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Abstract

Vector fields found in electromagnetics are fundamentally different to vector fields found

in other research areas such as structural mechanics. Electromagnetic vector fields pos-
sess different physical behaviour patterns and different properties in comparison to the
other vector fields antherein lies the necessity of the development of a finite element
which would be able to cater for these differencebhe vector finite element was then
developed and used within the finite element method specifically for the approximation
of electromagnetic problems .

This dissertation investigates the partial differential equation that governs eddy current
behaviour. A finite element algorithm is coded and used to solve this partial differential
equation and produce vector field simulations for fundamental eddy current problems.
Eddy current phenomena belong to a particular branch of electromagnetic theory, thus the
vector field solutions of eddy current problems would possess electromagnetic properties
and therefore the vector element proved to be highly desirable choice to use within the
implementation of this finite element algorithm.

The dissertation covers research theory concerning the partial differential equation that
governs eddy current phenomena and vector finite elements. All the knowledge and con-
cepts gained from this research are then used for the implementation process of a finite
element algorithm .

An analytical solution to a simple theoretical eddy current problem was compared to the
simulation of the finite element solution of the same eddy current problem. Good physi-
cal and behavioural similarities between the simulation and the analytical solution provi-
ded proof of the successful implementation of the finite element algorithm and therefore
established confidence in the capability of the finite element algorithm to approximate
solutions to other eddy current problems. The finite element algorithm was then used
on various arbitrary eddy current problems and the simulated vector field solutions were
compared to the research theory that was covered in previous chapters and electromag-
netic field theory. The analysis shows that the research theory and the field theory is
in good agreement with the simulated solutions and thus served as more proof that the
implementation of the finite element algorithm was successful.
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Chapter 1

Introduction

The finite element method (FEM) is one of the best-known methods for the solution of
partial differential equations (PDE’s) in applied mathematics and computational mechan-
ics [2]. Itis a numerical technique for obtaining an approximate solution to PDE’s subject
to certain boundary conditions [2, 3]. FEM has been widely used in structural mechanics
and thermodynamics since the 1950’s approximately [2, 3].

The earliest finite elements called nodal finite elements were used to approximate scalar
field problems and the “structural design” of this element had its degrees of freedom (un-
known parameters) represent the values of the scalar field at its nodes [7]. The nodal
element was used to approximate vector field problems as well [8] but there were slight
“structural” modifications made to the element in order to perform this task and this mod-
ified element was known as the node-based vector element . The “structural design” of
this element has its degrees of freedom representing a cartesian component [2] at each of
its nodes.

The first application for electromagnetics (EM) problems was undertaken in the late 1960s
[2]. In solving EM problems by the FEM, these node-based vector elements were recog-
nised tonot work very well[2, 13]. The “structural design” of the node-based vector
element makes it impractical and difficult for the element to handle electromagnetic vec-
tor field properties and the “structural design” of the element also allowed for “wasteful”
computational calculations concerning the degrees of freedom when the element approxi-
mated vector fields [13, 3, 2]. In the late 1980’s the vector (edge) element was introduced
in computational electromagnetics (CEM) [2] and this element avoided and solved many
of the problems encountered when solving EM problems [13] in contrast to when node-
based vector elements were used.

In 1980, the French mathematician J.C.Nedelec published a paper which investigated the
structure of polynomial spaces that the basis functions of a finite element should span
in order to reduce the computation of “wasted” degrees of freedom [2]. The “structural
design” of the vector element has its degrees of freedom represented as the tangential
field component along its edges [8, 2] and this construction allowed for fewer degrees of
freedom in contrast to the node-based vector element. J.P.Webb in his paper [13] and J.Jin
in his book [3] both state that in vector electromagnetics problems, the curl of the field
is often as important as the field itself. The vector element has by construction reduced
degrees of freedom that allows for the element to model the curl-space more efficiently as
shown by Nedelec [2] thereby approximating curling vector fields more effectively.

Thus, the vector element possesses unique properties which favoured EM behaviour. The
dissertation project will focus on the use of this vector element within the FEM to solve a
particular branch of EM problems known as eddy current problems [16, 17]. The vector
PDE that governs eddy current behaviour is derived using Maxwell's equations and this

1



PDE is used to solve certain fundamental eddy current configurations.

1.1 Aim and Objective of the Dissertation

The objective of this dissertation is to successfully implement a Finite Element (FE) al-
gorithm that can be used to model a vector PDE that governs eddy current behaviour for
certain fundamental theoretical problems. The FE algorithm makes use of the FEM to ap-
proximate a solution to the PDE and then uses the vector elements to graphically construct
the solution. Investigation into the properties of the vector element was also done to gain a
better understanding of how the “structural design” contributes to the function capability
of the element to favour EM behaviour in contrast to node-based vector elements.

1.2 Scope and Limitations of the Dissertation

The dissertation covers eddy current problems under investigation that are linear and two-
dimensional. This dissertation is a first attempt at research that covers vector finite ele-
ments at UCT and therefore a lot of emphasis was placed on the investigation into under-
standing the properties of the vector elements and on the successful implementation of a
FE algorithm which makes use of these vector finite elements. The dissertation therefore
approaches the algorithm from a theoretical perspective and thus focuses on implementing
the FE algorithm on theoretical eddy current problems and not on real world eddy cur-
rent problems. The dissertation in this way tries to provide a solid foundation for further
research and development into vector finite elements at UCT .

1.2.1 Contents of the Dissertation

In Chapter 2 the PDE that models eddy current behaviour is derived from Maxwell’s
equations in differential vector form as well as in phasor form. A brief interpretation of
the PDE is given in the last section of this chapter.

Chapter 3 deals with the calculation of analytical solutions of three fundamental eddy

current problems. The solution to one of these problems are simulated through the FE al-
gorithm in Chapter 8, where this analytical solution serves the purpose of being a reliable
means to test whether the FE algorithm was implemented correctly. Also, the behaviour
pattern of the analytical solutions also aids in the interpretation of simulated solutions of

the FE algorithm for arbitrary eddy current problems in Chapter 8.

Chapter 4 deals with the theory used to construction a two-dimensional nodal finite el-

ement. Derivation of coordinate transformation between two triangular systems and the
shape functions are illustrated. The construction of the nodal finite element mainly con-

sists of the use of coordinate transformation and the shape functions. The knowledge
of coordinate transformation and shape functions of the nodal finite element are latter
incorporated into the construction of the vector finite element.

Chapter 5 begins with some preliminary theory (given in sub-sections 5.1.1, 5.1.2 and
5.1.3) that is needed to explain certain concepts concerning the vector elements. The
two-dimensional node-based vector element and two-dimensional vector (edge) element
are derived along with their shape functions. The “design structure” of both elements are
different and this results in contrasting differences in the functionality and properties of
each element when approximating vector fields and EM behaviour. lllustrations and cal-
culations are done as to how the vector element achieves approximating vector fields over
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a single element. The vector elements are then used to construct a two-dimensional vector
field across a finite element mesh by using an algorithm especially coded for this purpose.
Lastly, a short investigation is done to analyse which type of vector fields the vector ele-
ment is capable and incapable of constructing and a brief overview on the limitations of
the vector element that is used for this dissertation is mentioned.

Chapter 6 gives a brief overview of the FEM. A description of each procedure within the
FEM is given as well as the derivation of the FE equations and matrices.

Chapter 7 discusses the theory behind the implementation process of the FE algorithm.
Concepts, knowledge and findings covered throughout the research found in Chapters 4,
5, 2, 3, 6 and 7 is used in this implementation process.

In Chapter 8 solutions to eddy current problems are simulated where the results of these
simulations are analysed. The chapter begins by comparing an analytical solution of
a simple fundamental eddy current problem in Chapter 3 to the simulation of the FE
solution of the same problem. Simulations of other arbitrary eddy current problems are
also done.

Chapter 9 draws a few conclusions and a few recommendations.
Appendix A provides the full derivation of analytical solutions found in Chapter 3.



Chapter 2

Mathematical Model of Eddy Current
Behaviour

The model gives a mathematical description by means of a partial differential equation
(PDE) of the formation and physical behaviour of eddy currents. Maxwell’s equations are
used to construct this PDE that governs the eddy current behaviour.

2.1 Differential Vector Form of Maxwell's Equations

The physical behaviour of electromagnetic fields can be adequately summarised mathe-
matically by four differential equations known as Maxwell’s equations [5, 10]. Physically
these Maxwell’s equations describe time-varying electromagnetic fields [5].

Maxwell’s equations in differential form are defined as follows [5]:

N ouH
OxH = ok + 2B (2.2)
ot
0-cE=py (2.3)
O-uH=0 (2.4)

whereE[ ] is the electric field intensity [%} is the magnetic field intensity [%]

is the permeabilitya[%] is the conductivity,s[%] is the permittivity,p\,[%} is the

electron charge density ahdymbolises time.
Constitutive relations equations are defined as follows [5]:

D=¢E (2.5)
B=puH (2.6)
J=o0E (2.7)



whereﬁ[%] is the displacement flux densit@[T] is the magnetic flux density and

T[A} is the current density. The constitutive relations for this dissertation will be repre-

sented by linear equations.
Material constants are defined as follows [5]:

H = HoMr (2.8)

£ = && (2.9

wherepy = 4% 10~/ % andgy = %T x107° % . The material types specified in this

dissertation will posses linear behaviour. The values of the constant terms permeability
Uy, permittivity & and conductivityo depends on the type of material being modelled [5].

The following vector identity written in terms of the electric field intensiy5]:
ixixé:i(ﬁ-é)—izé (2.10)

will be used in the derivation of the PDE (expressed in differential form) that governs eddy
current behaviour. In this dissertation, the focus will be on direar behaved system;

that is, the equations will be considered in their linearised form as well as describe linear
behaviour in physical applications.

2.2 Phasor Form of Maxwell's Equations

Time-varying electromagnetic fields are very often either sinusoidal or else periodic in
nature [8]. The mathematical handling of sinusoidal functions is made easier by carrying
the amplitude and phase information about the sinusoid in the form of a complex number
known as a phasor [8]. The primary advantage of using phasors in analysis of time-
harmonic systems is the simplification that results in the differentiation and integration
with respect to time in mathematical equations [5]. It is important to remember that the
use of a phasor can only be applied to a system of mathematical equations when the
system under consideration is linear [3, 14].

Maxwell’s equations in phasor form are defined as follows [8]:

OxE=—jouH (2.11)
OxH = 0E + jweE (2.12)
O-uH=0 (2.14)

where in phasor formE [] is the electric field intensity [%} is the magnetic field

intensity,w[%ﬂ is the angular frequency arjdepresents the imaginary number.
Constitutive relations equations in phasor form are defined as follows [8]:

~

D=¢E (2.15)

ol



B=uH (2.16)

J=0E (2.17)
where in phasor formD [%} is the displacement flux densi$[T] is the magnetic flux

density and] A | is the current density. The constitutive relations for this dissertation

will be represented by linear equations. The following vector identity written in terms of
the electric field intensity in phasor forrg,[8]:

ﬁxﬁxé:ﬁ(ﬁ-é)—ﬁzé (2.18)

will be used in the derivation of the PDE (expressed in phasor form) that governs eddy
current behaviour.

2.3 Physical Description of the Eddy Current Model

The physical description of the eddy current model is shown pictorially in Figure 2.1.

Alternating
current

Probe coil = (L[]

/— Conductor

Primary magnetic
field

£Yy
P

/5

Eddy current —_—

Figure 2.1: Principle Eddy Current Formation within a Conductor
Primary magnetic field induces eddy currediswithin a conductor.

Eddy CurrentsJe [%} are induced electrical currents [10, 19, 16, 17]. A time-varying
harmonic magnetic field (primary magnetic fieﬂg[%]) develops when a coll is ex-

ited by a low frequency sinusoidal current (source curré t%}) [10, 19, 16, 17] as

illustrated in Figure 2.1. The source curreltis modelled by the following equation
[10, 19, 16, 17]:
jsz O'ES (2.19)

wherea, represents the conductivity of the coil aﬁg[%} represents the electrical field
present within the coil.

Another electrical conductor may come into contact with this time-varying magnetic field,
Hs. The magnetic fieldds, then induces eddy currens, within this conductor [10, 19,
16, 17] as illustrated in Figure 2.1. The eddy currents are modelled by the following
equation [10, 19, 16, 17]:

Je = OoEg (2.20)

where g, represents the conductivity of the electrical conductor that is in contact with

the primary magnetic fielts, andEg [ %] represents the electrical field induced by the
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primary magnetic fieldis, within the second conductor [10, 19, 16, 17]. Equation (2.20)
can also be written alternatively as [5, 20]:

Je = PWVarift (2.21)

wherevVyrist = umEE andpy, represents the electron charge density. The gy rep-
resents the electron drift velocity [5, 20] within the (secondary) conductopgntepre-
sents the mobility constant of a particular material [5]. Thus:

J = pV<IlmEE)

= (Pvkm) Ee (2.22)
The conductivity term in Equation (2.20) is given by:
0 = Pubim (2.23)

In conductors, the mobility constant is relatively high due to the chemical atomic bonding
structure of a conducting material, known as metallic bonds [20]. The metallic bonds
model stipulates the following atomic bonding scheme:

1. conductors (metallic material) have at most one, two, or three valence electrons
[20].

2. these valence electrons are not bound to any particular atom within the solid and
are more or less free to drift throughout the entire metal [20].

3. these electrons may be thought of belonging to the metal as a whole, or forming a
“sea of electrons” or an “electron cloud”[20].

4. the remaining non valence electrons and atomic nuclei form what are called ion
cores, which posses a net positive charge equal in magnitude to the total valence
electron charge per atom [20]. Figure 2.2 is a schematic illustration of metallic
bonding.

lon cores |

0000

0000
0000
XXX

Sea of valence electrons

Figure 2.2: Schematic illustration of metallic bonding [20].

The presence of the induced electrical field causes a force to be applied to the unbound
electrons within the conductor [9]. The movement of these electrons (mobility of the elec-
trons) in response to this applied for&g; gives rise to electrical currents (eddy currents,
Jg) within the conducting material [5, 9] as illustrated in Figure 2.1. These eddy currents

create a secondary magnetic fiettt, [%} that opposes the effect of the applied magnetic

field, Hs[19, 3]. The induced eddy currents and the creation of secondary magnetic field
is known as Lenz’s Law [19].



2.3.1 Model Restrictions

The following physical restrictions will be placed on the model for this dissertation:

1. the entire partial differential equation (PDE) that describes eddy current behaviour
is formulated in terms of the electric vector field componésnt[16, 17].

2. the model will be assumed to be entireljreear systemDue to the assumption of
a linear system, the vector fieligk can thus be represented in phasor f&fi4, 3].

3. atime-varying harmonic magnetic field, which is the external forced excitation that
induces eddy currents within a conductor/material [19].

4. no net free charge densitg, will exists sop, = 0 because the total number of
carriers (electrons) in a given volunve (of the conductor) equals the number of
positively-charged nucleons [8, 10, 5], thus giving the divergence constraint of
[).eE = 0 for Equation (2.3) [16, 17, 3]. Therefore, tenfh(ﬁ.ﬁ) =0(2) in
Equation (2.10) is neglected, and Equation (2.10) becomes [8, 10, 5]:

Ox OxE~—[PE (2.24)

e Lt

Similarly, the term(J (ﬁ.ﬁ) =0(
Equation (2.18) becomes [18]:

=) in Equation (2.18) is neglected, therefore

[

OxOxE~—[P°E (2.25)

5. the materials will have a linear behaviour in response to a forced external stimulus
[5]. The material constants are written mathematically as in Equations (2.8), (2.9)
[5]. The constitutive relations equations are written mathematically as in Equations
(2.5), (2.6) and (2.7) in vector form and the Equations (2.15), (2.16) and (2.17) in
phasor form respectively [5].

6. rates of time variation is sufficiently slow, the displacement current te%%,in
Equation (2.2) is neglected [18, 3]. Thus Equation (2.2) can be approximated as:

OxH=0oE (2.26)

7. for eddy currents modelled within a conductor the relato> we will always
hold [8, 10, 5], since conductors posses very high conductivjtyalues and very
low dielectrice, values [5]. This relation causes the tejmsE in Equation (2.12)
to be neglected [16, 17, 5]. Thus the Equation (2.12) can be approximated as [18,
16, 17, 3]:
OxH=0E (2.27)

2.4 Derivation of the Partial Differential Equation that
Governs Eddy Current Behaviour - Differential Vec-
tor Form

Derivation of the PDE begins with Equation (2.1) which is stated here again for the readers
convenience [5, 16, 17, 3]



Performing a curl operation on the RHS and LHS of Equation (2.1), gives [5, 16, 17, 3]:

ﬁxﬁxE}:—% (ﬁxuﬁ) (2.28)

According to [16, 17, 3] the eddy current model mathematically possesses two magnetic
intensity field variables:

H =Hg +Hs (2.29)
as was also discussed in Section 2.3. Substituting Equation (2.29) into Equation (2.28)
and using Equation (2.26) as well, produces:

ﬁxﬁxE} = o"'ﬁt ((DXUHE> (aXI«”—TS>>
2 (o) (o)

0 /= - d /- -

- _“dt<D E>_“E<DX S)

H
- kS om) -ud (o)

0 - 7
= —uoat Ec — uaat (2.30)
Substituting Equation (2.24) into RHS of Equation (2.30) yields:

J— 2 e J—
HEe H Oat “HOGE =
J - J -

2 — =
U°Eg uadt uadt (2.31)

Equation (2.31) is the general non-homogeneous vector wave equation that represents
eddy current behaviour mathematically [6]. It is expected that the solution of Equation
(2.31) will yield a vector function of the following general algebraic structure in three-
dimensions [6, 15, 4]:

Ee(x,Y,zt)=U (XY, zt)i +V (XY, zt) [+ W (x,y, 2, t)k (2.32)
and in two-dimensions [6, 15, 4]:
Ee (X ,t) =U (X y,))i +V (x,y;t) | (2.33)

wherefi, | andk are orthogonal unit vectors [6, 15, 4]. The forcing function which is
known, is also a vector function and has the following general algebraic structure in three-
dimensions:

ES(X7y7 Z7t> = US(X7 Y, th) iA_FVS(X?y? Z7t> j’\—i_WS(Xv Y, th)k (234)

and in two-dimensions:
ES(X7y7t> = US<X7y7t> i’\+VS<X7 yvt) JA (235)

Equations (2.32), (2.34) are three-dimensiomattor functionsand Equations (2.33),
(2.35) are two-dimensionakctor functions [4, 6].
According to Equation (2.31), the terBx acts as the forcing function that induces the
electric field, Eg in a domain [15, 6, 10]. The presence of the electric fiéld,in a
conductor causes eddy curredtsto form (refer to section 2.3 for the explanation of how
eddy currents are induced in a conductor) [16, 17].
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2.5 Derivation of the Partial Differential Equation that
Governs Eddy Current Behaviour - Phasor form

Phasor form signifies that the time variable within an equation will be absent, therefore
only spatial variables will appear in the equation. Derivation of the PDE in phasor form
begins with Equation (2.11). Equation (2.11) is stated here for the readers convenience
[18].

O x Eg = —jowpH
Similar to Equation (2.29), the magnetic intensity field phasor variable is written as [16,
17, 14):

H = Hg +Hs (2.36)

Performing a curl operation the RHS and LHS of Equation (2.11), and at the same time
substituting Equation (2.36) into Equation (2.11) produces [16, 17]:

[

O x x Eg = —jou <ﬁx|—~lE>—jwu <ﬁ><H~S> (2.37)

Substituting Equation (2.12) into Equation (2.37) produces [16, 17]:

OxOxEg = —jwuoEg — jwuoEs (2.38)
Substituting Equation (2.25) into RHS of Equation (2.38) yields [16, 17]:

_[?Er = —jwpoEe — jwuoEs
(26 — jwpoBe = jwpoEs (2.39)

Equation (2.39) is the general non-homogeneous vector wave equation in phasor form
that represents eddy current behaviour mathematically [16, 17]. It is expected that the
solution of Equation (2.39) will yield a vector function of the following general algebraic
structure in three-dimensions [6, 15, 4, 5]:

Ee (%,Y,2) =U (X,Y,2) 1 +V (x,,2) | +W (x,Y,2) k (2.40)

and in two-dimensions [6, 15, 4, 5]:

A

Ee (x,y) =U (x,y)i +V (x,y) | (2.41)

The forcing function which is known, is a vector function and has the following general
algebraic structure in three-dimensions:

ES (X7 Y, Z) = US (X7 Y, Z) IA+VS (X7 Y, Z) JA+WS (X7 \Z Z) R (242)

and in two-dimensions:

A

Es(x,y) =Us(X,Y)[+Vs(X,y) | (2.43)

[6, 15, 4]. Similar to section 2.4, Equations (2.40) and (2.42) are knoweetsr func-
tionsin phasor form [6, 15, 4, 5]

According to Equation (2.39) (the electric field formulation of the eddy current problem
in phasor form) the ternks acts as the forcing function that induces the electric field,
Ee in a domain [15, 6, 10]. The presence of the electric figldjn a conductor causes
eddy currents to form (refer to section 2.3 for the explanation of how eddy currents are
induced in a conductor) [16, 17].
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2.6 Interpretation of the Mathematical Equations Gov-
erning Eddy Current Behaviour

The derivation of the eddy current PDE thus begins with Equations (2.1) and (2.11) as
seen in Sections 2.4 and 2.5 respectively.

The physical behaviour of eddy currents induced in a conductor in response to an external
forced excitation (a time-varying harmonic magnetic field ) is described mathematically
by the PDE given by Equation (2.31) in the time domain and Equation (2.39) in the
frequency domain respectively. Both Equations (2.31) and (2.39) are able to support
problems:

¢ with source-free region, in this case the PDE is homogeneous and boundary-driven
[15].

¢ that contain the source region, in this case the PDE is inhomogeneous and force-
driven [15].

The eddy current PDE is homogeneous and boundary-driven when the geometry of the
problem involves the penetration of a time-varying field directly onto the boundary of the
domain of a specific problem. When considering boundary-driven problems, the BC can
be imposed on the different regions of the domain of the problem [15]. The boundary of
the domain can be:

¢ the material/conductor itself [15].

e small air space which surrounds the material/conductor [15].
The eddy current PDE is inhomogeneous and force-driven when the domain of the prob-

lem contains the the source region [15, 6]. The source region is the spatial position within
the domain that the magnetic field is prescribed on.
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Chapter 3

Analytical Solution of the PDE that
Governs Eddy Current Behaviour

Analytical solutions to Equation (2.39) of three fundamental problems were done for the
following reasons:

e a FE algorithm was coded to model Equation (2.39) which governs eddy current
behaviour. The analytical solution of Section 3.1 will be compared to the FE sim-
ulated solution of the same problem, therefore the analytical solutions serves as a
reliable means to test whether the algorithm was implemented correctly.

e the behaviour pattern of the analytical solutions may aid in the interpretation of
simulated solutions of the FE algorithm for arbitrary eddy current problems which
is simulated by the FE program in Chapter 8.

¢ to gain a better understanding of how the physical behaviour of eddy currents relates
to the mathematical equations that govern them.

Producing an analytical solution is achieved by using Equation (2.39). To produce a
boundary value problem the RHS of Equation (2.39) is set to zero, thejtepraEs = 0.
Equation (2.39) becomes [8]:

(2E¢ — jwuoEe =0 (3.1)

Equation (3.1) is homogeneous. This homogeneous Equation (3.1) will be subject to
certain boundary conditions that will model certain eddy current situations [8]. Equation
(3.1) can be written as: B N

[2Eg —k2Eg =0 (3.2)

12



wherek2 = jwuo. Simplification of the ternk [8, 10]:

k = Viwpo
= (jwpo)?
= (wugejg)%
= JwHgel4

(y/OHO + j,/WHO)
V2

_ (1+))
= Voo (3.3)

= Y4

= rfuo(l+j)
Let \/if uo = 3, therefore [8, 10]:

k=p(1+]) (3.4)

The wave numbek is complex [8, 10].

3.1 PDE Modelled without a Source Region Included in
the Domain

In this section, the analytical solution of a simple boundary-driven problem is derived

and analysed. The the electric fidfd, which produces the eddy currents as discussed in

Section 2.3, is induced in the conducting body through a uniform time-varying harmonic
electric field located at the boundary of the conducting body.

3.1.1 Problem Statement

The aim is to find an analytical solution to Equation (2.39) with a source-free region. The
problem is thus boundary-driven as discussed in Section 2.6. The time-varying field:

Es(t) = Eg,coq wt)i (3.5)

whereEsg,, is the constant amplitude andl is the angular frequency. Equation (3.5) is
specified on the boundary of the domain space at positiel® on thez— axisand this
field is polarised in the positivie- direction(x— axis). The domain of this problem is the
X—zplane and is shown in Figure 3.1.
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Figure 3.1: lllustration of the Problem Statement of sec8dhn

Convert Equation (3.21) to phasor form [5, 8]:
Es(t) = Re(Ege™)i (3.6)
Es=Es, (3.7)

whereEg = Egoeje, but6 = 0. Equation (3.7) will form the boundary condition equation
of this problem.

3.1.2 Analytical Solution of Problem

Assume that the, electric vector field componBgtis polarised in thex— directionand
travels in thez— direction[8, 3]. Equation (3.2) will take on the following form [8, 3]:

02E,

57 7 K2E, = 0 (3.8)

Equation (3.8) is subjected to the following boundary conditions [8]:
Ex(0) = Eg, (3.9)
Ex(®0) =0 (3.10)

The analytical solution to Equation (3.8) subject to the boundary conditions given by
Equations (3.9) and (3.10) is derived to be:

Ex(z,t) = Eg,e PZcos(wt — B2) i (3.11)

wheref = /mtf uo. Please refer to Appendix A for the full derivation of how the solution
given by Equation (3.11) was obtained.

Equation (3.11), gives the solution of a spatial propagatewor waveE,, with an expo-
nential decay in the wave amplitude [5]. The consfanwithin the exponential decaying

terme P2 is also known as the attenuation constant [21, 5]. The phase constant has the
same value as the attenuation constant [21, 5].

3.1.3 Skin Depth and Skin Effect Phenomena

The electric field vector wavg,, travelling in a conducting media is attenuated by a factor
e PZ as the wave travels along the direction of propagation fthexis) , of Equation
(3.11) [21]. The attenuation constght= /mf uo is be written as:

5 = =

- (3.12)




whered is a constant with dimension in metdmg|, this length is called thekin depth
of the material [5]. The skin depth is defined to be the distance after Whi’d&ﬁ , the

magnitude of the electric field vector wa¥g, has decreased to exacty! (approxi-
mately 368%) of it's initial value as the wave penetrates into the domain. For a given
medium (eg.u, o = constanj, the skin depth will decrease with increasing frequency,
this is known as thekin effect[5]. In the particular case of a perfect conductor (or super-
conductor wherwr — ), the skin depth becomes zero, and it is independent of frequency
[5]. The electric and magnetic fields do not penetrate into the medium at all, this is known
as the Meissner’s effect [19, 9].

The skin depth of a particular materidgépends on the frequenoy the electromagnetic

wave and on theonductivity of the materiatself [5]. Eddy currents tend to develop on

the outer surfaces of conductors, a phenomenon known as skin effect [17]. The pene-
tration depth is a very important parameter in eddy current phenomenon, and expresses
the ability of penetration of the electromagnetic field in conducting bodies [17]. The skin
effect has a direct relationship to frequency [17]. The higher the frequency, the smaller
the penetration depth [17].

3.1.4 Analysis of Problem

1. Equation (3.11) mathematically describes a spatial propagating sinusoidal wave
travelling in the positivez— direction [5] .The electric field is also perpendicu-
lar to the direction of the wave propagation and is thus the wave is referred to as a
transverse wave [9].

2. The vector wave as it travels along the axis decays exponentially (attenuates)
in amplitude due to the damping teen?? in the positivez— direction[5, 21]. The
decaying exponential tereT #Z, where3 = /7t 10, controls the attenuation depth
of the wave as it travels along tlze- axisas described by Equation (3.11), thus the
attenuation depth of the wave mathematically depends directly on the variables such
as, frequency f), permittivity (1) and conductivity(o) [5, 21]. The attenuation
term e P2, is directly responsible for thekin effectbehaviour described in sub-
section 3.1.3 when the frequency tefnis varied [5, 21].

3. The sinusoidal wave originates from the boundary located at coordmat@, due
to the excitation boundary condition given by Equation (3.9) [8, 10].

4. The electric fielE,, exerts a force on the free electrons within the conducting body
and thus causes the motion of these electrons [9, 10, 5]. The movement of the
electrons produces a current [9, 10, 5] within the conducting body and thus eddy
currentsg are formed [19], refer to section 2.3.

The analytical solution, Equation (3.11) is illustrated in Figure 3.2a at a frequency of
f = 5Hz, timet = Os and Figure 3.2b at a frequencyfof 0.5Hz, timet = Os.
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Figure 3.2: Graphical Solution of Equation (3.11)

Sub-figure 3.2a, simulated at a frequencyf et 5Hz. At this frequency, the electric vector waE§ does

not propagate far along tlze- axis This is an example of skin depth phenomena (refer to subsection 3.1.3).
Sub-figure 3.2b, simulated at a frequencyfef 0.5Hz. At a lower frequency, the electric vector wa@g
propagates further along tlze- axisin comparison to the wave in sub-figure 3.2a.

3.2 PDE Modelled with a Source Region Included in the
Domain

In this section, the analytical solution of a simple force-driven problem is derived and
analysed. The electric fieleg, which produces the eddy currents, as discussed in Section
2.3 is induced in the conducting body through a uniform time-varying harmonic electric
field. The electric field is located at a source/excitation region within the conducting body.

3.2.1 Problem Statement

The aim is to find an analytical solution to Equation (2.39) that contains a source region.
An excitation time-varying field:

Es(t) = Ecog wt)i (3.13)

is specified on the source region, this field is polarised in the positivairection (x —
axis). The domain of this problem is the- z plane and the location of the source region
is at the centre of the domain, at positosa 0 as shown in Figure 3.3.
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Figure 3.3: lllustration of the Problem Statement of section 3.2.

Convert Equation (3.21) to phasor form:

A

Es(t) = Re(Eqe!™)i (3.14)

E = Eg (3.15)

whereE = Egel?, but8 = 0. Equation (3.15) will form the boundary condition equation
of this problem.

3.2.2 Analytical Solution of Problem

Assume that theEe-field is polarised in thé— directionand travels in thé& — direction
(z— axig). Equation (3.2) will take on the following form [8, 3]:

02Ex

5z - K2E, =0 (3.16)

Equation (3.16) is subjected to the following forced condition:
Ex(0) = Ex (3.17)

The analytical solution to Equation (3.16) subject to the boundary condition given by
Equation (3.17) is derived to be:

E0efZcos(wt +Bz)  for z<0

3.18
EoePrcos(wt —Bz) for z>0 (3.18)

EX(Z,t) = {
_ ETSOemZ'cos(wt—B\ZD

wheref = \/mif uo. Please refer to Appendix A for the full derivation of how the solution
given by Equation (3.18) was obtained.

Equation (3.18), gives the solution of two propagating waves travelling in opposite direc-
tions along the— axis The waves emerge from a “source point” and decays in amplitude
in the directions of wave propagation [5]. The consti@antvithin the exponential decay-

ing terme~PZ is also known as the attenuation constant [21, 5]. The phase constant has
the same value as the attenuation constant [21, 5].

3.2.3 Analysis of Problem

e Equation (3.18) describes a pair of sinusoidal waves travelling in the positive
directionand negative — directionrespectively.
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e The sinusoidal waves, as they travel are decaying exponentially due to the damp-
ing termse A7 in the positivez— direction and €?Z in the negativez — direction
respectively. At the boundaries of the domain the following boundary conditions

(3.19)
(3.20)

are implicitly implied: N
EX (00> = O

E~X (_00> = O
Both sinusoidal waves originate from a spatial source region located at co-ordinate,

z=0.
e The attenuating wave behaviour throughout the domain described by Equation (3.18)
was caused by a time-varying electric fi(ﬁg(t) given by Equation (3.13), located

at the source region.

The analytical solution, Equation (3.18) is illustrated in Figure 3.4a at a frequency of
f = 5Hz, timet = Os and Figure 3.4b at a frequencyfof 0.5Hz, timet = Os.

25 25

—:;. —0‘.5 0 015 i
(a) (b)
Figure 3.4: Graphical Solution of Equation (3.11)
Sub-figure 3.4a, simulated at a frequencyf et 5Hz. At this frequency, the electric vector waE§ does

not propagate far along the positize- axis and the negative — axis Sub-figure 3.4b, simulated at a
frequency off = 0.5Hz. At a lower frequency, the electric vector welzeg propagates further along the

positivez— axisand the negative— axisin comparison to the wave in sub-figure 3.4a.

3.3 Electric Field Induced within a Conducting Body through
a Uniform Time-Varying Harmonic Magnetic Field

In this section, the analytical solution of a boundary-driven problem is derived and anal-
ysed. The the electric fielfiz, which produces the eddy currents, as discussed in Section
2.3is induced in the conducting body through a uniform time-varying harmonic magnetic

field located at the boundary of the conducting body.
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3.3.1 Problem Statement

The aim is to find an analytical solution to Equation (2.39) with a source-free region, the
problem is thus boundary-driven. The time-varying magnetic field:

Bs(t) = Bocos(wt) k (3.21)

is specified on the boundary plane{(y plane) at the position= 0 on thez— axisof the
domain space, this field is polarised in the posittvedirection (z— axis) as shown in
Figure 3.5.

B(r}//" 7

Figure 3.5: lllustration of the Problem Statement of section 3.3.
The magnetic field (t), is uniform over a circular area centred on the origiry) = (0,0), on the surface
of the boundary plane¢ y plane).

X

Convert the time derivative of Equation (3.21) to phasor form:

Bs(t) = Bocos(wt)k
)

= Re(Bpe/* (3.22)

Bs(t) = Re(Boe!*!) (3.23)
05(;(0 = Re(jwBe™)

—dBo,,St(U = Re(—Bs(w)e?) (3.24)

Bs(w) = —jwBg (3.25)

whereBs(w) = —jwBeel® , but 8 = 0. Applying Equation (2.11) , Faraday’s law to
Equation (3.25) yields:

%, o,

— _jwB 2
ax  dy jwBo (3.26)
0Ex JE, .
Ty ox . Jwbo
0 (3yjwBy) 9 (—3xjwBo) .
dy  ox = B
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~ 1 .
Ex = éYleo (3.27)

. 1 .
Ey = —EXJO)BO (3.28)

Thus, the magnetic field, Equation (3.21) produces a circulating time-varying electric
field, given in phasor form as:

Es = Ed+EJ
1 . o 1 . o
= EYJC‘JBO| + <—§XJ°‘)BOJ)
1. N
= SiwBo (Y —x]) (3.29)

This circular/rotationaEg-field given by Equation (3.29), is centred about the origin of
the boundary planex(-y plane) and will form the boundary condition equation of this
problem.

3.3.2 Analytical Solution of Problem

Assume that theEe-field is polarised in the— directionand | — directionand travels in
thek — direction(z— axis). Equation (3.2):

2Bz — k2Ez = 0

will take on the following forms when decomposed into its vector components:

azéx -1

= — RE=0 (3.30)
in thei — directionand N

ﬁzEy ”2 ~

in the | — direction
Vector Component ini — direction Beginning with Equation (3.30):
0%E,

in thei — directionand. Equation (3.30) is subjected to the following boundary conditions:

1
Ex(0) = 5yjwBo (3.32)

Ex () =0 (3.33)

The analytical solution to Equation (3.30) subject to the boundary conditions given by
Equations (3.32) and (3.33) is derived to be:

Ex(zt) = %yjooBoe_BZ [cos(wt — Bz) — jsin(wt — B2)] (3.34)
= —%waoe‘BZsin(wt —B2)
wheref = ,/wlO.
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Vector Component in | — direction Beginning with Equation (3.31):

dzéy N~
o2 KB =0

in the | — direction Equation (3.31) is subjected to the following boundary conditions:
Ey(0) = Eg (3.35)

Ey () =0 (3.36)

The analytical solution to Equation (3.30) subject to the boundary conditions given by
Equations (3.35) and (3.36) is derived to be:

E/(zt) = —%xjooBoeBZ [cos(wt — BZ) — jsin(wt — BZ)] (3.37)
= %owoeBZsin(wt —B2)

where3 = ,/wpuo. The full solution of the problem is obtained by adding together the
solutions of Equations (3.34) and (3.37), this gives:

A

EE <X7y7 Z7t> = EX (y7 th) IA+ Ey <X7 Z7t> J
= —%waoe_BZsin(wt —B2)i+ %xijoe_BZsin(wt -B2)§

1 ~ 1 ~ .
— <_§wao' + Eowoj) e PZsin(wt — B2)

1 ~ ,
= 5B (—yi +xj) e P?sin(wt — B2) (3.38)
Please refer to Appendix A for the full derivation of how the solution given by Equation
(3.38) was obtained.

3.3.3 Analysis of Problem

1. Equation (3.38) describes a sinusoidal vector wave (havingdirectedand | —
directed vector components) travelling in the positize- direction The vector
wave, as it travels along the— axis decays exponentially (attenuates) due to the
damping terms#Zn the positivez— direction The wave originates from the
boundary located at co-ordinate= 0, due to the excitation boundary condition
(time-varying magnetic field) given by Equation (3.21). The analytical solution,
Equation (3.38) is illustrated in Figure 3.6a.

2. Equation (3.38) in phasor form:
~ l o ¢ i
Ee (x.),2) = 5 wBo (—yi +xj) e Pee 1Pz (3.39)

The Eg-field wave Equation (3.39), has danti-clockwise” polarised rotational
direction (—yf+ xD, that isoppositeto the time-varyin¢Es-field, given by Equa-
tion (3.29), which posses ‘@lockwise” polarised rotational direction(yf—xD.

The “clockwise” time-varyinges-field was produced by a time-varying magnetic
field that was polarised in the positike- directiongiven by Equation (3.21) (refer

to section 3.3.1), here the magnetic field is rewritten for the reader’s convenience:

A

gs(t) = Bpcos(wt) k
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Equation (3.21) can also be written as:

A

Hs(t) = Hopcos(wt)k (3.40)

whereBy = Hou. TheEg-field wave given by Equation (3.39), will produce its own
magnetic fieldHg (refer to section 2.3). The “anti-clockwise” rotation direction of
the Eg-field wave given by Equation (3.39), suggests according to Faraday’s law
(refer Equation (3.26)) that this time-varyirg-field would be polarised in the
negativel?—direction Equation (3.29) and Equation (3.39), illustrates Lenz’s law
analytically.

Two simulations of the analytical solution given by Equation (3.38) were simulated at
frequencies of = 5Hz andf = 1Hz shown in Figure 3.6a and 3.6b respectively.

5 5
4 4
3 3

(@) (b)

Figure 3.6: Graphical Solutions of Equation (3.38)
Sub-figure 3.6a, simulated at a frequencyf et 5Hz. Single frame picture taken from a movie simulation
that runs for approximately 43 seconds. The high frequency value causes the following effects to the vector
wave: The wave only travels a short distance along the axis of wave propagatian-{thés) due to an
increase in attenuation strength, refer to sub-section 3.1.3. Wave propagation could be seen because the
wavelengthd, is small in comparison to the dimension of the domain alongzthexis Sub-figure 3.6b,
simulated at a frequency df = 1Hz. Single frame picture taken from a movie simulation that runs for
approximately 43 seconds. The low frequency value causes the following effects to the vector wave: The
wave travels a longer distance along the axis of wave propagation-{th&is) in comparison to the wave
in Figure 3.6a due to an decrease in attenuation strength, refer to sub-section 3.1.3.
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Chapter 4

Nodal Finite Elements

The earliest finite elements were designed to approximate scalar fields [7] and these finite
elements are also referred to in this dissertation as scalar finite elements. This chapter
explains the theory used in the construction of scalar finite elements.

4.1 Scalar Field

A two-dimensional scalar field can be written algebraically as:
F (xy) = fo+ fix+ fay (4.1)

where Equation (4.1) can be classified as a polynomial function of two varidblesy()
[4, 6] and also as a linear (first-order) polynomial function [4, 6]. The varialyef and
f, are the coefficients (which are constants) of the polynomial function [4, 6].

4.2 Simplex Elements

Geometries such as lines in one dimension, triangles in two dimension and tetrahedrons in
three dimension are often called simplex elements because they are the simplest possible
shapes, with the minimum number of vertices, in two and three dimensions respectively,
that is found in space [2, 3]. Any polygon no matter how irregular, can be represented
exactly as a union of triangles, and any polyhedron can be represented as a union of
tetrahedrons [2]. It is thus reasonable to employ the triangle as the fundamental element
shape when subdividing a domain in two dimensions, and to extend a similar treatment to
three dimensional domain problems by using tetrahedrons [2].

4.3 Two Dimensional Triangular Scalar Finite Element

In the scope of this dissertation, the scalar finite element is capable of constructing scalar
fields of the algebraic form as in Equation (4.1) [7].

4.3.1 Triangular Coordinate Transformation

The coordinates of any point within a unit right angled triangle can be transformed to any
point within an arbitrary triangle within the cartesian coordinate system by the use of a
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transformation matrix [5]. The transformation matrix is derived as follows:

1 1 1
P= X1 X2 X3 (4.2)
[ Y1 Y2 Y3

and _
1 1 1

U= Up Uz U3 (4.3)

| V1 V2 V3

where Equation (4.2) is called the coordinate matrix which contains the coordinate points

(X1,y1), (X2,y2)and(x3 y3) located at the vertices (nodes) of an arbitrary triangular element

[5]. Another matrix given by Equation (4.3) called the unit coordinate matrix contains the

coordinate pointsuy v1), (Uz v2)and(uz v3) located at the vertices (nodes) of a unit right

angled triangle [5]. Equation (4.4) computes the transformation matrix:

T = PU? (4.9)
1 0 0
= X2 X3—X2 X1 —X2
Y2 Y3—=Y2 Y1—Y2
Equation (4.5) illustrates how the transformation matrix given by Equation (4.4) is used

to transform coordinates located in the unit right angled triangle to coordinates located in
an arbitrary triangular element:

1 1 0 0 1
X = Xo X3—Xo X1—Xo u (4.5)
y Y2 Y3—=Y2 Yi1—Y2 \
1
= Z1| u (4.6)
v

where RHS of Equation (4.5) is a arbitrary set of coordinates located within an arbitrary
triangle of the cartesian coordinate system. The LHS of Equation (4.5) contains the co-
ordinate transformation matrix as well as the known coordinates of the unit right angled
triangle. In Equation (4.6) the transformation matrix is symbolised by the linear oper-
ator .. The transformation matrix in Equation (4.5) is calculated by using the known
cartesian pointsxy y1) = (34), (x2y2) = (1, 2)and(xzys) = (51) located at the vertices
(nodes) of the arbitrary triangle in sub-figure 4.1b. The transformation of the cartesian
points from the unit right angle in sub-figure 4.1a to the arbitrary triangle in sub-figure

4.1bis as follows:
Z(U]_,V]_) = 3(0,1)
(X1,Y1)
= (3,4) (4.7)

and

Z(UZ’VZ) = ,2”(0, 0)
= (X2,Y2)
= (1, 2) (4.8)
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and

Z(uvs) = Z(1,0)

= (x3,¥3)
(5, 1) (4.9)

The operatorZ, transforms coordinates from one coordinate system, the unit right angled
triangle coordinate system, to another coordinate system, an arbitrary triangle.

(a) (b)

Figure 4.1: Coordinate Transformation of a Triangle in the Cartesian Coordinate System
Sub-figure 4.1a illustrates the cartesian poifusvi) = (0,1) is located at nod@y, (upv2) = (0,0) is

located at node; and(uz v3) = (1,0) is located at nodes on the unit right angle triangle. Sub-figure 4.1b
illustrates that using Equation (4.5) the cartesian points located at the nodes of the unit right angle triangle
were transformed to the cartesian points located at the nodes of the arbitrary trianglepwhere- (3 4)

is located at noday, (x2y2) = (1 2) is located at node, and(x3y3) = (5,1) is located at nodesz on the
arbitrary triangle. .

The Figure 4.2 illustrates the transformation of a greater number of points from the unit
right angle triangle to the arbitrary triangle by using the transformation matrix in Equation
(4.5).

1
e
2n

(@) (b)
Figure 4.2: Coordinate Transformation of Multiple Coordinate Points within a Triangle
Sub-figure 4.2aillustrates multiple points that are numbered across the right angle triangle. Sub-figure 4.2b

illustrates the transformation of the points in sub-figure 4.2a to the points in the arbitrary triangle. The
numbers indicate the transformation position.
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4.3.2 Shape Functions

Any linear function,f€(x,y), within a triangle element can be computed by [2, 5]:

f(x,y) = a+bx+cy (4.10)
a

= [1xy]|b (4.11)
C

where coefficients, b andc have to be known [5]. Equation (4.10) can also be written in
the following mathematical form [2, 5]:

fe(x,y) = Mfi+ Axfo+ Azfs (4.12)
f

= [)\1 Ao )\3} fo (4.13)
f3

where the function values at the node$x; y1) = f1, f2(X2y2) = fo and f3(xzys) = f3

are known [2, 5]and; = A1(X,Y), A2 = A2(X,y) andA3z = A3 (X,y) are linear interpolation
functions that span the entire element [1]. A linear interpolation function spanning a
triangle must be linear in two orthogonal directions [1]. Since the function values at the
nodes are known, Equation (4.10) can be written as a system of linear equations for the
three known function values [2, 5]:

fi(xyy1) = a+bxg+cy (4.14)
fo (Xz’yz) = a+bx+cy (4.15)
f3 (X3’y3) = at+bxz+cys (4.16)

-1 L L L L L |
-1 0 1 2 3 4 5 6
X

Figure 4.3: Triangle Finite Element
Nodesn; where coordinatéxy, y; ) is locatedn, where coordinatéx,, y») is located anahz where coordi-
nate(xs,ys) is located. The nodes are labelled at the vertices of the triangle.

Equations (4.14), (4.15) and (4.16) are represented in matrix notation [2, 5] as:

fl 1 x Y1 a
f2 = 1 X% Y2 b (4. 17)
f3 1 X3 V3 C
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1 x1 v
where the matri{ 1 X ¥y ] , contains the coordinates located at the nodes of the tri-
1 X3 V3
angle element as seen in Figure 4.3, these coordinates are known. Calculation of the
a
unknown coeﬁicientﬁ{ b |, is achieved by [2, 5]
c
- -1
a 1 x y f1
b | = 1 X% Y2 f2 (4.18)
| C 1 X3 vy3 f3
but substituting Equation (4.18) into Equation (4.11) gives [2, 5, 3]:
1x ]t fy
fexy)=[[1 x y]|1 x ¥ f5 (4.19)
1 X3 y3 f3
where
-1
1 x1n
[)\1 /\2 )\3]: [1 X y} 1 x Y2 (4.20)
1 X3 y3

The interpolation functions are also called shape functions or basis functions [1]. Using
MATLAB Symbolic:

1x yi]° 1 | XYz —Xay2 Xiy3—Xay1 X1yz2 —Xoy1
1 x vy = o | Y Y3—Y1 y1—Y2 (4.21)
1 x3 y3 X3 — X2 X1 — X3 X2 — X1
a a asg
¥ { by by b3] (4.22)
Ci G C3

where the area of the triangle element is:

1
Ae = 5 (Xo¥3 = Xay2 = Xa¥3+X1¥2 +Y1X3 — Y1Xo) (4.23)

Equation (4.22) contains the coefficients of the shape functions [3]. Substituting Equation
(4.22) into Equation (4.20) gives:

A1(xy) = ar+bix+cry (4.24)
A2(X,y) = ag+box+cpy (4.25)
A3(Xy) = az+bsx+cay (4.26)

Substituting Equation (4.21) into Equations (4.24), (4.25) and (4.26) gives [5]:

(X2Y3 — X3Y2) + (Y2 — Y3)X+ (X3 — X2)y

Axy) = T (4.27)
Aa(xy) = (Y1X3 — X1y3) + (yz?,A; Y1)X+ (X1 — X3)y (4.28)
As(x.y) (X1y2 —Y1X2) + (yzlA_e Y2)X+ (X2 — X1)y (4.29)
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The shape functions have been derived in complete symbolic notation. Equation (4.27),
(4.28) and (4.29) shows that the coefficients of the shape functions are constructed from
the known coordinates at the nodes of the triangle element in Figure 4.3. Substituting
Equation (4.22) into Equation (4.18) produces:

a a; a ag f1
b|=]b by bs fo (4.30)
c C1 C C3 f3
Equation (4.30) represents the coefficients of Equations (4.24), (4.25) and (4.26) as a
f
linear combination of the known function values at the nofels |, and the coefficients
f3
a ay ag
of the shape functiong by by, bs |.
C1 C C3

Using the above equations a mathematical proof was derived showing that any function
value f€(x,y), within a triangle element can be calculated from a linear combination
of the three shape functions given by Equations (4.27), (4.28) and (4.29) and the three
known function valued (xyy1) = f1, f2(X2,y2) = f2 and f3(x3 y3) = f3 at the nodes of

the element:

f(x,y) = a+bx+cy

[ a
= [1xy]|b
| c
[a; ap a3z | [ f1
= [1 X y} by by bs fa (4.31)
| &1 ¢ c3 || f3
[a; a, ag | f1 ]
< [l X y] b1 by bs fo
i Ci1 C C3 ] f3 ]
fq
= [M A Az ]| f
f3
= Mfi+ Axfo+ Asfs
The end product of Equation (4.31) is written in full notation as:
fE(xy) = A1 (xy) fr(xey1) +A2(%Y) f2 (X2 Y2) +A3(X,Y) f3(X3 y3) (4.32)

Equation (4.12) states that the functiéf(x,y), can be calculated at any arbitrary point
(x,y), within the triangle element, by the direct summing of the shape funchppsy),
A2(xy) and Az (x,y) of the element along with the known function valuBgx; y1),

f2 (X2 y2) and f3(x3 y3) at the nodes of the element.

Visualisation of the Scalar Finite Element and its Corresponding Shape Functions

A small algorithm was coded to visually display a single finite element along with its
associated shape functions using the information of sub-sections 4.3.1 and 4.3.2. The
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coordinate transformation is calculated according to Equations (4.2), (4.3), (4.4) and (4.5).
The shape functions are calculated according to the Equations (4.27), (4.28) and (4.29).

E x 474

(a) Shape Functiom (x,y) (b) Shape Functiom; (x,y)

z
L o 24 v ow & oo

P

(c) Shape Functiomz(x,y) (d) Scalar Fieldt®(x,y)

Figure 4.4: Two Dimensional Scalar Finite Element
Figure 4.4d, is a graphical illustration of Equation (4.32). The transparent triangular plate indicates the
computed scalar field across the nodal finite element. The blue points located on this transparent triangular
plate are the scalar field valué§(x,y), that are computed through Equation (4.32), using the cartesian
points(x,y) within the triangle element of figure 4.3.
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Chapter 5

Vector Finite Elements

Vector finite elements were specifically designed to approximate electromagnetic vector
fields, also known mathematically as vector functions [2, 3, 7], that obey the Maxwell curl
equations [2]. The PDE that models eddy current behaviour is derived from Maxwell’s
equations in Chapter 2 and the solution to this PDE equation is a vector field (refer to
Section 2.5) thus making the vector finite element a highly desirable choice to use within
the FE algorithm.

5.1 Preliminary Theory

Some important preliminary theory is provided concerning vectors, vector fields, and EM
vector field properties.

5.1.1 Vectors

Any vector can be decomposed into a normal component and tangential component with
reference to a certain interface, for example :

E=Ed+EJ (5.1)

where with reference to the y-axis, is the component perpendicular to the y-axis called
the normal component arif}, is the component parallel to the y-axis called the tangential
component as illustrated in Figure 5.1.
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Ay

(0,0) E

Figure 5.1: Components of a vector
VectorE, is decomposed into its normal componEgtand its tangential componef. The components
Ex andEy are both constants.

5.1.2 \ector Fields

A two-dimensional vector function can be written in terms of component functions as
follows: B A A

E(XxY) =F(Xy)i+G(xy)] (5.2)
whereF (x,y) andG(x,y) are the component functions of the vector functibfx,y) in
thei —directionandj —directionrespectively. A typical linear vector field in two dimen-
sions has component functions comprising of linear (first-order) complete polynomial
expansion [4, 6, 2]:

F(xy) = fo+ fix+ foy (5.3)

where in thd — direction
G(X,Y) = go+ G1X+ G2y (5.4)

and in the] — direction A first-order complete approximation for a two-dimensional
function inx andy has three terms [2]. One term is a constant and the other two terms are
linear inx andy respectively [2], as seen in Equations (5.3) and (5.4). A complete poly-
nomial expansion can also be referred to as a full-order expansion [13]. These component
functions are also known as scalar fields [7].

5.1.2.1 Differential Relations for a Scalar Field

A differential operation can be performed on a scalar field (scalar function) [10, 9, 6].
This differential operation is:

e Gradient of a Scalar Field : .
T=0F (5.5)

whereF, is a scalar field and is a vector field that is produced when the differential
operatoi], “acts upon’F [10].
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Gradient of a Scalar Field

This differential relation physically measures the direction of the fastest change of a scalar
field in magnitude and direction [10, 9, 6].

5.1.2.2 Differential Relations for Vector Fields

Two important differential operations that can be performed on vector fields [10, 9, 6].
These differential operations are:

e Divergence of a Vector Field : .
A=0-E (5.6)

whereE, is a vector field and, is a scalar field that is produced when the differen-
tial operatort], “acts upon’E via the dot product [10].

e Curl of a Vector Field : .
B=0OxE (5.7)

whereE, is a vector field andB, is a vector field that is produced when the differ-
ential operatof], “acts upon’E via the cross product [10].

Divergence of a Vector Field

This differential relation physically measures the divergent (spreading out) capability of
the vector fielcE (in Equation 5.6), from a pointin question or towards a point in question
[10, 9, 6]. A divergent vector field can be identified as having a “source point” from where
the vector field seems to emerge from or a “sink point” towards where the vector field
seems to be heading [10, 9, 6]. A purely divergent vector field has zero curling capability
[10, 9, 6] that is: )

OxE=0 (5.8)

Curl of a Vector Field

This differential relation physically measures the rotational (curling) capability of the
vector fieldE (in Equation 5.7) around a point in question [10, 9, 6]. A curling vector
field can be identified as having no “source point” or “sink point” [10, 9, 6]. A purely
rotational vector field has zero divergence capability [10, 9, 6] that is:

0-E=0 (5.9)

5.1.3 Boundary Conditions for Electromagnetic Fields

The boundary conditions are valid for both time-independent and time-dependent electro-
magnetic fields [5]. In two dimensions and in the cartesian coordinate system, electromag-
netic fields can be separated into a component that is parallel to an interface (tangential
component) and a component that is perpendicular to an interface (normal component)

[5].
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Material Interface

Matarial 1 Material 2

Figure 5.2: Electric Field Deflection Across a Material Interface
The diagram illustrates that the electric field will bend (deflect) as it passes from one medium (material) to
another medium, because the tangential components of electric field are continuous and the normal
components are discontinuous across the material interface [5, 10]. This bending of electromagnetic waves
is called refraction [5, 8].

The tangential components of an electric vector field across a material interface are con-
tinuous, that is [5, 8J:
Ei1=Ep (5.10)

There is a discontinuity between the normal components of an electric vector field across
a material interface (different mediums), that is the normal components of an electric
vector field across a material interface are not continuous [5, 8J:

En1 # Enz (5.11)

For example, the normal components of an electric vectorfiethanges abruptly across
a dielectric interface because of the dielectric discontinuity [8]:

Ent = —Enz (5-12)
&

Similarly, the normal components of an electric vector fig|cchanges abruptly across a
conductor interface because of the conductor discontinuity [8]:

Eni= —En2 (5-13)

01

In electromagnetics, there is a lack of normal continuity of the electric field across dif-
ferent material mediums [7] that is, there is normal discontinuity of the electromagnetic
field across different material mediums [8]. Due to the discontinuity of the normal com-
ponent of Electromagnetic vector fieldbe field vectors will thus change in magnitude
and direction across a material interfa¢g).
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5.2 Two Dimensional Triangular Node-Based Vector El-
ement

To represent a vector fielfl (x, y), with node-based vector elements, the natural approach
was to treat the vector field as two coupled scalar fields in two dimendignis, the

| —directionand Ey in the j — direction[7]. The unknown parameters are also called the
degrees of freedom and are the two coupled scalar fields located at each node (vertex) of
the triangular finite element [7] as illustrated in Figure 5.3.

AY
A
E,
Y1 (0,1)
n, (X3 Y1)
Exl
E A y
Yo ‘Eyg
(X2 ¥s) Ex (X3Y3) E, X
(0,0) 2 @o 3
\

Figure 5.3: Two Dimensional Nodal-Based Vector Element
The scalar fieldsE,; andEy; is located at nodey, E,, andEy; is located at node;, Exz andEys
is located at nodes.

5.2.1 Shape Functions

The shape (basis) functions given by Equations (4.27), (4.28) and (4.29), which are used
for the scalar elements are also used for the node-based vector elements . These shape
functions are repeated for the readers convenience:

(X2Y3 — XaY2) + (Y2 — Y3)X+ (X3 — X2)Y

Al = A

Ay — (Y1Xs — Xay3) + (Y3 — Y1) X+ (X — X3)Y
2Ac

A = 2= yo) + (Y —y2)X+ (e —xa)y
2A¢

The algebraic expression of these shape functions can be referred to as complete linear
(first-order) polynomials according to sub-section 5.1.2, where this terminology was dis-
cussed.
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5.2.2 Construction of a Vector Field within a Triangular Node-Based
Vector Element

The vector fieldEy (x,y), across the element can be computed by the following equation

[7]:

En (XY) = (Bl +Ey1]) A1 (% Y) + (Bl + Eyz]) A2 (% y) + (Exal + Eyaf) A3 (x,Y)
(5.14)
where); (x,y) fori = 1: 3 are the nodal shape functions (refer to Equations (4.24), (4.25)
and (4.26)) andy; andEy; for i = 1: 3 are the two coupled scalar fields [7] aad(x,y)
signifies a vector field approximated by a node-based vector element. Equation (4.24),
(4.25) and (4.26) is substituted into Equation (5.14). UsilRI' LAB Symbolic, the com-
plete general symbolic notation of the vector field across the element is:

En(Xy) ~ < (Ext (X3 —X2) +Ex (leA—e X3) + Exg (X0 —X%1))y
(Ext (Y2—Y3) + Ex (Y1 —Y3) + Exa (Y1 — ¥2)) X
* 2Ac
N (Ext (X2Y3 — X3Y2) + Exo (Y1X3 — X1Y3) + Exa (X1y2 — Y1X2)) ) Py
2A¢
(Ey1 (3 —%2) +Eyp (X1 —x3) + Eyg (X2 —x1)) y
2A¢
N (Ey1(Y2—y3) +Eya(y1 —¥3) + By (y1—y2)) X
2Ae
N (Ey1 (X2y3 —Xay2) + Eyo m:i; X1y3) + Eya (X1y2 — Y1%2)) ) (5.15)

where the variable& y1), (X2,y2), (X3 y3) are the coordinates at the nodes of the triangle
element,A¢ is the area of the triangle element given by Equation (4.23),EBBadE, ,

Exs, Ey1, Ey2 andEyz are the coupled scalar fields of the triangle element. USIAGLAB
Symbolic to collect all the terms irx, the terms iny and the constant terms in Equation
(5.46), it was found that:

The first component function of the fielHy (x,y) takes on the following algebraic struc-
ture:

F (x,y) = fo+ fax+ fay (5.16)
in thei — direction Comparing Equation (5.3) to Equation (5.15), it is found that:

fo— (Exa (X2y3 — XaY2) + Exz (Y1Xs — Xay3) + Exa (X1y2 — Y1X2))

oA (5.17)
and
[ (Ex1(Y2—Y3) +Ex2(Y1—VY3) + Exa (Y1 —¥2)) (5.18)
2A¢
and
f— (B (8 —X2) + Exa (X1 —X3) + Exa (X2 —X1)) (5.19)

2Ac

The second component function of the fielEy (x,y) takes on the following algebraic
structure:

G(X,Y) = do+ 91X+ g2y (5.20)
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in the j — direction Comparing Equation (5.4) to Equation (5.15), it is found that:

(Eya (X2y3 — Xay2) + Eyo (y1Xa — X1y3) + Eya (X1y2 — YiX2))

do = A (5.21)
and
g = (BEya(y2—y3) +Eya(y1—y3) + Bz (y1—Y2)) (5.22)
2A¢
and
o = (Eyl (X3 —X2) + By (X1 —X3) + Eys (X2 — Xl)) (5.23)
2A¢
Thus, the vector field has the following general algebraic structure:
En (XY) = (fo+ fax+ fay) 1+ (do+ 91X+ Gay) | (5.24)

where Equation (5.24) is a linear vector field that is, the component functions are complete
linear (first-order) polynomials [4, 6, 2] which are similar to Equations (5.3) and (5.4).
Thus, the vector fiel&y (x,y), takes on the general algebraic structure of Equation (5.2).
The element as a whole is considered to be full-order [11]. The node-based vector element
supports vector field expansions of the form of Equation (5.24) across a triangular element
as derived through Equation (5.15).

5.2.3 Continuity of the Node-based Vector Element

The unknown parameters (degrees of freedom) are the two coupled scalar fields located at
each node of the elemeBy;, fori = 1: 4, andEy; for j = 1: 4 [7] as illustrated in Figure
5.4a.

VR
Il
A
£
4 /
| Element Interfacel
(a) (b)

Figure 5.4: Continuity of the node-based Vector Element Across the Element Interface
Sub-figure 5.4a illustrates that the componegys for i = 1 : 4 andEy; for j = 1:4 can be viewed as
normal and tangential vector components respectively in reference to the element interface. Continuity
conditions are placed on these components. Labelling convention: Node numibgrimg nz and ng-
black, element number ong;-red, element number twd,-blue. Sub-figure 5.4b illustrates that when
continuity conditions are imposed on each cartesian component (normal and tangential) at;rats
Ny, the result is a vector field that is continuous [7] across both finite elements, thus there is no change in
magnitude and direction of the vectors [5] across the element interface.
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Figure 5.4a illustrates that the two elements are connected by and sharennadds..
At noden;, the componentg}, andEs}1 of the fieldE] (x,y), in element; can be made

equal to the componenl&'sfl aLndEy of the fleIdEN (X,y), in element~ by imposing the
following continuity condition between the elements:

EL =E2 (5.25)
for component in thé— directionand

Ejn = Eq (5.26)

for component in thg — direction The superscript 1 indicates that the componEtj{s
andEs}1 and the fieIoE,%l (x,y) all belong to elemerf; and the superscript 2 indicates that

the component&Z andEZ and the fieldEg (x,y) all belong to elemert,. Similarly at
noden,, the same continuity conditions is applied, that is:

EL =E2 (5.27)
for component in thé— directionand

Ep=Ep (5.28)
for component in thg — direction The continuity conditions of Equation (5.25), (5.26),
(5.27) and (5.28) forces each cartesian component, normal and tangential, atnaoes
n, to be continuous therefore, the entire vector field is continuous [7] across both finite
elements and thus therens normal discontinuity of this constructed vector field which
is a natural property for electromagnetic vector fields [2]. Node-based vector elements
impose full-continuity of the vector field across elemastdlustrated in sub-figure 5.4b
[7,13].
Therefore, the use of such elements to solve electromagnetic problems involving changes
in material interfaces as discussed in sub-section 5.1.3, where there is a definite discon-
tinuity of the normal part of the vector field as illustrated in Figure 5.2, is not a straight-
forward task. Certain techniques, which are not in the scope of this dissertation, have
been developed to impose tangential continuity and normal discontinuity for node-based
vector elements to be used in EM problems [3], but these technigques can be awkward to
implement [7].

Material Interface

Material 2

o -E 4
i t2 ,‘ c /
n 4 =Enp
E E2 Et2 Material 2
-2 Material 2
Eny
=Eip ; ,‘ ,‘
L4 ; /
n n
3 T 4 5
Material Interface

(@) (b) (©

Figure 5.5: Continuity of the node-based Vector Element Across the Material Interface
Sub-figure 5.5a illustrates a vector field will be continuous across an material interface when continuity
conditions are placed on both normal and tangential components of this vector field #hti€2 and
E! = EZ. Sub-figures 5.5b and 5.5¢ illustrates how node-based vector elements impose full-continuity of
the vector field across material interfaces, thus there is no change in magnitude and direction of the vectors
[5] across the material interface .
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As a summary to sub-sections 5.2.2 and 5.2.3, these node-based vector elements are both
full-order and fully-continuous [11] respectively, where the latter is undesirable for elec-
tromagnetic field computations [13]. The “full-order” refers to the component functions
possessing complete polynomials expansions as was shown in sub-section 5.1.2 [11, 12].

5.3 Two Dimensional Triangular Vector Element

A two-dimensional vector fiel& (x,y) can be interpolated across a vector element through

the use of three shape functions and the edges of the vector element, where the edges are
recognised to be the degrees of freedom of the vector finite element, in comparison to the
node-based vector element where the coupled scalar fields located at the nodes were the
degrees of freedom (refer to Section 5.2)[7]. The edges can be visualised as the “borders”
of the vector element that connects the vertices of the element together. Figure 5.6 illus-
trates a vector finite element consisting of three edges lakg{ledE;3 andEy3 and three

nodes labelledh;, N, andnz [2, 12]. By inspection, the indexing of the edges (shown by
their subscripts) can follow the connectivity information of the element, which describes
how the edges are connected to the nodes of the element [2, 12]. As illustrated in Figure
5.6:

e EdgeE;», is connected to nod® and noden,
e EdgeE;3, is connected to nod® and nodens
e EdgeE,s3, is connected to nod® and nodens

In the abovek;; is the edge directed from nodeto noden; [2, 12]. The edges can also
be labelled with the following notation &; fori =1: 3 [2, 12]. As illustrated in Figure
5.6:

° EdgeE12 =E;
° EdgeElg =B
. EdgeE23 =E3

Note that the indexin the notatiorE; is different to the indexin the notatiork;.

(0.1)

N1g

Figure 5.6: Two Dimensional Vector Element
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5.3.1 Vector Shape Functions
The vector shape functions of a triangular finite element are defined as follows [2, 3, 7]:
Wij = )\iﬁ)\j —)\,ﬁ)\i (5.29)

There are three such vector functions per triangle [2], which can also be given the follow-
ing notation ofN; for i = 1 : 3. Each shape functiofij, is associated with an ed@®;
directed fromn; to noden; as follows [2, 12]:

e the edgeEs2, is associated with the shape functiop = N3
e the edgeEs3, is associated with the shape functiogs = N
e the edgeEy3, is associated with the shape functigss = N3

Note that the indekin the notatiorN; is different to the index in the notationwij. The

shape functions used for the nodal finite elements shown in sub-section 4.3.2 are also
used to construct the vector shape functions [12, 2]. These shape functions are given by
Equations (4.24), (4.25) and (4.26). The gradients of these shape functions are [2, 3]:

OA, = (yzz;f) Py (X32;:2>f (5.30)
OA, = (YSZ;e}’l) Py (XlzgeXS) i (5.31)
ks <y12;52> iy <X22;exl> i (5.32)

fori,j=1:3. The area of the triangular elemétis given by Equation (4.23) [5].

UsingMATLAB Symbolic, the complete symbolic notation of the three vector shape func-
tions for any arbitrary triangle within the cartesian plane was found, using the definition
of Equation (5.29):

Ni = Wi
= A10A2— A0

_(L0eYs—Xay2 —XaYs +Xaya +YiXe —YiXe)y L (—Xay3+Xayay1 +XaYaYs + X1 — YiXays — X1y3y2) P
B 4 A2 4 A2

1 (Xoy3 — Xay2 — X1y3 +Xay2 +Y1Xa — Vaxe)X | 1 (—XaYaXs +X8Y2 — Xa¥oXa — Y14 + Y1XaXe + XayaXa) \ »

2 A2 *3 A2 J

1 :
= (—(Xay3 — XaY2 — X1¥3 + X1Ya + Y1X3 — Y1X2)Y — (—XaY3 + XaYay1 + XaY2Y3 + X1y3 — Y1Xays — X1yaya)) i +

1
A2 ((Xay3 — XaY2 — X1¥a + X1Y2 + Y1X3 — Y1Xe) X+ (—XaYaXa + X3Y2 — XaYaX1 — Y1)§ + Y1XaXz + X1Y3X3)) |

(5.33)
N = Was
= M0Az3—Az30A;

1 ~
= ((XaYs — XaY2 — X1Y3 + X1Y2 +Y1Xs — Y1X2)Y + (—XaYay2 — Xay2y1 + Xay3 + X1yay2 + YiXoyo — X1y3) | +

1 ~
A2 (—(XaY3 — Xay2 — X1¥a + X1y2 + Y1Xa — Y1X2)X — (X2Y3X1 — X3V + Xay2Xz — Y1XaXe + Y1X6 — X1YoXz)) | (5.34)

N3 = Wis
= A0A3—Az0A2
1 o
= (—(Xay3 — Xay2 — X1Ya + XYz + Y1Xs — Y1Xe)y — (X1Yay1 — YiXa + Xay2Y1 — XaYay1 + YiXa — X1y2y1)) | +

1
o ((XeY3 — Xay2 — X1y + X1¥2 +Y1Xa — Y1Xo) X+ (X4Y3 — XaYaX1 — YaXaX1 — X4Y2 + Y1XeX1 + Xay2X1) |

A2 (5.35)
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from Equations (5.33), (5.34) and (5.35) it can easily be seen that these shape functions
take on the basic algebraic form of:

Ni(xy) = Nl +Nyif

(ay+b)i+ (cx+d) ] (5.36)

for i = 1: 3. Substituting the coordinates located at the nodes of the unit right angled
triangle of Figure 5.6 into Equations (5.33), (5.34) and (5.35), the vector shape functions
for this finite element calculated BATLAB Symbolic are [2]:

A

Ny =W (xy) = —yi+(x+1)] (5.37)
No =Wi3(X,y) = Yi—X] (5.38)
N3 =Wz3(Xy) = (1-y)i+X] (5.39)

Figure 5.7 displays the vector shape functions given by Equations (5.37), (5.38) and (5.39)
on a unit right angle triangle element.
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(c) Vector Shape FunctiomNz = W3 (X, y)

Figure 5.7: Vector Shape Functions of a Unit Right Angle Triangle
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Properties of the Vector Shape Functions

There are some important features that can be noticed concerning the vector shape func-
tions [2]. The shape functiomz = W3 (X,y), given by Equation (5.39) is chosen to be
analysed.

Visually, along edgé&;» as seen in Figure 5.7c, the vector function (vector field) given by
Equation (5.39) is purely normal that is, only normal components exist and the tangential
components are zero in reference to eBgg?2]. These normal components of this vector
function also increases linearly from nodgto noden, along edgeE;» as illustrated in
Figure 5.7c [2]. Similarly along eddg; 3, the vector function is also purely normal and
increases linearly from nod® to nodens along this edge as illustrated in Figure 5.7c

[2]. On edgeE,3 however, the function has both normal and tangential components as
illustrated in Figure 5.7c by the vectors located on this edge, therefore these vectors can
be separated into both normal components and tangential components, that is:

Ng=1-y (5.40)

is the tangential component function of Equation (5.39) in thdirectionwith reference
to edgekEy3 and

Nyz = X (5.41)
is the normal component function of Equation (5.39) in fhedirectionwith reference
to edgeEos. Looking carefully at Equation (5.40) it can be seen that along édgeall
y-coordinates are zero. The tangential component function in-ttairectiongiven by
Equation (5.40) thus becomes:

((1—y) ly=o) T =10 (5.42)

for vy = 0 along edgé,s, edgeEys is located on thg = 0 line, see Figure 5.7¢. Similarly
the normal component function in the- directiongiven by Equation (5.41) remains:

Xj (5.43)

for Vy = 0, but increases linearly malong edgeep3 , see Figure 5.7c. Thus along edge
E,s, the tangential components of shape functian= Wos (X,y), is constant as given by
Equation (5.42) and the normal components are linear as given by Equation {&df®y.
functionNs = W3 (X,¥), can be described as a function possessing a constant tangential
component along edgefand linear normal component along all other edgesx(&nd

E13) as s clearly seen in Figure 5.7c [2]. The function hasatinuous tangential/linear
normalbehaviour abbreviated as CT/LN [2] and due to these properties the “value calcu-
lated” for edgeEys is the tangential field along eddes [2]. Analysing the other shape
functionsN; = Wi (x,y) andN, = Wy3(x,y), the same behaviour pattern will be found
along edge<1, andE;3 respectively [2] . Also the “values calculated” for eddes
andEz3 will represent the tangential field along eddgs andE; 3 respectively [2]. This
behaviour pattern directly coincides with the association of a vector shape function with
a particular edge as mentioned in sub-section 5.3.1.

Due to this mixed-order behaviour of the shape functions as given by Equations (5.42)
and (5.43) [2], the vector element is also known as a CT/LN element or a mixed-order
element [2].The curl of the shape functions are calculated as follows:
R ONyi  INyi \ =
O x Nj (x = | ==- k
X N ( 7y) ( 0)( 0~|y

A

= (c—a)k (5.44)

fori=1:3. The curls of the shape functions are nonzero constants and hence the shape
functions and their curls are referred to as being complete to zeroth-order [12].
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5.3.2 Construction of a Vector Field within a Triangular Element

The vector fieldEy (x,y), can be computed at any point of the triangle finite element by
directly summing the shape functions within each element along with the edges [2], that
IS:

Ev (X,Y) = E1oWi2 + E13Wi3 + E23Wos (5.45)

whereE;», E13 andEy3 are the edges of the triangular elemeni,, W;3 andwsy3 are the
vector shape functions [2] art, (x,y) signifies a vector field approximated by the vector
element. Equation (5.33), (5.34) and (5.35) is substituted into Equation (5.45). Using
MATLAB Symbolic, the complete general symbolic notation of the vector figldx, y)

is:

- 1
Ev(xy) = (— (—E12+E13—E23)y

4Ae
~ (—X2Y5+ XaYay1 + XaY2Y3 + X1y — YiXays — Xayay2) Eaz
4AZ
(—X2YaY2 — XaYoY1 + Xay3 + X1yaYa + YiXoyo — X1Y3)E13
+ 2
ARG
X1Y3Y1 — Y3X3 + XaY2Y1 — XaYay1 + YaX2 — X1Yay1)Ezs
- I+
4A2
1 (E12 — E13+ E23) X
an, (12— Bia+ Bag)X.
n (—X2y3X3 + X%Yz — X3Y2X1 — Y1X§ + Y1X3X2 + X1y3X3) E12
4A2
 (xayaxa — X5y + XaYaXe — YiXaXe + Y16 — Xay2Xe) Ea3
"
2\ — A Y i E ~
n (XT3 — XoY3X1 — Y1XaX1 4223’2 + Y1XoX1 + X3Y2X1) 23) P (5.46)

where the variable§ y1), (X2 y2), (X3 y3) are the coordinates at the nodes of the triangle
element,A¢ is the area of the triangle element, aBg, E13 , Ex3 are the edges of the
triangle element. UsinylATLAB Symbolic to collect all the terms irx, the terms iny
and the constant terms in Equation (5.46), it is found that:

The first component function of the fiel, (x,y) has the algebraic structure:
F(xy) = fo+ fay (5.47)

in thei — direction wheref; = 0 in relation to Equation (5.3) and comparing Equation
(5.3) to Equation (5.46), it is found that:

1
fo= A (—E12+ E13—E23) (5.48)
and
. (—XoY3 + XoYay1 -+ XaYaYs + X1Y3 — YiXays — X1Yay2) E12
4AZ
(—X2Y3Y2 — XaY2Y1 + XaY5 + X1Y3Y2 + Y1XoY2 — X1Y3)E13
.+ 5 ..
4Ag
(X1Y3Y1 — Y2X3 + XaY2Y1 — X2Yay1 + YaXo — X1Y2y1) Ezz £ 49
e 4Ag ( . )
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The second component function of the field has the algebraic structure:
G(X,Y) = go+ 01X (5.50)

in the | — direction, whereg, = 0 in relation to Equation (5.4) and comparing Equation
(5.4) to Equation (5.46), it is found that:

1

= Ke (E12 —Eiz3+ E23) (5.51)

01

and

n (—X2Y3Xs + X3Y2 — XaYaX1 — Y1X§ + Y1XaX2 + X1Y3X3) E12

Jo =

4AZ
(XaysXqy — X%Y3 + X3Y2X2 — Y1X3X2 + Y1X§ —X1Y2X2)E13
- . . (552
AAg
n (XEY3 — X2Y3X1 — Y1X3X1 — X%yz + Y1XoX1 + XaY2X1) E23
4AZ

Thus, the vector field that the vector element is capable of constructing has the following
general algebraic structure:

A

Ev (%,Y) = (fo+ f2y) i + (do+ 91X | (5.53)

The vector element supports vector field expansions of the form of Equation (5.53) across
a triangular element, there are however a few exceptions and further explanation will be
given in sub-section 5.6.1. The element can be referred to as being complete to zeroth-
order [11, 12] due to the shape functions themselves being complete to zeroth-order as
shown by Equation (5.44).

5.3.3 Tangential Continuity of the Vector Element

The unknown parameters (degrees of freedom) are the &giged the triangular vector

finite element [7]. Assembling the elements together across a mesh requires the element
connectivity information [1, 2, 3]. The element connectivity information is a table that
shows the information of how each element within the mesh is connected to one another
though the edgeg;j of the elements, that is, an edge can be shared by at most two
elements [1, 2, 3].
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Figure 5.8: Element Inter-Connectivity Information
Sub-figure 5.8a demonstrates that efgeconnects elementgandF,. Sub-figure 5.8b displays the con-
nectivity data of the vector finite elements generatedlyTLAB. This connectivity data is presented in
the form of a table calleBaceEdgesData.

3

[ —

Sub-figure 5.8a illustrates that the two elements are connected by and share edge number
Es. The table referred to in this dissertationraseEdgesData in sub-figure 5.8b also
clearly tabulates this element inter-connectivity information which states the following:

¢ the column labelled as Faces, contains the global element numbering [2, 12]. The
mesh in sub-figure 5.8a contains two elements, element number one, labélied as
and element number two, labelledfgs

¢ the next three columns labelled as Local Edge 1, Local Edge 2 and Local Edge
3, contain the global edge numbering system [2, 12]. Each triangular element is
associated with three edges [2, 12]. ElemEnts associated with edgds), E3,
EZ and elemenF; is associated with edgds, EZ, EZ as illustrated by the table
of FaceEdgesData in sub-figure 5.8b. The superscript of the edge terms above
indicates which element a particular edge belongs to.
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Figure 5.9: Tangential Continuity and Normal Discontinuity of the Vector Field Across
an Element Interface

Sub-figure 5.9a illustrates that the tangential components of the vector field oEgdgeontinuous that

is Ef = E?, and the normal components are discontinuous, thEgigt E2. Sub-figure 5.9b illustrates

that there is a change in direction and magnitude of the vector field across the element interface (refer to
sub-section 5.1.3).

Now, sub-figure 5.9a illustrates that two elements share and are connected by edge num-
beredE;». The component of the field! (x,y), in element numbered one, tangent to edge
numberedE; 2 can be made equal to the component of the fn:él(jx,y), in element num-
bered two, tangent to the same edge numbEredy imposing the following continuity
condition between the elements:

Ei,=Ef (5.54)

where the superscripts indicates the global finite element numbering system. Equation
(5.54) states that eddg, belonging to finite elemerf, is equal to edg&2, belonging

to finite element~. Applying Equation (5.54) to the two element mesh as illustrated

in Figure 5.9b, makes the field tangentially continuous across Egge The field so
constructed is not normally continuous that is, the part of the field perpendicular with
reference to the element interface (normal component of vector field) is discontinuous
across the element interface because no continuity conditions were placed on the normal
components. The vector finite element thus has the ability to impose tangential continuity
but not normal continuity on the vector field [7, 11]. Depending on the edge values
Eij, chosen for each finite elemeRtandF, and using Equation (5.45) applied to both
elements:

Ev (X,Y) = EiWi, + EiaWiis + EzaWis (5.55)
and
EZ (X,Y) = EZWE, + EZW4, + E5, W3, (5.56)

The vector fieldEy (x,y), approximated across both elements:
Ev(xy) = Ej(xY)+E](xY)
= (EfWip+ EigWiz+ EjaWhs) + (EfWH, + EZW5, + ESW5,) (5.57)

but, according to Equation (5.54),
Y
Er=Ep
therefore Equation (5.57) becomes:

Ev (X.y) = (Wip+We,) Exp+ (E1aWis+ ExaWhs) + (E1aWis -+ E2aWsy) (5.58)
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where both elements; andF, share edgd&;,, the vector fieldBy (x,y) will have the

ability to change direction and magnitude across the element interface as illustrated by
sub-figure 5.9b because the vector element has the ability to interpolate the vector field in
such a way that the tangential continuity between the adjacent elements are enforced as
shown by the terrr(v*v%erW%z) E12 in Equation (5.58), while the normal components of

the vector field are allowed to be discontinuous [11].

This property makes the vector element very useful for when boundary conditions need to
be imposed between different material interfaces [13, 7] as illustrated by Figure 5.10b be-
cause the vector field (x,¥), physically always changes (direction and intensity/magnitude)
across any material interface as shown in Section 5.1.3.
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Figure 5.10: Tangential Continuity and Normal Discontinuity of the Vector Field Across
a Material Interface Located Between Two Elements

Sub-figure 5.10b illustrates tangential continuity and normal discontinuity for the vector located on edge
Ei12 (which is the material interface between the two elements). Sub-figure 5.10b illustrates how there is a
change (in direction and magnitude) of the vector fijdx,y), across the material interface (each element
represents a different material) due to the normal part of the vector field changing abruptly across this
interface (normal discontinuity) [7] .

The name CT/LN element used in sub-section 5.3.1 describes the vector element the best,
because essentially the construction of the vector Eele, y) within the element using

the vector shape functions in Equation (5.45) allows the “separation” of the normal and
tangential components along the edges of an element, the element is thus able to construct
vector fields that are normally discontinuous and tangentially continuous across element
boundaries [11, 7] as shown by Figure 5.2.

As a summary to sub-sections 5.3.2 and 5.3.3, these vector elements dropped the “full-
order” property and the “fully-continuous” property respectively [13] where the latter is
desirable for electromagnetic field computations [7].

5.4 Calculation of a Vector Field Across a Triangular Fi-

nite Element
Vector elements only provide a physically meaningful vector field when summed together
[2] as given by Equation (5.45). An algorithm was coded to display vector fields across a

single finite element. The purpose of this exercise was so to gain a better understanding
of how the vector element is able to approximate and display vector fields.
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To display certain vector fields would depend on the value of the edges (average tangential
field along a particular edge [2]) chosen on a triangular element as given by Equation
(5.45). The finite element used is a unit right angled triangle, thus the shape functions are
given by Equations (5.37), (5.38) and (5.39).

5.4.1 Construction of a Rotational Field

On a unit right angled triangle the author wished to display the rotational field:
E(xy) =—yi+xj (5.59)
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12 5 ¥y . - (xgwy)
F-Lir Fay LE
Y

Figure 5.11: Construction of a Rotational Vector Field Across a Element

On each edge of the triangle a local veclgcan be calculated. This vectay, is formed
by the subtraction of coordinate values as follows [10]:

these coordinate values are located along an Edge the element (refer to Figure 5.11).
Calculation of these vectoi, on the unit triangle using Equation (5.60) are as follows:

viz = (0,00—(0,1)=(0,-1)=0i—1] (5.61)
Viz = (L,0)—(0,1)=(1,-1)=1—1] (5.62)
Voz = (1,0)—(0,0) = (1,0) =1i+0j (5.63)

The lengths of each vectwij \ on each edge of the triangle can also be calculated where
|Vij| = Lij [10], which is the actual length of the eddag, of the triangle. Therefore:

Vio] = Li2=1 (5.64)
Vis] = Liz=V2 (5.65)
V23] = Laz=1 (5.66)
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The unit vectors on each edge of the triangle can be calculated by the well known equation
[10]:

Vi
Yl
Substituting Equations (5.61), (5.62), (5.63), (5.64), (5.65), and (5.66) into Equation
(5.67) gives:

& (5.67)

Vi Oi—1j

& == 5.68

2 ool 1 (5.68)

. Viz  1i—-1j

el — - = 5.69
RN (5.69)

R Vo3 1f+ OjA

&3 = — = 5.70
3 Vo 1 (5.70)

Equation (5.45) approximates a vector fiél@(, y), across a triangular element [2], there-
fore substituting Equations (5.37), (5.38) and (5.39) into Equation (5.45) produces:

E(xy) ~ BEv(xy)
= Elz(—yiA-f- (x+1) D + E13 (yf—xD +E23((1—y) iA—}-XD
= —E1oyl +E12(X+1) j + Eqayl — ExaX] + Epa(1—y) [+ Epax]
= (—Epoy+Eray+Eoz(1-Y))i+ (Er2(x+1) — Ezax+Ezax) | (5.71)

To find the tangential component of the fi&ldx, y), along edgé; 3 (refer to Figure 5.11)
Equation (5.72) is used [10, 9, 4, 2] :

Etang/ey, = €13 E (X Y) (5.72)
Substituting Equations (5.69) and (5.71) into Equation (5.72) gives:
— l ~ l ry o H
EtangEiz = (\TZI - ﬁj) - [(—E1zy+ E13yEp3(1—Y)) I+ (Exa (X + 1) — EzaxX+ E2ax) ]
1 1
= — (—Epy+EyEx3(1—-VY)) — — (E1o(X+ 1) — E13X+ E23X 5.73
fz( 12y + EagyBp3(1-Y)) fz( 12(X+ 1) — Ex3x+ EzsX) (5.73)

Then substituting cartesian poinés= 0 andy = 1 at noden; = 1 into Equation (5.73):

Etang/Elg = é13 ' E (07 1)

1 1
= ——(—Epp+E13+0)— [ == —E1+0+40
\@( 12+ E13+0) (ﬁ 12 )
1
— — (~E1p+Ei3+E
\/E( 12+ Ei13+Ei12)
Ei3
= — 5.74
V2 ( )

Following the same procedure as the above, the tangential component of tl’nfe(ﬁgm
on edgeE;» and edgd=p3 are

= E12

Brange;, = (5.75)
and E

= 23

Brang/ers = (5.76)
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respectively.

It can be deduced from Equatio(&74) (5.75)and (5.76)that the edge values & of an
arbitrary triangle can be calculated by the following well known equation [2, 7]

Etang/Eij = éJE(X7y)
Eij
= 5.77
: 5.77)

whereE;j is the edge valueFangg, is the tangent vector of the vector fiell(x,y),
located on edgg;j of the triangle and.j; is the length of a particular edge on the triangle.
Equation (5.77) states thit;j, controls the tangential fielﬁtang/E”, on the local edge of
the element numbered by [7] and this also makes it simple to constrain the tangential
field to a prescribed boundary value [7].

Table 5.1 tabulates the calculation of the vector fglg,y) at each node of the element
(refer to Figure 5.11).

| Node | Co-ordinate Poinf E (x,y) = —yi +X] |
E(0,1) =

1 (Xl7y1> = <07 1) (07 =li+ OJ
2 [ Goy2) = (0,0) | E(0.0)=0710]
3 (X17y1> - (170> E(l,O) :OI+1J

Table 5.1: Calculation of the Vector Fiel(x,y) at each Node of the Element

To calculate the tangent vectﬁlram/E13 on edgeE;s, of right-angled triangle Equation
(5.77) is used:
EtZilhg/Elg N é13 : E <O7 1)

(Y1) (-aivop
1

- - (5.78)
wherelL,3 = /2 andE; 3 = —1. Using Equation (5.77) , it is calculated that:
Etang/E, = g (5.79)
whereL1»> = 1 andE;»> = 0 and
Eang'ens = 2 (5.80)

wherelo3z = 1 andEy3 = 0. Substituting Equations (5.78), (5.79) and (5.80) into Equation
(5.71), itis verified that:

E(xy) ~ Bv(xy)

Exz (=Y + (X+1) J) + Exz (Y1 —X]) +E23 (L -y) 1 +X])
O(—yi+(x+1) ) +—1(yi—x]) +0((L—y)i+xj)

= —yi+X]

Figure 5.12 displays the vector fieﬁl(x,y) = —vyi +X] given by Equation (5.59). The
shape functions given by Equations (5.37), (5.38) and (5.39) together with the edge value
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calculations given by Equations (5.78), (5.79) and (5.80) created the vector field given by
Equation (5.59).
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Figure 5.12: Rotational Vector Field Across Element
A rotational vector fielcdE (X,y) = —yi +x], created by the vector element (Note: the ver function
used byMATLAB to display the vector field, has automatically scaled the vectors).

5.4.2 Construction of a Constant Field
On a unit right angle triangle the author wished to display a constant field:

E(xy) =1 (5.81)
Ay

Y
"1 E(0,0) o Ex Yy E(1,0)
10,0} - (1.0 ¥
(xpy3) B, (r pr3)
Y

Figure 5.13: Construction of a Constant Vector Field Across a Element

Alternatively Equation (5.77) can baritten in a more convenient wayp calculate the
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edges of a triangular finite element. Rearranging Equation (5.77) it is found that:

Ej =L (Etang/Eij>
= Lij (éj'E(X7Y)>
(Lijéij) E (x,y)
= Vij-E(xY) (5.82)

whereEange; = &; - E (x,y) from Equation (5.77) and; = Li;&; from Equation (5.67).
The vecto,,, V13 andvb3 has been calculated by Equations (5.61), (5.62) and (5.63) re-
spectively, and the vector fiell(x,y), across the unit triangular element is approximated
by Equation (5.71) again.

Table 5.1 tabulates the calculation of the vector figld, y) at each node of the element
(refer to Figure 5.13)

| Node | Co-ordinate Poinf E(xy)=1 |
1 | (xay)=(01) |E(0,1)=1i+0]
2 (X27y2) = <O7 O) E (07 O) =1 +OJ
3 (X17Y1) - (17 O) E (17 O) =1 +OJ

Table 5.2: Calculation of the Vector Fielfl(x,y) at each Node of the Element

To calculate the tangent vectE{rang/E13 on edgeE;3, of right-angled triangle Equation
(5.82) is now used:

Eis =Wz E(0,1)
= (li—-1))-(1+0))
= 1 (5.83)
Using Equation (5.82) , itis calculated that:
Ei2=0 (5.84)
and
Exz=1 (5.85)

Substituting Equations (5.83), (5.84) and (5.85) into Equation (5.71), it is verified that:

E(xy) ~ BEv(xy)
= Exp(-Yi+(X+1)]) +Eaz(yi —X]) +Eaz((L—-y)i+x])
= O(=yi+(x+1)))+1(yi—x))+1((1- yf+xD
= yi—X]+1L—yi+x]
= 1

Figure 5.14 displays the vector fiel‘fd(x, y) = 1i given by Equation (5.81). The the shape
functions given by Equations (5.37), (5.38) and (5.39) together with the edge value cal-
culations given by Equations (5.83), (5.84) and (5.85) created the vector field given by
Equation (5.81).
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Figure 5.14: Constant Vector Field Across Element
A constant vector field (xy) = 1i, created by the vector element (Note: thei ver function used by
MATLAB to display the vector field, has automatically scaled the vectors).

It is important to notice that the edges (degrees of freedom) calculated by Equations
(5.79), (5.78), (5.80) in Section 5.4.1 and Equations (5.83), (5.84), (5.85) in sub-section
5.4.2 respectively are scalar, but the edges can alssigmed[2] as demonstrated by
Equation (5.78).

5.5 Using Triangular Vector Elements to Create a Two-
Dimensional Vector Field across a FE Mesh

Similar to section 5.4, an algorithm was coded to display vector fields across a finite
element mesh. The purpose of this exercise was so to use this algorithm as a tool to
investigate and at the same time gain a better understanding of the types and properties of
vector fields that these vector elements are capable of “constructing” or “building”.

5.5.1 Creating a Two-Dimensional Vector Field

The author attempted to simulate a rotational vector field of the form as given by Equation
(5.59) (repeated here again for the readers convenience):

E(XY)=—Y+X]

across a four element mesh shown by sub-figure 5.16.

The algorithm can display any two-dimensional vector fiEI(k,y) of the form given

by Equation (5.53) across a finite element mesh. The algorithm consists of several data
processing steps and the knowledge of section 5.4 was incorporated into these steps in
order to construct a vector field.

52



Node
Points &
Face
Nodes
1)
A 4
Gen TTiangie
Triangle —(2)— Data
Database Base
(3)
A 4
Domain Globat
Edge Value +—(4)—p Edge
Calc Value
(5.1)
A 4
. Glabhal
E;Of’soéf Vec Field 'I?r i_a
__0,g_x,g (5.2)» Component |—(6)— Coordina
Calc
y tes
Global
(7) Vec
—Pb
Compon
ent Data
(8.1)

Disp Vec Plot -
Gen Vec Field
Over Entire
Mesh

2)

Figure 5.15: Flow Chart Diagram of a Vector Field Simulation

A description with a brief explanation of the process of information flow illustrated in

Figure 5.15 is given below:

e Step 1: Data is processed and sorted into useful data structures.

e Step 2: The generated data is collected and stored.

e The stored data information is used in step 8nd step 2.

e The constantdp, go, f1, f2, g1 andg, are used to set the type of vector field that
one wishes the vector elements to display according to the Equation (5.2). The
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constants are setdg=0,gp=0, f1 =0, f, = -1, g1 = 1 andg, = 0 to give
Equation (5.59).

e Step 31 takes the stored data information together with st@p ®hich takes the
constants information to be processed. The edge values of each element within the
entire mesh is computed and these edge values are calculated in a similar way to
the process shown in sub-sections 5.4.2 and 5.4.1.

e Step 4: The computed edge value information is then stored in a data structure.

e Step 52 takes the stored data information together with stdp Wwhich takes the
edges value information to be processed. The compoitgritsthei — direction
andE, in the | — direction of the vector fieldE (x,y) located at each coordinate
(x,y) with in each element of the entire mesh are computed.

e Step 6 and step 7: The vector field component information and associated coordi-
nate information are then stored in data structures.

e Step 81 takes the component data information together with si2pvéhich takes
the coordinate information to be processed. The component information along with
the coordinate information will be used to display the vector field over the entire
mesh.

e Step 9: Once the intended vector field is simulated, all computation stops.
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Figure 5.16: Finite Element Mesh

A four element mesh is illustrated. The data is labelled as BLACK-Nodes, RED-Edges and GREEN-
Elements.
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Figure 5.17: A Rotational Vector Field Built using Four Vector Elements
Sub-figure 5.17a illustrates that Equation (5.45) is applied to each element within the mesh to “build” a
vector field,E (Xy) = —yi + xj across the four element mesh. The finite elements are clearly capable of
constructing this vector field. In sub-figure 5.17b, the same vector figld,y) = —yi +Xj is produced
manually by using tht1ATLAB functionMESHGRID and QUIVER.

In sub-figure 5.17a, the vector elements @early capable of constructing vector field

of the form given by Equation (5.59), across the FE mesh. Edge values are computed
to construct the vector field (x,y) = —yi + x| across each element within the FE mesh

by using Equation (5.45) (refer to Section 5.4). Recall from sub-section 5.3.3, that the
vector elements are “structurally designed” to be capable of producing vectors that have
tangential component continuity but normal component discontinuity across an element
interface and tangential component continuity between vectors of different elements (lo-
cated on an element interface) are enforced through the edge values. However, the edge
values computed (to construct the vector fiﬁld(, y) = —yi 4+ x]) allowed for acontin-

uous vector fieldo be produced across the FE mesh that is, located on all the element
interfaces throughout the FE mesh, there exists tangential component continuity as well
as normal component continuity between vectors belonging to different finite elements.
Therefore, the vectors situated on the element interfaces (which belong to different finite
elements) possess the same magnitudes and directions.

Thus, all the vectors situated on the element interface (grey lines) of each element (within
the meshgoincide with each other, therefore forming a continuous vector field simulation
on all element interfaces across the FE mesh. In sub-figure 5.17b, the same vector field is
plotted manually using thBIATLAB functionMesaGrID and QUIVER. The vector field
simulations of sub-figure 5.17a and sub-figure 5.17b are identical.

The author then attempted to simulate the following vector field:
E(XY) =Y +X] (5.86)

across a four element mesh shown by Figure 5.16. The constants ardset@go = 0,
f1=0, f=1,g1 = 1 andg, = 0 to give Equation (5.86).
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Figure 5.18: An Arbitrary Vector Field Built using Four Vector Elements
In sub-figure 5.18a, equation (5.45) is applied to each element within the mesh to “build” the vector field,
E (xy) = yi + ] across the four element mesh. The finite elements are clearly incapable of constructing
this vector field. In sub-figure 5.18b, the same vector fiﬁl(k, y) = yi+x] is produced manually by using
the MATLAB functionMESHGRID and QUIVER placed over the same four element mesh of Figure 5.16.

In sub-figure 5.18a, the vector elemefds to constructthe vector field given by Equa-

tion (5.86), across the FE mesh. The edge values computed to produce the vector field
E (X,y) = yi+X] (refer to Section 5.4) across the FE mesh, created normal component dis-
continuity between vectors located al element interfacebelonging to different finite
elements of the entire FE mesh and therefore, some of the vectors situated on the element
interfaces possess different magnitudes and directions. Thiis;@ntinuous vector field

is produced across the mesh and sub-figure 5.18a clearly shows how the vectors situ-
ated on the element interface (grey lines) of each element (within the mhiesinge from

each other instead of coinciding with each otlasr shown in sub-figure 5.17a and 8o,
continuous vector field simulaticaacross the FE mesh could not be constructed. In sub-
figure 5.18b, the same vector field (given by Equation (5.86)) is plotted manually using
the MATLAB functionMEsHGRID and QUIVER.

In summary, there are certain vector fields that the vector elements are capable of approx-
imating (as shown by sub-figure 5.17a) and certain vector fields that the vector elements
are incapable of approximating (as shown by sub-figure 5.18a). This subject will be fur-
ther investigated in Section 5.6 and sub-section 5.6.1.
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Figure 5.19 shows the FE mesh that will be used for the simulated vector fields of Section
5.6 and sub-section 5.6.1.
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Figure 5.19: Finite Element Mesh
The FE mesh consists of 512 finite elements.

5.6 Properties of the Vector Field Produced by the Vector
Element and the Node-based Vector Element

The following properties of the vector field approximated by the vector element and the
node-based vector element can be drawn from Sections 5.2 and 5.3;

1. An approximation of a linear vector fieI:ﬂ(x, y) as given by Equation (5.2), across
the node-based vector element is given by Equation (5.14) (repeated here again for
the readers convenience):

En(xy) =~ (Bal+En])A(xy)+ (Bl +Epe])A2(xy) + (BExl +Eyj) Az (xy)
i'\ ~

= (BEaA1(xY) +ExA2(XY) + EasAz (%, Y)) 1+ (EyA1 (X, Y) + EyoAz (X, Y) + EyaAz (X,Y)) |
Here the unknown parameters (degrees of freedom) are associated with the two
coupled scalar fields located at each of the three nodes of the element [7], thus
giving a total of six unknown parameters for an elengat Ey , Exs, Ey1, Ey» and
Eys. An approximation of a linear vector fieﬁ(x,y) as given by Equation (5.2),

across the vector element is given by Equation (5.45) (repeated here again for the
readers convenience):

Ev (X,Y) = E1oWip+ E1aWi3 + ExaWig

Here there are three unknown parameters (degrees of freedom) associated with the
edges of the elemeili; 2, E13 andEas [7, 2]. The vector element has less degrees

of freedom in comparison to the node-based vector element [7], therefore already
a huge computational advantage can be concluded when using vector elements be-
cause, there will be less degrees of freedom for the FE algorithm to compute for a
particular problem [7].

57



2. J.P.Webb in his paper [11] and J.Jin in his book [12] directly stated that, “in vector
electromagnetics, the curl of the fieltix E (X,y), is as important as the field itself
E(x, y)" [11, 12]. Therefore, if the vector field is represented by component func-
tions of polynomial of ordep, the curl of this vector field will then be represented
by a polynomial of degrep — 1 [11, 12]. The overall accuracy of the solution will
then be dominated by this lower degreemt 1 [11, 12], therefore the accuracy
of the solution will not be affected if the terms (called the gradient terms of order
p) that do not contribute to the curl representation are removed while keeping the
vector field representation complete to ordempof 1 [11, 12]. This results in an
element with fewer degrees of freedom, but with a better balance in accuracy of
representation of the field and its curl [11, 12]. The vector element is the result of
applying this idea to an element complete to first-order [11].

Applying the knowledge of the above paragraph to Equation (5.2) which is a poly-
nomial order (degreg) = 1, the curl of the vector fiel& (x,y) is:

L. G IF) -

d J »
= (d_X (go + 91X+ Q2y) — W(fO‘F fix+ fz)’)) k (5.87)

= (g1—fo)k

with polynomial order oo = 0, the curl is simply a constant with direction. Clearly,
the termsfix andgyy present in the polynomial expansion (of a linear vector field
in two dimensions given by Equation (5.2)) do not contribute to Equation (5.87)
and therefore, the ternfgx andgyy within the polynomial expansion (of Equation
(5.2)) “does not affect the curl” of the vector fiell(x,y) as given by Equation
(5.87) [11, 12]. The termd$;x andgyy, are called the gradient terms and are of
orderp=1[11, 12]. The vector element approximates a vector field of the form as
given by Equation (5.53) (repeated here again for the readers convenience):

Ev (xy) = (fo+ fay) [+ (G0 + 1) |

The vector element thus “preserves” the terimgandgix that contribute directly

to the curl of the vector field (x,y), given by Equation (5.87) while at the same
time “removes” the term$;x andgyy that do not have an effect on the curl of the
vector fieldE (x,y) given by Equation (5.87) [11, 12]. The divergence of the vector
field E (x,y) is:

SR oF 0G

O-E(xy) = 54‘5—},
= i(f+fx+f )—i( + 01X+ QoY) (5.88)
= \gxlloth 2y dy Qo + 91X+ Q2y -
= fi+o

The termsfix and goy contributes directly to the divergence of the vector field
E (x,y), given by Equation (5.88), so the vector element has no divergence since
these terms are “removed” [2]. Thus, it is easy to see by mathematical deduction
that the vector field represented by Equation (5.53) has no divergence, that is:
OB/ () = (fot f2y)+ o (6o 61X)
’ ox ay
0 (5.89)
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and the vector elements are therefore incapable of constructing such a field. The
“removal” of the “divergence termsfix andgoy, makes the vector element inca-
pable of constructing any vector field that possesses a divergence property. This
fact is verified graphically in sub-sections 2.1 and 2.2 (refer to sub-section 5.5.1).

2.1 Divergent Vector Fields

When the constants are setfgs=0,go=0,f; =1, f,=0g; =0andg, =1, the
vector elements failed to represent a purely divergent vector field, of the algebraic
form:

E(xy) =X +y] (5.90)

The vector elements are not capable of supporting divergent fields as illustrated in
Figure 5.20, where the vectors (belonging to different finite elements) situated on
the element interfaces (of the FE mesh) “diverge” from each other as explained in
sub-section 5.5.1.
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Figure 5.20: Divergent Vector Field

Sub-figure 5.20a illustrates a purely divergent vector field produced byI&¥_AB functionMESHGRID

and using the equatiol (x,y) = xi +yj. This vector field is then plotted with th&IATLAB function
QUIVER. Sub-figure 5.20b illustrates the same vector fieﬁcb(y) = Xi +yj) which was approximated

by using the vector elements. Clearly the vector elements are incapable of constructing the vector field
(E (x,y) = xi +y]) due to there being only “divergent termfx = x andg,y = y present within the vector

field equation (refer to point number (2) of Section 5.6 and sub-section 5.5.1).

2.2Curling and Divergent Vector Fields
When the constants are setfags=0,99=0, f; =2, f, = -3 g1 =2 andg, = 3,
the vector elements failed to represent a vector field, of the algebraic form:

~

E (X,y) = (2x—3y) i+ (2x+3y) | (5.91)

The vector elements are not capable of supporting vector fields possessing curling
and divergent differential properties as illustrated in Figure 5.21, where the vectors
(belonging to different finite elements) situated on the element interfaces (of the FE
mesh) “diverge” from each other as explained in sub-section 5.5.1.
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Figure 5.21: Vector Field having both Curling and Divergent Properties
Sub-figure 5.21a illustrates a vector field possessing curling and divergent properties and is produced by
the MATLAB functionMESHGRID and using the equatidf (x,y) = (2x— 3y)i + (2x+3y) J. This vector
field is then plotted with theMIATLAB function QUIVER. Sub-figure 5.21b illustrates the same vector field
(E (x,y) = (2x—3y)f+ (2x+3y) i) which was approximated by using the vector elements. Clearly the
vector elements are incapable of constructing the vector Ife@zl, §) = (2x—3y) i+ (2x+3y) i) due to the

“divergent terms”f1x = 2x andgyy = 3y present within the vector field equation (refer to point number (2)
of Section 5.6 sub-section 5.5.1).

3. The node-based vector element approximates a vector field of the form given by
Equation (5.24) (repeated here again for the readers convenience):

En (%,Y) = (fo+ fix+ fay) i + (go+ 91X+ 02y) |

through its three shape functions of complete polynomial expansion and its six as-
sociated degrees of freedom given by Equation (5.14). The shape functions and the
associated degrees of freedom “preserves” the gradient tBerend goy within

the approximation of the vector fiel\ (x,y) within the element (as seen by Equa-
tion (5.24). Refer to Section 5.2 for the derivation of this equation) and therefore
by “design”, this element contains “wasted” degrees of freedom because a degree
of freedom typically represents a field component at a particular node [2p@ind

all field component$or electromagnetic purposes need to be continuous across an
inter-element or inter-material boundaries as shown in sub-sections 5.1.3 and 5.3.3
[2, 11, 7]. Therefore, the normal components are the “wasted” degrees of freedom
because they together with the nodal shape functions help to “preserve” the terms
fix andgyy as shown in sub-section 5.2.2 which are not required since they do not
contribute to the curl of the vector fieE‘%l(x, y) [11, 12] as given by Equation (5.87).

In comparison, the construction of the vector element is only capable of approx-
imating curling vector fields (as stated above through Equation (5.53)) through its
three vector shape functions of mixed-order [12] and the three associated degrees
of freedom called edges given by Equation (5.45). The “design” of the vector el-
ement has resulted in the use of fewer degrees of freedom (edges) [12] that only
“preserves” the terms$,y andgix which contribute towards the curl of the vector
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field (as stated above through Equation (5.87)). Thus, it is easy to see by mathe-
matical deduction that the vector field represented by Equation (5.53) is capable of
rotation:

A

L 7, 0
GxEv(xy) = (500490~ 3 (fo+ 1)) &

— (o Tk (5.92)

The vector fields approximated by the vector elements given by Equation (5.53) is
subject to a few exceptions as already mentioned in sub-section 5.3.2. Sub-section
5.6.1 will investigate these exceptions.

Equation (5.89) demonstrates that the vector element cannot represent a divergent vector
field and Equation (5.92) demonstrates that the vector element is capable of representing
rotational/circulating vector fields. The latter property of the vector element make them
very useful and attractive to use for electromagnetic field vectors because the electromag-
netic field vectors not only obey the Maxwell curl equations, but they are also constrained
by the divergence equations [2] (refer to Chapter 2, specifically Section 2.3.1 point num-
ber 2).

As a summary, in vector electromagnetics the electromagnetic behaviour is governed by
the Maxwell curl equations as shown in Chapters 2 and 3, therefore the curl of the vector
field is of importance [11, 12] and not the divergence of the vector field. From a phys-
ical view point, the curl of the electric field is the time-rate of change of the magnetic
field [13]. It seems that the purpose of the mixed-order/zeroth-order vector element is to
removethe termsfix and g,y from the polynomial expansion that make up the electric
vector fieldE (x,y) given by Equation (5.2), which do not contribute to the magnetic field
[13] (which is the curl of the electric field given by Equation (5.87)).

5.6.1 Investigation of the Types of Vector Fields that The Vector Ele-
ments are Capable and Incapable of Constructing

The vector element provides a vector field representation given by Equation (5.53) that is
complete to ordep = 0, which is zeroth-order [11, 12]. However, there are certain vector
field representations that the vector elements cannot approximate (refer to sub-section
5.5.1) that fall under the general vector field representation given by Equation (5.53). The
algorithm presented in Section 5.5 is used to investigate and verify the above statement.

Equation (5.53) allows for sixteen combinations of vector field representations due to the
equation containing the four constant variable$gpff,, go andg;. Of the sixteen combi-
nations of vector fields in Table 5.3, the vector element is unable to approximate the eight
combinations of vector fields found in column C , they are able to approximate the four
combinations of vector fields found in column B and they are capable of approximating
the four combinations of vector fields found in column A when a constrain is applied to
the constants$, andg;.
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A B c
f, £0AND gy £ 0 f,—0AND g =0 f #0 ORgy #0
Bv(xy) = (fo+ f2y) i+ (do+91] | E(xY) =foi+0] | Ev(xy) = (fo+ f2y)i+go]
Ev(xy) =fol+(g+ax) ] | fo#0ANDgo#0 | 1
Al B1 c1
Bv (xy) = fayi +g1x] Ev(xy) =0 Ev(xy) = fayi
Ev (xy) = g1 fo=0ANDg =0 | 2
A2 B2 c2
Ev (xy) = fo+ foyi
Ev (xy) = (fo+ fay) i+ gix] E(xy) = fol Ev (xy) = f2yi + 0o
Bv (xy) = fayi+(go+091X) | E(xy) =0oj Ev (x.y) = fol +gux] fo#0ORgy#0 | 3
Ev (XY) = 0o+ 0uxj
A3 B3 c3

Table 5.3: Table of Vector Field Representations

Vector Field Approximations of Column B

The vector elements are capable of approximating constant vector fields, of the algebraic
form as seen in block B1 and block B3 of Table 5.3. These fields were simulated and
displayed in Figure 5.22.
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Figure 5.22: Vector Field Representation of Blocks B1 and B3 of Table 5.3
Sub-figure 5.22a illustrates the vector fiécﬂx, y) = fol + gojA. The constant are set dg=0, f, =0,
01 =0, fo =1, go = 1 andg, = 0. Sub-figure 5.22b illustrates the vector fié(ﬂx, y) = fol. The constant
aresetad; =0, f, =0,01 =0, fg =1, go = 0 andgz = 0. Sub-figure 5.22c illustrates the vector field
E (X,y) = goj. The constant are set &= 0, f, = 0,91 =0, fo = 0, go = 1 andg = 0.

When all the constants are set as zero thatis; 0, f,=0,9, =0, fo=0,go =0 and
g2 = 0, then the vector elements displays no vector field as given by the equation in block
B2 of Table 5.3.

Vector Field Approximations of Column A

The vector elements are well suited to approximating rotational vector fields and are ca-
pable of approximating vector fields of the form as given by the equation in block A2 of
Table 5.3 if and only if the following constraint is applied:

—f2 (5.93)

01
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where Equation (5.93) when applied to the equation in block A2 of Table 5.3, produces a
uniform rotational vector field. This can be seen in Sub-figure 5.17a which displays the

rotational vector field given by Equation (5.59). Consequently if the following constraint
is applied to the equation in block A2 of Table 5.3:

a#-—f (5.94)

while choosingy; > f2 or eitherg; < fo, then a non-uniform rotational field is produced
which the vector elements are not capable of approximating as illustrated in Figure 5.23.
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Figure 5.23: Vector Field Representation of Block A2 of Table 5.3
Sub-figure 5.23a illustrates a vector field made byNeT LAB functionMESHGRID and using the equa-
tion E (x,y) = —2yi + 4x]. The vectors are then plotted with tHdATLAB function QUIVER. Sub-figure
5.23b illustrates the vector fiell (x,y) = foyi + g1x] whereg; > f,. The constants are set &= 0,
fo=—-2,01 =4, fp =0, go =0 andg, = 0. Sub-figure 5.23c illustrates a vector field made byNher-
LAB functionMESHGRID and using the equatich:a(x, y) = —6yi -+ 3x]. The vectors are then plotted with

the MATLAB function QUIVER. Sub-figure 5.23d illustrates the vector fiddx,y) = foyi + gixj where
f, > gl. The constants are seths=0, f, = —6,9; = 3, fo = 0,go = 0 andg, = 0.
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Only when Equation (5.93) is applied to the equations located in block A1 and A3, are
the vector elements capable of approximating these fields as seen in Figures 5.24, 5.25

and 5.26.
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Figure 5.24: Vector Field Representation of Block Al of Table 5.3
Sub-figure 5.24a illustrates a vector field made byM#T LAB functionMESHGRID and using the equa-
tion E (x,y) = (44 3y)i — (24 3x)j. The vectors are then plotted with tHdATLAB function QUIVER.
Sub-figure 5.24b illustrates the vector fididx,y) = (4+3y)i — (2+3x) | wheregy = —f,. The con-

stants are setalg =0, f,=3,01 = -3, fp =4,gp = —2 andg, = 0.
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Figure 5.25: Vector Field Representation of Block A3 of Table 5.3
Sub-figure 5.25a illustrates a vector field made byM#T LAB functionMESHGRID and using the equa-
tion E (x,y) = (3 +3y) - 3xj. The vectors are then plotted with thHdATLAB function QUIVER. Sub-

figure 5.25b illustrates the vector fieli(x,y) = (3 + 3y) 1 — 3xj whereg; = —f,.  The constants are set

asfl:o,fzz:g,gl:_:g,foz%go:Oandgzzo.
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Figure 5.26: Vector Field Representation of Block A3 of Table 5.3
Sub-figure 5.26a illustrates a vector field made byM#T LAB functionMESHGRID and using the equa-
tion E (x,y) = —4yi + (5+4x) |. The vectors are then plotted with tHdATLAB function QUIVER. Sub-

figure 5.26b illustrates the vector fieftlx,y) = —4yi + (5+ 4x) | whereg; = — f,.  The constants are set
asfi=0, f2:74,gli4, fo:O,go:Sandgzzo.

However if, the other constraint of Equation (5.94) is applied to the same equations lo-
cated in block A1 and A3, then the vector elements are not capable of approximating
these fields as seen in Figures 5.27, 5.28 and 5.29.
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Figure 5.27: Vector Field Representation of Block Al of Table 5.3
Sub-figure 5.27a illustrates a vector field made byM#T LAB functionMESHGRID and using the equa-
tion E (x,y) = (3—2y)i + (1+4x)j. The vectors are then plotted with tHdATLAB function QUIVER.

Sub-figure 5.27b illustrates the vector fidkdx,y) = (3— 2y)i + (1+4x) | whereg; # —f,. The con-
stants are setag =0, f = —2,91 =4, fo = 3,90 = 1 andg, = 0.
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Figure 5.28: Vector Field Representation of Block A3 of Table 5.3
Sub-figure 5.28a illustrates a vector field made byM#T LAB functionMESHGRID and using the equa-
tion E (x,y) = (1— 3y)i +4x]. The vectors are then plotted with tHdATLAB function QUIVER. Sub-
figure 5.28b illustrates the vector fieffl(x,y) = (1— 3y)i + 4x] whereg; # —f,. The constants are set
asfi1=0, f2:73,gli4, fozl,go:Oandgzzo.
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Figure 5.29: Vector Field Representation of Block A3 of Table 5.3
Sub-figure 5.29a illustrates a vector field made byM#T LAB functionMESHGRID and using the equa-
tion E (x,y) = 3yi — (2+4x) |. The vectors are then plotted with tHdATLAB function QUIVER. Sub-
figure 5.29b illustrates the vector fieffl(x,y) = 3yi — (2+4x) | whereg; # —f,. The constants are set

asf1:0,f2:3,91:74, fo:O,go:—Zandgzzo.

Vector Field Approximations of Column C

Equations located in block C1, C2 and C3 all possess a curling differential property, but
the vector elements are incapable of approximating these vector fields as seen in Figures
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5.31,5.32,5.33, 5.34, 5.35 and 5.30.

J.P. Webb stated in his paper [11], that the field interpolation that the vector element
provides is not even first-order [11], and therefore linear fields as given by the equations
located in block C2 of Table 5.3 cannot be represented by the vector element exactly [11].
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Figure 5.30: Linear Vector Field Representation of Block C2 of Table 5.3
Sub-figure 5.30c illustrates a vector field made byMeTLAB functionMESHGRID and using the equa-
tion E (x,y) = xj. The vectors are then plotted with tHdATLAB function QUIVER. Sub-figure 5.30d
illustrates the vector fiel# (x,y) =x]. The constants are seths=0, f,=0,91 =1, f =0, go =0 and
g2 = 0. Sub-figure 5.30a illustrates a vector field made byMAd LAB functionMESHGRID and using the
equatiorE (xy) = yi. The vectors are then plotted with tHRdATLAB function QUIVER. Sub-figure 5.30b
illustrates the vector fiel& (xy) = yi. The constantsaresetfs=0,f,=1,0, =0, fo=0,go= 0 and
g2=0.

The above statement of J.P.Webb can be extended to include the variations of linear fields
(as seen in blocks C1 and C3) supported by Equation (5.53).
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Figure 5.31: Vector Field Representation of Block C1 of Table 5.3
Sub-figure 5.31a illustrates a vector field made byNteTLAB functionMESHGRID and using the equa-

— 0 1 f2 - 2!
17+ (3+4x)]. The

1i+ (34 4x)j. The vectors are then plotted with the

(1+2y)i+3]. The constants are set &s
MATLAB function QUIVER. Sub-figure 5.31d illustrates the vector fikdx,y)
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Figure 5.32: Vector fields of Representation of Block C3 of Table 5.3
Sub-figure 5.32a illustrates a vector field made byNteT LAB functionMESHGRID and using the equa-
tionE (x,y) = (1+y)i. The vectors are then plotted with tHdATLAB function QUIVER. Sub-figure 5.32b
illustrates the vector field (x,y) = (1+y)i. The constants are set is=0,f, =1,9; =0, fo=1,go=0

andg, = 0.
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Figure 5.33: Vector fields of Representation of Block C3 of Table 5.3
Sub-figure 5.33a illustrates a vector field made byNteTLAB functionMESHGRID and using the equa-
tion E (x,y) = yi + 1j. The vectors are then plotted with tHdATLAB function QUIVER. Sub-figure 5.33b
illustrates the vector fiel& (x,y) = yi +1]. The constants are setis=0,fo=1,91 =1, fo=0,go=0

andg, = 0.
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Figure 5.34: Vector fields of Representation of Block C3 of Table 5.3
Sub-figure 5.33a illustrates a vector field made byM#T LAB functionMESHGRID and using the equa-
tion E (x,y) = 2i — 4x]. The vectors are then plotted with tHé ATLAB function QUIVER. Sub-figure 5.33b
illustrates the vector fiel (x,y) = 2i — 4xj. The constants are set &=0, f, =0, gy = —4, fo = 2,
go=0andg, =0.
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Figure 5.35: Vector fields of Representation of Block C3 of Table 5.3
Sub-figure 5.35a illustrates a vector field made byNteT LAB functionMESHGRID and using the equa-
tion E (x,y) = (1—4x)J. The vectors are then plotted with tHdATLAB function QUIVER. Sub-figure
5.35b illustrates the vector fiel (x,y) = (1—4x) |. The constants are set =0, f; =0, g1 = —4,

fo=0,g90=1 andg, = 0.
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5.7 Limitations of the Vector Element

The triangular vector elements for this dissertation posses two main limitations which is
directly related to how these shape functions were designed mathematically. The limita-
tions are:

1. the element rate of convergence is rather poor [12]; the solution will approach the
exact one slowly as the mesh is refined [12]. As in the case of nodal (scalar) ele-
ments, a better convergence rate can be achieved using higher-order elements.

2. the element is only capable of approximating simple vector fields as given by Equa-
tion (5.53) and is therefore unable to approximate more complex mathematically
structured vector fields. Although the element can approximate vector fields such
as those given by Equation (5.53), there were however some exceptions that was
shown in sub-section 5.6.1.

Higher-order elements falls outside the scope of this dissertation and therefore only a brief
overview will be given in the next section.

5.7.1 Higher-Order Vector Elements

There are two competing approaches to higher-order vector elements which are [12, 13]:

¢ Interpolatory Vector Elements

e Hierarchical Vector Elements

The difference between these elements lies in their construction [12, 13].

Interpolatory Vector Elements

The interpolatory basis functions of these elements are defined on a set of points on the
element, such that the basis function vanishes at all points except one [12]. There are
advantages associated with these basis functions:

¢ the functions have good linear independence, thus resulting in a better conditioned
matrix system [12].

¢ they interpolate the tangential component of the vector field, making enforcement
of boundary conditions easy [12].

e they have a unified expression which simplifies the implementation of computer
codes for the generation of arbitrary-order basis functions [12].

These elements can be used ffior adaption(mesh refinement). Disadvantages of the
basis functions:

¢ the interpolatory basis functions of a given order are all different from those of the
lower orders [12]. Hence different order basis functions cannot be used together (in
the same mesh), which makes it impossible to implenpenadaption(iterative
increase of the element orders in different regions (of the mesh) until the solution
is converged to a specified accuracy) [12].
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Hierarchical Vector Elements

The basis functions are not defined on a set of points [12]. Higher-order hierarchical
basis functions are formed by adding new basis functions to lower-order basis functions
[12, 13, 2]. For example, afirst-order basis function contain those of the zeroth-order basis
functions, and the second-order basis function will in turn contain those of the zeroth-
order and first-order basis functions [12], thus a specific higher-order basis function set
contains all the lower-order basis functions [2]. This distinct advantage of these basis
functions is that they permit the use of different order of basis functions (hence elements)
within the same problem, and hence can be useg foadaption[12].

A good deal of time has been invested in studying the vector element for the following
reasons:

e it is important because the vector element is the building block (foundation) of a
vector field simulation.

e good knowledge is gained of the properties and limitations of the element.

¢ the knowledge is needed in order to code an entire finite element (FE) algorithm.
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Chapter 6

Finite Element Method

The finite element method (FEM) is a numerical technique used to solve problems that
are described mathematically by ordinary differential equations (ODE) and partial differ-
ential equations (PDE). [1]. The main idea behind the method is the representation of the
domain into smaller sub-domains called finite elements [1]. These finite elements can be
represented by [2]:

¢ lines in one dimension
e triangles in two-dimensions

e tetrahedrons in three-dimensions

The numerical solution (of the ODE or PDE) within a finite element is calculated by us-
ing the values computed by FEM at the nodes (when using nodal finite elements) or edges
(when using vector finite elements) of the discretized domain, along with the correspond-
ing basis functions associated with the particular finite element [1, 2]. The values of the
nodes or edges are obtained after solving a system of linear equations which the FEM sets
up [1, 2].

The accuracy of the solution can depend on, among other factors:

¢ the order of the basis functions, which may be linear, quadratic or higher order [1].

e domain discretization. Increasing the number of elements inside the domain (creat-
ing a finner mesh) increases the accuracy of the solution in comparison to a domain
discretized by less elements (producing a course mesh) [1].

Finite element analysis (FEA) can handle two different types of problems [2]:

e eigenanalysis (source-free) problems

e deterministic (force driven) problems

Deterministic problems analysed using FEA involve a “source” [2]. Equation (2.31) of
Section 2.4 and Equation (2.39) of Section 2.5 respectively describe a deterministic prob-
lem, where the “source” can take the form of a boundary condition or the form of an
actual source region present within the domain [6, 15]. In the case where the “source”
takes the form of a boundary condition, the problem can be classified as boundary-driven,
also known as a boundary value problem (BVP) [6, 15]. In the case where the “source”
takes the form of actual source region, the problem can be classified as force-driven (refer
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to Section 2.6 where these concepts were discussed with reference to Equations (2.31)
and (2.39) [6, 15]).

The response of the structure (conductor), to a forced excitation (the source) is described
by the solution to Equation (2.31) and Equation (2.39), as discussed in Section 2.6. The
FEA is able to compute this solution [2]. The FEM is applied to Equation (2.39) [3, 16,
17].

Summary Outline of FEM

The basic steps involved in the application of FEM are as follows:

1. Create a FE mesh by discretizing the entire domain into sub-domains and the sub-
domains are referred to as finite elements [1].

2. Processing of the mesh data information into useful data-structures [2, 12, 3].

3. Obtain a system of linear equations for a single element by applying the Galerkin
method to the PDE under investigation [1].

4. Formation of the global matrix system of equations through the assembly of all
elements within the domain and incorporation of the boundary conditions (BC’s)
into this global matrix system [1].

5. Solve the linear system of equations to obtain the unknown edge values of the do-
main [1].

6. Build the solution vector field (solution to the PDE under investigation) over the
entire domain [1].

The dissertation is focused mainly on solving problems over a two-dimensional domain.

6.1 Domain Discretization

The entire domain is divided up into smaller sub-domains, the sub-domains are also called
finite elements [1]. The union of all the sub-domains approximately equals the full domain
[13].

6.1.1 Two Dimensional Domain Discretization

The domain of a two-dimensional BVP or force-driven problem, usually has an irregular
shape, as shown in Figure 6.1(a) [1]. Using the FEM, the first step is to accurately rep-
resent the physical domain of the problem by a set of basic shapes called finite elements
[1]. The use of a rectangle, for example, as a basic finite element to discretize an irregular
domain is certainly the simplest but not the most suitable choice because an assembly of
rectangles cannot accurately represent the arbitrary geometrical shape of a domain [1]. In
such a case the discretization error is significant, as shown in Figure 6.1(b), although it
tends to decrease as the size of the rectangles in the domain becomes smaller [1]. How-
ever if a triangle element is used instead as the basic element for the meshing of the
two-dimensional domain, the discretization error would be effectively much smaller [1].
This is illustrated graphically in Figure 6.2(a) [1]. A course mesh of an irregular domain
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using quadrilateral elements is shown in Figure 6.2(b). Similar to the triangular element,
the quadrilateral element results in a smaller discretization error [1].

i)
P

-
e

=
S
~ )

Discretization error —= | 7

(@) (b)

Figure 6.1: Discretization Error using Rectangular Elements [1]
(a)lrregular two dimensional domain. (b)Finite element mesh using rectangular elements.

Discretization error

(a) (6)

Figure 6.2: Discretization Error using Triangular and Quadrilateral Elements [1]
(a)Finite element mesh using triangular elements. (b)Finite element mesh using quadrilateral elements.

6.2 Data-Structures

The domain is sub-divided into finite elements, thus forming a FE mesh and all finite
elements within the entire mesh are connected to one another [1, 5]. The data instructing
how the elements are connected to each other through their edges, nodes and coordinates
are referred to as the element connectivity information [1, 2]. The element connectivity
information is stored in lists which are referred to as data-structures [2, 23].
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This simple mesh is used to illustrate element connectivity information through @abknd also the

Figure 6.3: A Generic Three Element Mesh

assembly process of the global matrix system in sub-section 6.4.1.

An example of one such data-structure corresponding to the mesh in Figure 6.3 is shownin
Table 6.1 and this data-structure contains the element connectivity information instructing
how the three elements within the mesh are connected to one another through their edges.

Global Faces| Local Edge 1| Local Edge 2| Local Edge 3
Element
(Face) No.
1 Fy E; =) Es
2 P E4 Es E2
3 F3 Es E; Es

Table 6.1: Connectivity between Elements and Edges

This data-structure is referred toBsceEdgesData in this dissertation. As shown by this table and Figure
6.3, edgek; is shared by both elemeRt and elemenk,, thus stating that edge, connectdoth element
F1 and element, to each other. Similarly, edges is shared by both elemeRy and elements, thus

stating that edg&s connectdoth elemenE, and elemeni; to each other.

Table 6.1 shows the following connectivity information of the finite elements in Figure

6.3:

¢ the column labelled Faces contains the global element numbering of elements within

the mesh. The mesh contains three elements labelled &s andFs.

¢ the next three columns labelled as Local Edge 1, Local Edge 2 and Local Edge 3,
altogether contains the global edge numbering system of the entire mesh, but the
column headings where the edges appear under indicates the local edge numbering

system of a particular element.

e row number 1 shows that, elemdrtconsists of three edgés, E, andEs. Edge
E; is numbered locally as edge number 1, ef@igas numbered locally as edge
number 2 and edges is numbered locally as edge number 3 of elentgnt
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e row number 2 shows that, elemdst consists of three edgés,, Es andE,. Edge
E4 is numbered locally as edge number 1, efigas numbered locally as edge
number 2 and eddge, is numbered locally as edge number 3 of elentent

e row number 3 shows that, elemdfyt consists of three edgés, E; andEs. Edge
Es is numbered locally as edge number 1, efigas numbered locally as edge
number 2 and edges is numbered locally as edge number 3 of elentgnt

The arrangement of the element connectivity information within Table 6.1 shows how the
global numbering system of edges within the entire mesh is related to the local numbering
system of edges of an individual finite element

6.3 Formulation of the System of Linear Equations

There are two methods that are widely used to obtain a system of linear equations also
known as finite element equations [2] . The methods are:

e thevariational method

¢ theweighted-residual method

This dissertation follows the weighted-residual method also known as the Galerkin method
[1]. This method begins by forming a residual directly from the PDE [1] given by Equa-
tion (2.38) [3, 16, 17]. The element residual is formed by transferring all terms of the
Equation (2.38) to the LHS [3]:

Ox O xEg — tjowds— opjwEs =r¢ (6.1)

The residuat®, is the difference between the approximate solution and the actual solution
[1,2].

6.3.1 Formulation of the Weighted-Integral Equation for a Three-
Dimensional Finite Element

The objective is to minimise this element residual in a weighted sense [1]. To achieve this,
the residual is multiplied by a vector weighted functigand integrated over the domain
(which can be three-dimensional or two-dimensional) of a single element [3]. The integral
is then set to zero [1]. Equation (6.1) is converted into an weighted-integral equation[1]:

(e) Lo . ~ ~
/ - (0% B x B + pjed+ opjwle ) dv =0 6.2)
\'
where the integration is done over the volumgeof a three-dimensional finite element

and the superscrige), indicates a single element. Integrating each term of Equation
(6.2) gives [16, 17]:

CI @ . @ o
/ [w(mx DxEE)]dv+/ \Tv-(oquEE)dV:/ W (—pjwoE)dv  (6.3)
\" \" \"

Removing the constants, u, j andw from the integral in Equation (6.3) produces [16,
17]:

T Y T
/[w-<DxDxEE)]dv+aqu/ (W-EE)dV:—aqu/ WE)dV  (6.4)
\" \" \"

I



Apply vector integration by parts (based on Green’s theorem) to Equation (6.4) [3, 16, 17]:

/V(e) [(ﬁ xv‘\’/> . (ﬁ X IfE)] dV_jlg(e)W>< (a o E~E) dS+ aujw/v(e) (W E)v —
—Gujw/(e) (W-Es)dv  (6.5)
\%

According to [16, 17], the flux ternf® w x <ﬁ X E) .dS= 0. Equation (6.5) becomes:
©r, . L . .
/V [(wa)-(DxEE)]dV+oqu/v (W-EE)dV_—aqu/v (W-Es)dV  (6.6)

6.3.2 Formulation of Linear Equations for a Two-DimensionalFinite
Element

The two-dimensional weighted-integral equation is similar to Equation (6.6) except that
the integration is done over the area of a two-dimensional finite element:

/A(e) [(Bxw)- (BxEe) da+ "“jw/A(e) (W- Ee) dA = —Gujw/A(e) (W-E)dA  (6.7)

In the Galerkin method, the vector weighted functions aratidal to the interpolation of
the shape functions across an element [1] (refer to sub-section 5.3.1). Thus:

W(X7 y) = N’i (X7 y) (68)

fori = 1: 3. There are three shape functions (vector functibh®r i = 1 : 3 associated
with a finite element [2, 3], this concept was illustrated in sub-section 5.3.1. The electric
field intensityEg, can be approximated across a triangular element as [16, 17]:

3
EY = S EN(xY) (6.9)

Substituting Equation (6.8) and Equation (6.9) into Equation (6.7) produces [16, 17]:

/A(e) [(ﬁxﬁli>-<ﬁxjglﬁjﬁlj> dA+aqu/ (N. (3 E;N ))dA (6.10)
z—aqu/

fori=1:3. Applying algebra operations of summation to Equatlon (6.10) gives [2, 16,
17]:

</e)[(|_j xN) - (B ;)] d > |+ %(0/1]0)/ dA)EJ (6.11)

|: =1

_ _i; (aujw/A (N -Eo) dA)

1This boundary integral term is written ag?s(e)v*vx (Ifl X E) -fdS= 0 wherefi is the normal vector
to the boundary of the domain. The terms inside the integral can be reworked using to give the following
[16]: E is homogeneous Dirichlet on electric wafisx E = 0, non-homogeneous Dirichlétx E = Ej,
on boundaries where the input field is prescribed and homogeneous Nedimans E = 0 on magnetic
walls. Electric wallsrefers to boundaries of the domain through which no magnetic flux can penetrate and
Magnetic wallsrefers to boundaries of the domain through which no electric flux can penetrate [16].
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where it is defined that:

M = [7[(B8%) - (9<R;) 0 612

and
ﬂ@:iA@<NpNOdA (6.13)

and
R® = /A © (Ni - E}) dA (6.14)

in Equation (6.11). Adding Equation (6.12) and Equation (6.13) together as shown in
Equation (6.11) gives [16, 17, 1]:

K =M +opjwT® (6.15)

3

whereKi(j is referred to as the coefficient matrix [1] and according to Equation (6.11):

HO — o (RE)

_ © ., -
= aujw/ <Ni-Es>dA (6.16)
A

WhereFi(e)is referred to as the right-hand-side vector. Equations (6.15) and (6.16) are
finite element matrices [1, 2, 3]. Equation (2.39) has been discretized, via the Galerkin
method, into a system of linear equations [16, 17]:

KIOE© — R (6.17)

where the LHS of Equation (2.39) is represented by the coefficient mbt{ﬁ&for each
element in the domain [1]. The RHS of Equation (2.39) is represented by the right-

hand-side vectoﬂ,:i(e)for certain elements within the domain [1] aﬁp‘e) represents the
unknown edge values per element within the FE mesh [2, 12].

6.3.3 Discretization of FE Matrices

Equations (6.12), (6.13) and (6.14) represents the FE matrices that has to be discretized for
the implementation process of a FE algorithm. The element coefficient rﬁé‘fﬁmd the

elementright-hand-side vecl‘ﬁFe> were directly derived from the PDE given by Equation
(2.38) as shown in Section 6.3 and therefore these matrices contain all the information of
the behaviour of the physical system that describes eddy current phenomena [10, 15].

To ensure that the FE matrices are computed as accurately as possible, Equations (6.12),
(6.13) and (6.14) were solved analytically as well usiyTLAB Symbolic. The discreti-

zed matrix equations and the analytical matrix equations were applied to various arbitrary
triangular elements, and the solutions obtained from both sources were compared in order
to check that the FE matrices were discretized correctly.
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6.3.3.1 Local Node and Edge Numbering System of a Vector FE

Section 5.3 introduced the local node and local edge connectivity information of an in-
dividual vector finite element which relates how the edges and nodes within the element
are connected to each other [2, 12, The indexing of the edges;Bhown in sub-section
5.3.1 actually follows a specific local node numbering system applied to each local edge
of a triangular finite element [2] and this local node numbering system is based upon a
numbering combination sequence found in column B of Table 6.2 [2].

Orderand | No Order | No Order | Orderand
Repetition and No and No
Repetition | Repetition | Repetition
(1,1) - (1,1) -
(2,1) - - (2,1)
(3,1) - - (3,1)
(1,2) (1,2) (1,2) (1,2)
(2,2) - (2,2) -
(3,2) - - (3,2)
(1,3) (1,3) (1,3) (1,3)
(2,3) (2,3) (2,3) (2,3)
(3,3) - (3,3 -
A B C D

Table 6.2: Table of Numbering Combination Sequences [22]

Using the information of column B, the data-structure containing the information on how
the local node numbering system is related to the indexing of each local edge of a finite
element is created and shown in Table 6.3 [2].

Edge Indexing
Local Edge According to chal Local Node| Local Node
. Node Numbering
Numbering Svstem No.1 ofan | No.2 of an
System y Edge Edge

=] =P M n2

E> Ei3 n N3

Es Eos ny n3

Table 6.3: Local Edge and Node Numbering System of a Vector Element
lllustration of the local node numbering system located on each local edge on a triangular vector finite
element. The node numbering system of the edges of a single triangular element are as follows: Edge
E1o = Eq, is connected through node and noden,. EdgeE;3 = E», is connected through node and
nodens. EdgeE,3 = Ej3, is connected through node and nodens. Refer to Figure 5.6 for an illustration
of the above [2].

6.3.3.2 Derivation of the Discretized Expression for the FE Matrix Given by Equa-
tion (6.12)

To discretize Equation (6.12), the notation of the vector shape fundiipfs i =1 : 3
ande for j = 1: 3is altered slightly as follows:
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MEE = [ () - (0 ) | i (6.18)

by making use of Equation (5.29), where:
Win = Am0An— An0Am (6.19)
and . .
V_\7k| = )\kD)\I — )\| D)\k (6.20)

where the subscriptam,n) in Equation (6.19) andk,|) in Equation (6.20) follow the

same number combination sequence as column B of Table 6.2, thus producing the three
vector shape functionsy» , Wiz andws3 per element [2, 3, 12], as discussed in Section
5.3.1. The notation of the three scalar shape functions is expressed as follows according
to Equations (4.24), (4.25) and (4.26) in sub-section 4.3.2:

Am = Mg+ MgX+ py (6.21)
and
An = Ng+N1X+Npy (6.22)
The gradients of Equations (6.21), (6.22) are then:
DAm = Myi + mpj (6.23)
and . ( ’
OAn=n1i+ N3] (6.24)
Substituting Equations (6.21), (6.22), (6.23) and (6.24) into Equation (6.18) gives:

—,

Winn = Mo+ MyX+ My (N1 + Mo J) — No + NyX+ noy (myi + my )
[(Mmo + MyX+may) Ny — (Mo + NyX+ N2y) My i+ ... (6.25)

[(Mo + MyX+ Mpy) N — (N + NyX+ N2y) M| |

After some algebra manipulation Equation (6.25) becomes:

o o~

Wirmn = [(Mony —Nomy ) + (Mang — npmy )y T+ [(Monz — nomy) + (Manz — ) X j - (6.26)
where we let: A
Ny = [(mony — nomy ) + (Mpng — npmy ) yj i (6.27)
and )
Ny = [(monz — nomp) + (Minz — namp) X | (6.28)
Now, to derive the curl of Equation (6.19):
= J 0Ny «
Wi = (a—ny‘a—yX)k
((myn — ngmp) — (mpng — nprmy ) )
= 2(munz —mpng)k (6.29)

Similarly, all the above algebraic processes are applied to Equation (6.20) thus producing:

|_j X Wk| = 2(k1|2 — k2|1) R (6.30)
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Substituting Equations (6.29) and (6.30) into Equation (6.18) produces:
(e) - -
Me = /A [(2(mynz — mpng)R) - (2 kel — kol1)K) ] dA

= A(mung —mpmy) (kalz — kola) </A(e) dA)

ki ko
l1 Iz

m
4| M mp
ng np

(Ae) (6.31)

whereAg, is the area of a triangular element given by Equation (4.23). Equation (6.12)
has been discretized into its simplest algebraic form.

Equation (6.12) can also be calculated symbolically by the following:
©r/= S
(e _ N - N
M, /A [(DxR)- (DxN;)|dA
S S (€)
= OxNi)-(OxN; / dA
[CEHRCEIIITACY
- [(ﬁxmi> : (ﬁxﬂj)] (Ao) (6.32)
The computational accuracy of Equation (6.31) is verified by symbolically calculating
the Equations (5.33), (5.34) and (5.35) directly within Equation (6.32), UdiAGLAB
Symbolic. Both Equations (6.31) and (6.32) produces the same answer to any arbitrary
triangular finite element. One such example is illustrated using an element with the fol-

lowing coordinatesx; = —0.5,y; = 0.5, x, = 0.5,y, = 0.5, x3 = —0.5 andyz = —0.5.
Equation (6.31) produces the result:

[ 4 -4 4 ]
MT=| -4 4 -4 (6.33)
| 4 -4 4 ]
and Equation (6.32) produces the result:
[ 4 -4 4 ]
Mi<je>: 4 4 —4 (6.34)
| 4 -4 4 ]

where equations (6.33) and (6.34) are identical. The dimension of the FE matrix given

by Equation (6.12) is a three-by-three matl\'/jlg(je> = [3x 3], as shown through Equation
(6.34) and Equation (6.33).

6.3.3.3 Derivation of the Discretized Expression for the FEM Matrix Given by Equa-
tion (6.13)

To discretize Equation (6.13), the notation of the vector shape fundipfs i =1 : 3
ande for j = 1: 3is altered slightly as follows:

(e) © -
T :/A (Wimn- Wi ) dA (6.35)
Substituting Equations (6.19) and (6.20) into Equation (6.35):
(€)
TY = [ (et dA
(e) - . S S
- /A [(AnDA0 = AaEAm) - (MDA — A D) | dA (6.36)
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where the subscriptdm,n) in Equation (6.19) andk,l) in Equation (6.20) follow the
same number combination as column B of Table 6.2, thus producing the three shape
functionswy» , W3 andweps per element [2, 3, 12], refer to Section 5.3 where this statement
was proved. After some algebra manipulation Equation (6.36) becomes:

O (e) I, (e)
Y = (B ) [ OndodA- (FAa-BA) [ Awh)da

NS BN
—(mm.ml) /A (Ank) dA+ (D/\m-mk) /A (AnA)dA (6.37)

The integrals in Equation (6.37) can be computed through the generic integration formula
for integrals in the simplex coordinate system [2, 1]:

2||IJ|kI
MAIAkds= = A 6.38
// ! (2+i+]j+k) (6-38)

Equation (6.13) can also be calculated symbolically by the following:
(€)
T”(e) = / [N. xYy) - Nj xy}dxdy
1- U XAy
_// N.uv (‘ )}o"'uav

= //1u N.uv (, )}ZAedudv
= 2Ae/0 /01 ’ Ni(u,v) -(Nj(u,v)>]dudv

= oa [ [(Nwiw)- (N ui-w)]du 639)

dudv

where 2¢ = gﬁg{ is the Jacobian transformation matrix [1] used when transforming

from any arbitrary triangular coordinate system to the unit triangular coordinate system,
this concept was discussed in sub-section 4.3.1. The transformation between coordinate
systems are done so that Equation (6.13) can be integrated symbolically [1].

The computational accuracy of Equation (6.37) is verified by symbolically calculating
the Equation (6.39) directly usingATLAB Symbolic. Both Equations (6.37) and (6.39)
produces the same answer to any arbitrary triangular finite element. One such example is
illustrated using an element with the following coordinates= —0.5,y; = 0.5,%x, = 0.5,

y> = 0.5,x3 = —0.5 andy; = —0.5. Equation (6.37) produces the result:

0.3333 01667 0
T”@: 0.1667 03333 O (6.40)
0 0 01667
and Equation (6.39) produces the result:
0.3333 01667 0
T”@: 0.1667 03333 O (6.41)
0 0 01667

Equations (6.40) and (6.41) are identical. The dimension of the FE matrix given by Equa-

tion (6.13) is a three-by-three matrix,ge) = [3x 3], as shown through Equation (6.41)
and Equation (6.40).
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6.3.3.4 Derivation of the Discretized Expression for the FEM Matrix Given by Equa-
tion (6.16)

To discretize Equation (6.14), the notation of the vector shape fundtidiosi = 1 : 3 is
altered slightly as follows:
(e) (e) - ~

The source terrks, has the following general vector algebraic expression, refer to Section
2.5 where the source terl in relation to Equation (2.39) was discussed:

~

Es = Fs(X,y)i + Gs(%,Y)] (6.43)
where

Fs(x,y) = fo+ fix+ foy (6.44)
and

Gs(X,Y) = Qo+ 01X+ G2y (6.45)

Substituting Equations (6.19) and (6.43) into Equation (6.42) produces:

R® = /A © [(Fs(x, y)i+Gs(xY) ) - (/\mi)\n —Ani)\mﬂ dA  (6.46)

where the subscripten,n) in Equation (6.19) follow the same number combination as
column B of Table 6.2, thus producing the three shape functians wWy3 andw.,3 per
element [2, 3, 12], refer to Section 5.3 where this statement was proved.

R = /A © [(FSM Gsf) (Am (i)\nxn i)\nyj“) M (ﬁ)\mxf+ i)\myj))} dA (6.47)

According to Equations (5.30), (5.31) and (5.32) in sub-section 5.3.1, the notation of the
gradients of the scalar shape functions can be expressed as:

DAn = DAnd + DAny] (6.48)

and . S

Whereﬁ)\nx, ﬁ/\ny, ﬁ/\mx and ﬁ)\my are constants. Simplifying Equation (6.47) and col-
lecting terms in the — directionand in thej — directiorn

R = /(e)F(/\ FAmx— AnCiA )dA+/<e)G (AmEny— ATy ) dA
s\ AmEAmc AnHAmx s (AmEAny = AntAmy

e (€)

L e LA Ll L@
— DA /A (FoAm) dA— DAm /A (Fsn) A+ DAy /A (GoAm) dA— Cmy /A (GsAn) dA (6.50)

Substituting Equations (6.48) and (6.49) into Equation (6.50) produces:

N (e
Ri(e) — D/\nx/A (fo+ fax+ foy) AmdA— ...
N (e)
P Ams /A (fo+ fix+ fay) And A+ .
N (e)
DAWA (0o + 91X+ g2y) AmdA— ..
N (e)
D/\my/A (9o + 91X+ g2y) AndA (6.51)
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Simplifying Equation (6.51):

} (¢ } }
RY = Do ( / }\mdA> + By xx\mdA> + B

YAmd A)

( ©
(/
— DAmco / AdA) + B < / 3AdA ) + DA < / VAn dA>

— ﬁ)\nygo< AmdA>—|—D)\nygl / x)\mdA>+D)\nygz

= DAmyo / )\ndA>+D)\mygl< / x)\ndA>+D)\m)g2 ( / y)\ndA> (6.52)

Equation (6.52) can be expressed in a more convenient waylas$o

(e) — (e) - (e)
RO = Do / AmdA ) — EAmgfo / AndA) ..
A A
3 (@ 3 (@
W < / x)\mdA) — PAmxfr ( / xz\ndA)
A A
3 (@ 3 (@
2 ( / y)\mdA) — PAmf2 ( / y)\ndA)
A A

y)\mdA

) nydo

© . ©
/ /\mdA) — BAmyo ( / /\ndA)
A A
CAny01 / xx\mdA) By < / xx\ndA)
A A

3 (@ ) (@
CAnyG2 ( /A y)\mdA)—D)\mygz ( /A y)\ndA) (6.53)

Equation (6.53) consists of twelve integrals for each of the three number combinations of
subscriptgm, n), thus a total othirty-six integralshas to be computed on each element

in the domain that a force-driven excitation is prescribed upon, refer to Sections 2.5, 2.4
and 2.6 where force-driven problems were addressed.

Equation (6.14) can also be calculated symbolically by the following:

© @,
RO = [ E(cy)R (xy)dA

_ /Ol/olu [0 R (uy) '% dud

1 pl-u
_ / / [J”S(u,v) Ki (u,v)} 2A.dudv
0 JO

— 2Ae/01/01u [J}(u,v) \’ (u,v)] dudv

_ 2Ae/01 [J;(u,l_u) N (u,l—u)} du (6.54)

where 2\ = ‘gxgy‘ls the Jacobian transformation matrix [1] used when transforming

from any arbitrary triangular coordinate system to the unit triangular coordinate system.
The transformation between coordinate systems are done so that Equation (6.16) can be
integrated symbolically [1], refer to sub-section 4.3.1.

The computational accuracy of Equation (6.53) is verified by symbolically calculating
the Equation (6.54) directly usingATLAB Symbolic. Both Equations (6.53) and (6.54)
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produced the same answer to any arbitrary triangular finite element. One such example is
illustrated using an element with the following coordinates= 3,y1 =3,X =1,y», = 2,
x3 =5 andys = 1. Equation (6.53) produces the result:

[ —2.5927 ]
RY = | —141217 (6.55)
| —5.8411 |
and Equation (6.54) produces the result:
[ —2.5927 ]
RY = | —141217 (6.56)
| —5.8411 |

Equations (6.55) and (6.56) are identical. The dimension of the FE matrix given by Equa-

tion (6.14) is a three-by-one vectcﬁi(,e) = [3 x 1] as shown through Equation (6.56) and
Equation (6.55).

6.3.3.5 Finite Element Matrices Dimension

The dimension of Equation (6.12) is a three-by-three malsriigjf”,) = [3x 3] and the di-

mension of (6.13) is also a three-by-three maﬂ]?,) = [3x 3] as shown in sub-sections
6.3.3.2 and 6.3.3.3 respectively. Equations (6.12) and (6.13) are added together to form
Equation (6.15) (refer to Section 6.3) therefore, the coefficient matrix represented by

Equation (6.15) will also have a dimension of a three-by-three manﬁ&,: [3x 3.

The number of rows and columns of the coefficient mat(j(ﬁ coincides with the number
of edges that a triangular vector element possesses (refer to Section (5.3)).

The dimension of Equation (6.14) is a three-by-one veé{@r,: [3x 1] (as shown in sub-
section 6.3.3.4) and according to Equation (6.16) (refer to Section 6.3), the right-hand-
side vector represented by Equation (6.16) will also have the dimension of a three-by-one

vector,F'® = [3x 1].

The number of rows of both the right-hand-side veﬁfﬁ, coincides with the number of
edges that a triangular vector element possesses (refer to Section 5.3).

6.4 Assembly of the Global Matrix System of Equations

Solution of Equation (2.39) (the PDE that governs eddy current behaviour) across a FE
mesh, mandates the assembly of all finite elements within the domain based on the ele-

ment connectivity information [1]. The coefficient matrﬁé{je) and the right-hand-side

vectorFi(e> is mapped according to the element connectivity information and added to a
global coefficient matrixjj and a global right-hand-side vectsy, this forms a global
matrix system of equations [1] as follows:

KijEj =F (6.57)

wherei and j represent the total number of edges within the domain [1]. The process of
mapping and adding the entries of each coefficient matrix and right-hand-side vector to
the entries of the global coefficient matrix and global right-hand-side vector respectively,
is called theassembly proceqdd]. The global matrix system given by Equation (6.57),
can be solved to obtain the unknown edge valﬁpsonce the boundary conditions are
incorporated into this global system of equations [15, 6].
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6.4.1 Implementation of the Assembly Process

An example of the FEM assembly process is shown for a simple three element mesh
which is illustrated in Figure 6.3 and in this example, it is assumed that a force-driven
function will exist on all the finite elements within this mesh.

The dimension of the element coefficient mam%?), consists of the number of rows and
columns equal to theumber of edgesf a single FE element, as explained in sub-section

(6.3.3).5 Where(i(je) = [3x 3]. The dimension of the global coefficient matky, consists
of the number of rows and columns equal totibi@al number of edgas the finite element
domain, denoted aSeqges thusKij = [Nedgesx Nedged = [7 % 7] [1, 2, 3].

The dimension of the right-hand-side vecEi)@, consists of the number of rows equal

to thenumber of edgesf a single FE element and a single column, as explained in sub-
section (6.3.3).5. The dimension of the global right-hand-side végt@monsists of the
number of rows equal to thmtal number of edgem the finite element domain and a
single column, thu$; = [Neggesx 1] = [7 x 1] [1]. The process of assembly begins by
looping through all the elements of the domain one-by-one and updating the entries of the
global coefficient matrix and the global right-hand-side vector [1] as shown by the pseudo
code in Algorithm 6.1.

Algorithm 6.1 Pseudo Code of the Assembly Process of Global Coefficient Matrix and
the Global Right-Hand-Side Vector [1]
# initialise the global matrix

K=sparse (Edges,Edges) ;

F=sparse (Edges,1);

# loop through the elements
for e=1:Elements
# double loop: through the local edges of each element
for 1i=1:3
for j=1:3

K(E(e,i),E(e,j))=K(E(e,i),E(e,j))+ke(i,]);

end

# logical statement

if Element represents a forcing region
F(E(e,1))=F(E(e,1))+ fe(i);

end

end

end

In Algorithm 6.1, K denotes the global coefficient matrike denotes the element co-
efficient matrix. The entries of the global coefficient matrix is computed by using the
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following equation [1] (which appears in Algorithm 6.1):
E(ei)=E (6.58)

wheree denotes the element number within the mastenotes the local edge number
within a finite element an&; denotes thglobal edge numbeof the finite element mesh

that corresponds to th#h local edge numbewithin an element [1]. Equation (6.58) thus
relates the global edge numbering system of the FE mesh to the local edge humbering
system of each finite element within the mesh as shown in Séc2pwhere this infor-
mation is contained within the data-structure given by Table 6.1. Using Equation (6.58)
together with the element connectivity data of Table 6.1 produces the assembly data given
by Table 6.4.

Global

Element
(Face) No. E (e, l) = Ei E (e7 2) = Ei E (67 3) = Ei

F1

E(L1)=E| E(1,2)=E,| E(1,3)=E3
F
F3

E(3,1)=Eg| E(3,2)=E7| E(3,3)=Es

Table 6.4: Element Connectivity Information used to Construct Global Matrices
Element connectivity information which is used to produce the global matrices through Algorithm 6.1.

The data shown in Table 6.4 is used for the global matrix assembly which is processed
through Algorithm 6.1. Algorithm 6.1 produces the following global matrices for the
finite element mesh of Figure 6.3:

1) 1) 1) i

Kt K3 KY 0 0 0 o
Ko (Kg+K@) kg kG k0 o0
KD K{Y K{Y 0 0 0 0
Ki=1| o K2 o ki K{J 0 o (6.59)
o K o kD (kER) K@ K
0 0 0 o K K kb
| 0 0 0 0 Ky o Ky Ky

where the global coefficient matri;j, contains all thenformation of the behaviour of
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the modelled physical system described by the PDE under investi¢atibs] and
_ 0 -
(Fz(l) + F§2)>

F— £ (6.60)

where the global right-hand-side vectgy contains thenformation of an excitation force

that the physical system responds towd@lsl5], also refer to Sections 2.4, 2.5 and 2.6
where the concept of an excitation force of Equation (2.39) was discussed. The superscript
present in Equations (6.59) and (6.60) indicates which FE element the element coefficient
matrix Ki(je) and the right-hand-side vectsf®, belongs to within the FE mesh.

An interesting structural characteristic of the global coefficient matrix given by Equation
(6.59) is its sparsity, meaning that the most of its entries are zero [1] and this matrix is
square as well [1]. The right-hand-side vector matrix is also sparse as shown by Equation
(6.60).

6.5 Solving the Linear System of Equations

The unknown edge valueé, are obtained by solving the global system of linear equa-
tions [1], given by Equation (6.57). The tel, represents the circulations of the electric
intensity along the edges of the mesh [16, 17, 1]. There are numerous techniques for sol-
ving a linear system of equations such as given by Equation (6.57). In sub-section 7.5.1 a
few of these techniques will be briefly addressed.

6.6 Building the Solution Vector Field

Once all the edge valudfq, are computed, the electric field intensﬁy(e) (the superscript

(e), indicates a single element), can be calculated across each element in the domain by
making use of Equation (6.9) and the element connectivity information [1, 2] (Equation
(6.9) is repeated for the readers convenience):

- (0w = (O
EE = EJ N] (X7 y)
2
The time dependent vector functie‘?g(e) (x,y,t), can be recovered from its phasor repre-

sentatiorEe ®, by multiplying the phasor bgi®, and taking the real part of the product
(refer to Appendix A) [8, 10, 5]. Thus

E:® (xy,t) =0 [(iE IR (x, y>> e’“] (6.61)

The solution vectors of each elemﬁ?gt(e) (x,y,t), associated with each coordinate point
(x,y)(e), within a triangle are computed and collected from all the elements within the
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entire domain, thus producing a vector soluﬁ(x, y,t), across the entire domain along
with the associated coordinate poiiisy), on the entire domain. A numerical solution
(approximated solution) of Equation (2.38) [1], can then be displayed by plotting the vec-
tor informationEg (x,y,t), associated with each co-ordinate pairty), in the domain.
Similarly, to find the solution to the eddy curreggs refer to Section 2.3 for the explana-
tion of the creation of eddy currents within a conductor, Equation (6.61) is multiplied by
the conductivity constard, giving:

30 xyt) = 0B oyt (6.62)

A numerical solution (approximated solution) of eddy currektg1], can then be dis-
played by plotting the vector informatial (x,y,t), associated with each coordinate point
(X,y), in the domain.
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Chapter 7

Implementation Issues Concerning the
FEM

In this chapter, certain issues are addressed concerning the implementation of the FEM.

7.1 Element Connectivity within a FE Mesh

Section 6.1 discussed the division of the domain into triangular finite elements and Sec-
tion 6.4 presented the assembly process of elements across a mesh. The assembly process
requires data information instructing how the elements within the mesh are connected
to each other through their edges, nodes and coordinate points [1] and as mentioned in
Sections 6.2 and 6.4 this information is referred to aseleenent connectivity informa-

tion [2, 1]. When coding a FE algorithm, adopting sensible local and global numbering
conventionsand then using these numbering conventiares absolutely essential [2] to
maintain the correct element connectivity information. The element connectivity infor-
mation of the FE mesh is stored in data-structures (as discussed in Section 6.2) and the
data-structures contains tbata information relating the global numbering system of the
finite elements (also referred to as faces in this dissertation), edges and nodes within the
FE mesh to the local numbering system of the edges and nodes of an individual finite
element.

7.1.1 Data Sorting and Handling

The element connectivity information within the FE mesh is sorted and stored into data-
structures [1, 2, 23]. These data-structures are accumulated and stored together to create a
single “database” referred to in this dissertatior@igngle Database as shown in Figure

7.1. Figure 7.2 illustrates a simple two element mesh and the data-structures forming the
Triangle Database &S Seen in Figure 7.1 of this mesh are shown below.
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Figure 7.1: Flow Diagram of the Triangle Database Generation
Information flow of how each data-structure is created using data information from the previous set of
data-structures.
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Figure 7.2: Two Element FE Mesh
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Summary of Data-Structures that Forms the Database of Connectivity Information
of the Finite Element Mesh

Figure 7.1 shows the information flow process of how all data-structures are created from
two main sets of data-structures referred to in this dissertatian@&8ointsbata and
FaceNodesData and for this reason they are also referred to as “parent data-structures”.
TheNodePointsData andFaceNodesData data-structures for the two element mesh of Figure
7.2 are shown in Tables 7.1 and 7.2 respectivelyeNodeData contains the connectivity
information of how each elemenf(for i = 1 : 2) within the mesh is connected to each
other through the nodes;(for i = 1 : 4) of the elements [1], where a node can be shared
by more than one element within a mesh [dMpdePointsData contains the coordinate
location information of each nodej(for i = 1 : 4) within the entire mesh [1].

Global Faces| Local Node| Local Node| Local Node
Element No.lofa | No.2ofa | No.3ofa
(Face) No. triangular | triangular | triangular
element element element
1 F ni 17) Ny
2 F No n3 Ng

Table 7.1: Connectivity between Elements and Nodes
Data-structure of connectivity between the elements and nodes of the mesh shown in Figure 7.2. The nodes
labelledny , np andng form the vertices of the triangular finite element labelkgdind similarly the nodes
labelledn, , n3 andn, form the vertices of the triangular finite element labeledl], refer to Figure 7.2.

Global Nodes Point Point
Node No. Coordinate| Coordinate
X y
1 ny -0.5 0.5
2 no 0.5 0.5
3 N3 0.5 -0.5
4 Ny -0.5 -0.5

Table 7.2: Coordinate Location of the Nodes
Data-structure of the coordinate location of the nodes within the mesh shown in Figure 7.2. Each node is
located at a specific coordinate point within the finite element mesh, refer to Figure 7.2.

Data information fronFaceNodeData in conjunction with data information from Table 6.3
is used to created the data-structure referred to in this dissertatiage8sdesdata. Table
7.3 shows the data-structur@geNodesbdata Which corresponds to the mesh of Figure7.2.
The connectivity information of how each eddg f{or i = 1 : 5) within the mesh is connec-
ted by two nodesn( for i = 1 : 4) throughout the mesh is described HageNodesData

[2, 23].
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Global Edges Local Local

Edge No. Nodel of Node2 of
an Edge an Edge

1 E; Ny No

2 E, Ny Ng

3 Es 17) Ng

4 Es N n3

5 Es n3 Ny

Table 7.3: Connectivity between Edges and Nodes
Data-structure of connectivity between edges and nodes of the mesh shown in Figure 7.2. The first column
contains the global edge numbering system of the two element mesh shown in Figure 7.2 and the second
column labels the edges according to this numbering system . The next two columns labelled as Local Node
1 and Local Node 2 respectively, contain the global node numbering system where each edge is associated
with two nodes within the mesh.

Using the node data information which is common to lmafeNodesData andFaceNodeData,

the data-structure referred to in this dissertatioma@sEdgesData IS created. This data-
structure which is shown by Table 7.4 for the mesh of Figure 7.2 and contains the data
information of how each edge is connected to each element (face) within the entire mesh.

Global Faces| Local Edge 1| Local Edge 2| Local Edge 3
Element
(Face) No.
1 F (=2 E> Es
2 ) Eq Es Es

Table 7.4: Connectivity between Elements and Edges
Data-structure of connectivity between elements (faces) and edges of the mesh shown in Figure 7.2. The
first column contains the global element numbering system of the two element mesh shown in Figure 7.2
and the second column labels the elements according to this numbering system . The next three columns
labelled as Local Edge 1, Local Edge 2 and Local Edge 3 contains the global edge numbering system where
each element is associated with three edges within the mesh.

The final data-structure as shown in Figure 7.1 referred to in this dissertatieseBsintsbata

is created by using data information framiceNodeData and NodePointsData. Here the

data information describing how the cartesian points are connected in order to form
the elements (faces) of the FE mesh is stored. Table 7.5 illustrates the data-structure
FacePointsData Which corresponds to the mesh of Figure 7.2.

94



Global Faces| Local | Local | Local | Local | Local | Local
Element Point | Point | Point | Point | Point | Point
(Face) No. Coor- | Coor- | Coor- | Coor- | Coor- | Coor-
dinate| dinate| dinate| dinate| dinate| dinate

X1 Y1 X2 Y2 X3 Y3

1 = -05| 05 0.5 05 | -05 | -05

2 F 0.5 0.5 05 | -05| -05| -05

Table 7.5: Connectivity between Elements and Cartesian Points

Data-structure of connectivity between elements (faces) and cartesian points of the mesh shown in Figure
7.2. The first column contains the global element numbering system of the two element mesh shown in
Figure 7.2 and the second column labels the elements according to this numbering system . The next six
columns contains the coordinate poitsy;) for i = 1 : 3 associated with each element within the mesh.

7.1.2 Boundary Element Data Information

Once all the data-structures shown in Section 7.1.1 is established, there is now enough
information available that can be used to compute the separation of elements located on
the boundary of the domain, referred tolamundary elementgrom the rest of the ele-
ments of the domain which are referred to ason-boundary element# “database” is
then constructed consisting of boundary element and non-boundary element information

as shown in Figure 7.3.
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Figure 7.3: Flow Diagram of the Generation of the Boundary Database
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Figure 7.2 illustrates a simple two element mesh and the data-structures forming the
Boundary Database @S Seen in Figure 7.3 of this mesh are shown below.

Summary of the Data-Structures that Form the Database of Connectivity Informa-
tion of Elements Located on the Boundary of The Finite Element Mesh

Information from therriangle Database iS used to generate the data-structures referred

to in this dissertation a8oundaryEdgesData andNon-BoundaryEdgesData and these data-
structures are shown in Table 7.6. The criteria used for separating boundary edges and
non-boundary edges is as follows, the edges located in the interior of the domain are
shared by at most two finite elemenighere as edges located on the boundary of the
domainonly belong to one finite elemejii].

Global Boundary Non-
Edge No. Edges Boundary
Edges
1 E; -
2 Eo -
3 - Es
4 Esq -
5 Es -

Table 7.6: Boundary and Non-boundary Edges
Data-structure of boundary and non-boundary edges of the mesh shown in Figure 7.2. The edge labelled
Es, is shared by both finite elemeft andF, and the other edgeR;, E,, E4 andEs are not shared by both
finite elements as seen in Figure 7.2.

The data-structureaceEdgesbata iS used to generate the data-structures referred to in this
dissertation agoundaryFacesData and Non-BoundaryFacesData and these data-structures

are shown in Table 7.7. The criteria used for separating boundary elements and non-
boundary element is as follows, when a finite element is located in the interior of the
domain, this element will share one of its edges with another finite element whereas, if
the element is located on the boundary of the domain, one or two (at most) of its edges
will not be shared with another finite element [1].

Global Boundary Non-
Element Faces Boundary
(Face) No. Faces
1 Fy -
2 F -

Table 7.7: Boundary and Non-boundary Elements
Data-structure of boundary and non-boundary elements (faces) of the mesh shown in Figure 7.2. In Figure
7.2, there are no elements located in the interior of the mesh due to both elements being located on the
boundary of the mesh.

The data-structuregaceEdgesbata together with the data-structur@sundaryFacesData
andNon-BoundaryFacesData are used to construct the data-structures referred to in this
dissertation a8oundaryFaceEdgesData and Non-BoundaryFaceEdgesData. Refer to Figure

7.3 for an illustration of this process. Table 7.8 contains the information of the edges that
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are connected to boundary elements of the mesh and Table 7.9 contains the information
of the edges that are connected to non-boundary elements of the mesh.

Boundary | Faces| Local Edge 1| Local Edge 2| Local Edge 3
Element
(Face) No.
1 Fr = Eo Es
2 F = =) Es

Table 7.8: Connectivity between Boundary Elements and Edges
Data-structure of connectivity between boundary elements (faces) and edges of the mesh shown in Figure

7.2.

Non- Faces| Local Edge 1| Local Edge 2| Local Edge 3
Boundary
Element
(Face) No.

Table 7.9: Connectivity between Non-Boundary Elements and Edges
Data-structure of connectivity between non-boundary elements (faces) and edges of the mesh shown in
Figure 7.2.

The data-structuregacepointsbata together with the data-structuresundaryFacesData

and Non-BoundaryFacesData are used to construct the data-structures referred to in this
dissertation aBoundaryFacePointsData andNon-BoundaryFacePointsData. Refer to Figure

7.3 for anillustration of this process. Table 7.10 contains the information of the coordinate
points that are connected to boundary elements of the mesh and Table 7.11 contains the
information of the coordinate points that are connected to non-boundary elements of the
mesh.

Boundary | Faces| Local | Local | Local | Local | Local | Local
Element Point | Point | Point | Point | Point | Point
(Face) No. Coor- | Coor- | Coor- | Coor- | Coor- | Coor-
dinate| dinate| dinate| dinate| dinate| dinate

X1 Y1 X2 Y2 X3 X3

1 Fy -05| 05 0.5 05 | -05| -05

2 F 0.5 0.5 05 | -05| -05| -05

Table 7.10: Connectivity between Boundary Elements and Cartesian Points
Data-structure of connectivity between boundary elements (faces) and cartesian points of the mesh shown
in Figure 7.2.
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Non- Faces| Local | Local | Local | Local | Local | Local
Boundary Point | Point | Point | Point | Point | Point
Element Coor- | Coor- | Coor- | Coor- | Coor- | Coor-
(Face) No. dinate| dinate| dinate| dinate| dinate| dinate

X1 Y1 X2 Y2 X3 X3

Table 7.11: Connectivity between Non-Boundary Elements and Cartesian Points
Data-structure of connectivity between non-boundary elements (faces) and cartesian points of the mesh

shown in Figure 7.2.

The data-structuregdgeNodesData together with the data-structurBeundaryEdgesData

and Non-BoundaryEdgesData are used to construct the data-structures referred to in this
dissertation asoundaryEdgeNodesData and Non-BoundaryEdgeNodesData. Refer to Figure

7.3 for an illustration of this process. Table 7.12 contains the information of the nodes
that are connected to edges located on the boundary of the mesh and Table 7.13 contains
the information of the nodes that are connected to edges located throughout the interior

area of the mesh.

Global Boundary Local Local
Edge No. Edges Nodel Node2
1 E1 Ny Ny
2 E, Ny Ny
4 E4 17) n3
5 Es n3 Ng

Table 7.12: Connectivity between Boundary Edges and Nodes
Data-structure of connectivity between boundary edges and nodes of the mesh shown in Figure 7.2.

Global Non- Local Local
Edge No. | Boundary Nodel Node2
Edges
| 3 [ B [ m [ n |

Table 7.13: Connectivity between Non-Boundary Edges and Nodes
Data-structure of connectivity between non-boundary edges and nodes of the mesh shown in Figure 7.2.

The data-structuregdgeNodesbata IS used to construct the data-structures referred to in
this dissertation aBoundaryNodesData and Non-BoundaryNodesData Where this process is
shown in Figure 7.3. The Table 7.14 contains the information of the nodes that are located
on the boundary of the mesh and of the nodes that are located in the interior area of the

mesh.
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Global Boundary Non-
Node No. Nodes Boundary

Nodes
1 Ny -
2 17) -
3 n3 -
4 Ny -

Table 7.14: Boundary and Non-Boundary Nodes
Data-structure of boundary and non-boundary nodes of the mesh shown in Figure 7.2. All the nodes of the
two element mesh shown in Figure 7.2 are located on the boundary and therefore there no nodes located in
the interior of the mesh.

7.2 Edge Value Calculation

For boundary-driven problems, there is a known vector field located on the boundaries
of the domain of a problem and this known vector field forms the BC of the problem,
as discussed in Sections 3.1 and 3[8.incorporate the BC into the FEM, the value of

the edges (called edge values) located on the boundaries of the domain where the BC
is specified, must be computglb, 17]. Figure 7.4 illustrates the process of how edge
values of the edgédscated on the boundaries of the domaubjected to specific BC’s

are calculated.

Summary of the Procedure Involved in Edge Value Computation:

1. the process block labelle@dcalTriEdgevecbataCalc calculates the vectors of ele-
ments according to Equation (5.60) and the computed vector is stored as informa-
tion signified by the data blodkdgevector. In Figure 7.4 the computed vectors are
associated with the elements located on the boundary of the domain.

2. the data block containing the constafgsgo, f1, f2, g1 andgy is used to set the
constant coefficients of the component functions of a known vector field, refer to
Section 5.1.2 . In Figure 7.4, the known vector field corresponds to the vector field
located on the boundary of the domain and so forms the BC of the problem.

3. the vectors across a vector element are simulated according to Equation (5.2). The
process block labelletbcalEdgevaluevecFieldCalc, USeS the constants along with
the computed vectors (given by the data blaegevector) to calculated the edge
values of an element according to Equation (5.82). In Figure 7.4 the edge values
located on the boundary of the domain are computed and therefore is referred to as
BoundaryEdgeValue data.
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Figure 7.4: Flow Diagram of Boundary Edge Value Computation

7.3 Implementation of the Assembly Process of the Glo-
bal Matrix System

Equation (2.39) is able to support both boundary-driven and source-driven eddy current
problems as previously mentioned in Section 2.6 and the application of either boundary-
driven or source-driven problem hasliect effect on the assembly process of the global
matrix system of equations and when applying basic linear algebra to solve this system of
equations [1, 15, 6]

When considering a force-driven configuration whergoarce region existwithin the
domain, Equation (6.16) which forms the right-hand-side veEil(S)r, is only placed on

a selected amount of finite elements within the domain that the force function has been
prescribed upon [1]. Suppose that there exists a force-driven function that is imposed
only on finite elemenk, of Figure 6.3. The assembly process for a force-driven problem
creates the following system of linear equations for the FE mesh shown in Figure 6.3 :

1)

_ K% o 2 @ K%) A > 2 lre O
Ko (Kzz + Kss) Kaz  Kap K3z o 0 E: F?
K.Y KD KY 0 0 0 o0 Es 0
0 K2 0o k@ K2 0o o0 Es | =| F? (7.1)
2 2 2 3 3 3 E (2)
0 Kés) 0 K (K + Kés) Kél) KS EZ F%)
3 3 3
0 0 0 o K%; K%i K% = 0
0 0 0o o0 K kP K - -

Figure 7.5 illustrates the information flow process of the computation of the finite element
matrices and of the assembly of the global matrix system for a force-driven problem.
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Figure 7.5: Assembly of the Global Matrix System of a Force-driven Configuration
The right-hand-side vectdf is computed.

However, when considering a boundary-driven configuration whersource regions
existswithin the entire domain, as stated in Section 2.6, the right-hand-side matrix given
by Equation (6.16) then remains zero [15, 6] and there is no computation of the right-
hand-side vectoFi(e). The assembly process for a boundary-driven problem creates the
following system of linear equations for the FE mesh shown in Figure 6.3:

[ kY KD KY 0 0 I
1 1 2 1 2 2 1
K3y (Kéz) + K:(a3)) Ky K& K o 0 E, 0
K K KE 0 0 0 0 Es 0
0 k{2 0o K K2 0 0 Ex|=]0| (72
2 2 2 3 3 3 E
0 Kés) 0 K (Kéz) + K:(a3)) Kél) Kéz) Ez 8
3 3 3
0 0 0 o Kg Kié) K§§> 5| |o]
| o 0 0 0 Ky o Ky Ky

Figure 7.6 illustrates the information flow process of the patation of the finite element
matrices and of the assembly of the global matrix system for a boundary-driven problem.
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Figure 7.6: Assembly of the Global Matrix System of a Boundary-driven Configuration
There is no computation of the right-hand-side veﬁg’?.

7.4 Applying Linear Algebrato Solve the System of Equa-
tions

The application of boundary conditions imposed on both boundary-driven and force-
driven problems are considered. The three element mesh of Figure 6.3 is used as an
example to demonstrate the resulting system of equations after boundary conditions are
imposed on both boundary-driven and force-driven problems.

7.4.1 Application of Boundary Conditions

Prior to imposing BC'’s, the global matrix system given by Equation (6.57) (which is
repeated here again for the readers convenience):

KijENj =k

of both boundary-driven and force-driven problems,saingularand thus cannot be sol-

ved to obtain a unique solution [1, 6, 15]. ron-singularmatrix system is however ob-
tained after imposing the boundary conditions associated with a given problem [1, 6, 15].
The eddy current configurations that are solved by FEM in this dissertation contain boun-
dary conditions that can be classified as Dirichlet or Essential BC's [16, 17].

The weak formulation of the governing differential equation over the entire finite element
domain results in a system Nflinear equations witlN unknowns [1]. For the FEM using
nodal finite elements, thid unknowns correspond to ti¢ nodes of the domain [1] and

for the FEM using vector finite elements, theunknowns corresponds to tieedges

of the domain denoted d4:y4es, as was shown by the example of the FEM assembly
process in sub-section 6.4.1.
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7.4.1.1 Boundary Driven Configuration

Within a boundary-driven configuration, there exist source regiowithin the domain
of the problem [15, 6], as stated in Section 2.6 and sub-section 7.3. Therefore, the en-
tire right-hand-side vector matrix does not exists and thus, the resulting system of linear
equations becomes:

Kij E~j =0 (7.3)

where
F=0 (7.4)

The entire global matrix “structure” of the system of linear equations thus looks like

Equation (7.2). For a boundary-driven configuration, the edges located on the boundaries
of the domain are all known values [16, 17] and the computation of these edge values are
subject to the BC's placed on the boundaries of the domain, refer to Section 7.2 where the
subject of edge value computation located on the boundary of the domain was discussed.

Suppose that there are boundary conditions imposed on the boundary of the domain of
the three element mesh shown in Figure 6.3, which then suggests that the edges values
located on the edgeEg, Es, E4, Eg andE7 are known (and has been computed as shown

in Section 7.2). The values of the interior edgEs,and Es of the mesh are however
unknown and these edge values are solved through the system of linear equations given
by Equation (7.2). After imposing the the BC’s on Equation (7.2) the resulting system of
linear equations is obtained:

=]
) (2 (1) 1 1 2 Es
[ <K22 +K33> g ] [ - ] - [ a K K%%i C()3) (()3) ] E4 (7.5)
Kz K JLEs 0 0 Ky Ky Ky Es
E7

Equation (7.5) bears the algebraic form of Equation (6.5d) @mnsist of the following
matrices:

1 2 1
[ (K§2) + K1g3>> Ké?:) ] (7.6)
1 1 :
Kz K
E1
1 1 2 E
[Kél) Ks3 K% A, ] £, (7.7)
0 0 Kpr Kap Kap Es
E7
E>
2] z

where Equation (7.6) represents the coefficient matrix and the matrix given by Equation
(7.7), represents the BC'’s placed on the system. The book [1] can be referred to for
a comprehensive explanation on how Dirichlet boundary conditions are imposed on a
system of linear equations. The unknown edge valdgsndEs can then be computed

by solving Equation (7.5) [1, 15, 6].

The BC’s as seen in Equation (7.5), actually form the right-hand-side vector of the system
of linear equations [15, 6] given by Equation (7.2). The right-hand-side vector is usually

associated with a forcing function that causes an excitation force that drives a physical

103



system which is represented by the coefficient matrix of Equation (7.5), as discussed in
sub-section 6.4.1[15, 6].

An analogy can therefore be made when considering the above statement, that is, the
imposed BC’s has now become the excitation force of a mathematical modelled system
and therefore the system can be referred tb@amdary-drivenrefer to Equation (7.5).

The computation of the unknown edge values represented by the matrix given by Equation
(7.8), represents the response of this physical system towards an external excitation force
represented by the right-hand-side matrix of Equation (7.5) [1, 15, 6].

7.4.1.2 Force Driven Configuration

Suppose that there exists a force-driven function that is imposed on finite elEpnaint
Figure 6.3 and there are also BC's placed on the edggsks, Eg and E;7 of Figure

6.3. The resulting system of linear equations are given by Equation (6.57) and the en-
tire global matrix “structure” of the system of linear equations looks like Equation (7.1).
After imposing the the BC’s on Equation (7.1) the resulting system of linear equations is
obtained:

(kG +KZ) k& K E, F2 N o Ex
2 2 B _| e | _| Ky Ky 0 0 Es
Klg Klg 2K12 . E“ - F1(2> 0 0 K§3) Kég) Es
K§3> K§1> (Kéz) + Kés)) 5 F ! E7
(7.9)
Equation (7.9) bears the algebraic form of Equation (6.57) and consist of the following
matrices: " 2 2 2
<K22 +Kss ) K31 K3z
(2) (2 ()
B B al g i
Ka3 Kop (Kzz + K33>
0 =1
0 0 k& k¥ ||Es
E7
F&
F& (7.12)
F?
E>
Es (7.13)
Es

where Equation (7.10) represents the coefficient matrix, the matrix given by Equation
(7.12) represents the excitation force applied to the system and the matrix given by Equa-
tion (7.11) represents the BC's placed on the system. Boundary-driven and force-driven
configurations can be classified as deterministic problems as was discussed at the intro-
duction of Chapter 6. The unknown edge valugs,E4 andEg given by Equation (7.13)

are computed by solving Equation (7.9) [1, 15, 6].

The force-driven function imposed on finite eleméhrt, together with the BC’s, form
the right-hand-side vector of the system of linear equations as clearly seen in Equation
(7.9). Equation (7.9) illustrates that the coefficient matrix (which represents or models
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the physical system) t&ffected” by both the force driven function and the BC'’s, which
form the right-hand-side vector of the system of linear equations [15, 6] given by Equation
(7.9).

The computation of the unknown edge values represented by the matrix given by Equation
(7.13), represents the response of the physical system towards the applied excitation force
and the imposed BC’s [1, 15, 6].

7.5 Solving the Linear System of Equations

The FEM when applied to boundary-driven problems or force-driven problems results in
a set of linear equations that is usually presented in a matrix form [1] as given by Equation
(6.57), repeated here again for the readers convenience:

KijENj =k

whereK;j; is the global coefficient matrix [1]F:j is the global vector representing the
unknown edge values on the edges of the domain,Fansl the global right-hand-side
vector [1]. The unknown edge values of the edges in the mesh are solved as follows:

Ej = Kij/F (7.14)

where the solution vectdg;, is used for the construction of the solution vector field
across the domain [1]. IMATLAB the commandparse was use to take advantage of
the sparsity of the global coefficient matrix, thus preventing unnecessary allocation of
computer memory for the zero entries which is a property of the coefficient matrix as
shown by Equation (6.59) [1]. Th®IATLAB command known as matrix-left-division
(mldivide, ¢\’’) was used to solve the the system of linear equations given by Equation
(6.57).

Figure 7.7 illustrates the information flow process of the application of BC’s placed on the
global matrix system and the solution of this system of linear equations for a boundary-
driven configuration.
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Figure 7.7: Solving the Linear System of Equations for a Boundary-Driven Configuration
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Figure 7.8 illustrates the information flow process of the application of an excitation force
and BC'’s placed on the global matrix system and the solution of this system of linear
equations for a force-driven configuration.
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Figure 7.8: Solving the Linear System of Equations for a F@adgen Configuration

7.5.1 lterative Techniques for Solving Linear Systems

Iterative techniques for solving linear systems falls outside the scope of this dissertation
and therefore only a very brief overview is given. In professional commercial finite ele-
ment packages, the resulting linear system of equations given by Equation (6.57) is solved
using iterative techniques [1]. This type of techniques does not destroy the sparsity of the
matrix, and computer memory does not grow out of proportions [1]. Such techniques in-
clude conjugate gradient (CG) and bi-conjugate gradient (BiCG) methods combined with
a variety of preconditioners and accelerators [1]. Other popular iterative methods that are
used in the solution of the global finite element matrix system include the generalised
minimal residual (GMRES) method and the quasi-minimal residual (QMR) method [1].
These methods will not be discussed since they can be found in a variety of linear algebra
books under the umbrella tterative Methods In Linear Algebrid].

7.6 Construction of the Solution Vector Field

Equations (6.9), repeated here again for the readers convenience:
~(e) 3 ~ -
Ee” = EiNj(xy)
=1
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states that for each element within the mesh the edges which connects the elements must
be known as well as the three shape functions that correspond to each element within the
mesh in order to construct the vector field [2, 1]. Figure 7.9 illustrates the information flow
process involved in a vector field simulation. The vector components and its associated
coordinates are computed as follows:

1. The process block labelladcaiTriLamdasCalc calculates scalar shape functions
for each element within the mesh according to Equations (4.24), (4.25) and (4.26)
associated with each coordingtey) with in the element.

2. The process block labelledcalTrishapeFunc then uses the computed scalar shape
functions and associated coordinate information to calculate the vector shape func-
tions of each element according to Equations (5.33), (5.34) and (5.35). Once the
vector shape functions has been calculated they are used together with edges infor-
mation (shown by the data block labelletbvalEdgevalues) according to Equation
(6.9) to calculate the components of the solution vector field.

The time dependent vector fie&(e) (x,y,t) across the domain as mentioned in Section
6.6 can be recovered from its phasor represent;Eﬁ_éﬁ by using Equation (6.61) and the
current densityle, which is also referred to as eddy currents [16, 17] within the domain
are computed by using Equation (6.62).
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Figure 7.9: Flow Diagram of Global Field Component and Coordinate Data Computation
The global vector component data and together with the associated coordinates data simulates the solution
vector field, refer to Sectiob.1.2

7.7 Brief Overview of FE Algorithm

The process of obtaining the finite element solution to Equation (2.39) which governs
eddy current behaviour, requires using concepts and information derived from all the
previous chapters thus far. There are a number of procedures that are involve in this
process and in this section a short explanation of each procedure is given along with an
accompanying flow diagram. A brief overview of the process of information flow of the
FE algorithm is given below and illustrated graphically in Figure 7.10:
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Step 3:data of the mesh is processed and stored into data-structures containing the
element connectivity information.

Step 4. the collection of these data-structures forms a “database” referred to as

Triangle Database.

Step 5: certain data-structures framangle Database IS taken and used to compute
the components of the solution vector field.

Step 6: data fromiriangle DatabaseiS processed and stored into more data-structures
that contain element connectivity information concerning the elements located on
the boundary of the domain.

— Step 6.1: the collection of these data-structures forms a database referred to
ASBoundary Database.

— Step 6.2: data frorBoundary Database iS Used to calculate the edge values of
the edges located on the boundary of the domain.

— Step 6.3:fg, 9o, f1, f2, g1 andgy is used to set the constant coefficients of the
component functions of the vector field that forms the BC.

— Step 6.4: the edge values of the edges located on the boundary is collected
and stored in a data-structure referred tB@sdaryEdgeValues.

— Step 6.5: the boundary edge values BfundaryEdgeValues IS moved to ano-
ther data-structure referred to@sbalEdgeValues.

e Step 7: certain data-structures framiangle Database iS Used in the FEM calcula-
tions

— Step 7.1: the FEM is used to calculate the edge values of edges belonging to
elements within the domain according to Equation (2.39). These computed
edge values are collected into a data-structure referredrmasigevalues.

— Step 7.2: the edge values containe@sn Edgevalues iS collected along with
the edge values containedBsundaryEdgevalues and placed into a data-structure
referred t0 aslobalEdgeValues. GlobalEdgeValues, cOntains all the edge va-
lues of the entire mesh.

Step 8: the edge values containedibbalEdgevalues IS Used to compute the vector
components of the solution vector field.

Step 9 and step 10: the vector field components and its associated coordinates for
each element within the entire mesh are collected into data-structures referred to as
GlobalTri-Coordinates @NdGlobal Vec-Component Data respectively.

Step 11 and step 12: the vector components are used together with the coordinate
information to display the solution vector field.

Step 13: once the solution vector field has been simulated across the entire domain,
all processing stops.
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Chapter 8

FEM Solutions of the PDE that Governs
Eddy Current Behaviour

An objective of the dissertation is to develop a FE algorithm that will be able to solve
Equation (2.39) which governs eddy current behaviour, for certain fundamental theoreti-
cal eddy current configurations (as was stated in Sections 1.1 and 1.2) thez#fedely
current configurations under investigation will be of a theoretical natlree values of

the material constants of conductivity and permittivity used for most of the simulations
will be theoretical as well however, there will also be some simulations where realistic
values of material constants will be used.

FEM solutions of the eddy current configuration of Section 3.1 were simulated and com-
pared to the analytical solution given by Equation (3.11) (which was derived from the
same eddy current configuration of Section 3.1) in order to verify that the FE algorithm
was implemented correctly. Once the FE implementation works, it can then be used to ge-
neratevisual solutiongo arbitrary eddy current configurations that are either problematic
or difficult to solve analytically.

8.1 Finite Element Meshes

Two types of meshes were manually coded for the eddy current configurations investiga-
ted in this chapter. The following meshes were created:

e a rectangular mesh in the cartesian coordinate system consist{xgypicoordi-
nates.

e acircular mesh in the cartesian coordinate system consistifpgyfcoordinates.
The procedure for constructing the meshes is given below and illustrated in Figure 7.10:

e Step 1: a coordinate system (cartesian and polar) with coordinate points are created.
Coordinates points are manually placed and spaced as equally as possible throu-
ghout the domain space, thus ensuring the creation of a finite element mesh that
consists of triangular elements that are as equilateral shaped as possible [1]. Equi-
lateral shaped elements are the best suited for the FEM [1].

e Step 2: once the points in the domain are placedpéheiney algorithm of MAT-
LAB is used in order to generate the required mesh.

The finite element meshes generated are shown in Figures 8.1, 8.7, 8.15 and 8.25.
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8.2 FEM Solutions of an Analytically Solved Problem

Analytical solutions of sub-section 3.1.2 were compared to the FEM simulated solutions
of the same eddy current configuration. This procedure was done as a verification that the
FE algorithm is able to compute solutions to Equation (2.39) correctly.

8.2.1 PDE Modelled Without a Source Region Included in the Do-
main

The problem setup and analytical solution of this particular configuration can be found by

referring back to sub-sections 3.1.1 and 3.1.2 respectively. Equation (3.7) which forms

the BC of the configuration is set &, = Eg = 1[%} and the dimension of the domain

(the conductor) is & z < 4m on thez— axisand 0< x < 0.0175m on thex — axis

It is expected that the FE algorithm should be able to model and visually simulate the
attenuation behaviour of the propagating wave at different frequencies, since this is a
important behaviour effect of an eddy current configuration [19, 16, 17] as shown in sub-
sections 3.1.3 and 3.1.4. Figure 8.1 shows the domain of the problem.

0.015

0.005

L L L L L
I 1 o 0.005 0.01 0.015 0.02 0.025 0.03
-0.5 0 0.5 1 15 2 25 3 35 4 4.5 z

(a) (b)

Figure 8.1: Finite Element Mesh of the Domain
In sub-figure 8.1a, the mesh consists of approximately 2400 triangular elements. The length of the mesh
along thez— axisis far greater than the width along tike- axis where the dimension of the domain (the
conductor) is & z< 4m on thez— axisand 0< x < 0.0175m on thex— axis In sub-figure 8.1b, a portion
of the mesh is enlarged to see the FE grid better.

8.2.2 FEM Simulated Solution

The FE algorithm was used to generate vector field solutions to the problem of Section
3.1. The FE solutions were simulated at a permittivity valug ef 0.25[%} ,t=0s and

a single conductivity value off = 411~ 12.566 [n%] but at varying frequency values of

f = 1Hz, f = 5Hz andf = 20Hz, in order to illustrate the concept of skin effect beha-
viour which is an important characteristic found in eddy current configurations [16, 17].
The computational time of the FE algorithm for this problem.8%9s. FEM simulated
solutions of Equation (3.11) at different frequency values are shown in Figures 8.4, 8.3
and 8.2 respectively.
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Figure 8.2: Solution Vector Fielliz Simulated at a frequency df= 1Hz

Sub-figure 8.2a, iIIustrate*ﬁE ’ the magnitude of the vector fieek, across the axis of wave propagation,
thez— axis At a frequency value of = 1Hz, the vector wave penetrates deeply into the domain in the
direction of wave propagatiofz— axis). Sub-figure 8.2b, iIIustrat%E’E ’ the magnitude of the vector field

Eg, across the entire two-dimensional domain in the form of a meshed graph. Sub-figure 8.2c, illustrates
the vector field that would be induced in this domain at a frequency valde-oflHz. Sub-figure 8.2d,
shows a single vector wave taken from sub-figure 8.2c.
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Figure 8.3: Solution Vector FielHiz Simulated at a frequency d¢f= 5Hz
Sub-figure 8.3a, illustrate&e |, the magnitude of the vector fielk, across the axis of wave propagation,
thez— axis At a frequency value of = 5Hz, the attenuation depth of the vector wave is small in the
direction of wave propagatiaiz — axis). Sub-figure 8.3b, iIIustrat%éE ’ the magnitude of the vector field
Eg, across the entire two-dimensional domain in the form of a meshed graph. Sub-figure 8.3c, illustrates
the vector field that would be induced in this domain at a frequency valde-o6Hz. Sub-figure 8.3d,
shows a single vector wave taken from sub-figure 8.3c.
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Figure 8.4: Solution Vector FielHz Simulated at a frequency df= 20Hz

Sub-figure 8.4a, illustrate&g |, the magnitude of the vector fieék, across the axis of wave propagation,
thez—axis At a frequency value of = 20Hz, the skin depth of the vector wave decreases more in the
direction of wave propagatiaz — axis). Sub-figure 8.4b, iIIustrat%sEE ’ the magnitude of the vector field

Eg, across the entire two-dimensional domain in the form of a meshed graph. Sub-figure 8.4c, illustrates
the vector field that would be induced in this domain at a frequency valde-020Hz. Sub-figure 8.4d,
shows a single vector wave taken from sub-figure 8.4c.

The following observations were made concerning figures 8.2, 8.3 and 8.4:

¢ there exists a definite wave propagation alongzthexisof the domain, where the
wave originates from the boundary at the positioz ef0.

e the vector fieldEg of the wave is polarised in thie— direction which is perpen-
dicular to the direction of wave propagation which is along theaxis in the
k — direction.

e the vector fielEg of the wave also oscillates in the directionand this is indicated
by the changing of direction of the vectdts .

¢ there is an attenuation of the wave in the direction of wave propagation. The at-
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tenuation seems to become stronger as the value of the frequency is set to higher
values. Also, the behaviour pattern between the frequency and the attenuation-
strength is of an exponential nature.

e in the vector wave solution given by Equation (3.11), it can be observed that the
attenuation terne A? dominates the trigonometric teroos(wt — z) more and
more as the frequency valdeis increased.

e the skin depth (depth of penetration) of the vector figld decreases as the fre-
quency valud is increased.

8.2.3 Analysis of FEM Generated Solutions

The following analysis of the FEM simulations has been made:

e The FE simulated solutions obeys the mathematical behaviour of the analytical so-
lution given by Equation (3.11) of the eddy current configuration as seen in Figures
8.2, 8.3 and 8.4 respectively. The wave originates from the boundary at the posi-
tion of z= 0, where the BC had been imposed on. This BC is the excitation force
which drives the system and thus the problem is classified as boundary-driven, as
discussed in Section 2.6 and sub-sections 3.1.2, 3.1.4. The vector field represented
by Equation (3.11) consists of three functions:

— a constant vector fielHg,, polarised in the positive— direction

— an exponential decaying functicer,?Zwheref = /7t 1o which is the cause
of the attenuation behaviour present in the vector wave. This function is
controlled by the frequency valug,

— atrigonometric functiorwos(wt — z), that controls the behaviour of the pro-
pagating wave. The terfd = \/mtf uo is the phase constant of the wave.

The physical behaviour of the vector wave across the domain can be described as
non-linear, due to the exponential teerfZ, and harmonic due to the trigonometric
termcos(wt — Bz) present within the analytical solution.

e The solution vector wave can be classified as a transverse wave, because the vector
field Eg of the wave is polarised in the- directionwhich is perpendicular to the
propagation of the wave which is along the axis (k — direction) of the domain
[10, 9].

e Figures 8.2, 8.3 and 8.4 illustrates that as the frequency Valaencreased, the
attenuation of the solution vector wave increases in strength exponentially along
the z— axis (axis of wave propagation) [15, 19] due to the attenuation teTff.

The increase in strength of the attenuation terrf? thus causes the decrease in
theskin depthof the penetrating electric field into the domain, refer to sub-sections
3.1.4 and 3.1.3. This clearly demonstratesdkia effectoehaviour that is present

in conducting bodies [16, 17, 19]. Thelationship present between frequency f
and the attenuation strengttan be described as exponential/non-linear:

f ~e P2 (8.1)
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e Besides the analytical solution (in Section 3.1), the author also wished to test the FE
solution independently through comparing the calculation of the skin depth value
9, (in Equation (3.12)), with the skin depth found on thez — axis of sub-figures
8.2a, 8.3a and 8.4a. Recall from sub-section 3.1.3, that the skin depshthe

distance after which the initial value #)EE’ has decreased by approximately to

e ! = 36.8% when penetrating into the domain, which is the conducting body as
shown on the graphs of sub-figures 8.2a, 8.3a and 8.4a. The skin deptid vehre
also be calculated through Equation (3.12) [5, 21], which is repeated here again for

the readers convenience: 1

Vrfuo
Using Equation (3.12), the following skin depth values has been calculated for this
problem withy = 0.25[%] ando = 4= 12566 [3]:

o=

— at a frequency value of = 1Hz ,4 = 31.83cm
— at a frequency value of = 5Hz , 4 = 14.24cm
— at a frequency value of = 20Hz ,6 = 7.118cm

The skin depthd, on the graphs of sub-figures 8.2a, 8.3a and 8.4a corresponds to
the calculated skin depth values above.

e The vectoiEg, causes eddy currents to form within the domain at the position where
the vector wave is present [9, 10, 5, 19], refer to sub-section 3.1.4 and Section 2.3
where an explanation is given concerning how eddy currents are formed within a
conducting body.

e To achieve a more accurate approximation of the solution vectorfieldiven by
Equation (3.11), the following factors can be addressed:

FE Grid Generation

Grid generation plays an important role as to how good the computation and vi-
sualisation of the solution that a FE algorithm will produce [3, 1]. Therefore, the
quality of the visual simulated solution depends greatly on the grid generation [3, 1]
as follows:

— the visual solution can be displayed better by adding more triangular elements
to the meshed grid, this will allow the FE algorithm to approximate the atte-
nuation of the solution more accurately and a better simulation will be genera-
ted [3, 1]. However, such a procedure would increase the computational time
of the algorithm extensively [3, 1].

— to approximate the skin effect more accurately, a possible solution would be
to make use of a self-adaptive mesh refinement technique [17]. The applica-
tion of mesh refinement technique has the result of increasing the density of
the elements in the FE mesh of the conducting body, especially near the ou-
ter boundary of the domain, where the eddy currents are mainly present due
to the skin effect [17]. In this way a eddy current distribution with increased
accuracy can be obtained [17]. More grid information (domain coordinates)
are needed towards the boundary of the domain (where BC has been impo-
sed), than over the other domain regions in order to be able to accommodate
the attenuation (decaying exponential) behaviour of this eddy current problem
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with greater accuracy [17]. By placing more coordinates at the regions of
the domain where the skin effect is present the generated meshed grid would
then posses more triangular elements towards the outer boundary of the do-
main where BC has been imposed and much less elements towards the other
regions of the domain [17]. In this way the number of triangular elements
can be kept to a minimum, but a good simulation can still be generated while
lowering the computational time of the FE algorithm [17].

Shape Function Limitations

The CT/LN vector element (discussed in sub-section 5.3.1) is used to approximate
the solution of Equation (2.39) for the eddy current configuration given in sub-
section 3.1.1. The approximated FE solution as shown in sub-section 8.2.2 was
verified to obey the mathematical behaviour of the analytical solution of Equation
(3.11), as proved in sub-section 8.2.3. Equation (3.11), is repeated here again for
the readers convenience:

Ex (z,t) = Eqge PZcos(wt — B2) 1

The vector shape functions of the CT/LN vector element are constructed from linear
polynomials as discussed in Section 5.3. This vector element is able to approximate
vector fields of the general algebraic form given in Equation (5.53) repeated here
again for the readers convenience:

~

Ev (xy) = (fo+ f2y) i + (go+ 01X) |

where the component functions of the vector fiﬁbd(x, y), consists of linear poly-
nomials as shown in sub-section 5.1.2 and Section 5.3.

To obtain a more accurate approximation and a better visual simulation, a possible
solution would be to use higher-order vector elements [1, 2, 12]. Higher-order
vector elements consisting of shape functions constructed from quadratic or higher-
order polynomials, as explained in sub-section 5.7.1, which may be better suited
to approximating a vector field as given by Equation (3.11). These shape func-
tions of the higher-order vector elements could be more capable of approximating
the attenuation terra~PZ and the trigonometric terros(wt — Bz) than the linear
shape functions used within the CT/LN vector element, thus giving a more suffi-
cient approximation to the attenuation behaviour of the solution vector &avie

the region of the domain where the skin effect is present.

8.2.3.1 FEM Simulated Solution using Material Constants of Copper

An FE solution was simulated at a frequencyfof 1Hz, a conductivity value ob =
5.8 x 10’ [%], t = Os and a permittivity value qfi = 47 x 10~/ [%}whereu = Holr =

(47 1077) (0.999994 = (471 10°7) (1) = 4rrx 10~ | K. The simulation is shown
in Figure 8.5.
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Figure 8.5: Solution Vector FielBig within a Copper Conductor Simulated at a frequency
of f =1Hz

Sub-figure 8.5a, iIIustrate*éE ’ the magnitude of the vector fielek, across the axis of wave propagation,

thez— axis At a frequency value of = 1Hz, the skin depth of the solutidg, is extremely small due to
copper being a very good conductor. Sub-figure 8.5b, illustt&es the magnitude of the vector fiekk,

across the entire two-dimensional domain in the form of a meshed graph. Sub-figure 8.5c¢, illustrates the
vector field that would be induced in this domain at a frequency valde-oflHz. Sub-figure 8.5d, shows

a single vector wave taken from sub-figure 8.5c.

Using Equation (3.12), the skin depth value within the copper conductor is calculated to
be:

e at afrequency value df = 1Hz ,0 = 6.6085cm

The skin depthd, on the graph of sub-figures 8.5a corresponds to the independently cal-
culated skin depth value above. The skin depth of the vector wave sokitiois ex-
tremely small within the copper conductor. The high conductivity value possessed by
copper ofo = 5.8 x 10’ [%], causes the attenuation teen®? wherep = /rifuo to

greatly increase in strength, thus greatly decreasing the penetration depth of the vector
wave solutiorEg.
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8.2.4 Summary

There is a very good physical and behavioural similarity between the analytical solution

and the FE simulated solution. The FE algorithm is able to model and simulate the atte-
nuation behaviour of the propagating wave at different frequencies thereby demonstrating
the skin effect phenomena which is an important behaviour effect found in eddy current

problems [19, 16, 17]. Also, the skin depth calculations are in correspondence with the
simulated solutions. As seen in sub-section 8.2.3.1, the condudliyidty a material can

also have an influence on the skin depth

The author has been convinced that the FE algorithm is capable of approximating so-
lutions to Equation (2.39) and therefore, the FE algorithm can now be used to generate
solutions to arbitrary eddy current configurations that are difficult to solve analytically.
Such eddy current configurations will be addressed in subsequent sections to come.

8.3 FEM Solutions of Arbitrary Eddy Current Configu-
rations

The FE algorithm is used to simulate visual solutions to eddy current configurations that
are either problematic or difficult to solve analytically and the solutions take the form
of the electric vector field intensitie and the current densit§e, which are the eddy
currents [16, 17] as discussed in Section 2.3.

As stated in Section 2.6, Equation (2.39) which governs eddy current behaviour can sup-
port both boundary-driven and force-driven eddy current problems. In this section, three
types of eddy current problems will be investigated where, one will be a force-driven
problem and the other two will be boundary-driven problems.

8.3.1 FEM Solution of a Boundary-Driven Eddy Current Configura-
tion

This example considers eddy currefisinduced in a solid cylinder made from conduc-
ting material. A time-varying harmonic magnetic field which comes into contact with the
outer surface of the cylinder, induces an electric figidwithin the solid cylinder and this
induced electric field then causes eddy currdatgo be produced within the conducting
body (refer to Section 2.3).

The geometry of this eddy current configuration is pictured below in sub-fgjaa@and
sub-figure8.6billustrates the structure of the domain space of this cordigum.
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Figure 8.6: Geometry of the Problem Configuration
Sub-figure 8.6a illustrates the solid cylinder surrounded by a time-varying harmonic magnetic field. In
sub-figure 8.6h, the domain consists of: a solid conductor re§GgRadius of the solid cylinder arf8iCg
forms the boundary of the solid cylinder where the BC will be imposed upon. The polar coordinate system
is used for reference due to the circular geometry of the domain.

Problem Setup

The problem involves a solid cylinder made of conducting material, where the outer sur-
face of this solid cylinder comes into contact with a time-varying magnetic field given
by Equation (3.21) as illustrated in sub-figu8®a The time-varying magnetic field is
repeated here for the readers convenience:

A

B(t) = Bocos(wt) k

The geometry of the domain space of this problem can be idealised as a two-dimensional
planar problem (the circular cross-section of the solid cylinder) where the solution will
be simulated on the — 6 plane as illustrated in sub-figug6h The dimension of the
domain (the conductor) is approximately@ < 1.8m on the —axis The magnetic field
according to Faraday’s Law creates a circulating/rotating electric field given by Equation
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(3.29) in phasor form as shown in sub-section 3.3.1. Equation (3.29) is repeated here for
the readers convenience:

~ 1. A
Eszéijo(yl—XD

wherew = 2rtf. This rotatingEg-field of Equation (3.29) forms the BC of this eddy
current configuration and is specified on the entire boundary of the domain space as illus-
trated in sub-figur@®.6h In this boundary-driven configuration, the region of the dom
where the BC is imposed upon, is the circumference/boundarySGs = 1.8m) of the

solid cylinder (refer to Section 2.6).

This imposed BC given by Equation (3.29), becomes the excitation force, as explained
in sub-section 7.4.1.1, that induces an electric field solgrwithin the domain of the

solid cylinder(0 <r < SG). The electric field solutioftg, then creates eddy currents

Jg, within the conducting regions of the domain. The reader is referred to Section 2.3 for
an explanation of the formation of eddy current within a conducting region. Figure 8.7
shows the FE mesh of the problem.
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Figure 8.7: Finite Element Mesh of the Domain
The mesh consists of approximately 1014 triangular elements. The entire domain consists of a single
material type. RED-conductor region.
Partial Analytical Derivation of this Eddy Current Configuration
Equation (2.40) of Section 2.5 takes on the following form in polar coordinates [6, 15]:
Ee(r,0,2) =F (r,0,2)f +G(r,0,2) 0 +H (r,0,2) 2 (8.2)

The electric vector field component in phasor fdEm represents a circular wave that is
polarised in the — directionand travels in the = direction Equation (8.2) thus takes
on the following form:

Ee=G(r)6 (8.3)
L. d’G 1dG
2R _ Y ¥ -y~
FG=Gz g (8.4)
d?G 1dG -~ -
_— _——_— 2 =
g7 g KG=0 (8.5)
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The analytical solution of Equation (8.5) involves the calculation of Bessel functions [6,
15].

G (I’) =C1Jo (RI’) +CoYo (Rr) (8.6)

whereJy andYy are Bessel functions [6, 15].

Due to previous researched knowledge of Section 3.1 and sub-section 8.2.1, it is expected
that the following physical traits and behaviour patterns should be found within the simu-
lation of the vector field solutiokg, of this eddy current configuration across the domain
space. The simulated solution should exhibit the following physical traits and behaviour
patterns:

e a wave that propagates radially-{ directionof ther — @plane).

e the polarisation of the vector fielg, of the wave should be perpendicular to the
direction of wave propagation. The vector fidig, should be polarised in the
6 — directionof ther — 8 plane.

¢ the vector field components of the wave should oscillate irBthadirectionof the
r — 0 plane

e an attenuation of the wave should be in the direction of the wave propagation and
this attenuation possesses non-linear behaviour.

¢ the skin effect phenomena should be present when simulating the solution at dif-
ferent frequencies. The skin effect phenomena is caused by the attenuation of the
wave as discussed in sub-sections 3.1.3, 3.1.4 and 8.2.3.

8.3.1.1 FEM Simulated Solutions

The FE algorithm was used to generate vector field solutions to the eddy current confi-
guration of sub-section 8.3.1. The FE solutions were simulated at a permittivity value

of u= 0.25[5} , t = 0s and a single conductivity value of= 4= 12.566 [%] but at
varying frequency values df = 0.5Hz, f = 1Hz, f = 5Hz, f = 20Hz andf = 50Hz, in
order to illustrate the concept of skin effect behaviour [16, 17]. The computational time of
the FE algorithm for this problem is@7s. A logarithmic scale was applied to the FEM

simulated vector field solutions to reduce the order of magnitude of the rar}&g ’ahd

Je | to a more suitable range of values. This scaling application provided a visually better
simulation of the vector field solutions for the purpose of analysis.
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Figure 8.8: Solution Vector FielHz andJe Simulated at a frequency df= 0.5Hz
Sub-figure 8.8a, illustrates the vector fiéld, that would be induced in this domain at a frequency value of
f =0.5Hz. No wave pattern “seems” to be visible because the wavelength of the solution is too large for
the dimension of the domain. Sub-figure 8.8b, shows a weak attenuation of the vect&kfieldng the
radial axis towards the centre of the domain. Sub-figure 8.8c, illustrates the eddy ciir¢hét would be
induced in this conductor at a frequency valud ef 0.5Hz. No wave pattern “seems” to be visible because
the wavelength of the solution is too large for the dimension of the domain. Sub-figure 8.8d, shows a weak
attenuation of the vector field, along the radial axis towards the centre of the domain.
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Figure 8.9: Solution Vector FielHiz andJe Simulated at a frequency df= 1Hz
Sub-figure 8.9a, illustrates the vector fiéld, that would be induced in this domain at a frequency value
of f = 1Hz and a wave pattern of the vector field is clearly visible. Sub-figure 8.9b displays a wave that
attenuates along the radial axis towards the centre of the domain. Sub-figure 8.9c, illustrates the eddy
currentsJg, that would be induced in this conductor at a frequency value-eflHz. Sub-figure 8.9d also
clearly displays a wave that attenuates along the radial axis towards the centre of the domain.
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Figure 8.10: Solution Vector Fielfg andJe Simulated at a frequency éf= 5Hz
Sub-figure 8.10a, illustrates the vector fi€lg, that would be induced in this domain at a frequency value
of f = 5Hz. Penetration oEg into the conductor has become less. Sub-figure 8.10b, shows a stronger
attenuation of the vector fielfig, along the radial axis towards the centre of the domain. Sub-figure 8.10c,
illustrates the eddy currenfis, that would be induced in this conductor at a frequency valug-6f5Hz.
Penetration ofg into the conductor has become less. Sub-figure 8.10d, shows a stronger attenuation of the
vector fieldJg, along the radial axis towards the centre of the domain.
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Figure 8.11: Solution Vector FielBg andJg Simulated at a frequency df= 20Hz
Sub-figure 8.11a, illustrates the vector filg, that would be induced in this domain at a frequency value of
f = 20Hz. The penetration depth Bf into the conductor is decreasing and the wave pattern is less visible
within the vector field due to the increase in attenuation strength the vectoEfiel®ub-figure 8.11b,
shows a sharp attenuation of the vector figidat this frequency, along the radial axis towards the centre
of the domain. Sub-figure 8.11c, illustrates the eddy curr&ntihat would be induced in this conductor at
a frequency value of = 20Hz. The penetration depth &f into the conductor is decreasing and the wave
pattern is less visible within the vector field due to the increase in attenuation strength the vectr. field
Sub-figure 8.11d, shows a sharp attenuation of the vectorJieht this frequency, along the radial axis
towards the centre of the domain.
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Figure 8.12: Solution Vector Fielie andJe Simulated at a frequency df= 50Hz
Sub-figure 8.12a, illustrates the vector fiéld, that would be induced in this domain at a frequency value
of f = 50Hz. The attenuation of the vector field is very strong therefgrénardly penetrates into the
conductor. Sub-figure 8.12b, shows a very sharp attenuation of the vectdtdielcthis frequency, along
the radial axis towards the centre of the domain. Sub-figure 8.12c, illustrates the eddy ciirens
would be induced in this conductor at a frequency valué ef 50Hz. The attenuation of the vector field
is very strong thereforde hardly penetrates into the conductor. Sub-figure 8.12d, shows a very sharp
attenuation of the vector field at this frequency, along the radial axis towards the centre of the domain.

8.3.1.2 Observations of FE Generated Solutions

The following observations were made concerning all the FEM simulations of sub-section
8.3.1.1:

1. A definite wave propagation along the radial direction of the domain in sub-figures
8.9a, 8.10a, 8.11a, 8.12a and sub-figures 8.9¢c, 8.10c, 8.11c, 8.12c can be seen,
where the wave originates from the boundary=(SG) and propagates toward the
centre of the domairr (= 0). In sub-figures 8.8a and 8.8c there “seems” to be no
wave propagation.
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2. In sub-figures 8.9a, 8.103, 8.11a, 8.12a and sub-figures 8.9¢c, 8.10c, 8.11c, 8.12c
the vector field€g and Jg is polarised and oscillate in th@— direction, which
is perpendicular to the direction of wave propagation which is irr thelitection
[10, 9].

3. In sub-figures 8.8a, 8.9a, 8.10a, 8.11a, 8.12a and sub-figures 8.8c, 8.9c, 8.10c,
8.11c, 8.12c the following was observed concerning the behaviokg @nd Je
in relation to the radius, of the domain:

(a) With an increase in frequendy the vector field€g andJe appear to pene-
trate less into the solid conductor region oL@ < SGg.

4. The meshed graphs of sub-figures 8.8b, 8.9b, 8.10b, 8.11b, 8.12b and sub-figures
8.8d, 8.9d, 8.10d, 8.11d, 8.12d seem to expose certain physical behaviour patterns
of the vector field&g andJe across the domain, more clearly that the vector fields
of sub-figures 8.16a, 8.18a, 8.20a, 8.22a and sub-figures 8.17a, 8.19a, 8.21a, 8.23a

The following was observed concerning the behaviou*ﬁgﬁ and’jE’ with relation
to the radius, of the domain:

(&) Across the solid conductor region located at positight0< SCg of the do-
main, EE’ and’jg’decays rapidly along the radial axis from positioa Sy,
towards the centre of the domain located at0.

(b) The decay oﬂEE’ and ‘JE‘ across the solid conductor region<Or < SGg
becomes sharper as the frequeificys increased.

5. In sub-figures 8.8b, 8.9b, 8.10b, 8.11b, 8.12b and sub-figures 8.8d, 8.9d, 8.10d,
8.11d, 8.12d, the meshed graph increases in “height” as the value of the frequency
is set higher.

6. The vector field lines becomes “slightly distorted” with an increase in attenuation
strength of the solution vector wave as can be seen in sub-figures 8.10a, 8.11a, 8.12a
and sub-figures 8.10c, 8.11c, 8.12c.

8.3.1.3 Analysis of FE Generated Solutions

Previous research knowledge of Section 3.1 and sub-section 8.2.3 indicated that the vec-
tor fields solutions ofe andJz would attenuate across the solid conductor regich O

r < SGg. Such a behaviour pattern of the vector fields solutions is expected because the
example investigated in Section 3.1 and 8.2 and including this example was solved using
the same PDE given by Equatid2.39), which governs the physical behaviour of eddy
currents within a conductor and therefore there shoulddree similarity in the physi-

cal behaviour of the vector field solutioasross their respective domains, although each
example contained different BC’'s and geometry configurations.

The following analysis of the FE simulations has been made according to the observations
found in sub-section 8.3.1.2:

1. Awave pattern formation is visible in sub-figures 8.9a, 8.10a, 8.114a, 8.12a and sub-
figures 8.9c¢, 8.10c, 8.11c, 8.12c but not in sub-figures 8.8a and 8.8c. The general
relationship shared between the frequericgnd the wavelengtih of a wave is

inversely proportional, that is :

1
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where the wavelength according to Equation (8.7) becomes shorter as the frequency
is increased and similarly the wavelength becomes longer as the frequency is de-
creased [10, 9]. In all the sub-figures 8.9a, 8.10a, 8.11a, 8.12a, 8.9c, 8.10c, 8.11c,
8.12c, the dimension of the domain is large enough to accommodate the wave-
lengthsA of these simulated solution vector waves at their set frequency values, but
the solution vector wave of sub-figures 8.8a and 8.8c, the wavelength is too large
for the dimension of the domain space due to a low frequency valiie=00.5Hz

and therefore no wave pattern was observed.

2. The solution vector wave can be classified as a transverse wave, because the vector
fieldsEg andJg of the wave is polarised in th®— directionwhich is perpendicular
to the propagation of the wave which is along the radial directiendirection) of
the domain [10, 9] as seen in sub-figures 8.9a, 8.10a, 8.11a, 8.12a and sub-figures
8.9c¢, 8.10c, 8.11c, 8.12c.

3. According to sub-figures 8.8a, 8.9a, 8.10a, 8.11a, 8.12a and sub-figures 8.8c, 8.9c,
8.10c, 8.11c, 8.12c the following analysis is made concerning the behaviégr of
andJg in relation to the radius, of the domain:

(a) The attenuation of the vector field and Jz becomes stronger with an
increase in frequency, along the radial axis of the domain from position
r = SQ, towards the centre of the domain located at 0, thus the stronger
the attenuation, the less the electric fi&lg penetrates into the conducting
body. As the frequency is increased the electric figlg becomes situated
closer and closer towards the boundary of the solid cylinder located at posi-
tion r = SGs of the domain as shown in sub-figures 8.8a, 8.9a, 8.10a, 8.114a,
8.12a. This behaviour pattern is a clear indication of skin effect phenomena
(refer to sub-section 3.1.3) which is an important characteristic of eddy cur-
rent problems [16, 17]. The electric fielk, causes the motion of the free
electrons within the conducting body, so producing an electric current den-
sity at the positions where the electric field penetrates the conducting body
[10, 9, 19, 20] as seen in sub-figures 8.8c, 8.9c, 8.10c, 8.11c, 8.12c. ltis this
current density that is referred to as eddy curref§16, 17].

4. According to sub-figures 8.8b, 8.9b, 8.10b, 8.11b, 8.12b and sub-figures 8.8d, 8.9d,
8.10d, 8.11d, 8.12d the following analysis is made concerning the behaviﬁg’of

and‘\TE‘ in relation to the radius, of the domain:

(a) ’EE‘ and fE‘decays rapidly along the radial axis from positioa: SG, to-
wards the centre of the domain located at 0. The attenuation behaviour
could be “described as” an exponential “decaying” function with relation to
ther — axiswhich begins at the boundary o= SGg and rapidly decays to-
wards the centrer (= 0) of the solid conductor.

(b) The exponential “decaying” function (attenuation Bf | and|Jg|) along the

radial axis from positiom = SG, towards the centre of the domain located
atr = 0, becomes steeper as the frequefhdyg increased, which is another
indication of skin effect phenomena (refer to sub-section 3.1.3).

5. The increase in strength of the magnitude of the electric vector|figld present
in all meshed graphs of sub-figures 8.8b, 8.9b, 8.10Db, 8.11b, 8.12b and sub-figures
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8.8d, 8.9d, 8.10d, 8.11d, 8.12d can be attributed to the BC given by Equation (3.29)
because, Equation (3.29) increases in magnitude when the frequencyfyatue
increased.

6. The “distortion” of some of the vectors present in the simulations at high frequency
values as seen in sub-figures 8.10a, 8.11a, 8.12a and sub-figures 8.10c, 8.11c, 8.12c
could be attributed to FE grid generation and shape function limitations. These
factors which may have an affect on the simulations are addressed below.

FEM Grid Generation

Grid generation plays an important role as to how good the computation and visualisation
of the solution that the FE algorithm will produce [3, 1]. Therefore, the quality of the
visual simulated solution depends greatly on the grid generation [3, 1] as follows.

¢ the visual solution can also be displayed better by adding more triangular elements
to the meshed grid, this could allow the FEM algorithm to approximate the attenua-
tion of the solution more accurately and a better simulation will be generated [3, 1].
This however would increase the computational time of the algorithm extensively
[3,1].

¢ to avoid the distortion of the vectors within the solution vector field simulated at
high frequency values, a possible solution would be to make use of a self-adaptive
mesh refinement technique [17]. The application of mesh refinement technique has
the result of increasing the density of the elements in the conducting body, espe-
cially near the outer boundary of the domain, where the eddy currents are mainly
present due to the skin effect (refer to sub-section 3.1.4 and Section 2.3) [17]. In
this way an eddy current distribution with increased accuracy can be obtained [17].
More grid information (domain coordinates) are needed towards the radial outer
boundary of the domain than towards the inner domain space of the circular disk
to accommodate the non-linear attenuation behaviour of this eddy current problem
with greater accuracy [17]. By placing more domain coordinates at the radial outer
boundary of the domain, the generated meshed grid would then posses more trian-
gular elements towards the outer boundary of the domain and much less elements
towards the interior of the circular disk [17]. In this way the number of triangular
elements can be kept to a minimum, but a good simulation can still be generated
while lowering the computational time of the FE program.

The grid spacings along the- axisare all of equal length and so does not appropriately
accommodate the non-linear attenuation behaviour observed along-thgis of the
simulations found in sub-figures 8.10a, 8.11a, 8.12a and sub-figures 8.10c, 8.11c, 8.12c.

Shape Function Limitations

Similar to what was investigated in sub-section 8.2.3, the choice of vector elements used
could have an impact on the accuracy of the solution vector field approximation and on
the visualisation of the simulation (refer to sub-section 8.2.3 and Section 5.7) [11, 12, 1] .

The distortion of the vectors within the solution vector field simulated at high frequency
values, could demonstrate that the CT/LN vector elenmsenapable but not well suited

to approximate a vector field as given by Equation (3.11). A possible solution, would
be to use higher-order vector elements. Higher-order vector elements consists of shape
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functions constructed from quadratic or higher-order polynomials (refer to sub-section
5.7.1). These shape functions of the higher-order vector elements could be more capable
of approximating the non-linear attenuation behaviour of the solution vector field than
the linear shape functions used within the CT/LN vector element (that was investigated
in Sections 5.1.2 and 5.3 respectively), thus giving a more sufficient approximation and
a better visual simulation of the attenuation behaviour of the solution vector wave in the
region of the domain where the skin effect is present.

8.3.1.4 FEM Simulated Solution using Material Constants of Copper

e
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Figure 8.13: Solution Vector Fielg within a Copper Conductor Simulated at a fre-
qguency off = 1Hz

Sub-figure 8.13a, illustrates the vector fi€ig, that would be induced in this domain at a frequency valug=efLHz. The penetration
depth ofEg into the conductor is extremely small. Sub-figure 8.13b, shows a very sharp attenuation of the vecEy &elthis
frequency, along the radial axis towards the centre of the domain. Sub-figure 8.13c, illustrates the eddyJeyrifesitsvould be
induced in this conductor at a frequency valud ef 1Hz. These eddy currents are mainly situated on the perimeter of the conducting

body. Sub-figure 8.12d, shows a very sharp attenuation of the vectoddieltthis frequency, along the radial axis towards the centre
of the domain.
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The FE solution was simulated at a frequencyf 6f 1Hz, a conductivity value ofr =
5.8 x 107 [3], t = Os and a permittivity value ofi = 471 x 10~/ [%}Whereu = Lol =

(411 1077) (0.999999 ~ (411x 107 7) (1) = 4rrx 10~/ [%} . The simulation is shown
in Figure 8.13.

The penetration depth (skin deplhof the vector wave solutiorSz andJg, is extremely

small within the copper conductor. The high conductivity value possessed by copper of
o =5.8x 10" [ 3] “seems” to increase the attenuationfy andJe. Thus, the electric

field Eg and the eddy currentl, are mainly present on the perimeter of the conducting
body.

8.3.1.5 Summary

The FE algorithm is able to model and simulate:

e the physical behaviour of the electric vector fidfgd, and electric current den-
sity/eddy currentgg, across the entire domain.

e the attenuation behaviour of the vector fiells and Jg at different frequencies
thereby demonstrating the skin effect phenomena, which is an important behaviour
effect found in eddy current problems [19, 16, 17].

However, improvements to the accuracy of the solution vector field approximations and
the simulations visually could be achieved through the used of higher-order vector ele-
ments and a self-adaptive mesh refinement technique. Higher-order vector elements could
be more capable of approximating the non-linear attenuation behaviour of the solution
vector field in comparison to linear vector elements. The simulations of the analytical
solutions of Section 8.2 and the boundary-driven simulations of sub-section 8.3.1, both
suggest that the use of a self-adaptive mesh refinement technique would be useful, in
that more accurate results and better visual simulations could be obtained, since the mesh
would physically be able to accommodate the behaviour of the skin effect phenomena
which is always present in eddy current configurations [5, 3, 19].

As seen in sub-section 8.3.1.4, the conductiatyof a material can also have an affect
on the attenuation d¢ andJg and therefore also has an affect on the penetration depth
of the vector field€g andJg into the conducting body.

8.3.2 FEM Solution of a Boundary-Driven Eddy Current Configura-
tion

This example considers eddy curredtsinduced in a solid cylinder made from conduc-
ting material. A time-varying harmonic magnetic field which exists within an air space
region which surrounds the cylinder, induces an electric figldwithin the solid cylin-

der and this induced electric field then causes eddy curdents be produced within the
conducting body, as explained in Section 2.3.

The geometry of the eddy current configuration is pictured below in sub-fgyi4eand
sub-figure8.14billustrates the structure of the domain space of this cordigm.
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Figure 8.14: Geometry of the Problem Configuration
Sub-figure 8.14aillustrates the solid cylinder surrounded by a time-varying harmonic magnetic field. In
sub-figure 8.14b, the domain consists of: a solid conductor region and an air space region which which
encloses the solid conductor regi@dts-Outer radius of the air space regidkg -Inner radius of the air
space regionSGg-Radius of the solid cylinder, wheS = SGr. The polar coordinate system is used for
reference due to the circular geometry of the domain.

Problem Setup

The problem involves a solid cylinder made of conducting material which is surroun-
ded by a region of air space. This solid cylinder comes into contact with a time-varying
magnetic field given by Equation (3.21) that exists within the air space as illustrated in
sub-figure8.14a The time-varying magnetic field is repeated here for theemadonve-
nience: A
B(t) = Bocos(wt) k
The geometry of the domain space of this problem can be idealised as a two-dimensional
planar problem where the solution will be simulated onrthed plane. The dimension
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of the solid conductor region is approximateh<0r < 1.6m and the dimension of the
air space region is approximately6in < r < 1.8m. The magnetic field exists across the
air space regiofAS <r < AR) that encloses the solid conductor regi@x r < SG)

as illustrated in sub-figurg 14b This magnetic field according to Faraday’s Law creates
a circulating/rotating electric field given by Equation (3.29) in phasor form as shown in
sub-section 3.3.1. Equation (3.29) is repeated here for the readers convenience:

~ 1. A
Eszéijo(yl—XD

and the current density of Equation (3.29) is [5, 9, 19]:

~ 1 . A
Js=50jwBo (i —x]) (8.8)

Equations (3.29) and (8.13) can be written in polar coordinates as:

1. A
Es= é J wBgr o (89)

and 1
Js= éaijoré (8.10)

wherew = 27tf. This rotatingEs-field of Equations (3.29) and (8.9) forms the BC of this
eddy current configuration and is specified on the entire air space refor r < AR)

of the domain as illustrated in sub-figugel4b (refer to Section 2.6). This imposed

BC given by Equation (3.29), becomes the excitation force, as shown in sub-section
7.4.1.1, that induces an electric field soluti&a within the domain of the solid cylin-
der (0 <r < SG). The electric field solutioftg, then creates eddy currenks, within

the conducting regions of the domain [19, 16, 17]. Figure 8.15 shows the FE mesh of the
problem.
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Figure 8.15: Finite Element Mesh of the Domain
The mesh consists of approximately 2400 triangular elements. The domain consists of two different
material types, an air space region and a conductor region. The two material regions are indicated by the
different colours of the mesh. RED-conductor region. GREEN-air space region.
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The FE algorithm (as shown in Step 9 and 10 of Section 7.7) collects the computed vector
componentsf each FE in the domaiand so will display dotal vector field solutiover
the entire domain of0 < r < AS) Thus, the total/overall electric vector field solution can
be expressed as:

ET = EE + Es (8.11)
which consisting oEg over the regionf0 <r < SQ) andEsover the regionAS <r <AR).
Similarly, the total/overall current density vector field solution can be expressed as:

JFr=3k+Js (8.12)

which consisting ofle over the regiof0 <r < SG).

8.3.2.1 FEM Simulated Solutions

The FE algorithm was used to generate vector field solutions to the eddy current confi-
guration of sub-section 8.3.3. The FE solutions were simulated at: a permittivity va-

lue of u = 0.25[%} across the conductor region; a permittivity valueLot Lo, =

(411 1077) (1.00000037 ~ (4 10~7) (1) = 4t x 10’ [%] across the air space re-

gion; time oft = Os; a single conductivity value af = 4T = 12.566 [%] across the
conductor region; a single conductivity value @f~ 1 x 1074 [%] across the air space
region; but at varying frequency values o= 0.5Hz, f = 1Hz, f = 5Hz, andf = 20Hz,

in order to illustrate the concept of skin effect behaviour [16, 17]. The computational time
of the FE algorithm for this problem is 1809s.
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Figure 8.16: Solution Vector Fielf; Simulated at a frequency df= 0.5Hz
Sub-figure 8.164a, illustrates the electric fi€lg, that would be induced in the region0r < SQ at a frequency value df = 0.5Hz,
the regionAS < r < A contains the source electric fieﬁi;. Sub-figure 8.16b illustrates in the form of a meshed gﬂﬁ‘f( the
magnitude of the vector fielfg), across the region of € r < SG of the domain aijS‘ (the magnitude of the vector fielf)
across the regioAS <r < A% of the domain. In sub-figure 8.16}1?.;’ across the region € r < SGg suggests an attenuation 6,
over this same region. The weak attenuation behavioﬁ@’f across the region € r < SG, verifies thatEg penetrates deeply into
the conductor at this frequency. Sub-figure 8.16¢, shows the vectds lotated on the material interface. To view the behaviour
of these vectors better, a region of this figure was enlarged which is shown in sub-figure 8.16d. Sub-figure 8.16d, clearly illustrates
the discontinuous behaviour Bf across the material interface located at the positienSGs = AS and this discontinuity o is

verified by the “gap” found between different material regions of the meshed graph as seen in sub-figure 8.16b.
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Figure 8.17: Solution Vector Fielti Simulated at a frequency df= 0.5Hz

Sub-figure 8.17a, illustrates the electric current density/eddy curfentthat would be induced in the region<Or < SG at a
frequency value off = 0.5Hz and there are nds present in the air space regié& < r < A, since air cannot conduct current
density [8, 5, 10]. Sub-figure 8.17b illustrates in the form of a meshed g*rfh#)hthe magnitude of the vector fielit), across the
region of 0<r < SGr and‘js‘ =0 across the region @ r < SGr. In sub-figure 8.1741TE‘ across the regioHC; <r < HCRr suggests

an attenuation ofz over this same region and in the regid& <r < A%,

.TE‘ = 0 demonstrating that nd: is present over this
same region. In the regiohS <r < AR. The weak attenuation behaviour ‘J&‘ across the region € r < S, verifies thatle

has penetrated deeply into the conductor at this frequency. Sub-figure 8.17c, shows the végttrsatéd on the material interface
located at the position = SG = AS. To view the behaviour of these vectors better, a region of this figure was enlarged which is
shown in sub-figure 8.17d. In sub-figure 8.17d, only the vector feltbelonging to the conductor regions of the domain) is present

on the material interface becaugcannot exists in the air space region of the domain [8, 5, 10].
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Figure 8.18: Solution Vector Fielr Simulated at a frequency df= 1Hz
Sub-figure 8.18a, illustrates the electric figg, that would be induced in the region<0r < SQ at a frequency value of = 1Hz,
the regionAS < r < A% contains the source electric fiefts. Sub-figure 8.18b illustrates in the form of a meshed gﬂﬁ?ﬂ( the
magnitude of the vector fielfg), across the region of € r < SG of the domain anqﬁs‘ (the magnitude of the vector fiel)
across the regioAS <r < A of the domain. In sub-figure 8.18}1?,5) across the region € r < SGg suggests an attenuation 6,
over this same region. The weak attenuation behaviou‘f@’f across the region € r < SGg, verifies thatEe penetrates deeply into
the conductor at this frequency. Sub-figure 8.18c, shows the vectds lotated on the material interface. To view the behaviour
of these vectors better, a region of this figure was enlarged which is shown in sub-figure 8.18d. Sub-figure 8.18d, clearly illustrates
the discontinuous behaviour Bf across the material interface located at the positienSGs = AS and this discontinuity o is

verified by the “gap” found between different material regions of the meshed graph as seen in sub-figure 8.18b.
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Figure 8.19: Solution Vector Fielti Simulated at a frequency df= 1Hz
Sub-figure 8.19a, illustrates the electric current density/eddy cutfiertisat would be induced in the regiondr < SGg at a frequency
value of f = 1Hz and there are nf present in the air space regidig <r < A, since air cannot conduct current density [8, 5, 10].
Sub-figure 8.19b illustrates in the form of a meshed gﬂ@ﬂ‘( the magnitude of the vector fielit), across the region of € r < SGy
and

.Ts‘ =0 across the region € r < SG. In sub-figure 8.19 ﬂE‘ across the regioklC; < r < HCg suggests an attenuation &f

over this same region and in the regid& <r < A%, ‘.TE‘ = 0 demonstrating that nd: is present over this same region. In the
regionAS <r < A&. The weak attenuation behaviour ‘d@‘ across the region € r < S, verifies thatle has penetrated deeply

into the conductor at this frequency. Sub-figure 8.19¢, shows the vectdydarfated on the material interface located at the position
r=SG = AS. To view the behaviour of these vectors better, a region of this figure was enlarged which is shown in sub-figure 8.19d.
In sub-figure 8.19d, only the vector fieli# (belonging to the conductor regions of the domain) is present on the material interface

becausels cannot exists in the air space region of the domain [8, 5, 10].
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Figure 8.20: Solution Vector Fielr Simulated at a frequency df= 5Hz
Sub-figure 8.20a, illustrates the electric figg, that would be induced in the region<0r < SQ at a frequency value of = 5Hz,
the regionAS < r < A% contains the source electric figfts. Sub-figure 8.20b illustrates in the form of a meshed gﬂﬁ?ﬂ( the
magnitude of the vector fielfg), across the region of € r < SG of the domain anqﬁs‘ (the magnitude of the vector fiel)
across the regioAS <r < A% of the domain. In sub-figure 8.20P§E) across the region € r < SG suggests an attenuation of
Eg, over this same region. The moderate attenuation behavio}ﬁg#facross the region & r < S, verifies thatEg penetrates
moderately into the conductor at this frequency. Sub-figure 8.20c, shows the vedEgréoohted on the material interface. To view
the behaviour of these vectors better, a region of this figure was enlarged which is shown in sub-figure 8.20d. Sub-figure 8.20d, clearly
illustrates the discontinuous behaviourtaf across the material interface located at the positienSGs = AS and this discontinuity

of Ey is verified by the “gap” found between different material regions of the meshed graph as seen in sub-figure 8.20b.
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Figure 8.21: Solution Vector Fielti Simulated at a frequency df= 5Hz

Sub-figure 8.21a, illustrates the electric current density/eddy curfentthat would be induced in the region<Or < SG at a
frequency value of = 5Hz and there are ni present in the air space regid§ < r < A, since air cannot conduct current density

[8, 5, 10]. Sub-figure 8.21b illustrates in the form of a meshed gfé}ph:the magnitude of the vector fieli}), across the region

of 0 <r <SG and‘js‘ = 0 across the region € r < SG. In sub-figure 8.21#}55‘ across the regiohlC, <r < HCg suggests an
attenuation oflz over this same region and in the regia® <r < A%, ‘JE‘ = 0 demonstrating that ndt is present over this same
region. In the regioAS <r < AK. The moderate attenuation behaviour‘fy“ across the region € r < S, verifies thatle has
penetrated moderately into the conductor at this frequency. Sub-figure 8.21c, shows the vekttosaied on the material interface
located at the position = SG = AS. To view the behaviour of these vectors better, a region of this figure was enlarged which is
shown in sub-figure 8.21d. In sub-figure 8.21d, only the vector feltbelonging to the conductor regions of the domain) is present

on the material interface becaugcannot exists in the air space region of the domain [8, 5, 10].
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Figure 8.22: Solution Vector Fiel; Simulated at a frequency df= 20Hz
Sub-figure 8.22a, illustrates the electric fi€ld, that would be induced in the region<Or < SG at a frequency value of = 20Hz,
the regionAS < r < A% contains the source electric fielts. Sub-figure 8.22b illustrates in the form of a meshed gdﬁﬂ( the
magnitude of the vector fielfg), across the region of € r < SG of the domain aanS‘ (the magnitude of the vector fielf)
across the regioAS <r < A of the domain. In sub-figure 8. ZZtE ’ across the region € r < SGg suggests an attenuation of
Eg, over this same region. The sharp attenuation behawo*,lidfacross the region € r < SG, verifies thatEg penetrates only
slightly into the conductor at this frequency. Sub-figure 8.22c, shows the vectBislotated on the material interface. To view the
behaviour of these vectors better, a region of this figure was enlarged which is shown in sub-figure 8.22d. Sub-figure 8.22d, clearly
illustrates the discontinuous behaviourtaf across the material interface located at the positienSGs = AS and this discontinuity

of Er is verified by the “gap” found between different material regions of the meshed graph as seen in sub-figure 8.22b.
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Figure 8.23: Solution Vector Fielti Simulated at a frequency df= 20Hz

Sub-figure 8.23a, illustrates the electric current density/eddy curfentthat would be induced in the region<Or < SG at a
frequency value off = 20Hz and there are nd; present in the air space regié§ < r < A%, since air cannot conduct current
density [8, 5, 10]. Sub-figure 8.23b illustrates in the form of a meshed g*rfh#)hthe magnitude of the vector fielit), across the
region of 0<r < SGr and‘jg‘ =0 across the region @ r < SGr. In sub-figure 8.2341TE‘ across the regioHC; <r < HCr suggests

an attenuation ofc over this same region and in the regid& <r < A%,

.TE‘ = 0 demonstrating that nd: is present over this
same region. In the regioAS <r < A%. The sharp attenuation behaviour‘(ig‘ across the region € r < S, verifies thatle

has penetrated only slightly into the conductor at this frequency. Sub-figure 8.23c, shows the vedtdorafed on the material
interface located at the position= SGz = AS. To view the behaviour of these vectors better, a region of this figure was enlarged
which is shown in sub-figure 8.23d. In sub-figure 8.23d, only the vectorJie{tielonging to the conductor regions of the domain) is

present on the material interface becaliseannot exists in the air space region of the domain [8, 5, 10].

8.3.2.2 Observations of FE Generated Solutions

The following observations were made concerning all the FEM simulations of sub-section
8.3.2.1:

1. In sub-figures 8.16a, 8.18a, 8.20a,8.22a and sub-figures 8.17a, 8.19a, 8.21a,8.23a,
no wave propagation can be observed across the solid cylinder regiod of<0
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SG.

. The solution vector field§e andJg across the solid conductor region of0r <

SR are polarised in thé — direction which is perpendicular to the direction of
“travel” of these vector fieldsHg andJg) which is in ther™— direction[10, 9] as

shown in sub-figures 8.16a, 8.18a, 8.20a, 8.22a and sub-figures 8.17a, 8.19a, 8.21a,
8.23a.

. In sub-figures 8.16a, 8.18a, 8.20a, 8.22a and sub-figures 8.17a, 8.19a, 8.21a, 8.23a
the following was observed concerning the behaviougpfand Je in relation to
the radiug, of the domain:

(a) With an increase in frequendy the vector field€g andJe appear to pene-
trate less into the solid conductor region oL@ < SGg.

. The meshed graphs of sub-figures 8.16b, 8.18b, 8.20b, 8.22b and sub-figures 8.17b,
8.19b, 8.21b, 8.23b seem to expose certain physical behaviour patterns of the vector
fieldsEg andJe across the domain, more clearly that the vector fields of sub-figures
8.16a, 8.18a, 8.20a, 8.22a and sub-figures 8.17a, 8.19a, 8.21a,.82&afollo-

wing was observed concerning the behaviou}li@‘) and ‘\TE‘ with relation to the
radiusr, of the domain:

(&) Across the solid conductor region located at positigh0< SCg of the do-
main, |Eg| and|Jg |decays rapidly along the radial axis from positica SG,
towards the centre of the domain located at 0.

(b) The decay o#EE’ and ’\TE’ across the solid conductor region<Or < S
becomes sharper as the frequeri¢ys increased.

. In sub-figures 8.16a, 8.18a, 8.20a, 8.22a and sub-figures 8.17a, 8.19a, 8.21a, 8.23a
the following was observed concerning the behaviolEgdndJs in relation to the
radiusr, of the domain:

(a) Across the air space region located\& <r < A%, ES seems to decrease in
strength and the vector fielld, across this same region does not exist.

. In sub-figures 8.16b, 8.18b, 8.20b, 8.22b and sub-figures 8.17b, 8.19b, 8.21b, 8.23b,
the following was observed concerning the behavioqt?@,f and‘fg in relation to
the radiug, of the domain:

(a) Across the air space region located\& < r < A%, }ES‘ decreases linearly

and )\TS‘ does not exist.

(b) ’Eg’ and ’jé’ increases as the value of the frequefficis set higher.

. In sub-figures 8.16d, 8.18d, 8.20d and 8.22d the following was observed concerning
the behaviour oEt, on the material interface located at positios- SGr = AS
(refer to figure 8.14b):

(a) The vector fieldEt, has two vectors originating from the same coordinate
point located on the material interface.
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8.3.2.3 Analysis of FE Generated Solutions

Previous research knowledge of Section 3.1 and sub-sections 8.2.3, 8.3.1.3 indicated that
the vector fields solutions &g andJz would attenuate across the solid conductor region

0 <r < SG. Such a behaviour pattern of the vector fields solutions is expected because
all the examples investigated in Sections 3.1, 8.2 and sub-section 8.3.1 and including this
example was solved using tlsame PDE given by Equatid2.39), which governs the
physical behaviour of eddy currents within a conductor and therefore there shadohbe
similarity in the physical behaviour of the vector field soluti@tsoss their respective
domains, although each example contained different BC's and geometry configurations.

The following analysis of the FE simulations has been made according to the observations
found in sub-section 8.3.2.2:

1. The wavelengths, of the simulated solutions are probably too large for the dimen-
sion of the solid cylinder located at positionOr < SGg of the domain, therefore
no wave pattern “appeared” to be observed within this region. Refer to section 8.3.1
where a similar analysis occurred.

2. The circular domain geometry of this eddy current configuration (as shown in sub-
figure 8.140 produced vector field solutior: and Jg across the solid conductor
region of 0<r < SCg that are polarised in th@ — directionand the direction of
“travel” of these vector fieldsEg andJg) are in ther - direction[10, 9] as shown
in sub-figures 8.16a, 8.18a, 8.20a, 8.22a and sub-figures 8.17a, 8.19a, 8.21a, 8.23a.

3. According to sub-figures 8.16a, 8.18a, 8.20a, 8.22a and sub-figures 8.17a, 8.19a,
8.21a, 8.23a the following analysis is made concerning the behavidigr andJe
in relation to the radius, of the domain:

(&) The attenuation of the vector field& and Jz becomes stronger with an
increase in frequency, along the radial axis of the domain from position
r = SR, towards the centre of the domain located at 0, thus the stronger
the attenuation, the less the electric fi€ld penetrates into the conducting
body. As the frequency is increased the electric figlg becomes situated
closer and closer towards the boundary of the solid cylinder located at posi-
tionr = SGr of the domain as shown in sub-figures 8.16a, 8.18a, 8.20a, 8.22a.
This behaviour pattern is a clear indication of skin effect phenomena (refer
to sub-section 3.1.3) which is an important characteristic of eddy current pro-
blems [16, 17]. The electric fielHg, causes the motion of the free electrons
within the conducting body, so producing an electric current density at the po-
sitions where the electric field penetrates the conducting body [10, 9, 19, 20]
as seen in sub-figures 8.17a, 8.19a, 8.214a, 8.23a. It is this current density that
is referred to as eddy currents, [16, 17].

4. According to sub-figures 8.16b, 8.18b, 8.20b, 8.22b and sub-figures 8.17b, 8.19b,
8.21b, 8.23b the following analysis is made concerning the behavi#tl?rE fand

’J}’ in relation to the radius, of the domain:

(a) ’EE’ and |Je |decays rapidly along the radial axis from positioa: SG, to-
wards the centre of the domain located at 0. The attenuation “seems” to
resemble some type of exponential “decaying” function with relation to the
r —axiswhich begins at the boundary of= SGr of the solid conductor.
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(b) The exponential “decaying” function (attenuation ﬁt’ and‘fE‘) along the

radial axis from positiom = SG, towards the centre of the domain located
atr = 0, becomes steeper as the frequefhadyg increased, which is another
indication of skin effect phenomena (refer to sub-section 3.1.3).

5. According to sub-figures 8.16a, 8.18a, 8.20a, 8.22a and sub-figures 8.17a, 8.19a,
8.21a, 8.23a the following analysis is made concerning the behavidty arfid Js
in relation to the radius, of the domain:

(a) Es becomes slightly weaker in strength along the radial axis from position
r = A towards the inner position af= AS on the domain and so agrees
with Equation (8.9), which defines this vector fidld across this air space
region ofAS <r < AR,.

(b) The air space region cannot support electric current dedsifwhereJs =
oEs), due to the air having a conductivity value of approximately zero, that is
g=0]9, 10, 19].

6. According to sub-figures 8.16b, 8.18b, 8.20b, 8.22b and sub-figures 8.17b, 8.19b,
8.21b, 8.23b the following analysis is made concerning the behavic%ﬁs*)hnd

’\TS’ in relation to the radius, of the domain:

(a) Across the air space regidg <r < AR, ’ES’ decreases linearly by a factor
of r with relation to the radial axis from position of= AS to a position
of r = AS on the domain. Thus, the behaviour’é‘s‘ is in agreement with
Equation (8.9).

(b) As the frequency valué is increased, there is an increase in strengt}ﬁg’f
across the regioAS <r < AR (which is shown by the increase in “height”
of these meshed graphs). The behaviour of these graphs is in agreement with
Equation (8.9) which forms the excitation force (refer to sub-section 8.3.2)
across the air space regidt§ < r < AS within the domain of this eddy
current configuration.

(c) Across the air space regidg < r < A%, |Js| = O due to the air having a
conductivity value of approximately zero, thatas= 0 [9, 10, 19].

7. Insub-figures 8.16d, 8.18d, 8.20d, 8.22d, the following analysis is made concerning
the behaviour ot on the material interface located at positioe- SGr = AS
(refer to figure 8.24b):

(a) The vector field&r, is discontinuous on the material interfaces of the domain
and this discontinuity is indicated by two vectors originating from the same
coordinate point located on the material interface. Refer to Section 5.1.3 and
sub-section 5.3.3 where a comprehensive explanation concerning vector field
discontinuity across a material interface is given.

(b) In sub-figures 8.16b, 8.18b, 8.20b and 8.22b there are visible “gaps” present
within the meshed graphs &T , Which also emphasises the discontinuity of

the vector fielcEt, on the material interfaces as well.
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Discontinuity of the Mesh Graphs

The mesh graphs of sub-figures 8.16b, 8.18b, 8.20b and 8.22b illustrates graphically
(the magnitude of the vector fielgr) ‘ET} across each element within the entire

domain. Each element within the domain is plotted individually usingth& LAB
function calledpatch.

A discontinuity of the vector fiel&€r, exists across the material interface and the
discontinuity is recognised by two vectors which originate from a single coordinate
point situated on the material interface. Each of the two vectors possess different
magnitude values and direction (refer to sub-section 5.3.3) and therafsnegle
coordinate point located on the material interface will possess two different ma-
gnitude valuesvhich corresponds to each vector. It is these different magnitude

values of’ET’, located on the same coordinate point (on the material interface) of
the domain of the mesh graphs that creates the discontinuity, which is visible seen
as a “gap” present within the mesh graéﬁs }) when the functiomatch is used.

8.3.2.4 Summary

The FE algorithm is able to model and simulate:

e the physical behaviour of the total electric vector figld and total electric current
density/eddy currentdy, across different material regions of the overall domain
0<r<A®R).

¢ the discontinuity of the vector fieldS; across different material interface.

e the attenuation behaviour of the vector fiekisandJg (over the conductor region,
0 <r < S@) at different frequencies thereby demonstrating the skin effect phe-
nomena, which is an important behaviour effect found in eddy current problems
[19, 16, 17].

Improvements to the accuracy of the solution vector field approximations and the simu-
lations visually could be achieved through the used of higher-order vector elements and
a self-adaptive mesh refinement technique. The reader is referred to sub-section 8.3.1
where these subjects were discussed.

8.3.3 FEM Solution of a Force Driven Eddy Current Configuration

This example considers eddy currents induced in a hollow cylinder made of conducting
material. A time-varying harmonic magnetic field is passed through a solid cylinder made
from conducting material. as shown in sub-figure 8.24a. The magnetic field induces an
electric field withinanothercylinder which is hollow and made from the same type of
conducting material. This induced electric field causes eddy currents to be produced
within the hollow cylinder as shown in Section 2.3. The geometry of the eddy current
configuration is pictured below in sub-figure 8.24a and sub-figure8.24b illustrates the
structure of the domain space of this eddy current configuration.
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Figure 8.24: Geometry of the Problem Configuration
Sub-figure 8.24a illustrates the hollow cylinder containing the solid cylinder running through its centre.
There is a small air gap located between the two cylinders and separates both cylinders. In sub-figure
8.24b, the domain consists of: a hollow conductor region, a solid conductor region and a air space region
which separates the two conducting regiohkCr-Outer radius of the hollow cylindeHC;-Inner radius
of the hollow cylinder.AS-Outer radius of the air space regigkG-Inner radius of the air space region.
SG-Radius of the solid cylinder, wheidC;, = A andAS = SG. The polar coordinate system is used
for reference due to the circular geometry of the domain.

Problem Setup

A time-varying magnetic field given by Equation (3.21) passes through the solid cylinder
made from conducting material. The time-varying magnetic field is repeated here for the
readers convenience:

A

B(t) = Bocos(wt) k
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The geometry of the domain space of this problem can be idealised as a two-dimensional
planar problem as shown in Figure 8.24b where the solution will be simulated or-the
plane. The dimension of the solid cylinder region is approximatefyr< 0.4m, and the
dimension of the air space region is approximate$n®< r < 0.7m and the dimension

of the hollow conductor region is approximately’/th < r < 1.8m. The magnetic field
according to Faraday’s Law creates a circulating/rotating electric field given by Equation
(3.29) in phasor form, refer to sub-section 3.3.1. Equation (3.29) is repeated here for the
readers convenience:

~ 1. ~
Es= EJ("BO (yi —x])
and the current density of Equation (3.29) is [5, 9, 19]:

~ 1 . N
Js=50jwBo (i —x]) (8.13)

wherew = 27t in Equations (3.29) and (8.13). This rotatigfield given by Equation
(3.29) forms theexcitation forceof this problem, as discussed in sub-sections 2.6, 3.2 and
7.4.1.2, and is specified on the entire region of the solid cylifder r < S&). The so-

lid cylinder is located inside another cylinder located at positle@, <r < HCR) of the
domain, this cylinder is hollow and made from the same conducting material as the solid
cylinder. The two cylinders are separated by an air gap regh&h<r < ASR) . The
rotating Es-field given by Equatiof3.29)causes an electric vector fiekk to be produ-

ced within this hollow cylinder and the air gag he presence of the this electric vector
field Eg within the hollow conductor causes an electric current density/eddy cudents

to be produced [19]. The electric current density/eddy curréntsroduced within the
hollow cylinder is the result of the response of the system to the excitation force given
by Equation (3.29) (refer to Section 3.2 and sub-section 7.4.1.2). The problem is referred
to as force-driven due to the presence of an excitation force as discussed in Section 2.6.
Figure 8.25 shows the FE mesh of the problem.

15

05

Figure 8.25: Finite Element Mesh of the Domain
The mesh consists of approximately 1014 triangular elements. The domain consists of three material types,
an air space region and two conductor regions. The three material regions are indicated by the different
colours of the mesh: RED-solid conductor region. GREEN-air space region. BLUE-hollow conductor
region.

The FE algorithm (as shown in Step 9 and 10 of Section 7.7) collects the computed vector
componentsf each FE in the domaiand so will display dotal vector field solutiomver
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the entire domain of0 <r < HCg) Thus, the total/overall electric vector field solution
can be expressed as:
Et =Eg+Es (8.14)

which consisting oEg over the region$AS <r < AS) and(HC; <r <HCg) andEg
over the region0 <r < SG). Similarly, the total/overall current density vector field
solution can be expressed as:

JFr=Jk+Js (8.15)
which consisting oz over the regiofHC; < r < HCR) andJsover the regiori0 < r < SG).
Whether the eddy current configuration is boundary-driven or force-driven, BC’s need to
be specified on the domain of the problem so that the FEM will be able to solve the linear
system of equations given by Equation (6.57), as shown in sub-section 7.4.1. Due to the
behaviour of skin depth phenomena of conducting bodies as seen in sub-section 3.1.4
of section 3.2, it can accurately be assumed that the electric field sokgigoroduced
cannot reach or penetrate the boundary of the outer hollow cylinder located at position of
r = HCR, therefore all edges located on the boundary, HCr has its values set equal
to zero as shown in Equation (8.16). The edge values are set to zero on the boundary of
r = HCR, that is the BC for this problem configuration is as follows:

EdgeSc,=0 (8.16)

whereHCr = 1.8m as can be seen in Figure (8.25).

8.3.3.1 FEM Simulated Solutions

The FE algorithm was used to generate vector field solutions to the eddy current confi-
guration of sub-section 8.3.3. The FE solutions were simulated at: a permittivity va-

lue of u = 0.25[%] across the conductor regions; a permittivity valueuot Loy =

(470 10°7) (1.00000037 = (47 10°7) (1) = 47t 10°7 | K| across the air space re-

gion; time oft = 0s; a single conductivity value af = 4T = 12.566 [%] across the
conductor regions; a single conductivity valuemf~ 1 x 104 [%] across the air space
region; but at varying frequency values bf= 0.5Hz, f = 1Hz, f = 5Hz, f = 20Hz
and f = 50Hz, in order to illustrate the concept of skin effect behaviour [16, 17]. The
computational time of the FE algorithm for this problem i8%s.
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Figure 8.26: Solution Vector Fielf; Simulated at a frequency df= 0.5Hz
Sub-figure 8.264a, illustrates the electric fiddg, that would be induced in the regioddC;, <r < HCg andAS <r < Ax ata
frequency value of = 0.5Hz, the region & r < SGg contains the source electric fiefs. Sub-figure 8.26b illustrates in the form of a
meshed grap*EE ‘( the magnitude of the vector fielk), across the regions 6fC; <r < HCg andAS < r < A% of the domain and
‘Es‘ (the magnitude of the vector fielk) across the region € r < SG of the domain. In sub-figure 8.26‘?4 across the region
HC, <r < HCg suggests an attenuation &, over this same region ar#EE‘ across the regioAS < r < A, demonstrates th&iz
decreases over this same region. In the regighr0< SGg, ‘Es‘ demonstrates thdfs increases linearly over this region and at the
boundary of = SG ‘Es‘ is at its “highest” value indicating that at this position of the dontaifis at its strongest intensity. The weak
attenuation behaviour C#EE‘ across the regiohlC, <r < HCg, verifies thatEg penetrates deeply into the hollow conductor at this
frequency. Sub-figure 8.26¢, shows the vectorofocated on the material interface. To view the behaviour of these vectors better, a
region of this figure was enlarged which is shown in sub-figure 8.26d. Sub-figure 8.26d, clearly illustrates the discontinuous behaviour
of Er across a material interface and this discontinuitefis verified by the “gap” found between different material regions of the

meshed graph as seen in sub-figure 8.26b.
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Figure 8.27: Solution Vector Fielti Simulated at a frequency df= 0.5Hz
Sub-figure 8.27a, illustrates the electric current density/eddy curdenthat would be induced in the regidfiC; <r < HCg at a
frequency value of = 0.5Hz, the region G< r < SGg contains the source current densky and there are nd: present in the air
space regionAS <r < ASK), since air cannot conduct current density [8, 5, 10]. Sub-figure 8.27b illustrates in the form of a meshed
graph‘.TE ‘( the magnitude of the vector fielit), across the region ¢iC, <r < HCg and‘fs‘ (the magnitude of the vector fiell),
across the region €@ r < SGr. In sub-figure 8.27@5‘ across the regioRC, < r < HCg suggests an attenuation &f over this same
region and in the regioAS <r < A&, ‘JE‘ = 0 demonstrating that ni is present over this same region. In the region 0< SG,
‘js‘ demonstrates thdk increases linearly and at the boundary ef SG ‘\TS‘ is at its “highest” value indicating that at this position
of the domainJs is at its strongest intensity. The weak attenuation behavioPH)hcross the regioRIC; <r < HCg, verifies thatlg
has penetrated deeply into the hollow conductor at this frequency. Sub-figure 8.27c, shows the vdgttosatéd on the material
interface boundaries located at positions SGg = AS andr = AS = HC;. To view the behaviour of these vectors better, a region
of this figure was enlarged which is shown in sub-figure 8.27d. In sub-figure 8.27d, only the vectoifiati$Js (belonging to the

conductor regions of the domain) is present on the material interface boundaries Weceaiseot exists in the air space region of the

domain [8, 5, 10].
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Figure 8.28: Solution Vector Fiele; Simulated at a frequency df= 1Hz
Sub-figure 8.28a, illustrates the electric fiddg, that would be induced in the regioddC;, <r < HCg andAS <r < Ax ata
frequency value of = 1Hz, the region &< r < SG contains the source electric fiei. Sub-figure 8.28b illustrates in the form of a
meshed grap*EE ‘( the magnitude of the vector fielk), across the regions 6fC; <r < HCg andAS < r < A% of the domain and
‘Es‘ (the magnitude of the vector fielfk) across the region & r < SG of the domain. In sub-figure 8.24&‘ across the region
HC, <r < HCg suggests an attenuation B over this same region and across the refh#h < r < A, ‘EE‘ demonstrates that

Eg decreases over this same region. In the regiehr< Sy,

Es‘ demonstrates thdig increases linearly and at the boundary of
r=SQ& ‘Es‘ is at its “highest” value indicating that at this position of the donfairis at its strongest intensity. The weak attenuation
behaviour 011 EE‘ across the regioHC; < r < HCg, verifies thaEg has penetrated deeply into the hollow conductor at this frequency.
Sub-figure 8.28¢c, shows the vectorsiaf located on the material interface. To view the behaviour of these vectors better, a region of
this figure was enlarged which is shown in sub-figure 8.28d. Sub-figure 8.28d, clearly illustrates the discontinuous beHayiour of
across a material interface and this discontinuitpfis verified by the “gap” found between different material regions of the meshed

graph as seen in sub-figure 8.28b.
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Figure 8.29: Solution Vector Fielti Simulated at a frequency df= 1Hz
Sub-figure 8.29a, illustrates the electric current density/eddy curdenthat would be induced in the regidfiC; <r < HCg at a
frequency value off = 1Hz, the region G< r < SGg contains the source current denslyand there are ndg present in the air
space regionAS <r < ASK), since air cannot conduct current density [8, 5, 10]. Sub-figure 8.29b illustrates in the form of a meshed
graph‘.TE ‘( the magnitude of the vector fielit), across the region ¢iC, <r < HCg and‘fs‘ (the magnitude of the vector fiell),
across the region €@ r < SG. In sub-figure 8.29@5‘ across the regioRlC, < r < HCg suggests an attenuation &f over this same
region and in the regioAS <r <A, ‘\TE‘ = 0, demonstrating that nf is present over this same region. In the region0< SG,
‘js‘ demonstrates thdk increases linearly and at the boundary ef SG ‘\TS‘ is at its “highest” value indicating that at this position
of the domainJs is at its strongest intensity. The weak attenuation behaviowgéfacross the regioRlC, <r < HCg, verifies that
Je has penetrated deeply into the hollow conductor at this frequency.Sub-figure 8.29c, shows the végtmrsatéd on the material
interface boundaries located at positions SGk = AS andr = AS = HC;. To view the behaviour of these vectors better, a region
of this figure was enlarged which is shown in sub-figure 8.29d. In sub-figure 8.29d, only the vectaitfiati$Js (belonging to the
conductor regions of the domain) is present on the material interface boundaries Weceaiseot exists in the air space region of the
domain [8, 5, 10].
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Figure 8.30: Solution Vector Fiele; Simulated at a frequency df= 5Hz
Sub-figure 8.30a, illustrates the electric fiddg, that would be induced in the regioddC;, <r < HCg andAS <r < Ax ata
frequency value of = 5Hz, the region G< r < Sy contains the source electric fiefts. Sub-figure 8.30b illustrates in the form of
a meshed grap"EE‘( the magnitude of the vector fielg), across the regions ¢fC; <r < HCg andAS < r < A of the domain
and ‘Es‘ (the magnitude of the vector fielfls) across the region & r < SG of the domain. In sub-figure 8.3qEE‘ across the
regionHGC; < r < HCg suggests an attenuation B over this same region and across the regi@h < r < A, ‘EE‘ demonstrates
that Eg decreases linearly over this same region. In the regisnr &< SGg, ‘ES‘ demonstrates thdf increases linearly and at the
boundary ofr = SG ‘Es‘ is at its “highest” value indicating that at this position of the dordris at its strongest intensity. The
moderate attenuation behaviour‘ét‘ across the regioRlC; < r < HCg, verifies thatEg has penetrated moderately into the hollow
conductor at this frequency. Sub-figure 8.30c, shows the vectdEs @fcated on the material interface. To view the behaviour of
these vectors better, a region of this figure was enlarged which is shown in sub-figure 8.30d. Sub-figure 8.30d, clearly illustrates the
discontinuous behaviour & across a material interface and this discontinuitpfis verified by the “gap” found between different

material regions of the meshed graph as seen in sub-figure 8.30b.
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Figure 8.31: Solution Vector Fielti Simulated at a frequency df= 5Hz
Sub-figure 8.31a, illustrates the electric current density/eddy curdenthat would be induced in the regidfiC; < r < HCg at a
frequency value off = 5Hz, the region G< r < SGg contains the source current denslyand there are ndg present in the air
space regionAS <r < ASK), since air cannot conduct current density [8, 5, 10]. Sub-figure 8.31b illustrates in the form of a meshed
graph‘.TE ‘( the magnitude of the vector fielit), across the region ¢iC, <r < HCg and‘fs‘ (the magnitude of the vector fiell),
across the region €@ r < SG. In sub-figure 8.31@5‘ across the regioRlC, < r < HCg suggests an attenuation &f over this same
region and in the regioAS <r <A, ‘\TE‘ = 0, demonstrating that nf is present over this same region. In the region0< SG,
‘js‘ demonstrates thdk increases linearly and at the boundary ef SG ‘\TS‘ is at its “highest” value indicating that at this position
of the domainJs is at its strongest intensity. The moderate attenuation behavi#dﬁg bacross the regiorlC, <r < HCg, verifies
thatJz has penetrated moderately into the hollow conductor at this frequency. Sub-figure 8.31c, shows the véctocsitafd on the
material interface boundaries located at positiorsSGr = AS andr = AS = HC;. To view the behaviour of these vectors better, a
region of this figure was enlarged which is shown in sub-figure 8.31d. In sub-figure 8.31d, only the vectdg faeidss (belonging
to the conductor regions of the domain) is present on the material interface boundaries Becauset exists in the air space region

of the domain [8, 5, 10].
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Figure 8.32: Solution Vector Fiel; Simulated at a frequency df= 20Hz
Sub-figure 8.32a, illustrates the electric fiddg, that would be induced in the regioddC;, <r < HCg andAS <r <Ax ata
frequency value of = 20Hz, the region & r < SG contains the source electric figfs. Sub-figure 8.32b illustrates in the form of
a meshed grap"EE‘( the magnitude of the vector fielg), across the regions ¢fC; <r < HCg andAS < r < A of the domain
and ‘Es‘ (the magnitude of the vector fielfls) across the region & r < SG of the domain. In sub-figure 8.32{&‘ across the
regionHGC; < r < HCg suggests an attenuation i over this same region and across the regi@h< r < A, ‘EE‘ demonstrates
that Eg decreases linearly over this same region. In the regisnr &< SGg, ‘ES‘ demonstrates thdf increases linearly and at the
boundary of = SGs ‘Es‘ is at its “highest” value indicating that at this position of the doniris at its strongest intensity. The sharp
attenuation behaviour 4&‘ across the regioklC; < r < HCg, verifies thatEg has penetrated slightly into the hollow conductor at
this frequency. Sub-figure 8.32c, shows the vectorBofocated on the material interface. To view the behaviour of these vectors
better, a region of this figure was enlarged which is shown in sub-figure 8.32d. Sub-figure 8.32d, clearly illustrates the discontinuous
behaviour ofEt across a material interface and this discontinuityEefis verified by the “gap” found between different material

regions of the meshed graph as seen in sub-figure 8.32b.
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Figure 8.33: Solution Vector Fielti Simulated at a frequency df= 20Hz

Sub-figure 8.33a, illustrates the electric current density/eddy curdenthat would be induced in the regidfiC; <r < HCg at a
frequency value of = 20Hz, the region &< r < SGg contains the source current densiiyand there are nde present in the air
space regionAS <r < ASK), since air cannot conduct current density [8, 5, 10]. Sub-figure 8.33b illustrates in the form of a meshed
graph‘.TE ‘( the magnitude of the vector fielit), across the region ¢iC, <r < HCg and‘fs‘ (the magnitude of the vector fiell),
across the region €@ r < SGr. In sub-figure 8.33@5‘ across the regioRC, < r < HCg suggests an attenuation &f over this same
region and in the regioAS <r <A, ‘\TE‘ = 0, demonstrating that nf is present over this same region. In the region0< SG,

‘js‘ demonstrates thdk increases linearly and at the boundary ef SG ‘\TS‘ is at its “highest” value indicating that at this position
of the domainJs is at its strongest intensity. The sharp attenuation behaviz#JE#hcross the regioHC; <r < HCg, verifies thatlg

has penetrated slightly into the hollow conductor at this frequency. Sub-figure 8.33c, shows the vehtdosated on the material
interface boundaries located at positions SGk = AS andr = AS = HC;. To view the behaviour of these vectors better, a region
of this figure was enlarged which is shown in sub-figure 8.33d. In sub-figure 8.33d, only the vectaifiati$Js (belonging to the
conductor regions of the domain) is present on the material interface boundaries Weceaiseot exists in the air space region of the

domain [8, 5, 10].
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Figure 8.34: Solution Vector Fiel; Simulated at a frequency df= 50Hz
Sub-figure 8.34a, illustrates the electric fiddg, that would be induced in the regioddC;, <r < HCg andAS <r <Ax ata
frequency value of = 50Hz, the region & r < SG contains the source electric fighs. Sub-figure 8.34b illustrates in the form of
a meshed grap"EE‘( the magnitude of the vector fielg), across the regions ¢fC; <r < HCg andAS < r < A of the domain
and‘Es‘ (the magnitude of the vector fiefk) across the region € r < SG of the domain. In sub-figure 8.3455‘ across the region

HC, < r < HCg suggests an attenuation Bf over this same region and across the regiéh< r < A,

EE‘ demonstrates théig
decreases linearly over this same region. In the regigr &< SGg, ‘Es‘ demonstrates th&ig increases linearly and at the boundary

of r = SG ‘Es‘ is at its “highest” value indicating that at this position of the donf&dris at its strongest intensity. The very sharp
attenuation behaviour (#?E‘ across the regioRlC, < r < HCg, verifies thatEg has hardly penetrated into the hollow conductor at

this frequency. Sub-figure 8.34c, shows the vectorBofocated on the material interface. To view the behaviour of these vectors
better, a region of this figure was enlarged which is shown in sub-figure 8.34d. Sub-figure 8.32d, clearly illustrates the discontinuous
behaviour ofEt across a material interface and this discontinuityEefis verified by the “gap” found between different material

regions of the meshed graph as seen in sub-figure 8.34b.
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Figure 8.35: Solution Vector Fielti Simulated at a frequency df= 50Hz

Sub-figure 8.35a, illustrates the electric current density/eddy curdertisat would be induced in the regidtC, < r < HCg at a

frequency value of = 50Hz, the region & r < SGg contains the source current densifyand there are nde present in the air

space regionAS <r < ASK), since air cannot conduct current density [8, 5, 10]. Sub-figure 8.35b illustrates in the form of a meshed
graph‘.TE ‘( the magnitude of the vector fielit), across the region ¢iC, <r < HCg and‘fs‘ (the magnitude of the vector fiell),
across the region €@ r < SGr. In sub-figure 8.35@5‘ across the regioRC, < r < HCg suggests an attenuation &f over this same

region and in the regioAS <r <A, ‘\TE‘ = 0, demonstrating that nf is present over this same region. In the region0< SG,

‘js‘ demonstrates thdk increases linearly and at the boundary ef SG ‘\TS‘ is at its “highest” value indicating that at this position

of the domainJs is at its strongest intensity. The very sharp attenuation behavi#Jg bacross the regioklC; <r < HCg, verifies

that there is hardlylz present within the hollow conductor at this frequency. Sub-figure 8.35¢, shows the veclpri®cdted on the

material interface boundaries located at positiorsSGr = AS andr = AS = HC;. To view the behaviour of these vectors better, a

region of this figure was enlarged which is shown in sub-figure 8.35d. In sub-figure 8.35d, only the vectdg faeidss (belonging

to the conductor regions of the domain) is present on the material interface boundaries Becauset exists in the air space region

of the domain [8, 5, 10].
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8.3.3.2 Observations of FE Generated Solutions

The following observations were made concerning all the FEM simulation of sub-section
8.3.3.1:

1. In sub-figures 8.26a, 8.28a, 8.30a, 8.32a, 8.34a and sub-figures 8.27a, 8.29a, 8.31a,
8.33a, 8.35a no wave propagation “seems” to be observed within the hollow cylin-
der region oHC, <r < HCr.

2. The vector fields solutions & andJr are polarised in thé — directionwhich is
perpendicular to the direction of “travel” of the vector fiells andJr which is in
ther'— direction[10, 9].

3. In sub-figures 8.264a, 8.28a, 8.30a, 8.32a, 8.34a and sub-figures 8.27a, 8.29a, 8.31a,
8.33a, 8.35a the following was observed concerning the behavidty ahdJg in
relation to the radius, of the domain:

(a) Across the air space region located\at < r < A, Ex seems to decrease in
strength and the vector fiell}, across this same region does not exist.

(b) With an increase in frequendy, the vector field€g andJe appear to pene-
trate less into the hollow conductor region€; < r < HCg.

4. The meshed graphs of sub-figures 8.26b, 8.28b, 8.30b, 8.32b, 8.34b and sub-figures
8.27b, 8.29b, 8.31b, 8.33b, 8.35b seem to expose certain physical behaviour pat-
terns of the vector field&g and Je across the different material regions of the do-
main, more clearly that the vector fields of sub-figures 8.26a, 8.28a, 8.30a, 8.32a,
8.34a and sub-figures 8.27a, 8.29a, 8.31a, 8.33a, 8.8ka.following was obser-
ved concerning the behaviour PEE’ and ’JE with relation to the radius, of the

domain:

(&) Across the air space region located\& <r < AR, ’EE’ decreases linearly
and)jE) does not exist.

(b) Across the hollow conductor region located at positit@ < r < HCR of
the domain, EE(J and ‘JE decays rapidly along the radial axis from position
r = HC;, towards the boundary of the domain located atHC.

5. In sub-figures 8.26a, 8.28a, 8.30a, 8.32a, 8.34a and sub-figures 8.27a, 8.29a, 8.31a,
8.33a, 8.35a the following was observed concerning the behavidti afdJs in
relation to the radius, of the domain:

(a) Across the solid cylinder region located at@ < SGg, Es andJs increases
in strength.

6. In sub-figures 8.26b, 8.28b, 8.30b, 8.32b, 8.34b and sub-figures 8.27b, 8.29b, 8.31b,
8.33b, 8.35b, the following was observed concerning the behavi#ﬁrsband ’\TS’
in relation to the radius, of the domain:

(a) Across the solid cylinder region located at ® < S, ’E5’ and’\TS’ increases
linearly.
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(b) ’Eg’ and ‘J_é’ increases as the value of the frequefficis set higher.

7. In sub-figures 8.26d, 8.28d, 8.30d, 8.32d, 8.34d the following was observed concer-
ning the behaviour oEt on the different material interfaces located at positions
r=SG=AS andr = AR = HC; (refer to figure 8.24b):

(a) The vector fieldEt, has two vectors originating from the same coordinate
point located on the material interface.

8.3.3.3 Analysis of FE Generated Solutions

Previous research knowledge of Section 3.1 and sub-sections 8.2.3, 8.3.1.3 indicated that
the vector fields solutions & andJg would attenuate across the hollow conductor re-
gionHC,; <r < HCRg. Such a behaviour pattern of the vector fields solutions is expected
because all the examples investigated in Sections 3.1, 8.2 and sub-section 8.3.1 and in-
cluding this example was solved using tseeme PDE given by Equatiq2.39), which
governs the physical behaviour of eddy currents within a conductor and therefore there
should besome similarity in the physical behaviour of the vector field solutexr®ess

their respective domains, although each example contained different BC's and geometry
configurations.

According to [24], the field theory that approximately describes the solution to this pro-
blem can be derived from the integral form of Faraday’'s Law:

- d — —
fEdI_.—aABds
dB —

= [ s (8.17)

Converting the magnetic fiel(t), to phasor form [24]:

B = Boel“'k (8.18)
therefore [24]: .
dB . -(}Jt’\
FTing jawBoe! “k (8.19)
Case 1:forr < S, Equation (8.17) becomes [24]:
o d
Eo2m = "t (8.20)

Simplifying Equation (8.20) produces [24]:

~ 1 dB,

Substituting Equation (8.19) into Equation (8.21), gives [24]:
. 1 . ,
Eg (1,1) = 5F ] wBoe! ™ (8.22)

Equation (8.22), describes an electric field polarised in&hedirection, and this field
increases in strength by a factor of approximatelyn relation to ther — axis of the
domain [24]. Thus, the magnitudEg|can be described as increasing linearly across the
solid conductor region of & r < SGg along the radial axisr (— axisof the domain) [24].
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The solid conductor region of @ r < SGg, forms the excitation region of the domain for
this particular eddy current problem (refer to sub-section 8.3.3). The angular frequency is
defined as follows:

w = 27tf (8.23)

wheref, is the frequency value. Through Equation (8.23), the frequéntias a direct
effect the fieldgg (r,t) given by Equation (8.22), by causing the fiélgl(r,t), to increase
in strength as the frequency valfies increased.

Case 2:forr > SG, Equation (8.17) becomes [24]:

Eg2mr = %—%nsc% (8.24)

Simplifying Equation (8.24) produces [24]:
Ep = =SG-—= (8.25)

Substituting Equation (8.19) into Equation (8.25) gives [24]:

11 . i
Eg(r,t) = EFSC‘ZRJooBoeJ‘*’t (8.26)

Equation (8.26), describes an electric field polarised in&hedirection, and this field
decays in strength by a factor of approximatéjyn relation to the — axisof the domain

[24]. Thus, the magnitudig|can be described as attenuating across the hollow conduc-
tor region ofHC, <r < HCgr and the air space region A5 <r < A%, along the radial
axis ( — axisof the domain) by approximately a factor bﬁn relation to ther — axis of

the domain [24]. Through Equation (8.23), the frequemchas a direct effect the field

Eg (r,t) given by Equation (8.26), by causing the fiélg (r,t), to decay more rapidly as
the frequency valué is increased, thus the depth of penetration of the ﬁ@ld,t) into

this conductor region along the radial axis{axisof the domain) would decrease [24].

The following analysis of the FE simulations has been made according to the observations
found in sub-section 8.3.3.2:

1. The wavelengthd, of the simulated solutions are probably too large for the di-
mension of the hollow cylinder located at positide, <r < HCg of the domain,
therefore no wave pattern “appeared” to be observed within this region. Refer to
section 8.3.1 where a similar analysis occurred.

2. The vector field€r andJr are polarised in thé — direction, as indicated by the
direction of the vectors, which corresponds to the vector field solutions of Equations
(8.22) and (8.26).

3. According to sub-figures 8.26a, 8.28a, 8.30a, 8.32a, 8.34a and sub-figures 8.27a,
8.29a, 8.314a, 8.334a, 8.35a the following analysis is made concerning the behaviour
of Eg andJg in relation to the radius, of the domain:

(a) Across the air space regi®f§ < r < A, Eg physically becomes weak in
strength along the radial axis from positios: SGk = AS towards the position
of r = AR on the domain and so agrees with Equation (8.26). The air space
region cannot support electric current density/eddy curr&ntue to the air
having a conductivity value of approximately zero, thatris 0 [9, 10, 19].
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(b) The attenuation of the vector fields andJe increases with an increase in
frequencyf , along the radial axis of the domain across the regl@a <r <
HCr and so also agrees with Equation (8.26).

(c) Asthe frequency is increased the electric figig becomes situated closer and
closer towards the interior boundary of the hollow cylinder located at position
r = HC; of the domain as shown in sub-figures 8.26a, 8.28a, 8.30a, 8.32a,
8.34a. This behaviour pattern is a clear indication of skin effect phenomena
which is an important characteristic of eddy current problems [16, 17]. The
electric fieldEg, causes the motion of the free electrons within the conduc-
ting body, so producing an electric current density at the positions where the
electric field penetrates the conducting body [10, 9, 19, 20] (refer to section
2.3) as seen in sub-figures 8.27a, 8.29a, 8.314a, 8.33a, 8.35a. Itis this current
density that is referred to as eddy curredgs[16, 17].

4. According to sub-figures 8.26b, 8.28b, 8.30b, 8.32b, 8.34b and sub-figures 8.27b,
8.29Db, 8.31b, 8.33b, 8.35b the following analysis is made concerning the behaviour

of ’EE’ and’jE’ in relation to the radius, of the domain:

(a) Across the air space region locatedd& <r < AR, ’EE’ “seems” to de-
creases linearly. The air space region is relatively small in comparison to the
two conductor regions as seen in Figure 8.25, therefor%ﬁ@’é‘might seem”

to decreases linearly across this region, however in realit Eﬁ%aotually
also decays across this region as described by Equation (8.26). Figure 8.36
shows a larger air space region, where the behavioﬁ#fobeys Equation
(8.26).

(b) Across the air space region locatedd& <r < AR, \TE‘ = 0 due to the air
having a conductivity value of approximately zero, thadris: 0 [9, 10, 19].

(© ’EE’ and ’jg’decays rapidly along the radial axis from positioa HC;, to-
wards the boundary of the domain located at HCr. There appears to be a
1 decay of’EE‘ and ‘JE‘ in relation to ther — axis of the domain across the

regionHC, <r < HCR thus, these simulations seem to be in agreement with
Equation (8.26).

5. According to sub-figures 8.26a, 8.28a, 8.30a, 8.32a, 8.34a and sub-figures 8.27a,
8.29a, 8.314a, 8.33a, 8.35a the following analysis is made concerning the behaviour
of Es andJs in relation to the radius, of the domain:

(a) Across the solid cylinder region located ak@ < SGg, the vector field€s
andJs increases in strength along the radial axis @xis) and so is in agree-
ment with Equation (8.22).

6. According to sub-figures 8.26a, 8.28a, 8.30a, 8.32a, 8.34a and sub-figures 8.27a,
8.29a, 8.314a, 8.33a, 8.35a the following analysis is made concerning the behaviour

of }Es and‘js} in relation to the radius, of the domain:

(a) Across the solid cylinder region located at ® < SGg, |Es and’\TS’ increases

linearly long the radial axisr(— axis), which is in agreement with Equation
(8.22).
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(b) As the frequency valué is increased, there is an increase in strength of
‘Es and|Js| across the region € r < SGg (which is shown by the increase
In “height” of these meshed graphs). The behaviour of these graphs is in
agreement with Equation (8.22) which forms the excitation force (refer to

sub-section 8.3.3) across the region of the solid cylinder located at position
0 <r < SGr within the domain of this eddy current configuration.

7. In sub-figures 8.26d, 8.28d, 8.30d, 8.32d, 8.34d the following analysis is made
concerning the behaviour &t on the different material interfaces located at posi-
tionsr = SGR = AS andr = AR = HG; (refer to sub-figure 8.24b):

(a) The vector fielEr, is discontinuous on the material interfaces of the domain
and this discontinuity is indicated by two vectors originating from the same
coordinate point located on the material interface. Refer to sub-sections 5.1.3
and 5.3.3 where a comprehensive explanation concerning vector field discon-
tinuity across a material interface is given.

(b) In sub-figures 8.26b, 8.28b, 8.30b, 8.32b, 8.34b, there are visible “gaps”
present within the meshed graphs’éfr’, which also emphasises the dis-

continuity of the vector fiel&r, on the material interfaces as well (refer to
point number 7 of sub-section 8.3.2.3).
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Figure 8.36: Solution Vector Fielfly Simulated at a frequency df= 1Hz
Sub-figure 8.364, illustrates the electric fiéld, that would be induced in the regiomC, <r < HCr andAS <r < A%k at a
frequency value of = 1Hz, the region &< r < SGg contains the source electric fielts. Sub-figure 8.36b illustrates in the form of
a meshed grap}‘EE‘( the magnitude of the vector fiel?:‘i;), across the regions ¢fC; <r < HCr andAS <r < A% of the domain
and‘Es‘ (the magnitude of the vector fieffk) across the region € r < SG of the domain. In sub-figure [24]35‘ across the region
HGC; <r < HCg suggests an attenuation B¢, by a factor of approximatel)% (in relation to ther — axis [24]) over this same region
and across the regiohS <r < A%, ‘EE‘ demonstrates théi, also decays by a factor of approximatél)(in relation to the — axis
[24]) over this same region. In the region<Or < SG, ‘Es‘ demonstrates thdiz increases linearly and at the boundary ef SG,

‘Es‘ is at its “highest” value indicating that at this position of the donf&inis at its strongest intensity.
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Figure 8.37: Finite Element Mesh

i
15

Finite element mesh used to simulate the vector field solution shown in F&y@8& This mesh shows a larger air space region in

relation to the two conductor regions of the domain. The three material regions are indicated by the different colours of the mesh:

RED-solid conductor region. GREEN-air space region. BLUE-hollow conductor region.

8.3.3.4 Summary

The FE algorithm is able to model and simulate:

e the physical behaviour of the total electric vector fiel and total electric current
density/eddy current$r, across different material regions of the overall domain.

e the discontinuity of the vector field&r across different material regions of the

domain.

e the attenuation behaviour of the vector fieltisandJe (over the conductor region,
HC; <r <HCR) at different frequencies thereby demonstrating the skin effect phe-
nomena, which is an important behaviour effect found in eddy current problems

[19, 16, 17].

Improvements to the accuracy of the solution vector field approximations and the simu-
lations visually could be achieved through the used of higher-order vector elements and
a self-adaptive mesh refinement technique. The reader is referred to sub-section 8.3.1

where these subjects were discussed.
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Chapter 9

Conclusion

An FE algorithm was developed in order to approximate and simulate vector field solu-

tions to equation (2.39), which is the vector PDE under investigation that governs eddy
current behaviour [16, 17]. Eddy current phenomena is classified as a particular branch of
EM theory [16, 17] and therefore the vector field solutions to equation (2.39) possesses
EM properties.

EM vector fields possess certain properties that makes them fundamentally different to
other types of vector fields such as those encountered in structural mechanics [2, 3, 12].
The approximation of solution vector fields of EM problems using the FEM, thus promo-
ted the need to be able to accommodate these different properties and therefore the vector
finite element was developed [7, 2].

The FE algorithm made use of the vector finite element to graphically construct the solu-
tion vector fields of the eddy current problems in Chapter 8. In Chapter 5, an investigation
was done to compare the functional capability of the vector element and the functional ca-
pability of the node-based vector element with regard to approximating EM vector fields.
The investigation revealed that the vector element due to its “design structure” is more
suitable for the use of EM problems than the conventional node-based vector element
[7, 2] because it was proved particularly in sub-sections 5.3.3 and 5.3.1, that the vector
element possessed unique properties which favoured EM behaviour and thus worked very
well in visually exposing certain EM properties of the solution vector fields of the eddy
current problems in Chapter 8.

The FE algorithm was applied to theoretical eddy current problems and the vector field
solutions of these problems are visually shown in Chapter 8. The eddy current problem
of sub-section 8.2.1 serves as a verification of the successful implementation of the FE
algorithm, because of good physical and behavioural similarities between the simulation
of the FE solution and the simulation of the analytical solution of the same problem found
in Section 3.1. Due to Section 8.2, solutions to arbitrary eddy current problems were then
simulated in Section 8.3. In sub-sections 8.3.2 and 8.3.3 the behaviour of the electric field
solutionsEr and the eddy current solutiods are also shown across different material
regions and these visual results corresponds to the EM field theory concerning disconti-
nuity of EM vector fields across different material interfaces shown in Section 5.1.3 of
Chapter 5.

9.1 Chapter Summary

Chapter 2 developed an eddy current model using Maxwell’s equations [16, 17] and this
model was used for derivation of the PDE represented by Equation (2.39), which gov-

167



erns eddy current behaviour. The eddy current model explored how eddy currents are
physically formed [19, 20] in a conducting medium and the physical interpretation of
Equation (2.39) revealed that this equation is capable of supporting both boundary-driven
and force-driven eddy current problems [6, 15].

Chapter 3 focused on finding analytical solutions to certain theoretical fundamental eddy
current problems. The analytical solutions helped to gain and develop insight and under-
standing into behaviour patterns of eddy current phenomena [16, 17, 21] which is gov-
erned by Equation (2.39) [16, 17]. The eddy current problem of Section 3.1 also served
as a verification that the FE algorithm was implemented correctly.

Chapter 4 explains important concepts such as coordinate transformation between two
triangular systems and shape functions that are used in the construction of nodal finite
elements [1, 3, 12]. These concepts are also used for the construction of the vector finite
element in Chapter 5 [7, 3, 2, 12]. The nodal element is only able to approximate scalar
fields [1, 3, 12, 5].

Chapter 5 compares two different types of vector elements that are used to approximate
EM vector fields [7, 12, 3], which are the node-based vector element and the vector ele-
ment. Analysis of both the elements revealed that the vector element is better adapted to
approximating EM vector fields in comparison to node-based vector element [7, 12, 3],
thus making the vector finite element highly desirable to use for eddy current problems
which is classified as a particular branch of EM problems [16, 17].

Chapter 6 outlined the procedure of the FEM and how the vector shape functions are
incorporated into the Galerkin method in order to fully descretize Equation (2.39) and
produce a system of linear equations consisting of FEM matrices [1, 3, 16, 17]. To check
whether the FEM matrices were descretized correctly the FEM matrices were derived
symbolically as well. The importance of element connectivity information is addressed
concerning the assembly procedure of the FEM [1, 2, 23]. The assembly procedure is
highly dependent on this data information in order for the FEM to be able to approximate
a solution to Equation (2.39) across the entire domain through the global system of linear
equations which is created through the assembly process [1, 2, 23].

In Chapter 7, addressed certain issues concerning the implementation of the FE algorithm.
Important issues which affected certain processes of the FE algorithm were discussed,
such as the creation of element connectivity information [1, 2, 23], the implementation of
boundary-driven and force-driven problems [6, 15] and the construction of the solution
vector field using the vector finite elements [2, 7, 3, 12]. Section 7.7 briefly outlined
the processes involved in the FE algorithm where each process made use of concepts,
knowledge and findings which was covered throughout this research.

Chapter 8 shows the simulated vector field solutions of theoretical eddy current problems
where these problems are analyzed and certain conclusion are drawn which relates to con-
cepts and research theory involving eddy current phenomena and vector finite elements
that were covered in the previous chapters. Important behaviour patterns observed within
the simulated solutions are discussed such as the skin effect phenomena [16, 17, 21] and
the physical behaviour of tHe:-field andJ:-field across different material regions within

the same domain [9, 10, 19]. These results displayed by the simulated solutions were
compared to research theory of chapters 2, 3, 5 and electromagnetic field theory from
[24] and it was concluded that the simulated solutions are in good agreement with the
research theory and the field theory, thereby indicating that the FE algorithm was imple-
mented successfully.

168



9.2 Future Work

This dissertation represents a first attempt at implementing a FE algorithm using vector fi-
nite elements at UCT. The FE algorithm can be upgraded in the following ways to achieve
more accurate results and simulations concerning the vector field solutions of Equation
(2.39):

e The meshing procedure used in this dissertation is primitive, and the development
of a self-adaptive meshing algorithm would greatly enhance the simulation of the
solution vector fields [17]. The nature of the skin effect behaviour present within
eddy current problems requires that mesh is able to “physically adapt”; that is,
refine itself only at the particular areas of the domain where the solution vector
field is most prevalent, thereby avoiding unnecessary computational time [17].

e More accurate solutions can also be simulated by using more advanced vector ele-
ments which would consists of shape functions of higher-order [2, 13, 3, 11]. The
higher-order vector elements would be better adapted to approximating the attenu-
ation behaviour of the vector field solutions due to the non-linear nature of attenu-
ation of the solution vector fields observed across the domain of a problem.
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Appendix A

Analytical Solutions

Full derivation of the analytical solutions found in Chapter 3 are provided.

A.1 Derivation of the Analytical Solution Found in Sec-
tion 3.1.

Assume that the electric vector field componEgt is polarised in thex— directionand
travels in thez— direction[8]. Equation (3.2) will then take on the following form [8]:

9%E,
072

Equation (A.1) is subjected to the following boundary conditions [8]:

—K2E, =0 (A1)

E.(0) = Eg, (A2)

Ex () =0 (A.3)
According to [8, 10, 6], the analytical solution of Equation (A.1) takes the form :

Ex(2) = o4 ek (A.4)
Applying boundary condition Equation (A.2) to Equation (A.1) [8]:

0 = cleR°° + cze*Roo

0 = e (A.5)

the terme-® #0,..= ¢, = 0. Equation (A.4) becomes [8]:
Ey (2) = coe 2 (A.6)

Applying boundary condition Equation (A.3) to Equation (A.4) [8]:

ESO = Cze_ko (A.7)

theterme =1, = c, = Eg, . Equation (A.2) becomes [8]:

Ex(2) = Ege
Es)e_ﬁ(l+j)z

— Ege Pl iP? (A.8)
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wherek = B(1+ j) according to Equation (3.4). To recover the time varying solution of
Equation (A.8) [10, 15, 9]:

Ex(zt) = Re(Ex(2)e/™)

— Re(Esjefﬁzej(“’t*&» (A.9)
taking the real part of Equation (A.9) yields [8, 10, 5]:
Ex(z,t) = Eg,e P?cos(wt — B2)1 (A.10)

A.2 Derivation of the Analytical Solution Found in Sec-
tion 3.2.

Assume that theEe-field is polarised in thé— directionand travels in th& — direction
(z—axig). Equation (3.2) will then take on the following form:

0;;* ~K2E, =0 (A.11)
Equation (A.11) is subjected to the following forced condition:
Ex(0) = Eg (A.12)
The analytical solution of Equation (A.11) takes the form [8, 10]:
Ex(2) = 14 e K (A.13)

Applying boundary condition Equation (A.12) to Equation (A.11):

Ew = C]_elzo + CQE,‘*RO

Equation (A.14)' = c1 =Cy = %Eso. After substituting Equation (A.14) into Equation
(3.17), Equation (3.17) is analysed as follows:

9 Eodz for z<0
Ex(z2) = 2" A.15
x(2) { Eogkz for z>0 (A.15)
Substituting Equation (3.4) into Equation (A.15) produces:
. E0eB(14+D)z  for z<0
— 2
Ex(2) = { E%oe—ﬁ(lﬂ)z for z>0 (A.16)

wheref3 = \/mtf po according to Equation (3.3). To recover the time varying solution of
Equation (A.16):

Ex(zt) = Re(Ex(2)e?)

Re(E—ZSOeB(”DZ) el for z<O

B Re(ESOe*B(lﬂ)Z) el for z>0

ReSp <eﬁzejﬁz> el for z<0O
Re52 e*ﬁze*jﬁz> e for z>0
Re52 (eﬁzej(‘*’”ﬁz)) for z<O0
- - | (A.17)

Re=P (e‘ﬁze_l(“’t_ﬁz)> for z>0
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taking the real part of Equation (A.17) yields:

EoefZcos(wt +Bz) for z<0
Eoe-Fzcos(wt —Bz) for z>0

Ex(zt) = {

= E%Oe_mZ' cos(wt — B |2]) (A.18)

A.3 Derivation of the Analytical Solution Found in Sec-
tion 3.3.

Assume that theEg-field is polarised in the— directionand f— directionand travels in
thek — direction(z— axis). Equation (3.2) is repeated here for the readers convenience:

2Bz — K2Ez = 0

will then take on the following forms when decomposed into it's vector components:

in thei — directionand N
ﬁzEy ”2 ~
S~ RE =0 (A.20)

in the | — direction
Vector Component ini — direction Beginning with Equation (3.30):

azéx -
7 —KEx=0

in thel —directionand. Equation (3.30) is subjected to the following boundary conditions:

~

1
Ex(0) = 5yjwBo (A.21)

Ex () =0 (A.22)
The analytical solution of Equation (3.30) takes the form [8, 10]:

~

Ex(2) = o4 ek (A.23)
Applying boundary condition Equation (3.33) to Equation (A.23):

0 = cler(°°+cze*ﬁ°°
0 = clek°° (A-24)

the terme-® #0,..= ¢, = 0. Equation (A.23) becomes:

Ex (2) = coe K2 (A.25)

Applying boundary condition Equation (3.32) to Equation (A.34):

1.
SYiwBo = coe K0 (A.26)
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theterme =1, = c, = %ijBo . Equation (A.34) becomes:
Ex(z) = %y jwBoe k2
_ %y B P2
= %yjooBoe‘ﬂze‘jBZ (A.27)

wherek = B(1+ j) according to Equation (3.4). To recover the time varying solution of
Equation (A.36):

Ex(zt) = Re(Ex(2)e?)
= Re (%ijBoe_Bzej(“’t_Bz)) (A.28)
taking the real part of Equation (A.37) yields:
Ex(zt) = %yjooBoe_BZ [cos(wt — Bz) — jsin(wt — B2)] (A.29)
= —%waoe‘BZsin(wt —B2)

wheref3 = ,/wl0.

Vector Component in | — direction Beginning with Equation (3.31):

% —KE, =0
in the | — direction Equation (3.31) is subjected to the following boundary conditions:
E,(0) =Egp (A.30)
Ey () =0 (A.31)
The analytical solution of Equation (3.31) takes the form [8, 10]:
B (2) = 1%+ coe (A.32)
Applying boundary condition Equation (3.36) to Equation (A.32):
0 = cle%"0 + cze‘R°°
0 = e (A.33)

the terme< #0,..= c; =0. Equation (A.32) becomes:
E, (2) = coe (A.34)
Applying boundary condition Equation (3.35) to Equation (A.34):

—%xijo — cpe KO (A.35)
the terme <0 = l, . =c= —%xijo . Equation (A.34) becomes:
Ey(2) = —%xjcuBoeRZ
= —%xjooBoe_B(“j)Z
— _%xjooBoe_Bze_jBZ (A.36)
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wherek = B(1+ j) according to Equation (3.4). To recover the time varying solution of
Equation (A.36):

E,(zt) = Re(E/(2)e?)

— Re (—%xijoeBZei(“"BZ)) (A.37)
taking the real part of Equation (A.37) yields:

E,(zt) = —%xijoe‘ﬂz[cos(wt—Bz)—jsin(wt—Bz)] (A.38)

1 .
= éowoe_BZsm(wt —B2)

wheref3 = ,/wU0.
EE (X7 Y, Z) = K (y7 Z7t> r+ Ey (X7 Z7t> JA
— —%waoe_BZsin(wt —B2)i+ %xijoe_BZsin(wt —B2)§

1 ~ 1 ~ ,
= (_éwaO' + éowOJ) e P2sin(wt - B2)

_ %wBO (—yF +x)) e Psin(wt — B2) (A.39)

A.3.1 Analytical Calculation of the Current Density or Eddy Cur-
rents

The actual values of the current density also referred to as eddy culgecas be calcu-
lated using Equation (2.20) and (3.38) as follows:

=

Jk = 0E(xy,2)
= OEx(y,zt)I+Ey(x,2t)]
= W+ (A.40)

- 1 A .
JE(Xy,2) = oéwBo (—yi+ XD e PZsin(wt — B2)
~ o~ 1 _Bre;
= (—yi+x]) 05 wBoe™ sin(wt — B2) (A.41)
Convert vector part of Equation (A.41) to polar co-ordinates [5]:

=

JE(,0) = (—yi+xj)

= (—rsin(6)i+rcog0))) (A.42)
where
i = cog6)f —sin(6)6 (A.43)
and A
j =sin(8)f +cog6)6 (A.44)
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J(r,0) = —rsin(8) (cogB)f —sin(6)8) +rcog 8) (sin(8)f + cog6)H)
= (—rsin(8)cog ) +rsin(8)cog 8))F + (rsin(6)sin(8) + rcog 8)cog 6)) 6
= 0+r(sin®(0) +co?(6)) 6
— 18 (A.45)

Equation (A.41) is represented in polar co-ordinates as:
- 1 - .
JE(r.0.2) = 05wk (r8) e PZsin(wt - B2)

1 _ A
= aéwBore*BZsm(wt —B2)6 (A.46)
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