values of Bs) could
be optimum for particular ranges of currents limiting, at various levels of the power

distribution grid.

5.5.3. Effectofthe a-parameter

The a- parameter is responsible for the slope (curvature) ofthe nonlinear BH curve,
as shown in Fig. 5.12.

The effect ofthe a-parameter on the clipping levels of the FCL is shown in Fig. 5.13:
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Direction of
increasing
a-parameter

H(A/m)
20 40 60 80 100

Fig 5.12: Non-linear magnetic induction curves (1st quadrant) with different values ofthe a
parameter.

Base current
a=0.1

0.29 0.30 0.31 0.32 0.33 0.34 035 0.36 0.37 0.38 0.39 0.40
Tim e,t(s)

Fig 5.13 Comparison ofcurrent waveforms due to different values ofthe a-parameter.

The graph suggests that there is not a lot of difference in clipping current caused by

changes in the a-parameter of the non-linear curve, as long as the operating point is
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held constant. As seen in the inset, there is a gradual improvement in clipping as the
a-parameter is increased, but this is actually very small. In the first peak fault cycle,
the clipping suggests that the higher the a-parameter (and hence the lower the slope
of the BH curve), the more overshoot (total field crossing into the reverse

saturation) is possible, and this is to be closely monitored, as earlier explained.

5.6. Effect Of the a-parameter and Bs-parameter on the Current
Amplitude, Under Normal Operating Conditions

An important part of the functioning of the FCL is its transparency to the network
under normal operating conditions, which is evident from its effect on the current
amplitude when there is no fault on the network. Ideally, there should be no
reduction in the current amplitude at all, and this constraint makes it necessary to

study how the core parameters can affect the current amplitude.

5.6.1. Effect of the Bs-parameter on Current Amplitude under Normal
Operating Conditions

Table 5.1 presents the effects of the Bs-parameter on the amplitude of the current
under normal operating conditions. It shows that the increase of the Bs-parameter
reduces the amplitude of the line current. However, the changes in amplitude start
in the 4t digit only and are negligible, considering the expected error in the
measurements. Therefore, the presence of the FCL will not significantly affect the
line current during normal operating conditions. For the practical values of the Bs-

parameter (values less than 2.5T), the reduction in amplitude is less than 0.001%.
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Table 5.1: The effects of the Bs-parameter on the amplitude of the current, under normal

Case studied

Current Amplitude, kA

No FCL Base current 13.972850
0.1 13.972845
0.5 13.972831
1.5T 13.972793

FCL with Bs =
2.01T 13.972774
5T 13.972660
10T 13.972469

operating conditions. Note that the change in amplitude starts in the 4t digit only.

5.6.2. Effect of The a-parameter On Current Amplitude under Normal
Operating Conditions

Table 5.2 presents the effects of the a-parameter on the amplitude of the current

under normal operating conditions. It shows that the increase of the a-parameter

value reduces the amplitude of the line current. However, the changes in amplitude

start in the 4t digit only and are negligible; therefore, the presence of the FCL will

not significantly affect the line current during normal operating conditions.

Table 5.2: The effects of the a-parameter on the amplitude of the current, under normal

operating conditions. Note that the change in amplitude starts in the 4th digit only.

Case studied Current Amplitude, kA
no FCL Base current 13.972850
FCL with a = 0.1 13.972816
0.5 13.972809
1.5 13.972799
A.E Umenei
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2.01 13.972723
5 13.972685
10 13.972647

What emerges from this analysis is a comparison of the effects of the a-parameter
and the Bs-parameter with respect to their influence on the current waveform
amplitude values. Under normal operating conditions, the Bs-parameter has more
influence, albeit very small; on the AC line current than the a-parameter as shown in
Tables 5.1 and 5.2.

However, both parameters change the amplitude negligibly (less than 0.001 %);
therefore, it can be concluded that the ferromagnetic material characteristics of the

FCL do not significantly affect the line current during normal operating conditions.

5.7. Frequency Response of Model Parameters in Relation to SCFCL
Functionality

An examination was also carried out on the effects that the material parameters
under investigation had on the frequency of the current system in which the FCL
will be functioning. Specifically, the effects of the FCL parameters on line frequency
both during the fault and during normal operating conditions were analysed. Such
an analysis will give a qualitative estimate as to how the choice of material and
circuit parameters can affect frequency, given that little or no frequency distortion is

permissible for the application of such a device on the power network.

The differences caused by the parameters were compared with each other using the
frequency of the base current frequency waveform as a standard, ie. the fault
waveform generated for an electrical system without an FCL. The frequency change

from the base current was calculated using the frequency difference Af such that,
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Af - f requency parameter value ﬁ equencyy g, (5.19)

where the parameter value represents the frequency at the particular parameter
value being investigated. As such, this frequency change is expressed as a

percentage change:

Frequency change= & x100%

5.20
frequency,,,, 20

The study was carried out over 3 different fault cycles (1st, 5t and 10t%) of the
waveform to ensure that the effects were studied under stable network conditions.
This was needed in order to show that these are real effects as opposed to simply
transient responses. Additionally, the results of variation of Bs- and a-parameters on
the frequency of the base current, ie. the current under normal operating

conditions, were analysed.

5.7.1. Frequency Change in the First Cycle

In performing the analysis using the WVM, special attention was paid to the method
of fault inception and its possible effect on the frequency analysis, for establishing a
good base case to which all the other frequency values could be compared. The base
frequency analysis shows an inherent frequency change in the waveform during the
first cycle of the fault in Fig. 5.14. This was discovered to be dependent on the X/R

ratio and timing of fault inception.
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No FCL Additional
FCL with B =1T time 1M1

FCL with Bs=2 T

Time step corresponding
to the frequency 60 Hz

6 100
-150-
200
-250-

0.26 0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.35

time t, s \

Fig 5.14: Current as afunction oftime before and after thefault (which is introduced at t=0.3s).
Note that the Istcycle ofthefault current is longer in time than all other cycles.

The frequency ofthe 1stcycle in this case was estimated to be 61 Hz compared with
60 Hz before the fault. Also, after this Istcycle, all other fault cycles have frequency
close to 60 Hz. In the mathematical algorithm, the total resistance of the system
changed instantaneously (from a 'No Fault value'= 106 Ohms, to 'Fault value' = 0.08
Ohms), at the time ofthe fault (t=0.3 s, this number was chosen arbitrary in time but

at the stable normal operation stage):

. No fault value, t<03s

Fault value, t>03s

It is important to note that this frequency shift is noticed for all the waveforms and
so it can be judged as a natural consequence of the circuit. Hence it can be
considered independent of the method of fault introduction. That is why the further

analysis was carried out for the 10thfault cycle.
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5.7.2. Frequency Response ofthe Line Current to the Bs-parameter (After
FaultInception)

As earlier shown, the "-parameter has an effect on the limiting capability of the
FCL. But looking closely at the waveforms a slight change in frequency is noticed on
the waveform, as shown in Fig. 5.11. The frequency change due to the *-parameter

is shown in Fig. 5.15.

1.0+
0.8 -
0.6-
8> m Is*cycle
cD Sthcycle
5 0.4- 4 10thcycle
05 0.2-
u_
0.0-
Base 0.1 0.5 1.5 2.01 5.0 10.0
current B*-parameter , T

Fig 5.15: Frequency change Af as afunction ofthe Bs-parameter afterfault inception over
different wave cycles.

The first cycle has the largest frequency variations from the base current as was
shown in the Fig. 5.15, but as the wave progresses to the Sththrough the 10thcycle, it
is noticed that the frequency effects stabilise to a more consistent pattern for all
cycles.

For this reason, the frequency analysis was carried out at the 5th and 10th cycles.
Fig.5.16 shows how changing the "-parameter changes the frequency under stable

fault conditions.
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Fig 5.16: Change offrequency Af/f with variation ofthe Bs-parameterfor Sthand 10thcycles.

The frequency of the base current (i.e. for the system with no FCL) was found to be
larger (though of relatively small percentages) than the frequency ofthe current for
the system with FCL for any values ofthe #s-parameter. The general trend for the 5th
cycle presented in Fig. 5.16 shows that as the values of the #s-parameter increases,
frequency change decreases to a certain value and then levels up. At the 10thcycle, it
is seen that the frequency change is very small (less than 0.001 %) and shows no
major pattern. Since the “-parameter represents the saturation induction, the trend
suggests that the *-parameter has a very limited effect on the frequency of the
waveform. But it should be noted that the real values for the M4 steel /Bsis 2.01 T)

result in less than 0.002 % decrease in frequency.
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5.7.3. Effect of the Bs-parameter on Frequency of Line Current Under
Normal Operating Conditions (Before Fault Inception).

Table 5.3 presents the effects of the Bs-parameter on the frequency of the current
under normal operating conditions. It shows that the changes in frequency are
negligible, considering the limits of measurement error. Therefore, the presence of
the FCL will not significantly affect the line current during normal operating

conditions.

Table 5.3: The effects of the Bs-parameter on the frequency of the current under normal
operating conditions

Case studied Frequency, Hz
no FCL Base current 60.0000000
0.1 59.9999988
0.5 59.9999988
1.5 59.9999952
FCL with Bs=
2.01 59.9999988
5 60.0000024
10 60.0000024

5.7.4. Frequency Response of the Line Current to the a-parameter (After
Fault Inception)

The effect of the a-parameter on the frequency was also analysed at various cycles
of the waveform. The percentage change in frequency Af/f is presented in Fig. 5.17
and 5.18.
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Fig 5.17: Frequency variation due to the a-parameter, over different cycles.
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Fig 5.18: Change offrequency (Af/fx100% ) with variation ofthe a-parameterfor Sthand 10th
cycles.
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s

It is observed that the frequency change caused by this parameter is small (less than
0.1 %), and after the maximum change (0.12 %) at a=1, it reduces markedly as the
a-parameter values increase. However, if a comparison is made between the effects
of the two parameters (@ and Bs), it is seen that the Bs-parameter has a smaller

effect on the frequency than the a-parameter under stable conditions.

5.7.5. Effect of the a-parameter On Current Under Normal Operating
Conditions. (Before Fault Inception)

Table 5.4 presents the effects of the a-parameter on the frequency of the current
under normal operating conditions. It shows that the changes in frequency are
negligible, within the limits of measurement error; therefore, the presence of the
FCL will not significantly affect the line current during normal operating conditions.

Table 5.4: The effects of the a-parameter on the frequency of the current under normal
operating conditions

Case studied Frequency, Hz
No FCL Base current 60.0000000

0.1 59.9999988

0.5 59.9999952

1 59.9999988
FCL with a =

3 59.9999952

9 60.0000060

25 60.0000060

This analysis proves that the material representation parameters obtained from the
anhysteretic representation of the M4 steel material; do have influences on the total

frequency response of the FCL to a network. But these influences have been proven
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to minute, and hence the choice of ferromagnetic material can be said to have no
direct effects on the frequency at this low frequency levels, even when the fields

involved are very high.

5.8. Summary

This chapter reports on an analytic VDM that was built and analysed for the
equivalent circuit representation of the FCL in a real power system, using the
Mathematica™ software. The model algorithm was developed and was cyclically
modified from a piecewise initial setup, into a model which could represent the
nonlinear continuous equations and ODEs involved in the FCL analysis. The
assumptions needed have been pointed out and mathematical constraints necessary
were made to produce a more realistic line waveform before and after fault
inception. The direct effects of the ferromagnetic material parameters\ on waveform
amplitude, frequency, and the general clipping capacity of the FCL were examined.

The model provided a basis for studying the FCL functionality and performance
directly in a network, and formed a basis from which improvements, both in
material, core design and structural modifications could be further investigated by

altering the model parameters.

The next Chapter will examine in more detail some of the structural considerations
and modifications that are possible when modelling is carried out with the FEM
package, and gauge their effects on field distribution and ferromagnetic core
performance. Such examination will invariably lead to improvements in the design
efficiency of the electromagnetic device, by identifying the key structural
components of the design, and studying ways of improving on such components, not
only to improve the design on the device but also to improve the confidence in the

modelling software being used.
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Chapter 6. Structural Design and Analysis Using FEM in High
Power Devices

6.1. Introduction

Finite element modelling (FEM), has become an important tool in electromagnetic
design and analysis over the last few decades, with the advent of increased
computing capacity. Hence it has been used in the design of electromagnetic devices
for both structural and functional study. In this thesis section, the FEM software
MagNet™, is used along with measurements, to investigate structural design
modifications of the FCL. The investigations were carried out ultimately to optimise
the design of the device but also to understand the electromagnetic interactions
during the fault cycles. FEM analysis using the static solver (which gives a ‘snapshot’
solution of the model at a particular time step, usually when the system has
stabilised) were carried out on the core. This was to investigate a couple of design
modifications in order to evaluate the improvements, if any, that such modifications

bring to the FCL design.

6.2. FEM Analysis of Structural Modification to FCL Ferromagnetic
Core

The initial design for the FCL that consists of 6 closed electromagnetic cores of M4
steel, 2 per phase, was the de facto design used in this structural analysis. This
design, termed the ‘spider’ design described in the earlier chapters, had the obvious
advantage of being a closed magnetic circuit construct. Hence there was minimal

flux leakage and all the cores were magnetised by a singular DC bias coil.

Earlier FE-aided analysis uncovered some problems with such a design, for example,
the uneven field distributions and hence uneven saturation of the core for its

current limiting purposes. The design required even more DC coil current for the
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core to be adequately saturated, and the insertion impedance was higher than
required for the device in a power network. Non-technical disadvantages like device

size, weight and cost made a revision of the design even more necessary.

FE analysis using MagNet ™ permitted such structural studies of various possible
modifications using the fundamental flux couplings of the DC and AC coils in order
to better understand the electromagnetics of the device and investigate possible

improvements which could eliminate some of the disadvantages listed above.

Another important point in modelling of the FCL was to acquire a full quantitative
description of the flux densities in all directions at normal operating conditions
(saturated core) and in fault mode (non-saturation) in the cores of the FCL. Finite
Element Modelling (FEM) was used to analyze the magnetic flux density of the core
as a function of field under different conditions at different positions of the core. A
major target was to obtain an accurate understanding of the flux interactions in the
core of the device in order to better predict device behaviour under whatever

operational conditions arise, using a consistent model.

6.3. FEM Analysis on Magnetised Core Limb Size

The first structural design modification investigated was the core limb size
modifications. Given the core investigations in Chapter 4, it was noticed that due to
the non-uniform magnetisation of the spider model, the right limb (unmagnetised
limb) usually was not magnetised to the required level of magnetic flux density
commensurate with the DC bias field produced, and this costs the device in terms of
functionality by reducing its current limiting capacity. The technical background to
this study points towards the fact that the reluctance of the core circuit can be
increased by reducing the limb area hence forcing more of the flux into a smaller

limb area, thus causing it to reach saturation faster. The M4 core model was built in
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MagNet™ | with dimensions in mm as shown in Fig. 6.1. The dimensions were
obtained from the spider model prototype. The aim of the study was to understand
what gains in core limb saturation could be made by reducing the areas ofthis limb.
Given the symmetry ofthe limb a 2D- FE study was used for this quantitative study.

25 (each)

S, e ; V , et JL
J tioo

650

Fig. 6.1:The modelled structures ofthe FCLwith the DCbias coil magnetising one limb only
(spider model). All dimensions are given in mm. Three values ofBwere recorded at different
positions: BL(corresponds to the centre point ofthe left/magnetised limb), BR(right), and Bt

(top).

The thickness of the core in the z-direction in Fig. 6.1 was 100 mm. The points
where B was calculated: BL corresponds to the centre point of the left limb, Br the
right limb, and Bt the top limb (values for top and bottom were identical due to
central positioning of magnetising coil). The magnetising coil was set to 20 mm
(inner diameter is 160 mm and out diameter is 180mm). The coil had 171 turns. The
current was increased from 10 A to 100 A, in order to investigate the effect of the
field distribution on sections of the core with different widths. The "width" of the
unmagnetised right limb was changed from the original 100 mm, to 75 mm, 50 mm

and 25 mm, which correspond to 100 %, 75 %, 50 % and 25 % width, respectively.
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The nonlinear B-H anhysteretic characteristics obtained for the M4 material from

Chapter 3 were used to represent the M4 material.

100 A, 100 % Cross section 71 A, 50 % Cross section
Shaded Plot Shaded Plot
|B| smoothed |B] smoothed

Fig. 6.2:2D FEA plots ofmagneticflux density in different regions ofthe corefor different widths
ofcorein thefurthest limbfrom the excitation coil. 50% width is achieved by converting last two
limb segment properties into air.

The typical screen-shots ofthe flux density distribution at 100 A, and 71A excitation
are shown in Fig. 6.2. This suggests the same saturation magnetisation on the right
or unmagnetised limb as on the magnetised limb can be obtained using less DC
magnetising current, if the size of the limb is reduced by 50%. Furthermore, the flux
density values as a function of magnetising current are shown in Fig. 6.3. The results

look physically realistic for all the calculated cases.
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Fig. 6.3: 2D FEM plots of magnetic flux density in different regions of the core as function of
magnetising current for the width of the unmagnetised right limb (AC limb) being (a) 100 mm
(100%), (b) 75 mm (75%), (c) 50 mm (50%) and (d) 25 mm (25%).Notice higher magnetisation
in right limb with reduction in limb size percentage.

Figs. 6.3 shows that by consistently decreasing the limb cross-sectional area, the
magnetisation increases and it follows that for a smaller magnetising current, the
same level of saturation magnetisation can be obtained on the unmagnetised limb as
is on the magnetised limb. Alternatively, by reducing both the magnetising current
and the limb size, only the unmagnetised limb could be made to attain saturation.
This is very important for the functioning of the FCL for two reasons:

a) All the three other limbs are unsaturated and hence provide a better
low reluctance path for the flux, hence channelling most of the flux
produced by the DC bias coil to the unmagnetised limb with little flux
leakage.

b) The unmagnetised limb which is the limb where the current limiting
function actually takes place is saturated hence producing little

insertion inductance, making the FCL transparent to the network

A.E Umenei
e 155 Ph.D Thesis



CHAPTER 6: Structural Design and Analysis Using FEM in High Power Devices

under normal operating conditions which is desirable for such a

device.

This is consistent with the theory, and suggests a possible modification to the spider
model which was to change the size ratio of the limbs from 1:1:1 (left: top: right) to
a more asymmetric one (1:1:0.75) such that the benefits listed above could be

realised.

6.4. Investigative Measurements Of Air Gap Introduction In Spider
Core Design

Modelling of various air gaps in the core facilitated an insight into how their
presence affected the functionality of the FCL by means of affecting the saturation
levels and consequently the inductance introduced into the circuit during fault
limiting. From first principles, introduction of an air gap will increase the reluctance
of the circuit and hence increase the magnetising force needed to saturate the core.
The FCL functions on the idea that the magnetomotive force produced by the fault
current opposes that produced by the DC bias current, and the resultant mmf
determines the saturation state of the core and hence its inductance. This
inductance then limits the fault current in the circuit. So the idea of increasing the
bias magnetising force by using an air gap arises, as this will mean a larger fault
current can be limited since the operating point can be pushed further into
saturation. Fig. 6.4 shows a single closed core showing the setup for the air gap
investigations. The thick arrows show how the flux density distribution was
measured. Search coils were used on different parts of the core for the B-field

measurements.
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Top limb
SC2
Left limb
(magnetised . . .
Right limb (unmagnetised)
DC coil )
177 Air gap
turns. 77
1 SC 4

Fig. 6.4: Ferromagnetic corefrom spider model, as used in the air gap investigations

Another reason behind the air gap study was to examine the merits of a newer
design of the FCL, known as the 'six pack model' as opposed to the 'spider model’
that introduced in Chapter 5. In this new design the core is open with the top and/or
bottom flux closure limbs taken off. This configuration saves on material, and
improves on the compactness of the system. Furthermore, the limbs are both
magnetised by an external DC coil that encloses both limbs. In addition, the right and
left limb both have AC coils attached to them such that they limit the opposite cycles
ofthe fault. Hence in this new design, three 'open' cores are used to limit the current

instead ofthe six 'closed' cores which were required for the spider model.

The investigations are therefore performed to assess whether the overall
performance of the FCL suffers significant loss in efficiency by introducing the new

ferromagnetic core structure.

A.E Umenei
157 Ph.D Thesis



CHAPTER 6: Structural Design and Analysis Using FEM in High Power Devices

6.4.1. Epstein Core Configuration Measurements for Air Gap Analysis

The obvious difference in both designs is the difference in their magnetic circuits.
While the spider model constitutes a closed magnetic circuit, the six pack model is
essentially an open circuit when the flux closure limbs are taken off. This change in
magnetic circuitry initially puts the six pack model at a disadvantage because it
doesn’t benefit from the flux conservation properties of a closed circuit. As a
consequence analyses on this design were undertaken to find what advantages
there were in this more compact model apart from the obvious cost and space

savings which are due to the reduction in the core size.

Air gap analysis measurements were carried out using a representative core built
from Esptein frame strips representing a closed ferromagnetic core. The air gap was
introduced in the setup by cutting through the middle of the strips that constitute
the right limb (or unmagnetised limb) before putting them back together with
adhesive tape. The spacing between both halves of this limb (which constituted the
air gap) was then varied by moving the pieces apart to the required separation. The
magnetisation measurements were then performed on the core after running a
demagnetisation routine. For simplicity of measurement, only the first quadrant of
measurements was taken with increasing magnetic field. The air gap was varied
between 0, 3, and 6 mm (Omm is the situation where both halves of the right or
limiting limb -which was cut to introduce the air gap- are pressed into contact with

no assumed space between them).

Fig. 6.5 shows that just by cutting a core limb in two parts and bringing them back
together (even if the limb halves are polished and contact is re-established between
them), there will be a non-negligible drop in flux densities across the core, but most
noi:ably on the limb with the where the cut was made on the electrical steel. By

comparing the values acquired from SC 3 located on the unmagnetised limb, it is
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evident that a reduction in the Bs parameter results as a consequence of introducing

an air gap in the unmagnetised limb.

2
s e — A= —
1.6
1.4
1.2

m SC 3 (with airgap)

1
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Fig. 6.5:Epstein core comparison with and without airgap for the search coil SC3.

Fig. 6.6 shows measurements at the various search coils around the coil with 0 mm

»SC 1
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1- » SC 4
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Fig. 6.6: Epstein core measurementsfor 0 mm.

Finally, the air gap was varied by increasing the spacing between the halves of the
unmagnetised limb. Measurements were taken at the SC 3 and a comparison is made
between them. This comparison reveals that as expected, the larger the air gap the

higher the drop in Bsas shown in Fig. 6.7.
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Fig. 6.7: Epstein core measurements with different sfor the search coil SC3.

The initial Epstein core test above for investigating the airgap helped in
understanding what the effect on the fault clipping would be. By using the single
core six pack design (instead of the original spider design), and what its magnitude
will be relative to the demands of the performance of the FCL. A progressive
increase in the air gap size was used with the aim of making the air gap large enough

to represent the equivalent of taking off a full limb as is the case with the six pack

design.

In order to fully analyse how effective the six pack core design will be, higher field B-
H loops were measured on the Epstein strip configuration, with magnetising
Frequency = 50 Hz , grain-oriented M4 steel strips, 0.27 mm thick, DC magnetising
coil of 171 turns. This time, a full limb was taken off as is the case on the six pack
model. The DC current was increased until the required flux densities were
achieved, and a full B-H loop was obtained. Measurements where carried out up to
1.5T (due to the limitation ofthe magnetising coil rating). Fig. 6.8. and Fig. 6.9 show
the setup and a comparison of the B-H loops of the two configurations, magnetised
to 1.5T (full core as represented by the normal Epstein configuration and semi-
capped core -one limb taken off- as represented by the Epstein configuration with
one limb missing).
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Fig. 6.8: Epstein frame -one limb missing configuration used in the experiment, where I, denotes
magnetic path length.
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Fig. 6.9: Comparison of BH loops for full core and semi-capped (one limb missing) configurations
magnetised at 1.5 T, 50 Hz.
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Fig. 6.9 does answer some of the concerns about using an open magnetic circuit core
in the FCL, because it points to the fact that although there is a reduction in the
amount of differential permeability which can be obtained from the core (a
reduction in the slope of the B-H curve), there still is adequate change in

permeability to result in significant fault clipping in the FCL.

The full core does have a steeper slope of the magnetisation curve and hence greater
differential permeability than the semi-capped configuration. The subsequent loss in
clipping potential is countered by the gains in cost and space saving, and insertion
impedance (the reduced impedance visible to the network from the device when
there is no fault, during normal operating conditions) of the FCL. Furthermore, Fig.
6.9 shows a reduction in the Bs parameter for the semi-capped compared to the full
core configuration. Investigations from Chapter 5 point out that this change does not

significantly affect the clipping capacity of the device.

6.5. FEM investigations for the Six pack FCL Design.

6.5.1. Introduction

Having initially examined experimentally the measured effects of an air gap on the
ferromagnetic core of the FCL using a constructed Epstein strip representation,
more research on the functional impact of the air gap and the flux interaction
carried out on the six pack model using finite element methods. An examination on
where on the core to introduce the air gap in order to retain or improve efficiency
was performed. The measurements taken above on the Epstein strip involved
progressively introducing larger air gaps up to the point of completely taking off a
limb of the core (this configuration was termed the semi-capped configuration of the

core). Using FEM, this direction of researched could be further pursued with faster
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results, and the added benefit of possessing a more complete picture of the DC and

AC flux interactions. Thus FEM was used in continuing the air gap study.

The six pack design contains three two-limb “open circuit” cores with each limb
wrapped with AC windings. These opposing limbs of the core, are both enclosed in
the DC magnetising coil as shown in Fig. 6.10, and are responsible for limiting the
opposing cycles of the fault current. Instead of a closed top and bottom limbs, the
core magnetic circuits in this design can be completed by inserting end caps of the
same material in the place of the top and bottom limbs as seen in Fig. 6.10. These
end caps were used to investigate the effects of the airgap in this design by either

their presence or absence.

One of the concerns with designs that incorporate open circuit cores is the
additional energy needed to bias them into saturation, compared with closed circuit
core models. Hence inserting both caps completes the magnetic circuit. These end
caps were considered as low reluctance bridges between the two functional limbs of

the core.

The capped configuration ensures that magnetic flux produced by the AC winding
from one limb flows into the other limiting limb and either reinforces or opposes the
magnetic flux in this limb produced by its own AC winding. In either case, the
presence of the end cap reduces the magnetic reluctance of the whole magnetic
circuit. With this established, another question arose over what material should be
used for the end caps. An examination of this question from the perspective of
materials with different values of permeability and saturation magnetization was

then carried out.
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6.5.2. FEM Six Pack End Cap Investigation

The 3D-Finite element modelling package MagNet was used to model FCL core
constructions based on the six-pack model. Using a DC coil with a magnetisation
output of 29 kAmp.turns, the AC coils on both limbs were modelled with 20 turns
and an incoming current of 250 A. In the subsequent calculations (Figs. 6.11 - 6.15)
the only difference was the material used in the end caps.

Successive materials were put into the end caps and their effects on the field values
were recorded and compared with each other. Three different configurations were
tried and compared with each other to see what their effects will be including: no
cap (air gap between limbs), capped (both caps of different materials) and semi-

capped (one cap of different materials and the other of air).

6.5.2.1. No Cap Configuration Analysis

In this configuration, the AC coils are wired in opposite sense so that the fields
produced by incoming fault currents are produced in opposite directions at any
instant in time. The value of the AC currents for this first configuration, were chosen
such that there is a cancellation of the field in the limiting limb (Fig.6.10). This was
so that the field generated by the AC current neutralises the DC magnetising field
when we have the two core limbs separated by air gaps at the top and bottom,
instead of end caps. This configuration with air gaps provided a reference from
which to compare the effects of different cap materials (hence different material
permeabilities) on the performance of the FCL. The magnetic field H and magnetic
flux density B readings quoted were taken at the middle of the right limb. This limb
is also called the limiting limb, because the comparisons of flux interaction will be

taken at this limb.

It was observed that the flux density in the limiting limb was reduced well below
saturation because the magnetic fields of the AC coil and the DC bias coil opposed

each other. Due to this opposition, the field at the centre of the AC coil was reduced
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to H=0.5 A/m (almost no net field], while in non-limiting limb for this particular

half cycle where the fields reinforce each other, the magnetic field strength was 26

A/m.
Left limb Right limb (non-limiting limb)
(limiting
limb)
Shaded Plot
|B| smoothed
AC coil Direction for bias DC
field
DC coil

End cap material of
different permeability (air

in initial configuration)
z

Fig. 6.10:Part of FCL ofthe six-pack design, with air (relative permeability =1) in place ofend
cap. This shows one unsaturated limiting limb and one nearly saturated limb. The net magnetic
field strength is 0.5 A/m in limiting limb and 26 A/m in non-limiting limb.

6.5.2.2. Semi-capped Configuration Analysis

In this configuration, one of the caps was removed hence introducing an air gap on
one side with a cap on the other side of the configuration. The properties of the end
cap material were then changed and in particular the permeabilities were increased,

and the effects on the fields were recorded.
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Shaded Plot
|B| smoothed

Fig. 6.11: FCLsemi-capped core with material ofrelative permeability 10 in end cap. Magnetic
field strength. H=16.4 A/m at centre of limiting limb and H =62 A/m on non-limiting limb.

Shaded Plot
|B| smoothed

Fig 6.12: FCLsemi-capped core with material ofrelative permeability 1000 in end cap. Magnetic
field strength H=45.1 A/m at centre of limiting limb and H=107.6 A/m non-limiting limb.

Shaded Plot
[B| smoothed

Fig. 6.13: FCLsemi-capped core with material ofrelative permeability 10000 in end cap.
Magneticfield strength H =46.3 A/m at centre oflimiting limb and H=109.2 A/m non-limiting
limb.
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Shaded Plot
[B| smoothed

Fig. 6.14: FCLsemi-capped core with material ofrelative permeability 100000 in end cap.
Magneticfield strength H=46.4 A/m at centre of limiting limb and H=110.4 A/m non-limiting
limb.

Shaded Plot
|B| smoothed

Fig. 6.15: FCLsemi-capped core with M4 steel in end cap. Magneticfield strength H=45.6 A/m at
centre oflimiting limb and H=108.4 A/m non-limiting limb.

6.5.2.3. Capped Configuration Analysis

After establishing the baseline configuration using the 'no cap' configuration, the full
capped configuration was analysed. It comprised of a closed core setup but with
each of the right and left limbs performing limiting functions for the positive and
negative cycles of the AC current. This is essentially different from the spider model
as one core and not two, are used for the limiting of one phase current, and
secondly, the DC coil is located around the whole core and not only on one limb. This
improves the uniformity in bias magnetisation and reduces the DC current needed

to properly bias the core into saturation.
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For the capped configuration, the first material tried for the end caps was M4
electrical steel which was the same material used in constructing the limbs. With the
same values for AC and DC currents, the flux density distribution shown in Fig. 6.16
was obtained. It is seen that for the same values of electrical current there is more
flux circulating in the design of Fig. 6.16 than in the ‘no cap' and the 'semi-capped’
configurations using the same material (Fig. 6.15). This is due to the permeability of
the M4 end caps. Thus the right limb, which has the AC flux contributed-field
reinforcing or boosting its DC field, is driven further into saturation due to the
addition of the circulating magnetic fluxes from the left limb, during this half cycle.
Figs. 6.16 - 6.19 show the capped configurations, except that the permeability of the

end caps has been increased from one to the other, as indicated.

Shaded P:m
[B| smoothed

191667

153334

1.15001
0.766675
0383344

Fig. 6.16: FCL capped configuration with M4 electrical steel in end cap. This shows the effect of
fluxflowing from one limb on the other. The net magneticfield strength H=-883 A/m in limiting
limb and H=18440 A/m non-limiting limb.
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Shaded Plot
[B| smoothed

Fig. 6.17: FCL capped configuration with material ofpermeability 10 in end cap. This shows the
effect ofoverflowing fluxfrom one limb on the other. The net magneticfield strength H=7A/m
in limiting limb and H=26 A/m non-limiting limb.

Shaded Plot
|B| smoothed
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1.15001
0766675
0.383344
1.22441 e-008

Fig. 6.18:. FCL capped configuration with material ofrelative permeability 10,000 in end caps.
This shows effect ofoverflowing flux from one limb on the other. Magneticfield strength H=-634
A/m in limiting limb and H=23700 A/m non-limiting limb.
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Fig. 6.19: FCL capped configuration with material ofrelative permeability 100,000 in end cap.
This shows effect ofoverflowing flux from one limb on the other. Magneticfield strength H=-845
A/m in limiting limb and H=23,734 A/m non-limiting limb

6.5.2.4. Results,Analysis and Discussion

The materials used in the end caps had different permeability from the material for
the limbs (M4}. What this effectively does is increase the linkage of flux between the
limbs and hence augments their current limiting capability by pushing the non-
limiting limb further into saturation (by increasing the field in that limb} in one half
of the current wave cycle, while helping to shift the operating point of the
ferromagnetic core into the region of high permeability on the limiting limb (by
opposing the DC field in that limb} in the other half cycle. These alternate processing
of helping one limb further into saturation while helping to remove the other from

saturation are here termed the 'boost' and 'buck' processes.

The same process was repeated for the opposite limb during the next half cycle. This
exchange of flux can essentially improve the functionality of the FCL by facilitating
the boost and buck processes. Materials of high permeability which are more
suitable to be used for the reluctance bridging are usually more expensive than the
core material. Given the fact that the size of the cap is small, and it brings such an
advantage in flux conservation (during normal operating conditions}, and flux
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reinforcement (during fault conditions), their inclusion into the six pack design has

a technically sound basis, with economic merit.

Another way of viewing these results is by comparing the net gain in inductance
presented to an incoming fault, due to the difference in the material (material
permeability) in the end cap. Due to the fact that this effect is best seen with the
capped model instead of the semi-capped model, the calculations are done with the
capped model data. This comparison has been accomplished by normalising the
calculated reactance (here the capacitance is considered negligible and hence the
reactance is assumed to be entirely made of the inductance) obtained for each set of
tests per material, over the AC current range 0-20 KA. This fault current range was
chosen to represent the expected range of conditions for the FCL working in the MV
power grid. This normalisation shows how the change in end cap material can
improve the impedance of the FCL as the fault current in the AC coil changes. The
highest gain was noticed with the highest permeability material, as shown in Fig.
6.20.

e

0.9990

Rel.permeability = 1x1 0’
Rel.permeability = 1x10°
-~ Rel.permeability = 1x10*
Rel.permeability = 1x10°
Rel.permeability = 1x10°

Normalised reactance (wiL/L__])
of AC coil
o
©
2
1

Ll M 1 J 1
5000 10000 15000 20000

Current in AC coil , 1 (A)

Fig. 6.20: Normalised reactance as a function of AC current for end cap materials with different
permeabilities.
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Fig. 6.20 shows that as the permeability of the end cap increased, the saturation of
the non-limiting limb also increased. This pushes the operating point further into
saturation thereby requiring a higher fault current to bring it into a region of high
permeability. This thus increases the current rating of the FCL, as higher currents
can be handled by the device without increasing the number of DC turns. Hence it
can be deduced that using an end cap material of high relative permeability would

be a good addition to the six pack FCL design.

Furthermore, it is worth noting that between Fig 6.18 and Fig 6.19 the increase in
magnetic induction and saturation is not very large given the tenfold increase in
permeability. This suggests a law of diminishing returns on increasing the
permeability of the end caps, suggesting an optimum end cap material permeability,
beyond which including higher permeability material does not bring a
commensurate increase in flux density and consequently any benefit to the current

rating of the device.

Supposing that the cost of the end cap material increases with the permeability
(supermalloy for example), then a trade off has to be realised in which the chosen
end cap material achieves the desired purpose of high magnetic flux density, but lies

within an acceptable cost range for a commercially viable FCL.

6.6. Flux Model Summary of Six Pack Design Improvements

Considering the analysis that has been carried out for the six pack configurations, a
flux model was used to explain how the improvements were achieved using the end
cap configurations, and how this understanding can help optimise the design even
further for better performance. The inherent disadvantages of the design, some of
which were highlighted above, needed to be analysed from a fundamental

electromagnetic perspective.
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" 4

DC DC
AC AC
Leakage

}'—‘_;—’"A flux

Fig. 6.21: Schematic for six pack (one phase ), showing general direction of flux during one half
cycle of fault. From the diagram above, the major problem of leakage flux with no path between
both cores is easily visualised,

The flux diagram shows that the leakage flux in the non-capped model from the AC
windings could be a cause for concern in the basic six pack design. Flux leakage from
one phase could interfere with another phase since there is no designated easy path
for it to flow through. One major improvement to this was the addition of a cap to
the six-pack device between the two cores of any one phase that will greatly reduce
most of this leakage flux, channelling it to the other limb instead as a boosting flux,
thereby increasing the flux linkage of the coil on that limb. Furthermore, the
opposite limb experiences a flux which helps bring it out of saturation - by opposing
the DC produced field - into a zone of high permeability herein called the bucking
flux, thereby increasing its sensitivity and ability to limit a fault current. The capped
and semi-capped analysis above gives reason to suggest that this will result in some
advantages (improved current rating of device) over the true open loop system
because it allows for field reinforcement in both AC limbs at different times in the
fault current cycle. This therefore leads to greater sensitivity for the device and

greater dynamic range of switching field.
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Boost flux

Buck flux

DC
AC AC

Fig. 6.22: Schematic ofsix-pack core with cap added, showing flux model ofboost and buckflux.

As noticed in Fig. 6.22, this end cap simply functions as a yoke in the magnetic
circuits serving the purpose of completing the circuit and thereby eliminating the
obvious disadvantages that came with the original six pack design with no end caps.

Top end cap ofhigh
permeability

DC coils

coils

Bottom end cap of high
Apermeability

Fig. 6.23: Capped six pack design,with multiple DC coils.

Fig.6.23 shows the possible design improvements discussed to far with the six pack
design. These include a multi-layered DC coil for increased DC current, as the design

inherently needs more magnetising current to get magnetised under normal
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operating conditions. This design also incorporates the end caps made of
permeability material (relative permeability of about 10,000) to implement the low

impedance bridge and promote boosting flux linkage between the two core limbs.

This FCL device layout combines the structural improvements which have been
studied in this chapter using both measured values and FEM calculations. The
combined approach has helped not only in the understanding of the functioning of
the FCL, but the FE screenshots and field maps helped in the establishing of the flux

model explanation for these improvements.

6.7. Summary

This chapter has studied and discussed the use of static FEM solver and prototype
core measurements in assessing and implementing various modifications to the
structure of the two FCL designs. The merits of each design feature were examined
and explanations given for why they improved the performance of the device. The
modified design for the six pack FCL with end caps has been judged to be the most

improved of all the configurations studied.
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Chapter 7. FCL Performance Analysis Using Inductance
Calculations and FEM transient Methods

7.1. Introduction

In the electromagnetic design of the FCL, the performance of the device and its
possible designs can be quantitatively compared by determining the inductance
generated by the device during normal operations and during its fault limiting
operation. Given the non-linearity of its core and other components, using the usual
definitions for the calculation of inductance will be fraught with errors as they
generally do not take into account aspects of nonlinearity, saturation and leakage

flux [1] which are all involved in the electromagnetic design and analysis of the FCL.

This Chapter analyses the calculation for inductances used -in all of the
electromagnetic models that have been built for the FCL along with the calculations
performed in FEM software, in order to provide a consistent basis of comparison
and device evaluation. FEM transient simulation is also used in the Chapter to
evaluate the current clipping capacity of the various FCL designs. The Chapter
finishes with a comparative study between FEM software in their inductance
calculations, along with some important aspects such as time step considerations
and incremental inductance step size that need to be considered when simulating

transient models using FEM software like MagNet™,

7.2. Some Considerations for Inductance Calculations In Nonlinear
FCL core

7.2.1. Types of Inductance Measurements

The inductance of a coil or a system is usually calculated using one of three different

methods including [2]:
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a) the flux linkage per ampere in a coil

N¢
= T (7.1)

where @ is the flux generated by the coil, I is the current in the coil, and N is the
number of turns in the coil. In a non-linear system (with nonlinear magnetisation
characteristic representing the core), it is analogous to the slope of the line from the
‘point of origin’ to the ‘point of operation’ on the curve. The point of operation is
described as the point of interest at which the inductance needs to be calculated. It
is sometimes referred to as the secant or absolute inductance, and usually assumes
complete flux linkage from the coil current. In hysteretic systems the use of this
expression is less useful than the differential, Nd®/dI for determining the inductive

response

b) the back electromotive force induced in a coil

dl
E=—-L—
di (7.2)

where I is the current flowing in the coil, and € is the emf in the coil. This definition
is analogous to the inductance at a point of operation, usually referred to as the
differential inductance. It is calculated by using a small increment in either direction
of the point of operation. This definition of inductance is comparable (and
proportional) to the differential permeability.

And finally,

c) the magnetic energy stored in a magnetic field produced by current I

W=f8dt=deI=—;—L]2 (7.3)
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This is analogous to the area between the nonlinear B-H characteristic and the

vertical axis.

These definitions yield the same results in linear systems, but vary in nonlinear
systems where there are aspects like saturation, flux leakage, and (in the FCL)
varying currents and fluxes that affect the formulas and hence their accuracy in

predicting the appropriate inductance of a system [3].

7.2.2. Inductance Calculations for FCL Models with Location and Magnetic
Field Considerations

In the mathematically based FCL model -the voltage driven model (VDM)-developed
in Mathematica™ during the earlier stages of this work (see Chapter 5), an absolute
inductance scheme was adopted and modified accordingly. This was because it was
not possible to numerically approximate the leakage fluxes. As a consequence, the
flux loss effects on the inductance response had to be taken into account differently
in the mathematical model. This was done by considering a non-uniform field
distribution around the ferromagnetic core, which took into account the leakage

fluxes.

The usual formulation for inductance used in engineering applications is
; _ Mot N"A

l ’ (7.4)
where I is the length of the solenoid, 4 is the cross sectional area of the coil, y _is
relative permeability, and u, is the permeability in free space. Given the dependence
of the relative permeability on the H-field distribution of the core, a more accurate
formula for the inductance was needed to include the variation of inductance along

the core limb (limiting limb). Such a formulation will include the magnetic field
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dependence on location, and also account for the leakage fluxes, and nonlinearity of

the core.

Assumptions have been made in deriving the standard equation (Eqn. 7.4), which
are not necessarily applicable to the present device. If the inductance L varies with
position x along the length of the coil then consider an infinitesimally small element
dx of coil, generating a contribution to the inductance dL. By substituting @ = BA and

B = u,u H, where H is the local value of magnetic field, Eqn. 7.4 becomes,

HA
— :u’Otu'r N dx

dL I l (7.5)

Both field H and relative permeability ur can vary with position x in the core, and

therefore integrating along the entire length of the coil gives,

Uy A N z
L= H, .d
I f flr(x) (0 (7.6)

This represents a generic equation for the inductance of a solenoid which
magnetises a core with variable field distribution and hence permeability. Eqn. 7.4
can easily be deduced from the above by making the assumption that the

permeability of the core is constant, and the magnetic field is uniform, then H = EII—,

and Eqn. 7.6 results in Eqn. 7.4. Thatis:

l
Mt AN Nio & pop, AN
I 11 J, ]
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Thus if the modified expression for the H-field distribution discussed in Chapter 4 is
substituted in the equation, the expression for inductance used in modelling the
absolute inductance in the VDM becomes,

I

u,AN 2 (7+2x) (1-2x)
L= ; 7 J B 2 N 2.7)
o 2D+ (425 2D +(1-2x)
2

X=——

An important implication of Eqn. 7.7 is the fact that with an accurate calculation for
the field can be undertaken at any point on the ferromagnetic core. It should be
noted that the incremental inductance response which can be calculated using the
slope of the current-flux curve will the most accurate calculation for the inductance.
But for initial model simplicity and given the dependence of the inductance on the
varying permeability and time Eqn. 7.7 is essentially used as the inductance
calculation, which for the nonlinear mathematically modelled FCL, was the more

appropriate method to use.

Furthermore this suggests that if the permeability of the core can be controlled
along its length, the inductance and hence impedance can also be controlled which
raises the new idea of a multi-layered or composite core, with different
permeabilities at different positions along the core. Such a core would allow the
insertion impedance of the FCL to be controlled. It would mean more materials
engineering of the core, but a study of the relative advantages and disadvantages of
such a core, to see if it would be commercially viable, could be a good direction for

future research.

7.2.3. Incremental Inductance calculations in transient FEM

As discussed above, inductance calculations have a tendency of varying, depending
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acquiring measurements from industrial partner obtained from a prototype [4], it
was of interest to calibrate and verify the FCL modelling in FEM, by comparing the
measured values in order to ascertain the validity of the modelling carried out, using
the transient analysis solver. This also provided a basis for comparing the functional
merits of one model over another.

Due to the nonlinearity of the materials being used and the functioning principles of
the FCL, the resultant inductance of the circuit is a function of the applied current
(since the applied current directly determines the magnetic fields on the core).
Faraday's Law still holds but inductance is different whether one calculates circuit

parameters or magnetic fluxes.
From Faraday's law we have, for the case of a single-turn coil with no internal

resistance,

If the coil is replaced by an N-turn closely wound coil, each loop will be linked by the
same flux and will thus be the location of an induced emf given by Eqn. 7.8. Since all
these emf's are in the same direction, they will add up in series so that the total emf

induced in the coil will be

&t dt 72

where A = N@ is the total flux linking the coil.

Now, assuming that the only time-varying quantity is the coil's current, we have.
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A=A(2),Bp(x)) (7.10)

where Bpc(x) is the non-uniform, position on core dependent, DC bias magnetic field
which is present even when the line current I(t) = 0. Let this flux be denoted Ao
which is nonzero and constant with time. Substituting Eqn.7.10 into Eqn. 7.9 and

using the chain rule leads to

dA dI

dI dt (7.11)

If the incremental inductance is assumed to be dependent on the DC field bias field

and the AC field produced by the AC current per time step, then

dA

L=LI@#),By-(x)) = T (712

Thus Eqn. 7.2 can this be obtained by substituting Eqn. 7.12 into Eqn. 7.11. Thus the
most appropriate formula to be used for the inductance calculation follows from

Eqgn. 7.12 as follow;

The incremental inductance gives the change in flux corresponding to a small
change in current (i.e. it is the local slope of the A(I) curve) around a specific
operating point (I(t), Boc), as well as the proportionality factor between the voltage
and the rate of change of the current. In such a context of small-signal analysis, the

incremental inductance can be used in a nonlinear context [5].

The transient solver implements a static solution at two small time steps in either
direction of the point of interest in order to obtain fluxes Lz and Lz corresponding to
two different excitation currents Iz and Izg. Inserting these values in Eqn. 7.10

gives;
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A(t) =Ll + A,
A,(t,)=LI, + A, (713)

and subtracting these equations finally leads to,

I = Az(tz) _Al(tl)
I(t,) - 1(1,) 714

This equation produces the incremental inductance of the FCL per solver time step,
and dependent on the current on the AC line. This formulation of the incremental
inductance produces the most accurate value of inductance for this particular

electromagnetic device.

7.3. Transient Inductance Mapping for Circuit Parameter Selection,
Using FEM Calculations

In order that functional comparisons between models can be carried out, a method
of comparing the inductances calculated for the configurations without any
dependence on the structure of these configurations was examined, and the

resultant procedure herein has been called an inductance map.

The inductance map is a 3-dimensional graph of the expected absolute inductances
at a defined operation point which is dependent on the interaction between the AC
and the DC coil currents. The assumption made here is that in comparing different
possible configurations of AC and DC currents, combinations with the optimal
inductance gain can be located, and these could be integrated into possible FCL
designs. Such a map was made to provide a database of possible inductance values

for different changes in AC/DC turns. This could be used as a reference to determine

UNIVERSTY

FRIFYSTOL

QERDH
P ————— ]
A.E Umenei

PRIFYSCOL
J

QRDYS 183 Ph.D Thesis



CHAPTER 7: FCL Performance Analysis Using Inductance Calculations and FE Transient
Methods

what combination of AC/DC currents will produce what kind of inductance, for the
particular six pack model under study.

The shortcoming of the map however, is the fact that it takes only the current effects
at a particular operation point into consideration, and hence cannot be considered
as giving the complete picture of what the possible AC/DC current value
combinations will produce. It is also very design-specific.

The transient solver was used to introduce the AC sinusoidal current waveform into
the six pack model. The range of values used for both coils was from 1 A- 20 kA. In
order to focus directly on the current effects on the inductance, one turn coils were
used for both coils so that the results will reflect only the current influences. The AC
currents were defined at 50 Hz, and the DC current was defined as a constant value
per test run.

These test runs were used to produce a 3-dimensional graph (Fig. 7.1] of absolute
values of the inductances, which show areas of higher and lower inductance in

relation to the current magnitudes on the limiting limb (limb with AC coil].

Inductance,

0.00001
0.000001

0.0000001

20000
10000

AC current, A
DC current, A 10

Fig. 7.1: Inductance map from transient solver showing inductance map for I coil turn AC and

DC.
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These graph values provide a visual aid from which combinations of suitable AC/DC
excitations for the FCL could be obtained and tried in the model configurations. This
inductance map, which essentially is a magnetisation force (NxI) map (since it is one
turn per coil), shows an increase in inductance with a simultaneous increase in both
the DC and AC magnetisation forces produced by both coils. This reveals that for
higher fault currents (which on the graph is represented by the AC current), a larger
DC magnetisation force is needed and that invariably produces a larger net

inductance.

Secondly, it is also seen from the graph that a high level of inductance can be
obtained with lower values of DC current (around 100A) than that for the AC
currents, which are around the 1000A-10000A range. This gives us an indication of
a possible optimum matching between the AC and DC coils, and provides a start
point from which models can be compared, by building in these numbers into the

FCL design.

The use of the inductance map is simply indicative and acts as a visual aid in
recognising the possible DC/AC coil and magnetisation combinations that could be
beneficial to the FCL in terms of the inductance which can be obtained from such
combinations. It gives not only an idea to what amount of DC bias current is needed
to limit a particular amount of AC fault current, but it also provides a reference point
from which different non-obvious DC/AC combinations (other than the direct
proportion relation) can be assessed. The inductance map is however limited in the
fact that it does not take as many parameters into consideration as is possible in
predicting the inductance, and hence cannot be trusted to give a full picture of the
inductances of the device. Furthermore it is core-design specific in the sense that the
map is useful only for the particular core model (in this case the initial six pack

design specifications of Chapter 5) for which it is built. These drawbacks however
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do not obviate its use as a good visual tool to be used in choosing the AC/DC

combinations for the FCL.

7.4. Study of the Effects of DC magnetisation on Insertion
Inductance of the FCL

7.4.1. Investigating the Optimum Increment for Differential Inductance
Calculations

Due to the non-linearity of the inductance calculations used in the transient solver
shown earlier in this Chapter, choosing an appropriate incremental change in
current around the point of interest in these calculations becomes very important.
In calculating the incremental inductance about a point using Eqn. 7.14, the
increment 41, has to be such that it is not selected too large to get out of the region
with a linear slope about the point of interest. Also, it cannot be too small such as
generate numerical round up errors. To achieve this balance in‘choosing the
appropriate 4l for the transient calculations herein, many measurements at
different AI values were attempted in order to find an appropriate A4l for the

inductance calculations.

Fig. 7.2 shows the result of changing the current increment values on the inductance

calculations.
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Fig. 7.2: Incremental inductance calculations using different currentincrements Al, against the
current value atpointofinterest. Deviation ofinductance value shows inappropriate Al in use.

As seen in the graph, different A result in different calculated inductance values for
the measurement range up to 1.6 kA , differential increments below 2A and above
60A were found to be inappropriate for these calculations. For example the large
deviation of the inductance curve from the rest of the curves noticed when a A7 of
0.2A T used makes this increment unsuitable for use compared with say 10A. The
consistency ofthe graphs with AI between 2A and 60A (as shown by the overlaying
of their graphs}, makes them possible for making Al choices for the calculations.
Thus the current increment to be used for this particular study was chosen to be 4A.
With this choice, the inductance calculations for the model, and the comparison with

the prototype measured values were done.

7.4.2. Comparison between Measured and Calculated Inductancefor
Modified Sixpack Design

The initial prototype under study consists of the six pack model with a modification

ofhaving 4 DC coils of 100 turns each magnetising the cores. Furthermore the cores
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are placed opposite to each other instead of alongside each other as was the case in
the initial six pack model. The AC coils were wrapped around the ferromagnetic M4

steel core limbs as shown in Fig. 7.3

Ferromagnetic core
line coil

Double DC
magnetising coil

Fig. 7.3: a) Schematic ofprototype six pack design modification used in the insertion impedance
calculations;

Other circuit parameters include