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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 ou t 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

A.E U m enei
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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 tem perature 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 Fe3(U. [3]
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All m ater ia ls

Uncompensated orbital and spin 
moments present

No magnetic moments. 
(Vacuum or air)

Hr = 1

Exchange coupling in magnetic
moments---------------------- --------------------

i i  . JL
Diamagnets
No net moment 

Aligned opposed to 
applied field u, =5000

Paramagnets
Low net moment 

Aligned with applied field 
{Aluminium,

Ferromagnets Antiferromagnets

JSS|||
u 1 !

Fig. 2.1: Classification o f  m ateria ls by their  a lignm ent o f their m agnetic dipole mom ents.

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. Ferrom agnetic M aterial 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

d H A.E U m enei
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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  =  /u0 (H  +  M ) (2.i)
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where M is the magnetisation of the medium, and g Q = 4# *l(T7Hm 1 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

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 

Ms. 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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Applied field

SaturatedTV Partly 
X . magnetized

a)

Fig. 2.2: Stages o f magnetisation o f a ferrom agnet with a) domain alignment with no field  and  
b) saturation magnetisation with all domains magnetised in direction o f 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  =  —  =  M 0 M r (2, }

where f t  is the permeability and f l r 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 which is
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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:

dH
—  =  lim  AH  -*

Q B ( H  + A H ) - B ( H )  

A H
(2.4)

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, maxjur (or 

which is the relative permeability from the line of steepest slope on the initial 

magnetisation curve, and the initial permeability, initial fir, 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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M agnetic saturation
B  w ith  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 o f measuring permeability.

2.2.2.3. Coercivity and Remanence

The coercive fie ld  (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 Hc, 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.

2.2.2.4. 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
Anhysteretic curve

o —o
1.5 - cr

B (T)

1.0 - Initial magnetisation 
curve

0.5 -

0.0
60O 20 40H(A/m)

Fig. 2.5: Initial magnetisation curve and anhysteretic curve of grain-oriented Fe-Si, showing
differences a t 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 o f 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]:

a HM  = ------------
1 +  p H  ( 1

and,

a  +  bH  =  p  6j
M - t *  o

where a , 0 ,a, b are constants such that a /p  = Ms = l/(nob), and l/a =  noa.

A series expansion of Eqn. 2.5 will lead to the more generalised form of the 

anhysteretic equation

' c M , ( c M  \ 2 /  c M . ' 3
] _________ i .  _■ 1 A

H  H H (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 

approach 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

M  = M „
H e \ a 

cotf e
a  / / (2.8)

and for uniaxially anisotropic materials,

HM  = M. tanhl —2
a (2.9)

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

k T /ferromagnetism and a= B/  , is a material parameter that depends on

temperature T, I<b 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 M agnetic M aterials

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 material

Hc1 /H c2 H (A/m)

Hard magnetic material

Hc1 < 1 kA/m 
Hc2 > 10 kA/m

Fig. 2.6: Characteristic hysteresis loop for soft and hard magnetic m aterials of typical
coercivities Hci and Hc2 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, Sm2 CO15. 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-vaiying 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.

A.E U m enei
22 Ph.D T hesis



CHAPTER 2: Technical Background

2.4. M agnetic Circuits and M ateria l P roperty  M easurem ents

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 - mmf) needed in producing the magnetic flux O 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:

where, / is the magnetic path length , fi 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,

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.

/
ju.A (2 .10)

(2.11)
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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:

< |)  =  < ^ ]}  m Y I d A  (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. M ethods o f  M agnetic M ateria l M easurem ents

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:

• 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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• 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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Fig. 2.7: Epstein fram e 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 L im iters

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 of the 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
Increase of impedance at 

nominal and fault conditions

Active
Small impedance at nominal load 

fast increase of impedance at fault

Splitting of grids 
Splitting of busbars 
Introduction of 
higher voltage 
levels

Transformer with
Increased short-circuit
impedance
Fault current limiting
reactors

SCFCL 
Fuses PTC resistors
ls limiters Liquid metal FCL

Solid-state FCL 
Hybrid FCL

commercially available development

Topological Apparatus
measuresmeasures

Fig. 2.8: Overview o f  characterization o f  fa u lt  current lim iters [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 o f 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.
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2.6.2.I. Types o f 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, h  (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 /  to become larger than I0, 

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

ORP**T
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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 /, with a flux 

linkage 0 , can be written as,

Substituting a derivation of Eqn. 2.13 with BA= 0 , and Eqn. 2.3, and considering the 

induction changes for every time step due to the nonlinear core, the equation 

becomes

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

(2.14)
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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.

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.

U Saturable core inductive 
SCFCL

Inductive cores

Fig. 2.11: Transducer principle o f the inductive-type saturated iron core FCL
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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-J 

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

where Isc is the fault current, and ls is the length of the superconducting element

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

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

sectional area, and / its length.

(2.15)

RSC A (2.16)
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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

dBeach field point on the B-H curve for the ferromagnetic material, -----. The model
dH

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;

d BI dH(t) (217)

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

Fig. 2.12: Piecewise representation ofB-H loop for modelling o f 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

B  ( D ^
M easured B-H h y ste res is  
loop  for ferrom agnet

P iecew ise  linear representation  
of B-H loop

-5
* 1 1—

5
H  (A/m)
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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

rlR  —
—  =  eaH ceH 
dH

where a, b and c 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
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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. Equivalen t  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 elem en t m odelling techniques and m eth ods

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 ou t 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 a t 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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iv.

v.

vi.

vii.
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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, 5  = S(x) and S 

depends on the 'a-priori' unknown solution x. In such a case, 5  must be 

linearized before one can proceed with the resolution (or inversion x=S1-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 So ftw are  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.
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UNIV«kMTY

Pfclf'YSCG*. 

49
A.E Umenei
Ph.D Thesis



CHAPTER 2: Technical Background

2.7.4. Equations in Electromagnetic Fields Analysis fo r  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/m^]], magnetic flux density (B 

[T]), current density (J [A/m^]], and the scalar electric charge Q [C/m^]. These 

quantities are governed by the four partial differential equations known as 

Maxwell's equations:

d Dcurl H = J +
^  (Ampere’s Law), (2.19)

1 1 7curlE = ------
^  (Faraday's Law), (2.20)

P [Gauss's Law], [2 .2 1 ]

divB = 0 _  , . ,(Gauss s Law), (2.22)

together with the constitutive equations involving the material properties:

D =  EqEj + P ,  (2.23)

B =  JU0(H  + M ), (2.24)

 ̂ =  (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 

curl H = J

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,

dDthe displacement current term —  in Eqn. 2.19 is negligible in comparison with J,
d 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 joo. The time-harmonic
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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  =  -g ra d V  (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

F dr .  <fr 
E - H ' E ' ~ ^

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 /= 0, Eqn. 2.27 shows that it is likewise possible to 

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

H = -grad  Q (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

n  _  d A  n  _  8 AZ/y ”
^  (2.32)

where A=AZ 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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$ =  ^ ( 4  ”  ^ 2  )  (2 .33)

where A1 and A2 are the values of A 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. Sum m ary

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 M easurem ent 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 o f  the DC Perm eam eter showing closed circuit m ea su rem en t system s using  
Epstein fra m e and electrom agnet

3.2.2. Epstein Frame System  M easurem ents

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 IN 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:

T T  _  ^  _  7 rQ Q J c o n t r o l l e d

I 0.94 (3J)

where Icontroiied 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,

£  =  - T V —
* dt ™

where N is the number of turns in the sensing coil, g is the induced emf, and (j) 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= (f> /A. Hence for the stationary sense coils, the 

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

B  =  ~  ~ N A $ ^ d t  (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  + /'CqH  (3m4)

where B is magnetic flux density, J =poM (such that when M=MS J=BS= noMs ) 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:

^  sa m p le  ^ S e a r c h C o i I  (3.5)
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Fig. 3.2: Cross-sectional areas o f search coil position (red) relative to sam ple position (black) for  
measurements for the case with (a) close configuration (electromagnet) and (b) loose

configuration (Epstein fram e)

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:

^measured ~~ sample ^SearchC oil ^SearchC oil ~~ ^sam ple (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

f1̂ 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
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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. M agnetisation Curve M easurem ent 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 lkA/m.
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Fig. 3.3: Epstein fram e measurement ofM4 steel sample up to the maximum field value lkA /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.
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3.4. A nhysteretic and Initial M agnetisation M easurem ents

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,

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.

A n h y s t ( x )  =
f ( x * )  +  I n v ( g ( x ~))

2
(3.7)
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Fig. 3.4: Anhysteretic curve forM 4 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 validation 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.

2 .0 -

1 5 - M easured M4 steel 
Manufacturer dataset

-a

a>
0 .5 -

0.0
0 6000 8000 100004000

Magnetic field, H(A/m)

Fig. 3.5: M easured initial m agnetisation fo r  M4 steel fro m  e lec trom agnet com pared  w ith  
m anufacturer d a ta se t

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/dt3 = 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 M easurem ent Com parison

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.

2 .0 -

DC measurement with B =1.8s
AC (50Hz) measurement with B =  1.8 
AC (50Hz) measurement with Bs=1.9

500
M agnetic Field, H(A/m)

1000-500-1000
-0.5

- 1.0 {

-2 .0 -

Fig. 3.6: B-H loop com parison between DC m easurem en ts an d  AC m ea su rem en ts  (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 fo r  Analytic A n h ysteretic  Curve R epresentation

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 Z?s-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.

2.0 - B = BS tanh(—)
1 .5  -

Bs = 1.72 ±0.005 

a = 17.64 ±0.72

1.0  -

0 .5  -

r~r o.o -

-0 .5  -

- 1.0  -

-1 .5  -

- 2.0  -

-8 0 0 -6 0 0 200 4 0 0 6 0 0 8 0 0-4 0 0 -200 0
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Fig. 3.7: Fitting o fT anh(x) fu n c tio n  (red) to m ea su red  da ta  (black), show ing error m argin o f
ex trac ted  p a ra m ete rs  Bs and  a
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Fig. 3.8: Fitting of modified Lang evin 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. M easurem ents Close to  S a turation  fo r  Electrical S teels

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 //-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 lOOkA/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 + p0 H = 2.03 + 0.126 = 2.156 TS * U / i  T I
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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 S + ^ 0 H H = B - B s -> H =
(4.2)

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

required applied field will be:

rr 2 . 3 - 2 . 0 3
H  = -------------= 215 kA / m fd

Mo
The usual standard formula used for calculating magnetic fields in a closed magnetic 

circuit is:

m
i  (4A)

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, 1=77 k. and, mean 

magnetic path length, /= 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 //-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

1000
900
800
700
600
500
400
300
200
100

H (A/m)

0 4 —  

1,000 100,00010,000

Fig. 4.1: fi-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, /ur (air) = 1) is estimated to be reached at H = 

100 kA/m. Moreover, using Eqn. 4.4, the magnetomotive force (Nxl) 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 

magnetic field values required for actual saturation could reach H = 2 MA/m.
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Fig. 4.2: g-H characteristic for M4 steel used in FEM (log scale ) linearly extrapolated to
saturation (gr= 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 determ ined by the path length and the permeability 

(Eqn.. 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.

 +> P o ssib le  flux path through air due to increased  limb m agnetisation

 ► Usual flux path through core with high permeability

Fig. 4.3: Schem atic o f  m agne tised  core show ing possible flu x  p a th s  (dashed lines) a t high
sa tura tion  o f  m agnetised  limb

...••> Ferrom agnetic  
Core
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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 fo r  M4 S teel M odelling a t High M agnetic 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 1 0 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 Hd = NdM was estimated, and used in correcting for the 

effective field using the equation:

^  effective ^  applied ^  d  -j

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 H sm ax = 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 o f 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 Doring [10] is,

M  -  My
H  H

+ kH
(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:

M  = M< 1 -
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 = Mo

dB

H  + M _ - M ,  — -  
H

dH =  Mo 1 +  2 MV y (4.8)

Solving this system of equations simultaneously using the last data points on the 

measured data curves obtained from the Epstein tests (Hiast, Blast, qiast) = (14209, 

2.02,1.18), gives values of b = 1.66 x 105A2n r2, and Ms = 1.6 x 106 A/m, where piast 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.

SLE
Procedure 1: LAS

2.3

2.2-

o> 2.1 -

2.0
90000 120000 150000 180000600000 30000

Magnetic field,H(A/m)

Fig. 4.6: Extrapolation curves ob ta ined  using  the LAS procedure and  SLE, added  to m easured
da ta  fr o m  14 kA /m .
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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> HJast] 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: D ifferential perm eability  as a function  o f  m agnetic fie ld  fo r  M4 steel, show ing  slope an d  
the asym ptote relative perm eability  fo r  fr e e  space p r =1

It is possible to estimate both a minimum ( H s m in }  and a maximum ( H s m a x }  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 H s m in  can be obtained using 

the two measurement data points at the two highest field strengths, H i a st and H ia s t - i  

as shown in the Fig. 4.8. In this case the equation for H s m in  is: 

r  i

* i^ la s t H last-l)

(4.9)

H s m i n - H ia s t+
Mlast

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

points on the permeability vs field graph. H s m in  = 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 H sm ax = 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 - . Last two points of permeability data curve

legion of p ossib le  extrapolation uncertainty
1.2 0 - Maximum possib le  slop e

§  - 
M 1.16 -to
CD

E
1 .1 2 -CD

Q .
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1 .0 8 -
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1.00

Magnetic F ield ,H (Saturation field point, H )

Fig. 4.8: Illustration of the concept behind the SFE. After the last measured point, (Hiast,, Biast> 
Piast), differential permeability decreases to 1. (Hiast = 14 kA/m, Hsmm = 19 kA/m, Hsmax = 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 ( H i a s t ,  B la s t ,  f i ia s t )  to the saturation point 

(Hs, Bs, 1) is such that

dB
dH

r
=/V

f

Mi,ast
V

H - H ,last

y V s  ^ la s t  J

\

' (Mlast l )

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

density is,

Moh
r 2 H lasl- H  +  ( H - 2 H s )*i Ula„ \

V (H u *  - H s ) J (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.

SLE
SFE at 300kA/m  
SFE at 200kA/m

2.3 -

O
<D
C
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<0
2

2.0
60000 90000 120000 150000 180000300000

Magnetic field,H(A/m)

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 lOOkA/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 = n M s \ - e - p H ] + H )  

^ - = V 0 + M o M s p e - fiH
L dH (4.12)

where Ms is the saturation magnetisation and p  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 p. In this case (Hiast, Biast, piast) is 

(14209, 2.02,1.18) respectively and, therefore, /? = 6.07 x 10 4 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.

97
A.E Umenei
Ph.D Thesis



CHAPTER 4: Problems Associated with Measurements and Data Processing for Modelling at
__________________________________________________________________ High Flux Densities

SLE
Procedure 3: ELE
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Fig. 4.10: Extrapolation curve ob ta ined  fro m  th e  ELE procedure, added to the 15kA /m  m easured

data, com pared  to th e  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 S tandard M easurem ent A m pere's Law Extension

4.4.1. In troduction

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

The equation has the assumption of uniform m m f, 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.

(4.13)I

Cardiff
yNivikSrrv
r^ tirS C O t. 
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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 laboratoiy 

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.

Fig. 4.12: Picture o f  p ro to type  core 30x30x3 cm, m ade from  Epstein lam inated  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.

M4 steel . I 
laminated coi

1000-tum
solenoid
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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 
limb midpoint,
XRef>

S h a d e d  P lo t
|H| smoothed

509431 
458586 
407741 

3568% 
306051 

255206 
204361 
153516 
102671 
51826.3 
981.279

Fig. 4.13: FEM o f  m agnetic  fie ld  in a core, show ing difference in H-field distribution on opposite
limbs.
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2.4

SC1
Caution: T hese are not 
‘normal’ B -H  loops.

SC2

SC3

SC4

H (A/m)0.2

0 1000 2000 3000 4000  5000 6000 7000 8000 9000

Magnetic field, H (A/m)

Fig. 4.14: Flux density m easurem ents, B, on m in ia tu re  pro to type core a t various locations vs f ie ld  
values, H, obtained using the  s ta n d a rd  fo rm  o f  A m pere's law  derivation, a t 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-magnetised 

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 (0-2 5kA). 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, XRef, 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.

h = n i
L

( L + 2 x )  ( L - 2 x )
2 ^ l f  + ( L + 2 x f  2 - s j E r + ( L - 2 x ) :

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, /.

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 fShaPe ( x ) = l .  The
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expression was then compared to FEM calculated data over the core profile as 

shown in Fig. 4.15.

12000“]

—  FEM calculated field profile
— Ampere's Law extension10000-

E 8 0 0 0 -

5  6 0 0 0 - 
©
o

4 0 0 0 -2©£o»
VS2 2000-

H=N*i/L

o-

-500-1500 0 500 1000 1500-1000

Displacement around core x,mm
Fig. 4.15: M agnetic fie ld  pro file  a round  core (FEM calculated) com pared to the new  generalised  

Am pere law  extension (Eqn. 4.15) an d  the  usual Am pere'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-l 

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-l 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  = Px V7 (4.15)

where H is the magnetic field value , /  is the current and Pi 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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5000-
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O 2 0 0 0 -

FEM calculated curve
1st approximation using Sqrt(x)
Standard Ampere's formula N.l//

1000 -

0-

100 300 400 5000 200

Current, l(A)

N * I
Fig. 4.16: Low H-field ca lculations w ith  FEM, s ta n d a rd  calculation ( H = — -— ), and  f ir s t

approxim ation  w ith  Pi=l 78.4

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 XRef, 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 g en era lized  lin ea r extension  (Eqn.. 4.14) f i tt in g  fo r  H-I da ta  contrasted  w ith  
standard  A m pere's deriva tion  (Eqn.. 4 .13) resu lts  fo r  H-field values(FEM calculated) over large

coil cu rren t 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. Sum m ary

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 o f  O peration o f  SCFCL

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 of a prototype of this device.
Ferromagnetic cores

AC current

AC current

Negative 
Half cycle

Positive 
half cycle

A—
\ —

Fig. 5.1: Schem atic o f  p ro to typ e  SCFCL show ing  w iring configuration and  p lacem ent o f  DC coil 
generating  flu x  0 d c ,  in both ferro m a g n e tic  cores ( from  Zenergy pow er 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

Operating (M int (OP)

B (T )  f

M ovem ent o f operafcng paint during 
fault current with larger amplitude 
than normal operating current 
waveform (desaturation)

Region of high permeawlrty and 
h en ce high inductance

Normal operating 
current waveform

Fault current waveform  
m oves operating point 
into high inductance 
region

»HDC
H a c < -

Fig. 5.2: Schem atic o f  an yh stere tic  curve show ing  the  m ovem en t o f  the operating p o in t during  
n o rm a l opera ting  conditions a n d  fa u lt  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. M athem atical M odel Form ulation fo r  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,

■jy . r diVs sin 0)t = iR + L — r51j
dt

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

driven equivalent circuit.
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Lvar2Lvarl §

[v'YVs

Fig. 5.3: Circuit diagram  fo r  the  vo ltage driven  equ iva len t m odel fo r  FCL circuit im plem entation

The simplified circuit consists of an AC voltage source Vs, a source impedance Zs= Rs 

+ icoLs and a purely resistive load Zl=Rl+\w>1>l [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 Zf-R f 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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K sin COt -
RfRL 

Rs + f  1
V R f  + R L j

(5.2)

where current / has to be found as a function of time t . Rf is a fault resistance which 

is made very large with Rf = 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 Rti be total resistance under normal operation 

and Lti be total inductance under normal operating conditions.

When the FCL is introduced, the ODE becomes:

f  r, t,  \

V. sin o)t = R.
R f R L

\ R f + R l  J

i  -\- ( Tj L  i L  0 L t 'j\  s varl var2 L J
di
dt (5.3)

where the conditions relating to Rf are the same as above. Let Ra be total resistance 

during the fault condition and Lt2 be total inductance under fault conditions. The 

variable inductances Lvari (inductance due to the positive half cycle limiting process 

of the FCL) and Lvar2 (inductance due to the negative half cycle limiting process of 

the FCL) are both functions of current / 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 DC + H AC(t) for positive half cycle
-  H DC + H AC(t) for negative half cycle (5m4)

where H dc  is the DC bias generated field, and H A c(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,

//(/) = ACMultfacNi(t)
L

(L + 2x) (L-2x)
2^D2+(L + 2 x ) 2 2^ D2 + (L -  2x)' (S .S)

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, x a c =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,

^ dc d̂c — ACMultfacNACI AC (5.6;

Thus for either core, the FCL average inductance calculated is,
2

4 a r (lo, 2 ) ( 0  -  Mo Mr(fftotaim ) )  f5.7J

where N ac  is the number of AC coil turns, A a c  is the surface area of the AC coil, and / 

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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dB a 1

H to ta k  0  a

cosecfi
W

Htotafc)
\  a  J)

\
+1 (5.8)

J

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 Form ulation o f  M aterial Representation and  
Analysis o f  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 Lvar 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 s + MoH  w h e n  H  <  —H z 

B H
B ( H )  = + jU0H  w h e n  — H z <  H  < H z

3 a  

- B s + jU0H  w h e n  H  >  H 2

(5.9)

The value for 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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d B ( H ) 
d H

Mo w h e n  H  <  —H

B
+ / /0 w h e n  — H z < H  <  H

3 a  ‘ ‘ (s.io)

ju0 w h e n  H  >  H  z

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 tf, and if F 4 = N 2a c -A a c / 1 ,  then the 

general solution is,

When t < t f ,

i(t) = K eLn +
Vs[ - Lnco coscot + Rn sincot\ 

Rn + L n.co2

When t > t
f -

i(t) =

, V\ - ( FaMo + L s )0} c o s a t  +  RlX sinfflr]
^ 1  + ( ^ 4  M o + L s ) / o 2

H < —3a

Rj 2

T„. ^(^-+rt)+4
Ke  3a + —

-  (Fa (— + jUq )+ Ls )cocoscot + Rtl sin cot 
3 a

Rn + iF Â + L s).co2

KeF^k' ! vk F*Mo +Ls)ojcosoX +  R,i sinfflf] 
K,\ +{FaMo + L s)&>2

—3 a < H < 3 a

(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, Vs (/) = V2 7.96 sin(tu /)

- Source inductance, Ls=0.002 H

- Source resistance, Rs= 0.1 Ohms

- Load inductance, L/,=0.008 H

- Load resistance Rl= 10 Ohms

- Fault resistance R/= 0.08 Ohms

For the AC side of the system:

- Number of turns on AC side, N ac  = 20

- Cross sectional area of AC coil, A ac  = 0.015m2

- Height of AC coil, H ac  = 0.35 m

- Diameter of AC coil, D ac  = 0.2m

For the DC side of the FCL system:

- Current in DC coil, he = 400A

- Number of DC turns, N dc =300

- Cross sectional area of DC coil, A dc = 0.0225m2;

- Height of DC coil, H dc -  0.35m

- Diameter of DC coil, Doc = 0.2m

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

-Bs= 1.7 T

A.E Um enei
126 Ph.D T hesis



CHAPTER 5: Functional A lgorithm  D esign and M athem atical M odelling of EM Devices: Case of
___________________________________________________________________ the Fault Current Limiter

- a=5 A/m

These values were input into the voltage model and preliminary tests were run with 

different variations to the param eters under investigation

5.3.2. Investigation o f  M odel P a ra m eters  With Piecewise M odel 
Im plem enta tion

In order to investigate how the param eters under investigation (material 

parameters a and Bs, and model param eter ACMultfac) influence the functioning of 

the FCL model, the initial prototype values were input into the VDM coded in 

Mathematica™ and the param eters 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 a t ACMultfac o f l  00

B a s e  c u r re n t (kA )
a = 1 .0
a = 1 .0 2

2 0 -

10  -

czCD
I—

O

-10  -

0 .0 9  0.10  0.11 0.12  0.13  0.14  0.15  0.16  0.17

Time. tfs)

Fig. 5.5: Piecewise function comparison at different a -values for ACMultfac = 100

Points to note from the waveform:
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i.) The current waveform clipping is apparent only from a=l, as any values 

below this resulted in no apparent clipping of the waveform;

ii.) The clipping was almost instantaneous at 17.7 kA (not a gradual 

progressive clipping);

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

53.2.2. Investigation a t ACmultfac o f5000
...... i -  Base current
 a=5

a=1000 
 a=3000

3=5000 
a=8000 
a= 10000 
a=50000

i—>—i—'—i—»—i—1—I—1—I—1—I—»—l—1—i—»—i—1—I—'—i—
0.08 0 0 9  0.10 0.11 0.12 0.13 0.14 0.15 0 1 6  0.17 0.18 0 19

Time, t{s)

Fig. 5.6: Piecewise function comparisons at different a-values fo r ACMuItfac = 5000

Points to note from this model test run:

i .)  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 

ACMuItfac in Fig. 5.6;

i i . )  The current waveform attains a maximum clipping between a = 3 0 0 0  and 

a = 5 0 0 0 ;
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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:

• provided a proof of concept for the model, showing that the 

implementation algorithm adequately represented the circuit 

conditions.

• strongly depended on the choice of the ACMuItfac, and hence could 

not be trusted as the model was not robust enough to represent a real 

situation.

• resulted in a sudden and instantaneous clipping which was not 

consistent with what was expected in reality;

• 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. Refinem ent and M athem atical L im itations o f  M odel 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 H d c  is pushed by the AC contribution H a c  past the field Hz 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:

H d c  ~~ H A C  =  H z  (5.12)

Now, the clipped current waveform hup which is the current at Hz will be calculated 

using the standard Ampere’s Law derivation

Z J  N a c  ■
H ac  “  ~ J ~  ld,P (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,

j __ H dc  ~~ ^ a  I
d,p ACMuItfac Nac (514)
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But for most practical purposes and the majority of the materials being investigated 

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

conform to the analytic expression,

H DC I
clip AcMultfac N (5.15)

AC

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-
cltp

1 0 -

C
£
3o dpi

- 10 -

Base current (without FCL)
Line current with FCL (piecewise formulation)

0.320.28 0.30
Time, t(s)

Fig. 5.7: Modelled current-time graph showing the overshoot properties of IciiP at tdiP

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,

f HDC.l.Rf
(5.16)Knp =  a rc sm yAcMult.NDCV0 j

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:

L

f  R f  71 ^
-7-(2  ‘cnp — )

\ - e L a

 V_ _ _ _ _ _ _ _ _ _ _ I
f  R f  71 ^

l +  e L a

V J

R f
= —̂ coth {(otc l )

CD
(5.17)

It is clear from this equation given that tcuP 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.

1 A.E Um enei
1 132 Ph.D T hesis



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

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 o f  M ateria l P aram eters on Functionality ofSCFCL a t  
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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B a s e  c u r r e n t
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-50-
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time, t(s)
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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Fig. 5.9: Comparison of different H-field values for 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

HAC± H DC~ 0 (5.18)

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 Hac, 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 ^-param eter 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) Bs = 2

Bs= 1.5l

Bs = 1

o

2 0 0 300 400100

Direction of 
increasing Bs

Fig. 5.10: Non-linear anhysteretic curve (1st 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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Fig. 5.11: Comparison o f current waveforms for different values o f the B s-parameter.

As shown in Fig. 5.11, there seems to be an optimum value for Bs, below which 

changes in Bs have 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. Effect o f  the  a -p a ra m eter

The a- parameter is responsible for the slope (curvature) of the nonlinear BH curve, 

as shown in Fig. 5.12.

The effect of the a-parameter on the clipping levels of the FCL is shown in Fig. 5.13:
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Fig. 5.12: Non-linear magnetic induction curves (1st quadrant) with different values of the a
parameter.
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Fig. 5.13 Comparison o f current waveforms due to different values o f the 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 -p a ra m eter  an d  Bs-param eter on the Current 
Am plitude, Under N orm al O perating 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 ^ -param eter on the amplitude of the current 

under normal operating conditions. It shows that the increase of the ^-param eter 

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

in the 4th 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

FCL with Bs =
1.5T 13.972793

2.01T 13.972774

5T 13.972660

10T 13.972469

5.6.2. Effect of The a-param eter 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 4th 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

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
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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 /^-parameter with respect to their influence on the current waveform 

amplitude values. Under normal operating conditions, the Jff5-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 R esponse o f  M odel P aram eters 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, i.e. the fault 

waveform generated for an electrical system without an FCL. The frequency change 

from the base current was calculated using the frequency difference A/such that,
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Af  = frequencyparameter value frequencybase (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:

The study was carried out over 3 different fault cycles (1st, 5th and 10th) 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, i.e. 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.

Frequency change =
frequencybase (5.20)

Cardiff
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No FCL A dditional 
tim e !!!!!!FCL with B =1 T

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 a function o f time before and after the fault (which is introduced at t=0.3s). 
Note that the 1st cycle o f the fault current is longer in time than all other cycles.

The frequency of the 1st cycle in this case was estimated to be 61 Hz compared with 

60 Hz before the fault. Also, after this 1st cycle, 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 of the fault (t=0.3 s, this number was chosen arbitrary in time but 

at the stable normal operation stage):

No fault value, t < 0.3 s 
R ='

Fault value, t > 0.3 s

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 10th fault cycle.
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5.7.2. Frequency R esponse o f  th e  Line C urrent to the  Bs-param eter (A fter  
Fault Inception)

As earlier shown, the ^ -p a ram ete r 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 ^-param eter 

is shown in Fig. 5.15.

1.0—1

0 .8 -

0 .6 -

■ 1s* cycle
5th cycle  

A  10th cycle

o>e
CD

5  0 .4 -

05 0 .2 -
u_

0. 0 -

0 .5 2.01 10.01.5 5.00.1Base
current B^-para m e ter , T

Fig. 5.15: Frequency change Af as a function o f the Bs-parameter after fault 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 5th through the 10th cycle, 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 ^ -p a ram ete r changes the frequency under stable 

fault conditions.
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^  -0 .0 6 -c
0
CD

5  -0 .0 8 -  
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- 0.10
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Fig. 5.16: Change o f frequency A f /f  with variation o f the Bs-parameter for 5th and 10th cycles.

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 of the current for 

the system with FCL for any values of the # 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 10th cycle, it 

is seen that the frequency change is very small (less than 0.001 %) and shows no 

major pattern. Since the ^-param eter represents the saturation induction, the trend 

suggests that the ^ -param eter has a very limited effect on the frequency of the 

waveform. But it should be noted that the real values for the M4 steel [Bs is 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 fis-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

FCL with Bs =
1.5 59.9999952

2.01 59.9999988

5 60.0000024

10 60.0000024

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

The effect of the a-param eter on the frequency was also analysed at various cycles 

of the waveform. The percentage change in frequency A /// 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 o f frequency (Af/f  x l00% ) with variation o f the a-parameter for 5th and 10th
cycles.
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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 [a and Bs], it is seen that the #s-parameter has a smaller 

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

5.7.5. Effect o f  the  a -p a ra m e te r  On C urren t U nder N orm al O perating  
Conditions. (B efore F au lt Incep tion )

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

Case studied Frequency, Hz

No FCL Base current 60.0000000

0.1 59.9999988

0.5 59.9999952

FCL with a =
1 59.9999988

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. Sum m ary

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 im portant 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 m easurem ents, 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 a t 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 A nalysis o f  S tru ctu ra l M odification to FCL Ferrom agnetic  
Core

The initial design for the FCL th a t 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 w ere 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 ™ perm itted 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 im portant 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 A nalysis on M agnetised  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 tow ards 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 of this limb. 

Given the symmetry of the limb a 2D- FE study was used for this quantitative study.

2 5  ( e a c h )

 - ,   ........ ; v , ...... : ..j L .
•  t i o o

6 5 0

Fig. 6.1:The modelled structures o f the FCL with the DC bias coil magnetising one limb only 
(spider model). All dimensions are given in mm. Three values o f B were recorded at different 
positions: BL (corresponds to the centre point o f the 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: B l 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 diam eter 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

S h a d e d  Plot
|B| smoothed

S h a d e d  Plot
|B| smoothed

Fig. 6.2:2D FEA plots o f magnetic flux density in different regions o f the core for different widths 
of core in the furthest limb from  the excitation coil. 50% width is achieved by converting last two

limb segment properties into air.

The typical screen-shots of the 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 tha t for a smaller magnetising current, the 

same level of saturation m agnetisation 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 unm agnetised limb could be made to attain saturation. 

This is very im portant 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 unm agnetised 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
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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 M easurem ents Of A ir 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 th a t 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 arrow s show how the flux density distribution was 

measured. Search coils w ere used on different parts of the core for the F-field 

measurements.
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Top limb

SC 2

Left limb 
(magnetised

Right limb (unmagnetised)

DC coil 
177
turns. 77

► Air gap

SC 41

Fig. 6.4: Ferromagnetic core from 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 

of the fault. Hence in this new design, three 'open' cores are used to limit the current 

instead of the six 'closed' cores which w ere 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.
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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 circuitiy 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 w ere undertaken to find w hat 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 m easurem ents w ere 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 unm agnetised 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 m easurem ents w ere then perform ed 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 (0mm 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 betw een 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 

notably on the limb with the w here 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 param eter results as a consequence of introducing 

an air gap in the unmagnetised limb.
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Fig. 6.5:Epstein core comparison with and without air gap for the search coil SC 3.

Fig. 6.6 shows m easurem ents at the various search coils around the coil with 0 mm

» sc 1
V SC 2 
JL SC 3 
► SC 4i-

m

0.8

0.7
1000 2000 3000 4000 5000 6000 7000 8000

H(A/m)
Fig. 6.6: Epstein core measurements for 0 mm.

Finally, the air gap was varied by increasing the spacing between the halves of the 

unmagnetised limb. M easurements 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 Bs as shown in Fig. 6.7.
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Fig. 6.7: Epstein core m ea su rem en ts  w ith  d ifferen t s fo r  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 m easured 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 of the 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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lm = 0 ,94 m

TgguaamyyTOTOvrviM

Air gap

25cm

Fig. 6.8: Epstein fra m e  -one lim b m issing  configuration  used in the experim ent, w here lm denotes
m a g n e tic  p a th  length.

Comparison of BH loops

Full core —  One limb missing

€66&

Magnetic field (A/m)
Fig. 6.9: Comparison o f  BH loops fo r  fu l l  core an d  sem i-capped (one lim b m issing) configurations

m a g n e tised  a t 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 tha t 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 param eter 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 in vestiga tions fo r  the Six pack  FCL Design.

6.5.1. Introduction

Having initially examined experim entally 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 m easurem ents 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 term ed 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 m ore 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 tha t 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 tha t 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.

Cardiff
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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 w ere 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 w hat their effects will be including: no 

cap (air gap between limbs), capped (both caps of different materials) and semi

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

6.5.2.1. No Cap Configuration Analysis

In this configuration, the AC coils are w ired 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 perform ance of the FCL. The magnetic field H and magnetic 

flux density B readings quoted w ere 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  l im b  

( l imi t ing  

l imb)

R ig h t  l i m b  ( n o n - l i m i t i n g  l imb)

S h a d e d  P lo t
|B| sm oothed

AC coil D i r e c t i o n  f o r  b ia s  DC 

f i e ld

DC coil

E nd  c a p  m a t e r i a l  o f  

d i f f e r e n t  p e r m e a b i l i t y  (air  

in ini t ia l  c o n f i g u r a t i o n )

z

Fig. 6.10:Part o f  FCL o f  the six-pack design, w ith  air (re la tive perm eability  = 1) in place o f  end  
cap. This show s one u n sa tu ra ted  lim iting  lim b and  one nearly  sa tura ted  limb. The n e t m agnetic  

fie ld  streng th  is 0.5 A /m  in lim iting  lim b and  26 A /m  in non-lim iting limb.

6 .5 .2 .2 .  S e m i - c a p p e d  C o n f i g u r a t i o n  A n a l y s i s

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 w ere recorded.
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S h a d e d  P lo t
|B | sm o o th e d

Fig. 6.11: FCL sem i-capped core w ith  m a teria l o f  rela tive perm eability  10 in end cap. M agnetic 
fie ld  strength. H = 16.4 A /m  a t cen tre o f  lim iting  lim b and H = 62 A /m  on non-lim iting limb.

S h a d e d  P lo t
|B | sm o o th e d

Fig. 6.12: FCL sem i-capped core w ith m a teria l o f  rela tive perm eability  1000 in end cap. M agnetic  
fie ld  strength  H = 45.1 A /m  a t cen tre o f  lim iting  lim b and H = 107.6 A /m  non-lim iting limb.

Shaded Plot
|B | sm o o th ed

Fig. 6.13: FCL sem i-capped  core w ith m a teria l o f  relative perm eability  10000 in end cap. 
Magnetic fie ld  s treng th  H = 46.3 A /m  a t cen tre o f  lim iting  lim b and H = 109.2 A /m  non-lim iting

limb.
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S h a d e d  P lot
|B | sm oothed

Fig. 6.14: FCL sem i-capped core w ith  m a teria l o f  relative perm eability 100000 in end cap. 
Magnetic fie ld  streng th  H = 46.4 A /m  a t cen tre o f  lim iting lim b and H = 110.4 A /m  non-lim iting

limb.

Fig. 6.15: FCL sem i-capped core w ith M4 stee l in end  cap. M agnetic fie ld  strength  H = 45.6 A /m  a t 
centre o f  lim iting  lim b a n d  H = 108.4 A /m  non-lim iting limb.

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.

S h a d e d  P lot
|B| sm oothed

6 .5 .2 .3 .  C a p p e d  C o n f i g u r a t i o n  A n a l y s i s
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For the capped configuration, the first m aterial tried for the end caps was M4 

electrical steel which was the same m aterial 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 m aterial (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.

Fig. 6.16: FCL capped configuration w ith  M4 electrical steel in end cap. This show s the effect o f  
flu x  flow ing fro m  one lim b on th e  other. The n e t m agnetic  fie ld  s treng th  H = -883 A /m  in lim iting

lim b a n d  H = 18440 A /m  non-lim iting limb.

S h a d e d  P : m
|B | sm o o th ed

1 91667 
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1.15001 
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S h a d e d  P lo t
|B| sm oothed

Fig. 6.17: FCL capped configuration w ith  m a teria l o f  perm eab ility  10 in end cap. This show s the 
effect o f overflowing flu x  fro m  one lim b on the  other. The n e t m agnetic  fie ld  streng th  H = 7 A /m  

in lim iting  lim b and  H= 26  A /m  non-lim iting limb.

S h a d e d  P lo t
|B | s m o o th e d

2 3
1.91667  
1.53334  
1.15001  
0  766675  
0.383344  
1.22441 e-OOS

Fig. 6.18:. FCL capped configura tion  w ith  m a teria l o f  rela tive perm eability  10,000 in end caps. 
This shows effect o f  overflow ing f lu x  fro m  one lim b on the other. M agnetic fie ld  streng th  H = -634 

A /m  in lim iting  lim b and  H = 23700  A /m  non-lim iting limb.
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S h ad « d  P lot
|B| smoothed

Z

Fig. 6.19: FCL capped configuration w ith m a teria l o f  relative perm eability  100,000 in end cap. 
This shows effect o f  overflow ing flu x  fro m  one lim b on the other. Magnetic fie ld  strength  H = -845 

A /m  in lim iting  lim b and  H = 23,734 A /m  non-lim iting limb

The materials used in the end caps had different permeability from the material for 

the limbs (M4}. W hat 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 term ed 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

6 .S .2 .4 .  R e s u l t s , A n a l y s i s  a n d  D i s c u s s i o n
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reinforcement (during fault conditions), their inclusion into the six pack design has 

a technically sound basis, w ith economic m erit

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 .

0.9999

0> — 
c ’8
^  Q  0 .9990-
«J <
£ *5 R el.perm eab ility  = 1 x 1 0 2 

R el.perm eab ility  = 1 x 1 0 3 

R el.perm eab ility  = 1 x 1 0 4 

R el.perm eab ility  = 1 x 1 0 5 

R el.perm eab ility  = 1 x 1 0 6

■o0)w
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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 perm eability 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 w ithout 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 w orth noting tha t 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 M odel Sum m ary o f  Six Pack Design Im provem ents

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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A

▲ A A

DC
AC

▼ DC
AC

^ L e a k a g e

Fig. 6.21: Schem atic fo r  six  p a ck  (one p h a se  ), show ing  genera l direction o f  f lu x  during one h a lf  
cycle o f  fa u l t  From th e  d iagram  above, th e  m a jo r problem  o f  leakage flu x  w ith no pa th  betw een

both  cores is easily visualised.

The flux diagram shows tha t 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 w ith another phase since there is no designated easy path 

for it to flow through. One major im provem ent to this was the addition of a cap to 

the six-pack device betw een 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 reinforcem ent 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

J
DC

AC AC

Fig. 6.22: Schem atic o f  six-pack core w ith  cap added, show ing flu x  m odel o f  boost and buck flux.

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 of high 
permeability

DC coils

coils

Bottom end cap of high 
^perm eability

Fig. 6.23: Capped six pack design,w ith m ultiple 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 perm eability of about 10,000] to implement the low 

impedance bridge and prom ote 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 m easured values and FEM calculations. The 

combined approach has helped no t 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. Sum m ary

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 m erits of each design feature were examined 

and explanations given for why they im proved 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 norm al 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 tha t 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 transien t 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 betw een FEM software in their inductance 

calculations, along with some im portant aspects such as time step considerations 

and incremental inductance step size th a t need to be considered when simulating 

transient models using FEM softw are like MagNet™.

7.2. Some C onsiderations fo r  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 am pere in a coil

N</>

I (7.1)

where <P 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 in terest 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 0 /d l  for determining the inductive 

response

b) the back electromotive force induced in a coil

where /  is the current flowing in the coil, and e is the emf in the coil. This definition 

is analogous to the inductance a t 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

r  ^ 1£ =  - L ---- (7.2)
d t

(7.3)
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This is analogous to the area betw een 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 th a t affect the formulas and hence their accuracy in 

predicting the appropriate inductance of a system [3].

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

In the mathematically based FCL model - th e  voltage driven model (VDM)-developed 

in Mathematica™ during the earlier stages of this w ork (see Chapter 5), an absolute 

inductance scheme was adopted and modified accordingly. This was because it was 

not possible to numerically approxim ate 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 ferrom agnetic core, which took into account the leakage 

fluxes.

The usual formulation for inductance used in engineering applications is

,  (U0Ju rN 2A

I  ' (7A)
where I is the length of the solenoid, A is the cross sectional area of the coil, nr is 

relative permeability, and is the perm eability in free space. Given the dependence 

of the relative perm eability on the //-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 

d x  of coil, generating a contribution to the inductance dL. By substituting <P = BA and 

B = n0nrH, where H is the local value of magnetic field, Eqn. 7.4 becomes,

W , H A N  

I I

Both field H and relative perm eability fir can vary with position x in the core, and 

therefore integrating along the entire length of the coil gives,

1x=—
2

I  I J , K W  (7 .6 )
X=---

2

This represents a generic equation for the inductance of a solenoid which 

magnetises a core w ith variable field distribution and hence permeability. Eqn. 7.4 

can easily be deduced from the above by making the assumption that the

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

and Eqn. 7.6 results in Eqn. 7.4. That is :

1jt=—
2  . . . .  A A T  2L n 0n rA N  Ni  ' _ v 0n rA N

I  l '  I J , I
x=----

2
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Thus if the modified expression for the //-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,

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 increm ental inductance response which can be calculated using the 

slope of the current-flux curve will the m ost 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 tha t if the perm eability 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, bu t 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 

on the method of calculation of the characteristics of the magnetic material. After

x = —

dx (7.7)
2
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acquiring m easurem ents 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 m aterials 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 curren t directly determ ines the magnetic fields on the core). 

Faraday's Law still holds bu t inductance is different w hether 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,

d(j)

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 em /given by Eqn. 7.8. Since all 

these emfs are in the same direction, they will add up in series so that the total emf 

induced in the coil will be

,  r  d(b dA

where A = N<P is the total flux linking the coil.

Now, assuming that the only tim e-varying quantity is the coil's current, we have.
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(7.10)

where £ d c ( x )  *s non-uniform, position on core dependent, DC bias magnetic field 

which is present even w hen the line curren t 7(t) = 0. Let this flux be denoted Ao 

which is nonzero and constant w ith time. Substituting Eqn.7.10 into Eqn. 7.9 and 

using the chain rule leads to

dA dl
dl dt (711)

If the incremental inductance is assum ed to be dependent on the DC field bias field 

and the AC field produced by the AC curren t per time step, then

L = L(I( t ) ,BDC(x)) = ^  (Z12)

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 

Eqn. 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 71(7) curve) around a specific 

operating point (I(t), Bdc), 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 im plem ents a static solution at two small time steps in either 

direction of the point of in terest in order to obtain fluxes Li and L2  corresponding to 

two different excitation currents Ii(t) and h(t). Inserting these values in Eqn. 7.10 

gives;
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A-l(^l) ”  L Ii + A q

A2 ( t  2 ) = L I  2 + A 0
(7.13)

and subtracting these equations finally leads to,

(7.14)

This equation produces the increm ental inductance of the FCL per solver time step, 

and dependent on the curren t on the AC line. This formulation of the incremental 

inductance produces the m ost accurate value of inductance for this particular 

electromagnetic device.

7.3. Transient Inductance Mapping fo r  Circuit Param eter Selection, 
Using FEM Calculations

In order that functional com parisons betw een models can be carried out, a method 

of comparing the inductances calculated for the configurations w ithout 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 assum ption m ade 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 m ade to provide a database of possible inductance values 

for different changes in AC/DC turns. This could be used as a reference to determine
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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 w hat 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 a t 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].

Fig. 7.1: Inductance m ap fro m  tra n s ien t so lver show ing  inductance m ap fo r  1 coil turn AC and
DC.

Inductance,
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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 m agnetisation force [Nxl) map (since it is one 

turn per coil}, shows an increase in inductance with a simultaneous increase in both 

the DC and AC m agnetisation 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 tha t invariably produces a larger net 

inductance.

Secondly, it is also seen from the graph th a t a high level of inductance can be 

obtained with lower values of DC cu rren t (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 betw een the AC and DC coils, and provides a start 

point from which models can be com pared, by building in these num bers into the 

FCL design.

The use of the inductance map is sim ply indicative and acts as a visual aid in 

recognising the possible DC/AC coil and m agnetisation combinations that could be 

beneficial to the FCL in term s of the inductance which can be obtained from such 

combinations. It gives not only an idea to w hat am ount of DC bias current is needed 

to limit a particular am ount 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 m any param eters 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. Furtherm ore 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 o f 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 in terest in these calculations becomes very important. 

In calculating the increm ental inductance about a point using Eqn. 7.14, the 

increment AI, has to be such tha t 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 Al for the transien t calculations herein, many measurements at 

different Al values w ere attem pted in order to find an appropriate AI for the 

inductance calculations.

Fig. 7.2 shows the result of changing the current increm ent values on the inductance 

calculations.
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1 .4  -

Current Increment

0 .0 -

0 3 0 0  6 0 0  9 0 0  1 2 0 0  1 5 0 0  1 8 0 0

C u rre n t,l (A )

Fig. 7.2: Increm ental inductance calculations using d ifferen t curren t increm ents A I, against the  
current value a t po in t o f  in terest. D eviation o f  inductance value show s inappropriate  AI in u s e .

As seen in the graph, different AI 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 AI of 

0.2A I used makes this increm ent unsuitable for use compared with say 10A. The 

consistency of the graphs with AI betw een 2A and 60A (as shown by the overlaying 

of their graphs}, makes them  possible for making AI choices for the calculations. 

Thus the current increm ent 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 w ere done.

7.4.2. Comparison betw een  M easured  and Calculated Inductance fo r  
Modified Six pack  Design

The initial prototype under study consists of the six pack model with a modification 

of having 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 o f prototype six pack design modification used in the insertion impedance
calculations;

Other circuit parameters included:

• Number of AC turns, N ac = 60,

• Area -core = 0.0064m2,

• Number of DC turns, Ndc = 4x100,

• Height of AC coil, Htac = 390mm

• Measured aircore inductance = 92.2 pH

The measurements and calculations were taken independently of each other. The 

inductance measurement on the FCL prototype were provided by the industrial 

partner [6]
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Fig. 7.4: Insertion inductance measured and calculated for FCL design in Fig 7.3 showing
agreement

There is a reasonable agreem ent of both m easurem ent and calculated values, with 

the agreement improving with the magnetisation force, as shown in Fig. 7.4. The 

measurements and calculations are both compared to the aircore inductance that is 

the inductance of the FCL model when the ferromagnetic core is removed, hence 

making the model an aircore FCL. The discrepancies between the values can be 

attributed to some m easurem ent errors and also the intrinsic differences that exist 

between the real steel core, and its modelled anhysteretic representation in the FE 

software. Below 40 kAmp-turns, there is significant noise in the measured values 

and hence these values w ere not included in the analysis.

Another method used in establishing agreem ent between the inductance calculated 

and that m easured was to m atch the measured inductance and the permeability 

curve being used in the modelling simulations. The reason for using this is that if all 

other factors are kept constant in the modelled system but for the core material’s 

level of magnetisation, then the inductance (and hence impedance] calculated has to
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be comparable with the perm eability curve [LaK./u), where K is AN'
I

.This

agreement as shown in the Fig. 7.5 confirms the agreement between the modelled 

and measured FCL models.
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Fig. 7.5: Graph o f  p erm ea b ility  o f  core, a g a in s t m easured  insertion inductance (reactance)
show ing  g o o d  agreem ent.

With this agreement, the model built in the FEM software can be judged to give an 

appropriate representation of the FCL design prototypes, and hence more studies 

could be carried out on the models w ith a high level of confidence in the results.

7.4.3. Comparison of Six Pack Design Calculated Insertion Inductance 
between Different FEM software packages

In the course of constructing the FCL model and preparing for its use in external 

networks, characterizing its insertion inductance is of utmost importance. The 

insertion inductance is the inductance which the FCL presents to the power network 

under normal operating conditions. Ideally, the device should be electrically
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'transparent' under normal operating conditions so as not to add to the impedance 

of the circuit.

This study examines the am ount of DC magnetisation necessary to achieve such 

transparency and how the insertion inductance changes with different FE software 

(MagNet™, ANSYS™ and COMSOL™). These software packages were chosen for 

comparison because they are the m ost commonly used packages for design of 

electromagnetic devices such as the fault current limiter. The study was aimed at 

finding out not only if the inductance calculations vary from one FEM package to 

another, but also to make sure the quoted insertion inductance (which is an 

important param eter for this particular device) could be confidently and 

independently verified, no m atter the software in use.

After adopting the increm ental inductance method of measuring the inductance of 

the coil, the linkage flux a t every current level is obtained by integration of the flux 

over the internal surface of the AC coil (including the surface of the ferromagnetic 

core). This result is in tu rn  divided by the AI introduced in the AC coils while the DC 

circuit provides the external perm anent field, and the inductance is calculated as per 

Eqn. 7.14.

A comparison of the insertion inductance (calculated at the AC coil) will give 

confidence in the transien t m easurem ents and current clipping capability studies to 

be carried out subsequently.

Insertion inductance m easurem ents w ere performed for a single phase double core 

prototype with two different DC biasing types; symmetric and asymmetric, and 

compared to the FE calculated values. The symmetric bias includes exciting all 4 DC 

coils in the same direction while the asymmetric bias entails exciting both pairs of 

coils with DC currents in opposite directions. Further calculations were carried out

M ethods
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while modifying the design by inserting an end cap (whose other advantages have 

earlier been discussed) between the two cores, in order to quantify the 

improvement of the end cap in lowering of the insertion inductance of the device.
1.7E-03 ■ -............................................................................... -..................................................-............................-................   -.  •

-  -  -  M easured inductance with no end  cap 
1. 6E- 03. . .  ANSYS symmetrical biasing with no en d  cap

1. 5E- 03-  -  -  COMSOL symmetrical biasing with no end cap
* -  * M agNet Symmetrical biasing with no end  cap

1.4E-03---------------------------------------------------------------------------------------------------------------------- M easured inductance with M4 en d  cap

1 . 3 E - 0 3 A N S Y S  asymmetric biasing with M4 s tee l end cap
— —COMSOL asymmetric with M4 end  cap 

1. 2E-03— — Ma gNe t  asymmetric biasing with M4 end cap

X* 1. 1E- 03'  ' *  " M agNet symmetric biasing with no e n d  cap

2  1.0E-O3 
c
2  9.0E-04
3
■g 8.0E-04

=§ 7.0E-04 u
O  6.0E-04 
<

5.0E-04

4.0E-04 » ,  ^ * r ; '  ' '  . Symmetric bias Asymmetri«
'  *■ - model bias model

3.0E-04 ' ^
" -  .  . V* i  - 2- .

2.0E-04 "................................................................................. .................... ; .V » .  . . . . . . . . . ..............................

1.0E-04

O.OE+OO --------------1------------- ,------------- T------------- 1-------------- 1--------------.------
25000 35000 45000 55000 65000 75000 85000 95000 105000 115000 125000 135000 145000 155000

Total DC, Amp-turns

Fig. 7.6: Insertion inductance m ea su rem en t com parison fo r  different FEA program s fo r
asym m etric  and sym m etric  biasing

Fig.7.6 yielded many results which justify the usefulness of asymmetric biasing and 

the end caps in the FCL design. These include:

• Firstly, there is relative agreem ent with different configurations of the model 

using the three different FEA packages. The differences can be attributed to 

the model construction differences in all of the packages. They all do 

however agree that increasing the ampere turns on the DC coil will reduce 

the insertion impedance of the FCL on the network as seen by the reduced 

slope in all the simulations with increase in magnetising force.

• Secondly, they point to the fact that when an end cap ( of a ferromagnetic 

material) is added between the FCL cores limbs, it takes less ampere turns of 

magnetising force to obtain the same insertion inductance (as shown by the
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black dotted line). This is seen by the difference in symmetrically biased 

inductance calculations for the MagNet simulations between the model with 

and without the end cap. This supports the fact that an end cap is a 

favourable design addition to the FCL, not only during fault conditions (on 

capped and uncapped FCL studies), but also in helping to reduce the amount 

of DC coil tu rns needed to ensure an acceptably small insertion inductance. 

This means, less pow er needed for the DC coil and hence, less operational 

costs for the FCL.

• Lastly, the figure shows a test run of reversing the bias on both cores of the 

device, hence making them  opposite to each other during operation. Fig. 7.6 

shows that once the bias is made asymmetric such that the coil fields oppose 

each other (which is w hat happens during fault conditions) it is observed 

that the group of m easured curves shifts to the left hence signalling less 

magnetising force needed to achieve the same insertion inductance.

The study has given an insight into the use of the end caps by comparing their 

influence on the insertion inductance values. Furthermore the discrepancies 

between different packages, though in agreement with one another, pointed 

towards the idea of using a single FEM software only, throughout the project as a 

standard to foster consistency in calculations and analysis. It has also revealed the 

advantage of asymmetric DC biasing over the symmetric model, in this particular 

FCL design.

7.5. Transient FEM study of the FCL's Fault Clipping Perfomance 
(Single Phase Six Pack Model)

After establishing the baseline for the insertion inductance and comparing their 

values between the various FEM software packages in use on the project, a study 

into the actual perform ance of the FCL was necessary.

M ethods
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A large am ount of the FE w ork done so far was geared at understanding the 

functional aspects of the FCL, and how the various parameters could affect the FCL. 

In addition, some design considerations w ere looked into and the initial FCL designs 

were modified with the aim of providing possible improvement ideas to the building 

of the FCL. Hence an FE transien t model for an MV power circuit was built in 

MagNet™ to analyse how the FCL functioned and evaluate its fault clipping capacity. 

The transient model circuit tests w ere designed with the following specifications:

• DC voltage,Vdc = 195,kV

• DC circuit resistance = 1000 Ohms.

• Total DC bias = 4 DC coils x 100 turns per coil xl95Amps = 78 kAmp-turns

• Frequency = 50 Hz.

• Line voltage, Vrms — 660 *sqrt(2) V

• Load resistance, Rioad=9.6 Ohms.

• AC coil resistance, Rac = 0.021 Ohms

• Source Inductance Ls = 707 pH ;(Xs = 0.222 Ohms)

• Source resistance, Rs = 0.014 Ohms.

The following steps w ere used in setting up the circuit to simulate the basic MV 

circuit with the specifications listed above:

• The FCL model built in MagNet was represented by the two AC coils of the 

FCL over which the inductance introduced by the FCL can be calculated.

These coils are used in limiting the positive and negative half cycles for one

FCL phase in the MV circuit. The circuit consists simply of a voltage source 

and a purely inductive load. A switch is used to introduce a short circuit 

before the load branch, hence introducing a fault current into the setup. The 

DC circuits for both pairs of DC coils on the FCL are independent circuits with 

a direct DC current source.(Fig. 7.7)
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• The voltage across the AC coil terminals (Vaci and VaC2) are calculated and 

summed up to provide the total voltage across the terminals of the FCL as a 

function of time, and the fault current in the AC circuit as a function of time, 

was calculated from this value.

• The model was run with the normal load resistance for one cycle (20 

milliseconds) to establish stable conditions for the FCL-included MV circuit 

(that is, w ith low insertion inductance as evidence by a negligible steady 

state rms curren t am plitude reduction in the circuit).

• To introduce the fault, the load resistance is changed to zero (by use of a 

switch on a line of zero resistance). Thus, the source impedances and the 

back emf across the FCL are the only elements controlling the current that 

now flows, which is in fact, the circuits' fault current.

• A voltage source and a resistance combination are employed to produce the 

biasing DC current to the coils ra ther than a pure current source. This is in 

order to make the circuit attain steady state quickly without adversely 

influencing results or increasing simulation run time.

• It should be noted tha t the air core inductance of the AC coils in series, 

w ithout any ferrom agnetic material, will have a natural fault current limiting 

effect on the AC line current. This was earlier measured from the prototype 

to be 92.2 pH for a single coil or 184.4 pH for both coils in series. To establish 

a base AC line curren t waveform, the line current is calculated without any 

FCL in the circuit by simply eliminating the AC coils from the fault generating 

MV circuit. This provides a baseline current waveform to which the current 

limited waveform th a t results from including the FCL can be compared.

The MV circuit setup for this study is presented in Fig. 7.7:
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T1 T1 T2 T1 T2
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a t  i l l
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0 000707 014

Fig. 7.7: a) DC circuit and, b) AC circuit setups for transient study. Pulsed voltage sources (V2
and V3) are used along with resistances R1 and R2 to provide constant DC current Switch SI

introduces short circuit.

With the setup in Fig. 7.7 and circuit specifications, the simulations were run to 

ascertain what was the current clipping capacity of the FCL both with and without 

the ferromagnetic material. A tim e step of 0.001s was used with the fault current 

inception after one cycle (which takes effect once load resistance is shorted by 

switch SI) and it was left to run for 4 m ore cycles.

A preliminary test of the DC setup was run is to check the output for the DC current 

to make sure it was constant as needed.
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Fig. 7.8: DC cu rren t ou tp u t fro m  one o f  4 DC coils, show ing constant DC current throughout 
transient so lver te s t sim ulation. S teady s ta te  conditions are arrived a t very quickly as expected.

Apart from an initial stabilizing time a t start of the simulation, the rest of the 

experiment runs virtually on a constant DC bias current as expected at 195A per coil 

as shown in Fig. 7.8. The spikes on the erstwhile constant DC current do show that 

there is an interaction between the DC circuit and the AC circuit, but it is not big 

enough to alter the DC coil's prevailing magnetisation direction.
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Fig. 7.9: C urrent w aveform s fro m  FCL tra n sien t study on FEM, showing the circuit w ith and  
w ithout the FCL. A w aveform  w ith  an aircore FCL is also included to show  the lim iting capacity it

exh ib its w ithou t a ferrom agnetic  core.
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From Fig 7.9, the following points are deduced for the FCL design model simulated:

• There is an inherent limiting capacity of the aircore without the M4 steel 

core, as is evident from the clipping of the line current when the FCL has no 

ferromagnetic core.

• By introducing the ferrom agnetic M4 steel core, more clipping of the line 

current is achieved [due to its flux concentration properties), though some 

am ount of distortion of the waveform is noticed as the core cycles between 

high and low im pedance regions. The core introduces more clipping than the 

aircore and justifies the inclusion of a ferromagnetic core into the FCL, as it 

enhances its performance.

• Two representations of the M4 material are used in the study; one being the 

native M4 steel representation in the Infolytica Magnet™ software, and the 

other being the m easured M4 anhystereric material representation from 

Chapter 3. Both substitutions give consistent and similar results hence 

validating the point the M4 steel anhysteretic representation and 

characterisation done earlier is consistent with those done in industry.

Without the cores, there  is a 25% reduction in the fault current accomplished by the 

aircore, or self inductance of the AC coils. When the ferromagnetic core is 

introduced, there is a 44%  reduction in the peak fault current. This shows the 

benefit of introducing the core during the fault. With proper biasing of the DC circuit 

(higher saturation of core), the effects of such high inductance can be minimised 

during normal operating conditions.
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7.6. Performance Analysis Circular Compact model Using FEM 
Transient Solver (3-phase Simulations)

FE transient solver simulations and analysis w ere performed on a 3-phase circular 

compact FCL model, in a bid to analyse the performance expected of the whole 

device in the network w here it is implemented. This circular model is a simple 

variation of the six pack model, but with the ferromagnetic cores all arranged in a 

circular manner, and the DC coils (two) enclosing all six ferromagnetic core limbs 

(two per phase). The FCL was to be placed in a MV network with 1.25 kA nominal 

load current, and 19.6 kA peak asymmetric fault current. In the previous studies, 

only single phase simulations have been carried out because of their simplicity and 

under the assumption that the phases are independent of each other. In this set of 

simulations 3-phase tests w ere undertaken this time in order to confirm the absence 

of inter-phase interactions, and also to get a complete picture of FCL performance. 

Figs. 7.10 and 7.11 respectively are the FCL model structure and the network in 

which it was implemented.

Ferromagnetic
core

► AC coil

DC coil

Fig. 7.10: S tructure o f  new  circular com pact FCL
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M easurem ent
terminals

V oltage-113 k V  
Phase -  240 degrees

Fig. 7.11: Schematic of circuit constructed in MagNet, implementing 3-phase circular compact
model of FCL in MV network.

The circuit was constructed simply by isolating each phase into its separate circuit 

and distinguishing them  by making the AC voltage sources to be 120 degrees out of 

phase with each other. Hence each of the phases, though electrically independent 

from each other, w ere able to in teract electromagnetically.

The values used for the circuit w ere modified to assure a peak asymmetric medium 

voltage typical fault level of 19.6 kA as follows:

Source voltage = 11.3 kV (L-L)

Source resistance = 0.0176 Ohms 

Source inductance = 0.00337 H 

Load resistance = 4.4 Ohms

Load inductance = 0.00678 (calculated from X/R ratio of 60].
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Furthermore, the m easured anhysteretic M4 characteristic being used was made 

into an anisotropic m aterial w ith the orthogonal direction being incorporated into 

the material properties.

Fig.7.12 shows the 3-phase results obtained by selecting a time step of 0.001 

ms
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-20000

Ph. A with FCL 
Ph.B with FCL 
Ph.C with FCL 
Ph. A with aircore 
Ph. B with aircore 
Ph. C with aircore 
Ph. A without FCL 
Ph. B without FCL 
Ph. C without FCL

5 0 100 

Time, ms
150 200

Fig. 7.12: Compact FCL cu rren t w aveform  show ing  curren t lim iting  fo r  3-phase circuit, a t 0.001
ms.

As seen in Fig. 7.12, the aircore impedance offered to the circuit, clips the current 

from 19.6 kA to 18.4 kA (6.1%), while the M4 steel FCL clips the fault current to 15.3 

kA (21.4%) at peak fault. Under steady state, the aircore clips the current from 15 

kA to 14 kA (6.7%), while the M4 steel FCL clips the current from 15 kA to 11.7 kA, a 

22% current limiting capacity. It is good to note here that because of the 

independence of the 3 circuits, there is no inter-phase influence seen in the results. 

The results further confirm that the ferromagnetic core definitely helps the 

performance of the FCL.

If we compare the phase A of the previous six pack configuration (Section 7.5) with 

that of the current FCL configuration, it is evident that the previous design limited
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more of the fault curren t [44% to 21.4%). But the fault levels which are limited are 

higher, and the DC bias is also smaller in present design. These aspects can lead to 

better size and cost benefits, and hence make the circular compact design a very 

viable design to be used in the FCL.

7.7. FEM Transient Solver Investigation of Performance of Circular 
Compact Model with Copper Shield

Considering the large am ounts of fields produced by the AC and DC coils, and the 

potential of disruptive coupling betw een these fields [ especially on the DC side of 

the model), FEM analysis was carried out to investigate w hat the effects of such field 

interactions will have on the DC coils and the performance of the FCL as a whole. 

Ideally, the FCL should consist of two independent electrical circuits which are 

electromagnetically coupled only at the core limbs for maximum inductance gain, 

but the fact is that negative emf will be induced in the DC coils, hence bringing down 

the effective magnetisation.

A solution to this is the eddy current cancellation method [7] of passive shielding by 

the introduction of a grounded conductor (in this case copper) between both 

circuits, in order to shield the AC circuit field effects on the DC circuit side. Here the 

eddy currents produced in the shield by the AC current in turn generate magnetic 

fields that cancel out the incident AC fields. A cylindrical copper shield of 4cm 

thickness was introduced into the FCL design of the circular compact model as 

shown in Fig.7.13.
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Shield AC coil

Fig. 7.13: Top and side view  fo r  sh ie lded  FCL a t 50m s in the transien t sim ulation w ith h a lf o f  the
DC a n d  copper sh ield  removed.

— P hase  A without FCL 

— P h ase  B without FCL 

P h ase  C without FCL 

P h ase  A with FCL 

— *PhaseB with FCL 

— P hase C with FCL 

•“- —P hase  A with FCL shield 

P h ase  C with FCL shield

Fig. 7.14: Transient solu tion  fo r  FCL AC line curren t clipping perform ance with and w ithout
pro tective copper shield.
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Fig. 7.14 shows no significant reduction in performance of the FCL with the copper 

shield present. The maximum current clipping still occurs at 13.4 kA of the 17 kA 

peak prospective current. The shielding does however help in limiting the disruptive 

coupling with the DC coil. It how ever introduces some distortion in the waveforms 

at the first current wave cycle. This effect seems more a result of the transient solver 

difficulties and issues with numerical convergence parameters, than to an actual 

physical effect of the FCL. From these simulations, we can conclude that the shield 

does not affect significantly the perform ance of the FCL, at least in its clipping 

capacity.

7.8. Effect o f FEM Transient Solver Time Step in Performance 
Simulation o f FCL

In the course of simulating the FCL in various test runs using the transient solver, 

the dependence on the accuracy of the solution on the chosen time step was 

encountered and investigated.

Given that the simulations are run at 50Hz (power line frequency) with each cycle 

taking 20 ms, the tests w ere made to run for 200 ms, with transient sampling of 

about 0.5 ms , which represents 40 samples per cycle. The switch was programmed 

to shut at 80 ms, thus introducing lower resistance path, and hence fault current.

Unlike the static m easurem ents for inductance where a linear region was sought out 

to obtain the right curren t increm ent as shown in Section 7.4 above, there is no 

precise method of determ ining which time step to use in the simulations and this 

can result in large errors , if the choice is not properly researched and chosen. The 

choice of time step has to be an approximate decision which is dependent on the 

knowledge of the functional principles of whichever device is being modelled.
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In the example of the FCL being modelled, due to the magnetic 'softness' (high 

permeability and low hysteresis) of the ferromagnetic material in use, the area of 

highest incremental perm eability (steepest part of anhysteretic curve) and hence 

highest inductance is easily reached w hen magnetised. The H-field (approx. 89 A/m) 

needed to approach saturation is quite small, hence a wrong choice in time step 

could easily cause the sim ulation to skip over this area of maximum inductance gain, 

and hence severely limit the clipping capacity of the model during simulation. This 

means that the sampling rate of the AC line current (on which the AC fields are 

dependent) are not adequately sampled, and areas of high current magnitude on the 

sinusoidal waveform w ere not considered. Subsequently, the AC line current never 

opposes the DC field enough to bring the operating point into the area of high 

inductance. This can resu lt in large simulation errors and hence is a point of major 

consideration during any transien t simulation of an electromagnetic device.

To illustrate this point, the initial sim ulation time step used on the FCL was chosen 

arbitrarily as 0.5 s (40 sam ples per cycle).
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Fig. 7.15: In itia l tra n s ie n t te s ts  show ing  circu it w ith, and  w ithou t FCL w ith 0.5 s  tim e step.
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As can be seen from Fig.7.15, the fault clipping due to the full FCL is not as large as 

expected (8.1% at peak and 9.55% at steady state), and the aircore FCL clips almost 

as much as the M4 steel core FCL. This is an erroneous simulation as a larger current 

clipping value of 24.1% at peak current and 22% at steady state, is expected as 

earlier shown in Section 7.6.

In order to further investigate this anomaly, the DC current was varied between 1A 

and 500A of DC current in order to eliminate the circuit param eters as the source of 

the anomaly. The reasoning being tha t if the problem was FCL circuit model-based, 

then varying the DC curren t would not change the clipping at all during the run. It 

would also serve a purpose of confirming that the FCL is functioning as required, if 

at low DC (1A), there is noticeable clipping during normal operation. This will prove 

that the fault clipping is being carried out as it is supposed to be, given that under 

normal operating conditions, the ferrom agnetic core at the operation point will be in 

a region of high perm eability (not fully saturated), and hence there will be a large 

inductance present on the circuit, leading to current clipping for the normal load 

current (not desirable for real FCL implementation). Furthermore, a higher DC 

current which will bias the core even further into saturation should result in little or 

no increase in current clipping over the aircore FCL, given that the bias point moves 

even further into saturation, hence increasing the capacity of the FCL to clip the 

current. Fig. 7.16 shows the results of this DC current study.
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Fig. 7.16: FCL test current waveform, with varying DC current (1A and 500 A), with a 0.5 ms
timestep.

As shown in Fig. 7.16, w hen the DC coil current is reduced, the operating point of the 

FCL is moved into an area of high insertion impedance and hence there is clipping of 

the current waveform even under normal operating conditions as expected. Also, 

when the DC coil cu rren t is increased to 500A, a slight increase in clipping is noticed, 

as expected. These sim ulation runs show that the FCL is working as expected, and 

hence the FCL model setup is not the cause of the erroneous fault clipping results.

As a consequence, the next set of simulations comprised changing the time step 

through different values (0.5 ms to 0.0001 ms) and comparing the effect it has on 

the phase A line cu rren t of the FCL.
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Fig. 7.17: Compact FCL phase A current waveform showing effect of different time steps.

Fig. 7.17 points to the fact th a t the choice of time step will chknge the results 

obtained in a transien t simulation, hence care should be taken when conducting 

such simulations in FEM. The fault clipping levels changed as the time step was 

made smaller from 0.5ms to 0.001ms. Furthermore, Fig. 7.17 shows that this 

decrease in time step has a low er limit below which further reduction in the time 

step will not increase the accuracy of the simulation any further (0.001 ms to 0.0001 

ms). But given the extra tim e and computing resources required for every reduction 

in time step, a com promise tim e step has to be chosen which gives enough accuracy 

in an accepted am ount of modelling time. In these simulations, the time chosen was 

0.001 ms.

7.9. Summary

In this chapter, the inductance types and calculations have been examined in order 

to find the appropriate m ethod of comparing the inductances of various FCL design 

models. The insertion inductance of the FEM models were compared to those
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measured from actual prototypes in order to authenticate the FCL models. The 

performance of various models and design modifications were then assessed using 

the FE transient solver. Finally, an examination was carried out on the effects of the 

choice of time step in transien t simulations and how they altered the results of the 

modelling of the FCL.
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Chapter 8. MV Power System Modelling of FCL in PSCAD
and FCL Model Comparison (PSCAD and VDM)

8.1. Introduction

In the mathematical modelling of the FCL and the study of the use of FEM in the 

design of the FCL, there has been a recurring limitation to these methods. This is the 

limitation of being unable to appropriately model the power network in which the 

FCL will be utilised. This aspect of the FCL model development is very im portant as 

it presents the actual setup in which the device will be implemented. Building a 

more realistic model of a typical MV netw ork in which the FCL can be implemented 

will provide the best conditions under which the FCL model's applicability can be 

assessed, and its functionality evaluated.

In this Chapter, a model of the FCL is constructed in a power system simulator 

PSCAD™ . Some of the problem s encountered while constructing this model have 

been examined, and its functionality in a network has been studied. Finally, the 

PSCAD model has been com pared to the VDM mathematical model of the FCL, in 

order to evaluate the consistency and accuracy of these models in relation to the 

values m easured from real prototype tests. This Chapter will point out the 

limitations of the PSCAD model, and also highlight the disparities encountered from 

model to model in this anhysteretic design development.

8.2. Use ofFCLs in Medium Voltage Power System

Distribution netw orks are generally divided into zones which contain protective 

equipment that are responsible for the protection of the given zone [1]. This 

switchgear equipm ent should prevent distribution network component overstress
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or failure, by m aintaining the quality of power that is supplied to customers whilst 

considering the safety of personnel [2].

The continuous grow th of the electricity demand around the world has invariably 

led to an increase in short circuit currents on the power grids [3],[4]. This is 

because the additional loads and generators (usually decentralised generation) that 

have been added to the pow er netw ork generate more voltage overloads and sags 

than the original sw itchgear w ere rated  to handle. The penetration of this 

distributed generation (DG) poses challenges for the protection coordination of 

passive networks [5], one of such challenges being their significant contribution to 

an increase in the fault currents. Although inverter based DG may contribute limited 

fault currents, synchronous DG system s may feed higher sustained currents if they 

lack control capabilities through the use of power electronic interfaces [6]. 

Induction generators fail to sustain a high fault current due to the absence of a self

excitation system [7].

A questionnaire based survey from CIGRE WG A.310, acquired 53 responses from 14 

countries in the European Union from which 84% identified the need for current 

limitation in HV or MV levels [8]. A num ber of techniques exist to limit the fault 

currents as discussed in Chapter 2, which include the use of FCLs [9].

8.3. Development o f the PSCAD FCL Model

8.3.1. PSCAD Module Construction

PSCAD™/EMTDC™ is the pow er system simulator used in developing the model 

which could be directly im plem ented in power system networks. The FCL model 

was developed using a FORTRAN subroutine [Appendix 1]. This model 

(implemented as a control module in the software) represented the FCL on the 

network as an externally controlled variable inductor, whose value changed with 

the input current. The com putational efficiency and simplicity of this model resides
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in the derivation of m athem atical expressions for the non-linear behaviour of the 

ferromagnetic m aterial and the magnetic field profiles. These expressions have been 

developed in previous Chapters. Expressions incorporated into the module include 

the material function, H-field distribution function, and the inductance calculation 

function.

8.3.2. Material Function

The material function developed in Chapter 3 represents the properties of the soft 

ferromagnetic core m aterial used in the device as a flux concentrator. This was 

comprised of a non-hysteretic B-H curve;

c o t h

V V a j

a
H J

+  /u0H
(8.1)

In PSCAD this m athem atical function though mathematically well defined, 

encountered numerical difficulties a t the origin (to be further explained in next 

section) and was modified appropriately.

This analytic function, fitted to m easured data, is differentiated to obtain an 

equation for the non-linear perm eability of the core dB/dH in Eqn. 8.2, which 

controls inductance such that:

dB
dH

r

= Mo
C

h . ~~~z— - c o s eclt 
H 2 a

OyY

Ka J)
+1

J (8.2)
to avoid possible num eric difficulties, as the field approaches zero, Eqn. 8.2 is 
described as

dB
Mo +

B.
dH  '  v 3  a

with the a-param eter controlling the inclination of the curve.

(8.3)
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8.3.3. H-fleld Distribution Function

After extensive FEM modelling and m easurem ents in Chapter 4, a mathematical 

expression was derived for the field distribution in the core. This expression takes 

into consideration all the design param eters of the coils and the core, including the 

positions of the coils, therefore providing a more accurate calculation of the 

inductance. The magnetic field H as a function of distance x from the magnetizing 

coil centre for either coil (AC or DC} can be w ritten as:

where N is num ber of tu rns of the coil, L is length of the coil, /  is current in the coil, 

and D is diam eter of the coil. The shape function fshape(x) is taken as unity to a first 

approximation.

The resultant magnetic fields; H+ = Hoc - Hac and H. = -Hdc - Hac, are used for the 

positive and negative half cycles respectively. Here, Hac and Hdc are the magnetic 

fields produced by the interacting AC and DC currents respectively.

8.3.4. Inductance Function

The response of the FCL device to the AC line current is a change in the inductance 

of the variable resistor following the equations discussed in Chapter 7 and this is 

calculated from a derived equation:

(8.4)
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1x = —

r > ( ' ) ] = ^  / / w w *
l -1  l (8.5)

x =—
2

where A is the cross-sectional area of the AC coil, N is the number of turns in the AC 

coil, I is the path length, and fir(x) is the relative permeability of the core material a t 

a distance x from the point of in terest or operating point on the core.

All these com ponent equations w ere combined in the inductance equation (Eqn. 8.5) 

governing the FCL function to produce an electrical model that was easy to use and 

fast in its calculation of inductance and integration in external systems. Fig. 8.1 

presents a schematic diagram  of the control module and its constituent input and 

output components.

Time regulator
Control monitors 
for AC/PC fields 
& inductanceMaterial function

H-field distribution 
function

inductance 
output to circuitAC line current

Inductance function
To circuit

Fig. 8.1: FCL m odel sch em a tic  sh o w in g  co m p o n en ts in p u t and  o u tp u t com ponents.

The time regulator com ponent is a simple time initialisation routine for the 

inductance a t time t=0. This was necessary to introduce so that the inductance had a 

value at the s ta rt of the pow er system test run. A very small constant value (10-8H) 

was input at time t=0, after which the module calculated its output value from the 

constitutive inductance equation.
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The control m onitors w ere graphs plotting the field, the line inductance and 

material functions in real time.

8.4. Mathematical Challenges and Solutions fo r PSCAD module: The 
Singularity Problem and the a-value Problem

In building the PSCAD model, mathem atical challenges as per the validity of the 

equations used, w ere encountered. They constituted mainly of the mathematical 

limits to which the softw are could be taken, and solutions had to be sought in order 

for the model to be able to function around these numerical difficulties. These 

problems include the singularity problem  and the a-param eter problem:

8.4.1. The Singularity Problem

This consisted of an undefined value for magnetisation of the model when the total 

cumulative field Htotai (sum of AC and DC fields a t any time) equalled zero. It was 

noticed that the m odule functions as expected in the region where |H d c -H a c |= 0 .  The 

PSCAD screen snapshot below shows the distortion in the waveform whenever this 

region of the B-H curve w as approached, which m eant the H ac could not go higher 

than the Hdc as shown in the  Fig 8.2a.
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- H a c  
H dc

600 -

400 -

200  -

0 -

-200 -
X

-400 -

-600 -

0.0 0 2 0 .4 0.6 0.8
Time, s

■  Line current j ■  Base current
400 - i ......................................................... i.......| ............. ... -= .................

x: 0.227467811159 
0 --aaAi\!\AA/VWWW Line current:1: -6.85081970014 

Base current:!: -7.10463202525
IW V V W V W V

0.00 0.10 0.20 0.30 0.40 0.5Q 0.60 0.70 0.8Q I

b)
Fig.8.2: a.) Total H -field o u tp u t w hen  Hac> HDC, show ing  an erroneous lim iting  o f  HAc by HDc and  
hence b.) False d is to rted  clipping o f  line  AC current, com pared  to  the  base curren t w ith  no FCL

m odel in c ircu it

The problem was investigated and discovered to be due to the implementation of 

the material function in the PSCAD model. It was noticed that as H-> 0, the 

inductance function becam e unstable and was no longer representative of the 

material at such points (due to the numerical limits of the software). Also, bearing in 

mind that this curve of the M4 m aterial in use was fitted as an approximate 

representation over a very large range, the inaccuracies of such a fitting around
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point zero w ere preventing the PSCAD model from doing a fair representation of the 

FCL function.

The solution utilised for this problem  was to approximate the material function 

using a linear equation as the //-fields approached zero. The function Eqn. 8.1 was 

approximated by the first term  of its Taylor expansion such that

as H tends to zero in order to make it a well-behaved function w here B is the 

magnetic induction, a the anhysteretic curve param eter, H the magnetic field, fio the 

permeability of free space and Bs the induction saturation is used.

This formulation solved the singularity problem at H totai=0 but revealed another 

problem, here-term ed the a-param eter problem

8.4.2. The a -p a ra m e te r  P roblem

This problem caused the differential permeability to increase to extremely high 

values during the sim ulation run (with p r increasing up to 350000, due to the very 

low value of the a-param eter), and this in turn completely clipped the current, 

giving an artificial perfect clipping of the line current. The problem was traced to the 

fact that the a-param eter (which determ ined the inclination of the B-H anhysteretic 

curve) is a variable around the whole curve rather than being a constant value as is 

represented in the m aterial function equation. Hence the input value being used, 

though a good approxim ate for m ost of the modelling becomes unrealistically small 

for the steeper p art of the curve (region with highest permeability). Thus the 

existing initial m aterial function, though reasonably representative over the whole 

anhysteretic curve falls short in properly representing the material when the

(8.6)
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accuracy of the FCL is being investigated at the steepest part of the curve in 

PSCAD™.

The solution devised for this problem  was to improve on the present Langevin 

function used for the m aterial by introducing a second function that more closely 

represents the m aterial behaviour at the steepest part of the curve.

By going back to m easured curves and investigating which mathematical expression 

could be used, a piecewise approach was adopted. Two functions, a Lorentzian 

curve and the derivative of the Langevin function derivative were combined into a 

piecewise representation of the m aterial permeability. These are joined together at 

values where both functions intersected. The Lorentzian equation is itself made to 

be piecewise to account for both the positive and negative //-fields. This is achieved 

by implementing the transform ation f(x} = f(-x) which is true for even functions.

The modified Lorentzian function thus used is:

m = b 0 +

// -  B0 +

n
co

J y 4 (H  — He) + co J

( 2 A \
n

co

\ 4 { - H  -  H e)2 + co

for H > 0 and

for H<= 0 (8.7)
J

The param eter values obtained for the M4 steel from the curve fitting with the initial 

anhysteretic curve were: Bo = -346.7, Hc = 6.75, o) = 6.7, A = 1,312,031 

Combining both functions a t their intersection (at H = 24.2, and H =-24.1} produced 

the material function represen ted  in the following composite graph:
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350000

£  300000
P art  o f  Langevin der iva tive  d isca rd ed

E 250000
Q .

-53 2 0 0 0 0 0
on j

150000
M odified  Lorentzian

H-field, A /m
-60 -40 -2 0 4020

M o d if ied  L o ren tz ian  - J  ► Langevin der iva t ive  u sedivin derivative u s e d *

Fig. 8.3: Graphical rep resen ta tio n  o f  ho w  th e  tw o fu n c tio n s  are used in representing  the
p erm ea b ility  o f  th e  M4 s tee l m aterial.

This implementation gives us a better representation of the magnetisation between 

the H-field limits and a m ore realistic representation of the inductance even when 

the Hac> Hdc-

After these mathem atical issues w ere resolved, the PSCAD model was analysed, 

tested and validated against m easured data from an FCL prototype. It was then used 

to study the perform ance of the FCL in a generic model of a real UK MV power 

network.

8.5. Examination o f PSCAD FCL model Functionality

For the analysis shown here included, the FCL param eters used were:

I dc = 1 kA,

Ndc = 500 turns,

Nac = 10 turns,
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Mean path length = 2.6m 

AC/DC cross-sectional area = 0.015m2 

AC and DC coil height = 0.35m 

AC and DC coil diam eter = 0.2m

ACMultfac = 1 (This was given this value in order to eliminate its  effect on the 

analysis.)

All other param eter values w ere left unchanged as per the te st netw ork 

implemented in Chapter 7, w ith only the X/R ratio being adjusted to  give a peak 

prospective asym m etric curren t of 47 kA. These values closely rep re sen t th e  real 

FCL prototype.

8.5.1. Fault Analysis and PSCAD Model Performance

8.5.1.1. Triple Phase Fault Investigation Using PSCAD FCL Model

The first scenario tested  was the w orse possible faults -  3-phase line to ground 

faults. The fault was introduced simultaneously on each phase, and neither phase 

was at its zero crossing of axis. The diagram in Fig. 8.4 shows the results of this 

simulation.
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o
-20  -

-40 -

 Phase A without FC
  Phase A with FCL

Phase B without FC 
  Phase B with FCL

Phase C without FC 
Phase C without FC

0 .46 0 .4 8 0 .5 0 0 .5 2 0.54 0 .56 0 .58
Time, s

Fig. 8 .4:3-phase fa u l t  cu rren t show ing  clipping by FCL m odule in test pow er network.

The current clipping is perform ed for both positive and negative sequence faults to 

approximately 42kA from the 47 kA peak fault current. This represents a 13.1% 

clipping capacity, which is the 'w orst case scenario'. It is worth noting that the 

ACMultfac which usually com pensates for the inaccuracies in calculating the fields 

(as discussed in Chapter 5) has not been factored into this analysis. Secondly, it was 

readily seen that under normal operating conditions, the line current is not 

disrupted, and hence the FCL can be classified in this model as being 'transparent' to 

the network.

A closer look at the real-tim e functionality of the model as shown by the real time 

monitors, indicate how the model changes the line inductance with respect to the 

line current values as shown in Fig. 8.5:
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x
CDOca;
o3

T3
C

T i m e ,  s

Fig. 8.5: Inductance o f  3 -phase FCL control during 3-phase fa u l t

The graphs show that there is an increase in inductance of about 1600% from 

normal operating conditions when a fault is introduced into the circuit. This 

increase varies per phase, depending on the maximum fault current in that phase. 

The inset shows that under normal operating conditions, the FCL contributes a very 

small but expected am ount of inductance (insertion inductance] to the line.

Another area of interest was the effect of the insertion inductance, on the line 

voltage. An ideal FCL should have no over voltages during the transient stage of fault 

limiting. In the 'w orst case scenario' for faults introduced above, Fig. 8.6 represents 

the voltage response of the pow er circuit, as examined on phase A:
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0 .0 0 01 2

0 . 000 10
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V o lta g e  response w ithout FC L  
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0.8 0 .9

Fig. 8.6:Voltage response  to fa u l t  w ith  a n d  w ith o u t FCL on phase  w ith tim e o f  fa u l t  inception a t

The graph shows some transien t effects on the voltage when the FCL is introduced. 

But not only are these events very short in duration, they are also not large in 

magnitude. In fact, the transien t effects noticed at fault inception are well below the 

usual line voltage. Hence the FCL model reveals that the FCL poses no danger to a 

network in term s of over-voltages during fault currents.

A look at the H-field variations over the course of the simulation run shows how the 

AC and DC fields in teract (see Fig. 8.7).

0.5s.
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Fig. 8.7: H-field in teraction  betw een  HDC an d  HAC during 3-phase fa u l t

It was noticed from num erous runs of the PSCAD simulation that the condition Hac 

~  H dc was critical for the functioning of the FCL as the optimum performance of the 

FCL resulted when the H dc~  H ac condition was satisfied.

8 .5 .1 .2 .  S i n g l e  P h a s e  F a u l t  I n v e s t i g a t i o n  U s in g  P S C A D  FCL m o d e l

A series of simulation w ere undertaken with only single-phase line-to-ground fault 

on only one of the phases (Phase A). The fault currents due to such faults are usually 

markedly lower than those on 3-phase faults (worst case scenario). For this single 

line fault the FCL param eters w ere not changed from the 3-phase settings, in order 

to investigate how the FCL will behave towards smaller faults in a case where the 

parameters are set to limit of the 'w orst case scenario' fault currents.

In Fig. 8.8, a line-to-ground fault was introduced on phase A only at time 0.5s, which 

are the same conditions as for the 3-phase faults.
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Phase A without FCL 
Phase A with FCL
Phase B without FCL 
Phase B with FCL 
Phase C without FCL 
Phase C with FCL

-12
0 .49 0 .5 0 0 .51 0 .5 2  0 .5 3  0 .5 4  0 55  0 .5 6

Time, s
Fig. 8.8: Sing le-phase fa u l t  current, show ing  w aveform s w ith and w ithou t FCL.

With no changes in the FCL param eter settings, the smaller fault currents are not as 

limited as the large faults, but are limited by about 0.3% (not visible on graph). This 

means that the FCL still functions normally, although it would be relying on other 

power protection equipm ent (circuit breakers) to handle smaller fault currents if it 

is set to perform in the higher fault range. It is a positive to this FCL model that it is 

still able to contribute some am ount of fault clipping, albeit very small, even at these 

low fault current levels.

This study shows that the FCL settings are fault-level specific in that, they would be 

more effective at a set fault current range, and not as effective on others lower fault 

levels. A look at the //-field graph of this setting as seen in Fig. 8.9 shows the reason 

for the limited clipping. Given that the DC bias field had been set to limit worse case 

scenario faults, single-phase faults do not produce enough //-field to move the
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operating point of the ferrom agnetic core into a region of high permeability, and 

hence only a limited am ount of inductance is generated by the FCL.

1000  -

800 - Phase A 
Phase B 
Phase C600 -

DC

;  400 -

X  200 -

-200  -

0.45 0.50 0.55 0.60 0.65 0.70
Time, s

Fig. 8.9: H -field in teraction  betw een  HDC a n d  HAC during 1-phase fa u l t

Fig. 8.9 shows that the AC line current produced by the single phase fault does not 

generate not enough H-field to reach the Hdc bias field, and hence the inability of the 

FCL to significantly limit the fault current with those settings.

Contrasting Figs. 8.7 and 8.9 shows the reason for a visible clipping on the higher 

fault levels is the AC current-generated H-fields which are large enough to move the 

bias point into the region of maximum inductance gain as shown in Fig. 8.7. This 

capacity to be selective in limiting faults allows the model and hence the FCL to 

apply to various levels and magnitudes of fault currents.

It is desirable to rate the FCL for the 'w orst case scenario' fault on the power line, 

given that the other sw itchgear and protection equipment can handle the smaller 

faults.
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8.6. PSCAD m odel Validation and Performance Testing in Typical 
UK MV Power Network Setup

8.6.1. PSCAD FCL Model Testing and Validation.

The simplified pow er system  w here experiments on the prototype to validate the 

FCL model w ere conducted com prised of a 45-MVA, 132/11-kV transform er 

connected to a common bus b ar supplying a mixture of several domestic and 

industrial feeders. The results w ere obtained from a proof-of-concept set of tests 

carried out by the industrial p artner [10]. The single line diagram for the setup used 

is shown in Fig. 8.10 [See Appendix 2 for expanded circuit]

4 5 M V A
Z l m e  .    .  L o a d

/ A V I F C L

v A z y i
* •

1 3 2 / 1 1  k V

Fig. 8.10: Single line  d ia g ra m  fo r  th e  va lida tion  te s t runs o f  the FCL p ro to type  in the  m edium
voltage netw ork.

The experimental procedure included a large range of tests, six of which are shown 

in Table 8.1. These tests w ere duplicated in simulation as closely as possible (exact 

numbers w ere not achieved due to possible impedances in real network which were 

unaccounted for in testing report], using the FCL model to examine the behaviour of 

the model in the sim ulated network. This was in order to test the minimum limiting 

capacity of the FCL for the particular circuit.

Multiple fault tests w ere conducted, along with insertion impedance (inductance] 

testing, to confirm th a t the voltage drop due to the insertion inductance of the 

prototype was w ithin industrial standards. For this specific device, the voltage drop 

ratio was 0.8% of the line voltage.
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Table 8.1: FCL Testing Experimental and Simulated Results

E x p e rim en ta l R esu lts  (Industrial Partner)

T est ID

Line

X /R

ra tio

P ea k  P h a se  

P r o sp e c tiv e  

c u rren t (kA)

M axim um  

C lipped  

Current (kA)

P eak  Clipping  

(%)

1 22.9 7.4 6.2 11.1

2 19.8 20.8 18.7 10.2

3 19.7 31.4 27.6 12.2

4 26.3 40.3 20.9 15.1

5 21.6 52.4 43.5 16.8

6 44 63.1 53.1 15.7

S im u la tio n  R esu lts  (Current work)

T est ID

Line

X /R

ra tio

P ea k  P h a se  

P r o sp e c tiv e  

C urrent (kA)

M axim um  

C lipped  

C urrent (kA)

P eak  Clipping  

(%)

1 22.9 6.6 6.15 9.9

2 19.8 21.3 18.7 11.5

3 19.7 31.94 27.54 13.8

4 26.3 39.85 34.36 14.6

5 21.6 50.81 43.38 1.8

6 44 60.1 51.07 15.02

Table 8.1 shows good agreem ent betw een the sim ulated and experimental results, 

as all recorded values w ere w ithin a 4% erro r margin. Differences between the 

actual m aterial and its m odelled m athem atical representation, coupled with the 

inherent differences in the circuit sim ulation and the real-tim e testing conditions, 

can be cited for the d isparities noticed in the values.
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8.6.2. Application of SCFCL in the UK Generic Network

A UK radial MV generic ne tw ork  w as used to evaluate the behaviour of the FCL 

model. This specific d istribu tion  netw ork  serves 18,432 residential consumers, 

through a prim ary  substa tion  of 33 /11 .5  kV. The fault current levels of the modelled 

netw ork w ere com puted and  verified tow ards the simulation results published in

[11]. Fig.8.11 provides the  ne tw ork  schematic.

LOADa -  humped l i . 5kV feeder 

LOADh = Domestic lumped loads

Fig. 8.11: UK G eneric M V D istr ib u tio n  N e tw o rk  in to  w hich PSCAD m odel is im plem ented .

In this netw ork sim ulation, an equivalent DG model of 4.5MW was connected to the 

llk V  substation busbar. The FCL's location is shown in Fig. 8.12. This location was 

selected to lim it the fault cu rren t contribution from both the grid infeed and the DG. 

This way, a new  DG installation com bined with FCL installation could defer existing 

switchgear updates.

33/11 5kV
ll/0.433kV

500MVAA

Source
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33/1 1.5 kV  
Substation D G .

5 0 0  M V A

H  F C L

S o u r c e

Fig. 8.12: S ch e m a tic  o f  th e  s im u la te d  n e tw o rk  show ing  location o f  FCL.

8.6.3. Results and Discussion of FCL Model Implementation in Generic UK 
Network

The On Load Tap Changer (OLTC) m echanism s of the transform ers shown in Fig. 

8.12 are adjusted to keep the voltage betw een 1 and 1.01 p.u. The first requirem ent 

tested for, w as the  tran sp aren cy  of the device in real-time, because the voltage drop 

caused by an FCL during  norm al operating  conditions is of great im portance for the 

utilities. The m odel show ed negligible voltage drop (i.e. approxim ately 0.5%) during 

normal operating conditions. Fig. 8.13 shows the voltage (rms) during a three phase 

fault with and w ithou t the  FCL model. The m easurem ent was taken at the position of 

the fault (Fig. 8.12).
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0.2 V oltage with FCL 
V oltage w ithout FCL

0 .5  0 . 7 5  1 1.25 1.5 1.75

T im e  (seco n d s)

Fig. 8.13: Voltage d ro p  d u r in g  a  3- p h a se  fa u l t  on UK n e tw o rk  w ith  a n d  w ith o u t FCL m odel.

The maximum clipping capacity w as then  tested  to evaluate the behaviour of the 

model during a fault. The first peak short circuit curren t was clipped by 

approximately 50%  in less than  7 m icro-seconds as shown in the Fig.8.14 inset. This 

showcases no t only the  FCL's ability to clip a large percentage of the current, bu t it 

does so in the  first half cycle, thereby  enabling other protection equipm ent to 

function normally.

A test for repeatability  and reliability constituted of simulating a double fault w ith a 

Is  interval. This te s t w as to analyse the m odel's ability to provide fast recovery for 

multiple operations. Fig. 8.14 show s the results of a multiple operation test, w ith the 

SCFCL not suffering any loss in perform ance.
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It is evident tha t the netw ork PSCAD model displayed the required characteristics 

necessary for the FCLs' deploym ent in the UK networks viz; device transparency 

under normal operating conditions, a fast response time, substantial clipping 

capacity, and the ability to autom atically recover for repeated operation.

In general, the model results w ere consistent with experimental test results, within 

tolerable erro r margins, and hence could be used to represent the device in 

modelled pow er networks.

8.7. PSCAD m odel Comparison with VDM Model

8 . 7 . 1 .  S t u d y  o f  t h e  B a s e  C u r r e n t s  B e f o r e  a n d  A f t e r  F a u l t  I n c e p t i o n

After designing the PSCAD FCL model, and implementing it in an identical circuit as 

that is used in the VDM model, it was logical to perform a comparative study of both

■  Phase A
■  Phase B 

Phase C

- 1 5  -

0 . 5  1 1 . 5  2  2 . 5  3  3 . 5
* i

T im e  (se c o n d s )

Fig. 8.14: F ault cu rren t during  th ree  p hase  fa u lt  w ith and  w ith o u t the FCL
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models to establish the ir similarities, differences and limitations in modeling the 

FCL.

The same pow er netw ork  layout and values used for introducing the fault current 

w ere used in both m odelling setups. In the VDM model of the FCL, the fault was 

introduced a t the end of a curren t waveform cycle during normal operating 

conditions. In the PSCAD m odel it was introduced by short-circuiting the load 

impedance w ith a low resistance pathway. The total load resistance of the system 

changed instantaneously (from 'No Fault value'= 106 Ohms, to 'Fault value' = 0.08 

Ohms), at the tim e of the  fault inception (t=0.3):

^ lo a d

No fa u lt  value, t < Q 3 s

Fault value, t > 0 3 s  8̂'8̂

On the other hand, the PSCAD model introduced the fault current by use of a fault 

module into the circuit. These different m ethods of fault introduction into the 

models constituted a possible area of disparity between the base current waveforms 

of the models. A look a t these base waveforms in both models (w ithout the FCL) 

highlighted a series of differences in the models which w ere examined for their 

effect if any, on the com parative analyses carried out for both models.

A closer view of the cu rren t waveforms at the inception of the line current shows 

some of the differences which exist as a result of the difference in the methods in 

which both model cu rren t waveform s are generated.

0RDIFT
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VDM waveform 
PSCAD waveform

2 0 -

<

c
CD
I—3
o

Gradual increase from zero to steady stale
- 2 0 -

0.00 0.05 0.10 0.15

Time, t/s

Fig. 8.15: Comparison between PSCAD and VDM waveform under normal operating conditions.

As seen in the diagram, the PSCAD model is more realistic in its representation of 

the base current waveform as its amplitude gradually increases into a steady state 

current as opposed to the VDM which starts up already in steady state. This 

disparity is however not significant to the analysis being carried out as it has no 

influence on current clipping of the FCL, as both models were allowed to get into 

stable state conditions before the faults were introduced.

The second noticeable difference is the slight phase shift between the two 

waveforms as shown in Fig. 8.14. This can be attributed to how the voltage supplies 

are configured and implemented in the two models. This shift is negligible when 

looking at the macroscopic influence of the FCL and does not significantly affect the 

results since the frequencies of the current waveforms in both models remain 

unaffected.
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Finally, there is a slight difference in the amplitude of the waveforms, as they vary 

by 1 A (14A for the VDM versus 13A for the PSCAD model) during normal operation 

conditions. This can be due to internal resistances of the voltage source of circuitry, 

which are accounted for in the PSCAD model but not in the VDM. This discrepancy is 

less than 1% of the line current magnitudes, hence were equally neglected for 

analytic purposes of this work.

In both models, the fault was introduced at 0.3 seconds and it was noticed that both 

waveforms did not cross zero at this point. This affects the models by slightly 

changing their respective peak fault currents (270A and 272A). Once more, this 

difference is less than 1% in magnitude compared to the peak fault current, and 

hence was neglected in the analyses.

Another interesting point of investigation was the additional time that arose on the 

first waveforms of both models after fault inception as shown in Fig. 8.16. Because 

of this, the first fault wave cycle has a lower frequency than the subsequent wave 

cycles, although the frequency of 60Hz is supposedly determined by the power 

source. It was of interest that this wave characteristic was also present in the PSCAD 

model, confirming that it was a natural occurrence (due to change in X/R ratio), and 

not a problem with either of the FCL implementations.
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200 -

c  1 0 0 -

AdciBonal time
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€0Hz frequency

VDM waveform  
PSCAD waveform

0.32 0.36

Time, t/s

Fig. 8.16: Comparison o f PSCAD and WVM after fau lt inception, showing firs t few  cycles.

Unlike under normal operating conditions, there is little or no phase shift between 

the model waveforms after the fault in introduced. This is advantageous to the 

analyses as most of the interest in device performance is actually based on the fault 

current waveforms after fault inception.

8 .7 .2 .  C o m p a r i s o n  O f  C u r r e n t  C l ip p in g  P e r f o m a n c e  b e t w e e n  t h e  PSC A D  
a n d  V D M  M o d e l s  o f  t h e  FCL

After highlighting the differences in the waveforms, a comparison has been made 

between the clipping capabilities of both models. Both models incorporate the 

ACMultfac param eter (which is less than one percent of the actual magnetic field) as 

a way of correcting for the AC/DC field balance (which varies from model to model 

as seen in Chapter 5).
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Given the differences introduced between the model circuits as discussed above, a 

new metric was developed which could be used to compare the two models while 

recognising their intrinsic differences. The clip  ra tio  param eter was thus defined 

such that:

This represents the capacity of each of the FCL models to clip the fault current under 

its own unique set of circuit circumstances. It provides a way in which the two 

models that are built using different software can be compared, at a particular value 

of the field correction param eter ACMultfac. The clip ratio is equivalent to 

comparing the current clipping percentage of each model, calculated from the 

magnitudes of the currents before and after the FCL is inserted into the circuit.

The clip ratio was used to compare both models under two conditions along the 

current waveform. These w ere during the "sub-transient” fault cycle (first cycle 

after fault inception), and then when the fault waveform attained steady state (taken 

as the fourth cycle after fault inception) as shown in Fig. 8.17.

clip ratio  =
line current

base curren t (8.9)
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Subtransien t cycle
Steady state  cycle

ACMF = 0 
ACMF =0 
ACMF = 0 
ACMF = 0 
ACMF = 0 
ACMF = 0 
ACMF =0 
ACMF = 0 
ACMF = 0

00001
0001

-100

-1 5 0
0 .0 8 0.10

1-------'------ T
0 .1 2  0 .1 4

Time, t(s)
0 .1 6 0 .1 8

Fig. 8.17: Current waveform  showing comparison regions fo r  PSCAD and VDM FCL models a t 
different p a r ts  o f  fa u lt waveform, a t different ACMultfac values.

Using Eqn. 8.8 for the clip ratio, the comparison in the Figs. 8.18 and 8.19 were 

performed.

i—a.
0.8  -

■m— VDM
«— PSCAD

0.6  -

0.2  -

0.0
0.020 0 .0 2 50 .0 1 50 .0100 .0 0 50.000

A cM ultFac

Fig. 8.18: Subtransient fa u lt cycle comparison o f the PSCAD and VDM models, showing an 
agreem en t over a range o f values fo r  the ACMultfac.
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0.8  -

0.6  -

* — VDM
• —  PSCAD

o

Q.
O

0.2  -

0.0
0.000 0.005 0 .0 1 0 0.015 0.020 0.025

A cM ultFac value.

Fig. 8.19: Steady s ta te  fau lt cycle comparison o f  the PSCAD and VDM models, showing an 
agreem ent over the range o f  values for the ACMultfac.

This particular range of values of ACMultfac (0 to 0.022] was compared because it 

was the range over which visible clipping was experienced in both models, above 

which the models had numeric problems in dealing with the input values of the FCL 

modules.

Figs. 8.18 and 8.19 show a comparable relationship between the models in that their 

clip ratios are consistent with each other inside a small error limit. A larger 

deviation in the clip ratios occurs under steady state than in the subtransient region. 

An argument can be made that since this device is mainly concerned with clipping 

(limiting] the highest fault current (which occurs in the subtransient cycle and not 

the steady state], the effectiveness of the models should be judged at the first cycle 

of the fault profile.

With this assumption, it can be concluded by within the limits of the intrinsic 

differences of the two model circuits constructed, the two model formulations for
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the FCL perform  consistently with one another in the functional area defined by the 

ACMultfac. It also validates the methods and approximations used in each model in 

achieving an appropriate representation of the FCL and its performance in a power 

circuit.

8 .8 .  S u m m a r y

In this Chapter, an electrical power simulator PSCAD has been used in developing a 

model for the FCL, and has been used in more realistic power circuitry to assess its 

performance. The m athematical challenges resolved in the construction of this 

model due to softw are limitations were examined, before the model was validated 

against m easured data. The PSCAD model was then used to analyse the performance 

of the FCL in a real generic network. Finally, a comparative study was carried out 

between the two models which have been developed so far in this Thesis, in order to 

validate a consistency in the methods and approximations used in representing the 

FCL and its constitutive equations.
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Chapter 9. Conclusions and Future Work

In this Thesis an examination of the development and application of modelling 

methods and the use of FEM tools in the design of an electromagnetic device -  the 

saturable core fault current lim iter (SCFCL) has been undertaken. It has resulted in 

two consistent models - a mathematical model (in Mathematica™) and a power 

electronic circuit sim ulator module (in PSCAD™) for this device - using expressions 

and electromagnetic param eters obtained from data measurements. The model 

development focused principally on the unique problems associated with modelling 

non-linear magnetic devices and proposed solutions to the challenges and 

shortcomings of the existing mathematical and FE tools used in investigating and 

improving the design of the device. Both models were proven to yield good 

agreement with the m easurem ents performed on the FCL prototypes that were built 

and tested, and the independent application of each model gave different 

perspectives on the functioning of the FCL and hence provided a more complete 

picture of the FCL.

Furthermore, FEM analysis was used as tool for understanding the device 

functionality, and subsequently improving its design. FEM analysis was shown to be 

an adequate tool for performance analysis of the electromagnetic FCL using both 

transient and static solvers.

The conclusions draw n from the work have been arranged in two general 

categories:

9 .1 .  D a t a  A c q u i s i t i o n  a n d  P r e p a r a t i o n  f o r  M o d e l l i n g

• The conventional Ampere's Law model equation used for calculation of H is 

not accurate enough for modelling of novel devices which depend on non-
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linear properties of electrical steels and for which the field coil is not 

uniformly distributed.

• A combination of m easurement and modelling methods have to be used to 

provide a solution to this problem at high fields and high flux densities where 

the equation's shortcomings are most apparen t

• The analytic approximation derived here - which adds a model-specific 

dimension to the much used standard Ampere's law equation, combined with 

precise material m easurem ent data - provides excellent agreement with the 

FEM calculated fields and provides an expression for faster field calculations 

for device design in the high field regime.

• Such solutions are device model-specific but extendable to other core 

designs, and give fast and accurate results which are needed in many 

applications.

• For extrapolation of magnetization curves to high fields the Straight Line 

Extrapolation (SLE] procedure shows significant discrepancy from the 

predictions of the other extrapolation procedures, which include more 

measured data and seem to give more robust solutions. Therefore, caution in 

using the SLE is advised for calculated extrapolations in the magnetic high 

field regime. Among the other extrapolation procedures, the Law of 

Approach to Saturation procedure [LAS] and Exponential Law Extrapolation 

(ELE) have been found to give better results and good agreement with each 

other. On this basis these are recommended for use for reliable extrapolation 

of magnetisation data to high fields.

9 .2 .  M o d e l  D e v e l o p m e n t  P e r f o r m a n c e  A n a l y s i s

• An improved model for SCFCL has been developed, with analytic expressions 

relating to the magnetic behaviour of the core materials. A mathematical 

model representing the operation of the FCL was developed in PSCAD, for
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power electronics circuit simulations. The model was validated against 

experimental results obtained from measured values of the device prototype 

from testing in a medium voltage substation, for one phase and three phase 

faults. The results showed good agreement between measurement and 

simulation results.

• The real time modelling and validation of the FCL showed that the PSCAD 

model developed gave a valid representation of the actual device as the 

simulations with the model were in agreement with prototype test results 

within tolerable error margins. Furthermore, the installation of the FCL 

within the generic UK medium voltage model network displayed the required 

characteristics necessary for the FCLs' deployment in the UK networks .

• FEM modelling studies can be used in design improvement of

electromagnetic devices such as SCFCLs. Here it proved that strategic

placement of high permeability material in cores increases inductance

transfer in the FCL, hence improving its efficiency and electromagnetic

compatibility.

• Mathematical modelling encounters the limitations of not only the

constituent equations and expressions for the device materials being 

approximate, but also the intrinsic mathematical capacity of the platform in 

which they are built (as shown with the a-param eter and singularity 

problems). Hence consistency in usage of the same software provides a 

continuity and consistency necessary in building good electromagnetic 

models.

A.E Umenei
245 Ph.D Thesis



CHAPTER 9: Conclusions and Future Work.

9 .3 .  F u t u r e  W o r k

• More analysis should be carried out on the proposed analytic function for the 

H-field distribution in closed cores to improve on the first approximation for 

the shape function. Further tests, including different core sizes and shapes, 

should result in a better approximation for this function, making it less model 

specific and hence more applicable to a range of magnetic closed cores.

• In the mathematical VDM model for the FCL, incorporation of hysteresis is 

essential as this will improve the accuracy of the general model. It will also 

increase the range of applicability of the model to include other magnetic 

materials which for which the use of anhysteretic representation cannot be 

considered sufficient.

• Further work to investigate FCL characteristics during operation in different 

power netw ork scenarios to ascertain their usefulness and compatibility with 

existing protection equipm ent should be done. These should include testing 

the component in different locations of the network, or simulating the fault at 

a num ber of additional locations on the network, relative to the FCL position 

to determine the FCL location of maximum efficiency in the power grid.

• Given the suggestion of the generalised inductance equation derived in 

Chapter 7 (Eqn. 7.7J that the inductance can be improved with an increase in 

the spatial permeability of the core, a study should be conducted to 

investigate this further. This will involve FEM studies and the construction of 

a composite core with materials of increasing permeability stacked on one 

another in the direction of the applied field. This should improve the 

inductance gain of the core and consequently the performance of the FCL.
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APPENDIX 1

FORTRAN Subroutine code for PSCAD model, showing implementation of 

constituent functions to produce variable inductance.

! Variable Definition

# LOCAL REAL Hm,#LOCAL REAL Hp,#LOCAL REAL Hma, #LOCAL REAL Hpa 
#LOCAL REAL Hm2,#L0CAL REAL Hp2,#L0CAL REAL Bsmu,#LOCAL REAL Inva 
#LOCAL REAL IndA,#LOCAL REAL IndB,#LOCAL REAL Indtotal,
# LOCAL REAL Indconst,#LOCAL REAL Ind,#LOCAL REAL pi,#LOCAL REAL al,#LOCAL REAL 
a2#L0CAL REAL a3,#LOCAL REAL a4,#L0CAL REAL b l,
# LOCAL REAL b2,#L0CAL REAL b3,#L0CAL REAL b4,#LOCAL REAL Ms,
#LOCAL REAL test,#LOCAL REAL muo,#LOCAL REAL as,#LOCAL REAL Bs,
#LOCAL REAL xacA,#LOCAL REAL xdcA

! Module constants

muo= 0.0000012566,as = 1.5,Bs = 2.01,pi = 22/7 ,Ms = 120029.51694, 
a l  = -0.09186,a2 = 0.10459,a3 = -0.02272,a4 = 0.00199,b l  = -0.16728 
b2 = 0.01735 ,b3 = -0.00184,b4 = 0.00018 ,xacA = 0,xdcA = 2.4379

! Field distribution profiles

$Hac=($NacA*$CurA/$HacCA)*(($HacCA+2*xacA)/(2*($DiaACA**2+($HacCA+2*xacA)**2)**0.5)+
($HacCA-2*xacA)/(2*($DiaACA**2+($HacCA-2*xacA)**2)**0.5))

! DC field profile including form shape function

$Hdc=80000 !((0.03*$Imax
+0.3}*$NdcA*$IdcA/$HdcCA)*(($HdcCA+2*xdcA)/(2*($DiaDCA**2+($HdcCA+2*xdcA)**2)**0.5)+
($HdcCA-2*xdcA)/(2*($DiaDCA**2+($HdcCA-2*xdcA)**2)**0.5))

Hm=$Hdc-$Hac
Hp=-$Hdc-$Hac
Hma=Hm/as
Hpa=Hp/as
Hm2=as/Hm**2
Hp2=as/Hp**2
Bsmu=Bs/muo
Inva=l/as
Indconst=(muo*$AacA*$NacA**2)/$lA ! (Inductance constant 
test = b2*Hm**2

! Induction equation using Lorentzian fit for material permeability curve.

IF (Hm.GE.0) THEN

$IndA = Indconst*((Ms*((l + bl*Hm + b2*(Hm)**2 + b3*(Hm)**3 + b4*(Hm)**4)*(al + Hm*(2*a2 + 
Hm*(3*a3 + 4*a4*Hm)))-(l + al*Hm + a2*(Hm)**2 + a3*(Hm)**3 + a4*(Hm)**4)*(bl + Hm*(2*b2 + 
Hm*(3*b3 + 4*b4*H m )))))/(l + bl*Hm + b2*(Hm)**2 + b3*(Hm)**3 + b4*(Hm)**4)**2 + 1)
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ELSEIF (Hm.LT.O] THEN

$IndA = Indconst*((Ms*((l + bl*(-Hm3 + b2*(-Hm)**2 + b3*(-Hm3**3 + b4*(-Hm3**4)*(al + (- 
Hm)*(2*a2 + (-Hm)*(3*a3 + 4*a4*(-Hm))3)-(l + al*(-Hm) + a2*(-Hm)**2 + a3*(-Hm)**3 + a4*(- 
Hm)**4)*(bl + (-Hm)*(2*b2 + (-Hm)*(3*b3 + 4*b4*(-Hm))))))/(l + bl*(-Hm] + b2*(-Hm)**2 + b3*(- 
Hm)**3 + b4*(-Hm)**43**2 + 1)

ENDIF

IF (Hp.GE.O) THEN

$IndB = Indconst*((Ms*((l + bl*Hp + b2*(Hp)**2 + b3*(Hp)**3 + b4*(Hp)**4)*(al + Hp*(2*a2 + 
Hp*(3*a3 + 4*a4*Hp)))-(l + al*Hp + a2*(Hp)**2 + a3*(Hp)**3 + a4*(Hp)**4}*(bl + Hp*(2*b2 + 
Hp*(3*b3 + 4*b4*H p)))))/(l + bl*Hp + b2*(Hp)**2 + b3*(Hp)**3 + b4*(Hp)**4)**2 + 13

ELSEIF (Hp.LT.O) THEN

$IndB = Indconst*((Ms*((l + bl*(-Hp) + b2*(-Hp)**2 + b3*(-Hp)**3 + b4*(-Hp3**4}*(al + (- 
Hp)*(2*a2 + (-Hp3*(3*a3 + 4*a4*(-Hp)3))-(l + al*(-Hp) + a2*(-Hp)**2 + a3*(-Hp)**3 + a4*(- 
Hp3**4)*(bl + (-Hp3*(2*b2 + (-Hp3*(3*b3 + 4*b4*(-Hp3))3)3/(l + bl*(-Hp} + b2*(-Hp}**2 + b3*(- 
Hp)**3 + b4*(-Hp)**43**2 + 1)

ENDIF

$Indt=$IndA + $IndB 

IF($EnabA.EQ.03 THEN 

$Ind = 0.000000001

ELSE

$Ind=$Indt

ENDIF
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APPENDIX 2

PSCAD screen snapshot of FCL module test network, showing 3 -phase control 

and introduction of FCL on circuit. Two circuits used with and without FCL.
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Abstract- A realistic model for a novel saturable core 
superoconducting FCL (SCFCL) prototype is 
presented, and incorporated into time-domain power 
simulation software PSCAD™/EMTDC™. The present 
work incorporates non-linear material properties data 
of the magnetic core with inductance to produce a 
limiting effect on the line current in real time. The 
lovelty of this core design is the inclusion of a 
superconducting material as the magnetisation DC coil to 
saturate the core, instead of using the superconductor 
iirectly within the magnetic circuit. The FCL model’s 
iccuracy was validated against experimental test results, and 
its performance analysed by its placement in a UK generic 
letwork at MV level. Implementation simulations showed the 
ievice could achieve a 50% current clipping capacity, when 
placed in an MV network. Other standard FCL tests were 
performed on this model and their results presented.

Index Terms—Distribution Networks, PSCAD™/ 

EMTDC™, Superconducting Fault Current Limiter

I. In t r o d u c t i o n

Distribution networks are generally divided into zones 
which contain protective equipment that is responsible for 
die protection of the zone [1]. This switchgear equipment 
lims to prevent distribution network component overstress 
Dr failure, by maintaining the quality of power that is 
supplied to customers whilst considering the safety of 
personnel [2].

The continuous growth of the electricity demand 
corresponds to an increase in short circuit currents [3, 4]. 
The penetration of Distributed Generation (DG) poses 
challenges for the protection coordination of passive 
networks [5], one being their contribution to fault currents. 
Although inverter based DG may contribute limited fault 
currents, synchronous DG systems may feed higher 
sustained currents if they lack control capabilities through 
toe use of power electronic interfaces [6], Induction 
generators fail to sustain a high fault current due to the 
ibsence of self-excitation system [7].

A questionnaire based survey from CIGRE WG A.310, 
icquired 53 responses from 14 countries from which 84% 
identified the need for current limitation in HV or MV 
levels [8]. A number of techniques exist to limit the fault 
currents: (i) network splitting, (ii) use of current limiting 
reactors or high impedance transformers, (iii) sequential

network tripping, (iv) switchgear uprating and (iv) use of 
Fault Current Limiters (FCLs) [9]. The first four 
techniques are considered to decrease flexibility and 
increase the cost and complexity [10]. FCLs are 
considered as a promising emerging technology. The 
advantages that FCLs offer and the different technology 
types together with the preferred network locations they 
can be installed are well documented in [11].

A saturable core superconducting inductive FCL has 
been developed by Zenergy Inc. [12]. Primary 
experimental testing has been completed, and installation 
of the device onto the Southern California Edison grid has 
been carried out with promising results [13]. A 
PSCAD™/EMTDC™ dynamic model of the device was 
developed to simulate the behaviour of the actual 
prototype. The novelty of this core design is the inclusion 
of a superconducting material as the magnetisation DC 
coil. This produces the magnetisation field necessary to 
saturate the core, instead of using the superconductor 
directly within the magnetic circuit. The approach 
harnesses the power of the superconductor in producing 
high magneto motive forces with smaller coils (relative to 
standard copper coils), while circumventing the many 
problems related to superconducting coils used in 
magnetic circuits [14].

Section II discusses the requirements for ideal FCLs 
and presents electromagnetic considerations used in 
building the FCL model. Two sets of study cases were 
used to gauge the performance of this FCL model within 
PSCAD /EMTDC™. The first set of simulations is a 
validation test for the model, compared to experimental 
results from the actual FCL prototype. The second set of 
performance analysis simulations was based on a UK 
generic network to evaluate the behaviour of the FCL 
model in a UK representative distribution network.

II. F a u l t  C u r r e n t  L im i t e r s

A. Overview and criteria
Fault Current Limiters are devices which are connected 

in series to power lines in order to limit the fault current to 
network specific acceptable levels. This is done by an 
increase of their impedance. When this impedance is low 
during normal operating conditions and increases only 
during the fault, the device is theorised as active. FCLs are 
generally categorised into transmission and distribution

mailto:umeneiae@cf.ac.uk
mailto:papadopoulosp@Cardiff.ac.uk


J1 this components were combined in the physical 
quations governing the FCL function to produce and 
nalytic model which is easy to use and fast in its 
alculations and integration in external systems. Fig. 1 
resents a schematic diagram of the control module and its 
onstituent input and output components.

For this specific device, the voltage drop ratio was 0.8% of 
the line voltage.

| Time regulator \Material function

H-field distribution 
(Unction

N. Variable

't
Inductor 
control unit

AC line current

Control monitors 
for AC/DC fields 
& Inductance

■Xl Inductance 
output to circuit

| Inductance function r
To circuit

ig.l: FCL model schematic showing components input and output 
omponents.

II. C a s e  s t u d i e s

Two sets of simulations were carried out with the model 
■ a validation set, and a performance set of simulations. ,. 
n the first se t, experimental data was obtained from a real 
mplementation of the FCL (base capacity tests), and the 
aodel was tested by comparing the experimental and the 
imulated results.

I. FCL model testing and validation.
The simplified system where the validation experiments 

yere conducted comprises a 45-MVA, 132/11-kV
ransformer connected to a common bus bar supplying a 
nixture of several domestic and industrial feeders. The 
esults were obtained from a proof-of-concept set of tests 
arried out by the company (see **). The single line 
liagram for the setup used, is shown in Fig.2.

45 MVA
Load
-►

132/11 kV

rig 2. Single line diagram of validation test network.

The experimental procedure included a large range of 
ests, six of which are shown in Table II. These tests were 
luplicated in simulation as closely as possible (exact 
lumbers were not achieved due to possible impedances in 
eal network which were unaccounted for in testing 
eport), using the FCL model, to examine the behaviour of 
he model for the simulated network. This was in order to 
est the minimum limiting capacity of the FCL at 
lifferent current levels for the particular circuit.

Multiple fault tests were experimentally conducted, 
ilong with insertion impedance testing, to confirm that the 
voltage drop of the device was within industrial standards.

TABLE II
FCL T e s t i n g  E x p e r i m e n t a l  a n d  S i m u l a t e d  R e s u l t s

Experimental Results

Test Line
X/R
ratio

Peak Phase 
Prospective 
Current (kA)

Maximum
C lipped
Current

Peak
Clipping

(%)
1 22.9 7.4 6.2 11.1

2 19.8 20.8 18.7 10.2

3 19.7 31.4 27.6 12.2

4 26.3 40.3 20.9 15.1

5 21.6 52.4 43.5 16.8

6 44 63.1 53.1 15.7
Simulation Results

Test Line
X/R
ratio

Peak Phase 
Prospective  
Current (kA)

Maximum
C lipped
Current

Peak
Clipping

(%)
1 22.9 6.6 6.15 9.9

2 19.8 21.3 18.7 11.5

3 19.7 31.94 27.54 13.8

4 26.3 39.85 34.36 14.6

5 21.6 50.81 43.38 1.8

6 44 60.1 51.07 15.02

** Ex p e r im e n t a l  r e s u l t s  c o u r t e s y  Z e n e r g y  P o w e r  In c .

Table II shows good agreement between the simulated 
and experimental results, where all recorded values were 
within a 4% error margin. Differences between the actual 
material and its modelled representation, coupled with the 
inherent differences in the circuit simulation and the real
time testing conditions, can be cited for the disparities 
noticed in the values. In this research work, silicon steel 
was used as the core material from which the material 
parameters were obtained.

B. Application o f SCFCL in the UK Generic Network
A UK radial MV generic network was used to evaluate 

the behaviour of the SCFCL model. This specific 
distribution network serves 18,432 residential consumers, 
through a primary substation of 33/11.5 kV. The fault 
current levels of the modelled network were computed and 
verified towards the simulation results published in [21]. 
Details of the model parameters can be found in [21]. Fig. 
3 provides the network schematic.



33/11.5kV
500MVA

1 l/0 .433k V

< P ~ LOADSource LOADb

LOADa = Lumped 11.5kV feeder 
LOADb = Domestic lumped loads

Fig. 3. UK Generic LV Distribution Network

Distribution Network Operators (DNOs) usually require 
wind farms to be connected at 11 kV voltage level [22], 
Conventionally, DG connections at l l k V  voltage level are 
limited to 5MW [23]. In this paper, an equivalent DG 
model of 4.5MW was connected to the 1 lkV  substation 
busbar. The FCL’s location is shown in Fig. 4. This 
location was selected to limit the fault current contribution 
from both the grid infeed and the DG. This way, a new DG 
installation combined with FCL installation could defer 
existing switchgear updates.

33/11.5 kV  
Substation

500 MVA

Source

Fig. 4. Schematic o f  the simulated network

FCL

D <3

-*►

IV. RESULTS AND DISCUSSION

The On Load Tap Changer (OLTC) mechanisms o f the 
transformers shown in Fig. 4 are adjusted to keep the 
voltage between 1 and 1.01 p.u. [21]. The first requirement 
tested for, was the transparency o f the device in realtime, 
because the voltage drop caused by an FCL during normal 
operating conditions is of great importance for the utilities. 
The model showed negligible voltage drop (i.e. 
approximately 0.5%) during normal operating conditions. 
Fig. 5 shows the voltage (RMS) during a three phase fault 
with and without the FCL model. The measurement was 
taken in the position of the fault (Fig. 4).

O 1.01

"> 0.:

0.99

0.2 Voltage with FCL 
Voltage without FCL

1.751.51.250.75 10.5

Time (seconds)

Fig. 5. Voltage drop during a three phase fault

Maximum clipping capacity was then tested for as the 
three phase fault was simulated with the FCL in the 
network, to evaluate the behaviour of the model during a 
fault. The first peak short circuit current was clipped by 
approximately 50% in less than 7 pseconds as shown in 
the Fig.6 inset. This showcases not only the SCFCLs 
ability to clip a large percentage of the current, but it does 
so in the first half cycle, thereby enabling other protection 
equipment to function normally.
A test for repeatability and reliability constituted of 
simulating a double fault with a Is interval. This test was 
to analyse the model’s ability to provide fast recovery for 
multiple operations. Fig. 6 shows the results of a multiple 
operation test, with the SCFCL not suffering any loss in 
performance.
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<  18.4
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0.5 1.5 2 2.5
Time (seconds)
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Fig. 6. Fault current during three phase fault with and without the FCL

V. C o n c l u s io n s

It is evident that FCL technology can be used to 
mitigate the fault current levels within a network. Results 
obtained from the individual case studies of the modelled 
SCFCL show that; (i) the FCL model used during the 
simulations was a valid representation of the actual device, 
and (ii) the installation of the FCL within the generic UK 
Distribution Network model displayed the required 
characteristics necessary for the FCLs’ deployment in the 
UK networks viz; device transparency under normal 
operating conditions, a fast response time, substantial 
clipping capacity, and the ability to automatically recover 
for repeated operation.



In general, the model was in line with test results, within 
olerable error margins, and hence could be used to 
^present the device in modelled power networks.

Further work to investigate FCL characteristics during 
jperation may include testing the component in different 
ocations of the network, or simulating the fault at a 
lumber of additional positions relative to the FCL device.
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Ihe calculation of magnetic fields in devices with a non-uniform distribution of magnetomotive force (mmf) and witl 
tonlinear magnetic components has proven problematic within electromagnetic systems. This is caused by insufficiently 
precise determination of the dependence of magnetic induction B, on magnetic field H. This paper develops a method foi 
inalytically calculating the variation of magnetic fields H, in magnetic circuits by introducing a specific expression inti 
it the Ampere’s Circuital Law formula to take into account non-uniform mmf. The new formula uses a conforma 
lapping procedure which allows calculation of the magnetic field at different displacements from the field generatinj 
nil. The analytic approximation proposed is developed for the specific problem of a closed circuit magnetic core. Thi 
inalytic model gives accurate results faster than can be achieved in FEM software.

Index Terms—Magnetic field distribution, ferromagnetic cores, FEM simulation, Ampere’s Law equation, magnetic modeling.

In t r o d u c t io n

Vith the expanding demands on the power industry, more 
nagnetic materials are being used in the manufacture of 
quipment needed to meet the ever increasing energy 
lemands. These demands in turn place great significance 
n the quality and the efficiency of power related devices, 
tequirements such as the accuracy in measuring magnetic 
roperties -  B-H characteristics -  at very high magnetic 
ields of electrical steels - have become more important, to 
mprove the design and functioning of electromagnetic 
levices like transformers and fault current limiters. One of 
be principal predictive tools used in this regard is Finite 
ilement Modeling (FEM) which requires meshing of the 
patial domain, including the device and surrounding air 
oundaries, and providing solutions in 3D. The accuracy of 
EM simulations of electromagnetic devices is affected by 
be quality of nonlinear magnetic information input into the 
oftware model. The method is also time consuming [1-2]. 
tlso, challenges are encountered in attempts to fit 
iboratory measurements to model equations for the 
urposes of mathematical modeling of such devices.

impere’s law equation, which is widely used in field 
alculations [3], and which has even been generalized to 
ike into account effective fields due to stress [4], has been 
)und to be lacking, at least in the form that is normally 
sed, especially when applied to large magnetic core field 
istributions in these devices, when the mmf is not evenly 
istributed. This paper describes this problem as found in 
on-uniform mmf (magneto motive force) magnetic cores,

and proposes an analytic method of calculating such field: 
with extensions to Ampere’s law equation.

II. a m p e r e ’s  L a w

Ampere’s circuital law in materials provides a relationshij 
between the magnetic field H  around a current carrying 
conductor and its current source. In integral form, [5]

iH . d l  = I
(i )

where /  is the current in the conductor, and integration i: 
performed over a closed path C enclosing the conductor. I: 
we assume that there are N  such conductors arranged in £ 
form of a long thin solenoid, the magnetic field H  producec 
in the centre of the solenoid is uniform throughout th« 
whole length L of the solenoid, so Eqn. 1 becomes

N .I

~ T  (2)

Eqn. 2 is the usual ‘standard’ of Ampere’s law derivation 
used in most engineering applications. In the 
characterization of materials, it is usual to maintain good 
uniformity of magnetization over a closed path of the 
material. A commonly used method for ensuring uniform 
mmf, and therefore applicability of Eqn. 2, is by making the 
solenoid toroidal in shape, hence wrapping it completely 
around the magnetic core material [6]. While this process 
yields good results, it suffers from the major drawbacks of 
tedious preparation of such circuits, and the stresses that 
could be induced on the core materials due to bending.



Jence it is not the usual technique used in laboratory 
neasurements or in the design o f electromagnetic devices 
n industry. The more practical standard Epstein frame 
xmfiguration is preferred for magnetic material 
measurements, which maintains these uniform fields by 
aving the coils wound on each o f the core limbs. The field 
•emains relatively uniform except around the edges o f such 
xmfigurations.
tactical cores in devices on the other hand, generally do 
jot have this uniform distribution due to the location o f the 
mergizing coils and device design in general. With uneven 
nmf in such cases, a non-uniform field profile around the 
:ore is a consequence, and Eqn. 2, which his widely 
mployed for such calculations, cannot be used, 
rhis failure is even more significant in terms o f the error 
nagnitudes when calculations are needed in higher field 
egimes for simulation or design for power devices such as 
ransformers and fault current limiters. The fact that in such 
Ievices the mmf produced by the applied current source is 
ion-uniform and non-local, applying Eqn. 2 to field 
:alculations or measurements for such devices that require 
iccurate values for magnetic field for their proper 
ralibration and functioning, can lead to significant error in 
iesign and prototyping. A careful look into this problem 
fld a proposal for a more realistic variation o f Am pere’s 
aw, to improve the accuracy o f such calculations is the 
ocus of this work.

Epstein-size strips of M4 non-oriented steel, 30x3x0.03 cn 
each. The core was 3 cm thick. Only one limb had ; 
magnetizing DC coil around it, referred to as tb  
magnetizing limb. Search coils (SC) were wrapped a 
various points around the length of the core as shown ii 
Fig. 1. A similar model was built in FEM to reflect th 
locations o f the search coils as included on the prototype 
The field distribution was taken as a function o 
displacement, x, around the core from the FEM calculate* 
model, while the field values as specific points on th 
prototype were measured with search coils as shown in Fig 
1.

SC2
Magnetizing coil

S h a d e d  P lo t
|H| sm ooth ed

SC3

Unmagnetized 
limb midpoint,

SC4

II. P r o b l e m  d is c u s s i o n  w it h  e x p e r im e n t a l  r e s u l t s

file Amperian approach to field generation is most 
ommonly used in laboratory closed circuit measurements 
or ferromagnetic materials, due to their practicality and the 
ase of current-controlled field generation [5], In some 
evice models, the exact spatial field distribution variation 
long their component cores is needed for calculations such 
s inductance and magnetic induction, B. A common 
lement of such devices is the magnetization o f the steel 
ores by a localised magnetizing coil that doesn’t extend 
ver the entire core. This results in non-uniform mmf 
round the core, and hence uneven field distribution across 
le cores, thus violating the principal assumptions o f the 
mpere’s law derivation, Eqn.2. Furthermore, most field 
alculations using this standard derivation are made with 
le magnetizing coil as a reference point instead o f at the 
oint where the electromagnetic interactions in the device 
ike place, for example, in inductance calculations on 
ansformers. Consequently, for larger ferromagnetic cores, 
le field distribution can become highly non-uniform and 
;nce vastly different from the analytically calculated 
ilues using Eqn. 2. Measurements taken on such cores in 
e laboratory or industry, using the Ampere’s law 
mvation (Eqn. 2) erroneously assume the law works for 
ich cases, and hence a major source o f error in magnetic 
easurements is overlooked.

d illustrate the problem, a scaled-down prototype of a 
rromagnetic core stack was built with standard laminated

Fig. 1: FEM  snapshot o f  magnetic fie ld  in a core taken o) 
slice though middle o f  core model, showing model o f  actua 
constructed prototype with difference in H-field distributioi 
on opposite limbs.

2.4

2.2

SC1

SC2

SC3C aution: T h ese  are n o t 
‘n o rm al’ B -H  loops.0.8

0.2 H (A/m)

1000 2000 3000 4000 5000 6000 7000 8000 900
Magnetic field, H (A/m)

Fig. 2: Flux density measurement, B, on miniature 
prototype core at various locations vs fie ld  values, H, 
obtained at 50Hz, using the ‘standard’ form  o f  Ampere’s 
law, at the coil, i.e. Eqn. 2.

Fig. 2 shows the danger involved in obtaining B-H 
measurements in such situations. Different curves are 
obtained when the measurements are taken at different parts 
of the constructed prototype core. This is because the 
assumption of uniform mmf around the closed circuit is not



net. The magnetic field H  is inhomogeneous around the 
;losed path of the core, varying significantly from the 
prediction of Eqn. 2, and hence the //-values calculated at 
he coil location are not the effective //-values at the 
various search coils. This equation relates the average H- 
ralues produced by the current carrying conductor over the 
length of the solenoid, but accounts neither for the finite 
Jimensions of most practical solenoids, nor the geometric 
effects of the core on the field distribution. Thus, magnetic 
field values at some parts of the core can drop to less than 
1% of their peak value between the magnetized and un- 
nagnetized limbs. An FEM model to illustrate this was also 
constructed as shown in Fig. 1. These measurements and 
simulations on the prototype reveal the inadequacy of the 
usual formula, which will apply to all other ferromagnetic 
cores of similar configuration.
K proposed alternative to accurately calculate the effective 
magnetic field at a particular location of a core becomes 
essential, given the errors that can arise for the primary B-H 
loop measurements and also for derived or secondary 
measurements like inductance.

IV. A m p e r e ’s  L a w  g e n e r a l i s a t io n  p r o c e d u r e

Id order to overcome the problem, we suggest the formula 
based on a combination of measurements and modeling to 
make up the procedure to provide a better solution, 
especially at high fields and flux densities where the 
shortcomings of Eqn. 2 are more prominent. The first step 
of the procedure entails obtaining accurate closed circuit 
measurements for the core material, up to the maximum 
attainable magnetic field, H, available. DC measurements 
following the IEC 60404-2 Epstein standard using a 2T 
Epstein frame tester, with maximum achieved field at about 
15kA/m. The BH information obtained herein was then 
incorporated into FEM and H-field distribution profiles 
were obtained over a large range o f current values around 
foe 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, xRef, along the core length (for this case, 
taken as the midpoint of the unmagnetized limb due to 
symmetry, as shown in Fig.l).
Beginning from the field distribution of a locally 
magnetised ferromagnetic bar, an assumption is made that a 
similar distribution will hold if the ends of such a core were 
magnetically closed to form a closed circuit. This 
issumption is validated by FEM calculated results around 
foe simulated core.
This assumption is core-specific and would need to be 
mathematically transformed to represent more complex 
core structures. For this purpose, the closed core is to be 
foen transformed conformally as those for non-uniform 
media, since both structures are planar (z-direction 
potentials are unchanged) and the analytic function is well- 
behaved [6].Therefore, the edge or fringing effects are to be 
accounted for by a differential analytical function, which is

introduced into the proposed Ampere’s law extension as ; 
shape function The H-I graph which results from thi 
transformation, can then plotted alongside the predictioi 
based on Ampere’s law derivation function for the sam 
current value range. Fig. 3 shows the plot for the simplisti 
core used in our prototype with the shape function assume 
as unity..

The hypothesis for the method is that the field is bette 
calculated with the analytic solution for a finite solenoi 
extension of Ampere’s equation [7], to compare with th 
field profile around the whole core is now considered. Th 
equation solves for the magnetic field, H, due to the finit 
solenoid at a distance x from the centre of the solenoid. ! 
also takes into consideration the solenoid characteristic 
like height, L, diameter and number of turns.
Fig . 3 shows great agreement of the values for such a coi 
calculated by FEM over a large current and field rang 
(used to investigate large applicability of the function).

L
(L+2jc) (L -2 x)

2 y llf+ (L + 2 x f 2 ^ I?+ {L -2x )
*fskaplX)

(4)
where D is the diameter of the magnetizing coil, L is th 
length of the solenoid, x is the displacement around the coi 
mapped into a linear distance equivalent to the path lengtl 
/.
The shape function f shaPe(x) (which is equivalent with th 
conformal function w) is introduced to allow for the effe< 
of the shape and fringe effects of the core on the field a 
transcribed by the conformal mapping procedure. For a fin 
approximation, f shaPe(x)=l.The expression was the 
compared to FEM calculated data over the core profile a 
shown in Fig. 3. It shows that the assumption for the shap 
function as unity, while offering very good agreement ove 
the general current range, can be improved , especially fc 
devices whose cores operate essentially at the knee poinl 
of the magnetisation curves.
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Fig. 3: Magnetic field profile around core (FEk 
calculated) compared to the new generalised Ampere law 
extension (Eqn. 4) and the standard Ampere’s law equation 
(Eqn 2).



CONCLUSION
furthermore, at the reference point xRef, a linear dependence 
jf field H, on current I, was obtained by fitting our 
proposed linear extension equation (Eqn. 4) to H-field 
ralues produced over a large range of current values.
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Fig. 4: New generalized linear extension (Eqn.4) fitting for  
H-I data contrasted with standard Ampere’s derivation 
(Eqn. 2) results for H-field values (FEM calculated) over 
large coil current range.

The agreement shown in Fig.3 between FEM-calculated 
values and Eqn. 6, proves not only how consistently the 
new generalised equation models the field distribution over 
i large amount of current values, but also the difference 
between the calculated values and the usual ampere’s law 
derivation equation (Eqn. 2).

Fig. 4 shows the FEM generated field distribution profile of 
the core, compared to the Ampere’s law equation and the 
modified equation derived in Eqn 4. It confirms the fact 
hat the ampere’s law extension can be used for a larger 
range of field values -  from low to high fields -with more 
iccuracy than the original ampere’s law equation. The 
accuracy of this modified analytic expression is much 
improved over the usual ampere’s law formulation, and 
cuts down on the time resources needed for magnetic field 
computations using complex FEM analysis. Furthermore, 
he edges of both graphs show that our first approximation 
)f the shape function as unity, though good, has room for 
improvement.

This makes the analytic function adaptable, accurate and 
ipplicable to various specific core geometries. An analytic 
function with such a high level of accuracy in predicting 
he field distribution on a closed core can easily be 
hcorporated into larger system modelling. Analytic 
brmulations such as this are model/problem-specific, but 
he approach can be extended to other core models, and is 
certainly faster than relying on FEM calculations.

The usual ‘standard’ Ampere’s Law derivation used fc 
calculation of magnetic fields H in magnetic circuits, is nc 
accurate enough for calculations or modeling for device 
which depend on non-linear properties of magneti 
materials at high magnetic fields and with non-unifon 
mmf. A combination of measurement and modelin 
methods was used to provide a solution to this problei 
especially at high fields and flux densities, where th 
equation’s shortcomings are most prominent. The analyti 
approximation derived here - which adds a model-specifi 
dimension to the much used standard Ampere’s la1 
equation, along with precise material measurement data 
provides better accuracy for field calculations and devic 
design in the high field regime. The calculations describe 
above were formulated for a specific example but ai 
extendable to other core designs, and give fast and accural 
results which are needed in many applications.
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