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Abstract

Eddy currents are currents which are induced in a conducting object by a varying
magnetic field. These currents generate a magnetic field of their own. Modelling
this phenomenon constitutes a diverse and challenging set of problems, for which
many applications exist. One such application is the degaussing system of a naval
ship. To guarantee safety on missions, a ship uses a degaussing system to reduce its
magnetic signature. Being able to model the effect of eddy current fields is neces-
sary to improve the accuracy of future degaussing systems.

This thesis will examine how eddy current effects can be modeled, and how
such a model can be validated. An analytical solution for a sphere is derived and
investigated. A boundary element method (BEM) is implemented, which is able
to numerically approximate the electromagnetic fields in terms of the modified
magnetic vector potential A* and the reduced magnetic scalar potential ¢. The
approximation using the BEM is compared to the analytical solution. The BEM
shows promising results, being able to model the shape of the magnetic signature
of a sphere accurately. The model is also applied to more realistic geometries re-
sembling naval ships, making it a strong candidate for further development and
potential implementation in a future degaussing system.
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Notation

Vectors will be denoted in bold, e.g. the velocity v. Electromagnetic fields in the time domain will be denoted
in calligraphic capitals, with vector fields being denoted in bold, e.g. the magnetic flux density 3. For any
vector quantity, the magnitude of a vector will once again be denoted by a regular capital, i.e. r = [r|. Unit
vectors are denoted by a hat, i.e. # = r/|r|. Line integrals will be denoted by f'dl, and surface integrals by
[/ da.

The electromagnetic fields can be viewed in the frequency domain or in the time domain. To distinguish
between these domains, the time domain field will be denoted by a calligraphic symbol (e.g. 1) whereas the
frequency domain field will be denoted by a regular symbol (e.g. B).

Relevant SI units

An overview of the relevant physical quantities is given in Table 1. Where relevant, the symbol associated with
the quantity is given as well. The units and their equivalent in SI base units are also given.

] Measure Symbol | Unit name Unit SI units
Time t second s -
Length l metre m -

Mass m kilogram kg -
Electric current 1 ampere A -
Charge Q coulomb C As
Force F newton N kgms™2
Energy E joule J kgm?s~2
Frequency f hertz Hz s
Magnetic flux density B tesla T kgs2A~!
Electrical conductance O siemens S kg !m2s3A2
Voltage Vv volt \% kgm?s3A~!
Power P watt w kgm?s~3
Electrical capacitance C farad F kg 'm 2s*A?
Electrical inductance L henry H kgm?s2A~2
Electric field E volt per metre Vm! | kgms3A7!
Magnetic field H ampere per metre Am™! Am™!
Current density J ampere per square metre | Am~2 Am™2
Magnetization M ampere per metre Am™! Am™!
Permittivity € farad per metre Fm™! | kg7'm3s*A2
Magnetic permeability U henry per metre Hm™! | kgms2A~2
Electrical conductivity o siemens per metre Sm™! | kg7!m3s3A2
Charge density P coulomb per cubic metre | Cm™3 Am~3s
Magnetic moment m ampere squared metre Am? Am?

Table 1: Overview or relevant physical quantities.







Introduction

1.1. Context and motivation

The history of naval warfare dates back over three millennia, to ancient civilizations such as the Phoenicians,
the Egyptians, and the Greek. Of course, naval technology has come a long way from the triremes and galleys
of old. An active area of research is the subject of signature reduction. The signature of a vessel consists
of all the physical signals by which it is detectable and identifiable. Among others, this includes its optical
signature, its acoustic signal, the pressure waves it produces underwater, and its magnetic signature. The
subject of this research is the magnetic signature of the ship, which refers to the magnitude and shape of the
magnetic field surrounding the ship. Signature reduction is crucial for vessel safety, in part because of the
ever-present risk of magnetic influence mines. These mines incorporate advanced sensing technologies and
decision-making algorithms to optimize mine usage. A clear magnetic signature, which reveals information
about a vessel’s size, class, heading, speed, and other properties, may trigger such a mine, with devastating
consequences.

Before one can investigate how to reduce the magnetic signature, one must understand what causes it.
There are four major contributions to a ship’s magnetic signature [15]:

» Ferromagnetism, which is induced in the ferromagnetic steel of the ship by the Earth’s magnetic field.

¢ Eddy currents, which is induced in any conducting material in the ship by the rolling, pitching and
yawing of the ship in the Earth’s magnetic field.

¢ Electric currents flowing into the sea from the ship due to its cathodic protection system.
¢ Stray currents from shipboard active circuits.

Ferromagnetism is the largest contributor to the magnetic signature. In general, ferrous steel is used for
the construction of naval vessels. This includes the hull, bulkheads, engines, and various other equipment.
Being ferromagnetic, these structures have a permanent magnetization. In addition to this permanent mag-
netization, they also generate an induced magnetic field in the homogeneous Earth magnetic field.

The second largest contributor to the magnetic signature are eddy currents. Eddy currents are electrical
currents which are generated in conducting materials which are subjected to a varying magnetic field. Equiv-
alently, they are generated as the conducting material rotates within a homogeneous background field. These
electrical currents generate a magnetic field surrounding the object. In the case of naval vessels, this effect is
strongest for rolling motions, which have a larger angular rotation rate than pitching or yawing motions [15].

The third contributor is the cathodic protection system. The ship, being made of multiple electrically
conducting materials with a difference in electrochemical potential, forms a battery in the salty seawater.
The steel of the ship’s hull will act as the anode, and the nickel-aluminum-bronze of the propeller will act
as cathode [16]. The currents running through this battery corrode the ship’s hull, and therefore a cathodic
protection system is installed, which sends a voltage into several sacrificial zinc bars welded to the surface of
the hull. These zinc bars act as anode, protecting the hull from corrosion. The corrosion currents contribute
to the magnetic signature, but the magnitude of this contribution is relatively small.
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The smallest contribution to the magnetic signature are those of stray fields, which are caused by currents
running through shipboard active circuits, such as electrical engines, distribution cables, and breakers. The
contribution of these stray fields is also relatively small.

To reduce the magnetic signature of a vessel, it is logical to begin by considering the largest contributor,
ferromagnetism. Reduction of the ferromagnetic signature can be achieved in various ways. Passive reduc-
tion is possible by choosing a non-ferrous material, such as aluminum or titanium, for the construction of
the ship [17]. However, this is not always feasible or affordable, and moreover some internal structures such
as the engine must still be constructed from steel. Therefore, active signature compensation systems have
been designed. Supposing that one knows the magnetization of the ship, it is then possible to calculate the
induced magnetization, which is a function of the Earth’s magnetic field at the ship’s location as well as the
its orientation within that field. The magnetic signature can then be actively canceled by making use of a
degaussing system. The degaussing system consists of several coils, looping around the interior of the hull
of the vessel in the cardinal directions, and a controller which supplies the coils with a current. The current
through each coil generates a magnetic field. The currents are controlled in such a way that the magnetic field
they generate counteracts the magnetic disturbance caused by the steel ship, thereby reducing the magnetic
signature of the vessel ([15], [17]). Ideally, the coils are controlled in such a way that the field they gener-
ate is equal in magnitude and shape, but of opposite polarity, to the uncompensated field, and as such the
magnetic signature is annihilated [17].

In order to effectively reduce the magnetic signature, it is important to be able to accurately determine the
necessary coil currents for a given situation. In classical (open loop) degaussing systems, this is done by using
a linear model, which is determined from measurements at a testing facility. The linear model takes as input
the current homogeneous background field (which is known for each location and heading on the surface of
the Earth) and outputs the currents necessary to counteract the induced magnetisation. This is combined
with the predetermined currents for reduction of the permanent magnetisation, and the result is sent to the
controller. Figure 1.2 shows a flowchart of these steps for an open loop degaussing system on the left. There is,
however, a problem with open loop degaussing. The permanent magnetisation of the ferromagnetic object is
not constant over time, as the object experiences hysteresis. Therefore, the classical degaussing system loses
accuracy over time. The system must be recalibrated with the new permanent magnetisation, and the object
may also be depermed to bring it back to a required state of magnetisation. Deperming is shown in Figure 1.1.
At a special deperming range, several electrical cables are looped around the ship. When a current is applied
to this cables, the resultant magnetic field influences the permanent magnetisation of the ship.

oL SIEE e

Figure 1.1: USS Harry S. Truman (CVN 75), a United States Navy aircraft carrier, being
depermed at the Lambert’s Point Deperming Station in Virginia. = Note the electrical ca-
bles looping around the hull (Source: https://commons.wikimedia.org/wiki/File:
US_Navy_051115-N-2984R-123_The_Nimitz-class_aircraft_carrier_USS_Harry_S.
_Truman_(CVN_75) _undergoes_a_deperming_evolution_at_the_Lambert’27s_Point_
Deperming_Station_in_Norfolk, _Va.jpg, Public Domain.)
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A beter degaussing system can be developed which takes into account the changing permanent magne-
tization of the object. Such a Closed-Loop Degaussing (CLDG) system makes use of continuous on-board
measurements of the current magnetic field near the vessel. With these measurements, the current magneti-
sation of the vessel can be calculated. Combined with the background field, this is then used as input for
a non-linear model which determines the optimal currents for reduction of the magnetic signature (see the
flowchart in Figure 1.2).

y

Set coil
currents

]

Open loop degaussing Closed loop degaussing
Determine Determine
back- back-
ground field ground field
: : s N
Calculate coil Calculate
. Calculate

currents with 1 ¢ current
linear model conl currents magnetisation

- J
Set coil
currents

I

Reduced Reduced
signature signature
~ @@ ~ @@

Measure

magnetic field

Figure 1.2: Overview of process steps in open loop degaussing (left) and closed loop degaussing (right).

A degaussing system as described above does not take into account the effects of eddy currents. This is be-
cause the magnitude of the eddy current fields is much smaller than the magnitude of the ferromagnetic field.
However, technological advancements in both degaussing systems and magnetic influence mines may lead
to increased importance of eddy current fields in the future. Degaussing systems are continuously improving
the ability to hide the strong ferromagnetic signatures, and naval mines are becoming better at discerning
faint signals from noise. Therefore, the magnetic field induced by eddy currents may become very impor-
tant despite its smaller magnitude compared to the ferromagnetic signature. Additionally, for a closed-loop
degaussing system, the eddy current fields influence the measurements from the on-board sensors.

This brings us to the main motivation for this research: Being able to quickly and accurately calculate
eddy current effects for naval vessels would be beneficial for future generations of degaussing systems.
This increases the safety of future missions and deployments.

1.2. State of the art

The problem under consideration is a vessel rolling in the Earth magnetic field. This periodic rolling motion
causes eddy currents in the hull of the ship, which in turn generate a magnetic field. Figure 1.3 shows the
magnetic field due to a steel cylindrical shell. At very low frequencies, there is no discernible eddy current
effect: the magnetic field consists only of the induced magnetism of the steel shell. However, as the roll
frequency increases, the magnetic field due to eddy currents becomes more apparent. Note that the eddy
current field, in frequency space, is a complex field. The real part is referred to as the in-phase component,
whereas the imaginary part is referred to as the quadrature component. The in-phase component, as the
name implies, has the same phase as the roll frequency, whereas the phase of the quadrature component is
offset by 7/2, or a quarter cycle.

Investigating the eddy current field of an actual vessel is a much more complicated problem. The ge-
ometry is complex, consisting of internal structures such as bulkheads, as well as other large components
such as the engine. One way of tackling this problem is by making use of commercial FEM packages such
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Figure 1.3: An example of the eddy current field generated by a two-dimensional steel (HSS) cylindri-
cal shell (of outer diameter b = 10m and inner diameter 9.96 m). The field at a depth of 20 m below the
centre of the cylinder is shown. Note that the field consists of an in-phase component and a quadra-
ture component. Image adapted from [17, p. 26].

as FLUX-3D or COMSOL. This was done by Birsan and Tan [6], for example. A finite element model of CFAV
Quest, a Canadian vessel dedicated to research trials, was analyzed in FLUX-3D. The results were compared
to measurements done during the international RIMPASSE trials [27], in which rolling motion was simulated
in CFAV Quest at the Earth Field Simulator in Schirnau, Germany. This is a facility where a construction of
coils surrounding the vessel can be used to create a chosen magnetic field strength and direction. There are
two arrays of magnetic field sensors below the vessel which are used to measure the resultant fields. The
result of this research is that the eddy current fields may have a significant contribution to a ship’s signature,
especially if the ship is degaussed. These results were corroborated by a similar trial with a scale model [31].

For the purposes of a degaussing system it is not desireable to depend on commercial software packages
such as FLUX-3D. Instead, we would like to develop a model for the eddy current effect, which can then be
implemented in the degaussing system. As such, it is necessary to dive into the physics governing the system,
and determine an applicable method modelling and solving it.

The problem at hand is an eddy current problem. Eddy current problems find applications in many fields,
and as such there has been much research into methods of modelling eddy currents. An everyday example is
an induction stove, in which a coil supplied with an alternating current causes eddy currents in a pan, which
in turn is heated by the resistive losses of the currents. Other applications include nondestructive examina-
tion of metal structures (such as aircraft parts and load-bearing steel structures), electromagnetic braking
(e.g. for high-speed trains, or for power tools), and metal identification (e.g. for coins in vending machines,
or for waste sorting). Eddy currents also emerge as an unwanted side effect which must be understood so it
can be minimized. For example, alternating current power-lines are designed in such a way that losses due
to eddy currents are minimized. Clearly, eddy current problems are a diverse collection, ranging from small
geometries to very large geometries, and from low frequencies to very high frequencies. Each problem comes
with its restrictions and requirements on the modelling method.

The most common approach for our subset of eddy current problems is to formulate the problem in terms
of potentials, and then to make use of either a finite element method (FEM), or a boundary element method
(BEM), or a hybrid model consisting of both methods. A relevant example is [46], in which a FEM model is
used to determine the eddy current density in a ship. However, other approaches also exist. For example,
a Partial Element Equivalent Circuit (PEEC) yields good results for shell-like geometries such as a car body
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[22]. In particular, due to its circuit-like integral method, it works well for problems in which the geometry is
coupled to an external electric circuit.

In summary: there are islands of knowledge which must be bridged to achieve our research goals. We
must connect the demands of a degaussing system to the restrictions of a modelling method, taking into
account the assumptions on the governing physics, as well as the knowledge gained from the results of ex-
perimental trials on marine vessels.

1.3. Research questions
The goal of this research project is to investigate and develop a modelling method for eddy current fields in
the context of degaussing systems of naval vessels. Two main research questions arise from this:

¢ How can eddy current effects be modelled?

¢ How can the model be validated?

1.4. Report outline

The report is structured as follows. In Chapter 2 an overview of the relevant theory from the field of elec-
tromagnetics will be given. The Maxwell equations will be derived and discussed, and in conclusion an in-
troduction to electromagnetic induction and thus eddy currents will be given. Subsequently, in Chapter 3,
the eddy current problem is derived, which involves the quasi-magnetostatic approximation, and the time-
harmonic Maxwell equations. An analytical solution for a magnetic and conducting sphere is then derived
and analyzed. Having determined the problem which we would like to solve, we then focus on the different
methods available for this in Chapter 4, at the end of which a motivated choice will be made for a boundary
element method (BEM) implementation. This implementation will be fully described and derived in Chap-
ter 5. Some prerequisite building blocks, such as the edge basis functions, are discussed in Chapter 6. With
this, the model can be implemented and validated against the analytical model: this is done in Chapter 7. In
this chapter, some approximations for other geometries will also be shown and discussed. Finally, the entire
project will be discussed in the conclusion in Chapter 8. As this project marks a first exploration into the field
of eddy current modelling, it offers many starting points for further research, which will also be discussed in
this chapter.






Theory

The following sections contain the theoretical background of the physics and mathematics pertaining to elec-
tromagnetism. A short history of electromagnetism is given, which is adapted from the overview given in [11].
Following this, the derivation of Maxwell’s equations is given, which is adapted from [14], [11] and [19].

2.1. From lodestones to electromagnets

The phenomenon of magnetism has been known and used since antiquity. Magnets occur naturally, for ex-
ample in lodestones, which are magnetite-rich rocks magnetized by lightning strikes. These lodestones are
common around the globe, and have been used by civilizations in Mesopotamia, Greece, China and Amer-
ica. Such lodestones were used to make a simple compass in China, which in turn allowed the Chinese to
construct the street plans of certain towns in a grid-like layout. In these towns, areas built at different times
are misaligned, since the horizontal component of Earth’s magnetic field varies over time. In 1064, Zheng
Gongliang discovered a technique with which iron could be permanently magnetized, leading to the first ar-
tificial magnets. With this, precise navigational compasses could be produced, allowing famous voyages such
as those by Columbus and Cheng Ho to be completed.

It wasn't until 1600 that William Gilbert determined that the Earth itself was a magnet, as opposed to the
common belief that it was the stars which attracted the compass’s needle. In the 19" century, many scientific
breakthroughs contributed to a better understanding of magnetism. In 1820, Danish scientist Hans-Christian
Orsted accidentally discovered that a compass needle was deflected by a wire carrying a current, which was
the first connection between magnetism and the young science of electricity. Mere weeks afterwards, André-
Marie Ampere created the first electromagnet by winding a wire into a coil. Michael Faraday introduced the
electric and magnetic fields, designed the electric motor in 1821, and connected magnetism to optics with
the Faraday effect. All these discoveries and inventions were brought together in a unified theory by James
Clerk Maxwell in 1864. These four equations, known as Maxwell’s equations, will de derived in the following
section.

By the beginning of the 20™ century, electricity and magnetism were used in many applications, such
as street lighting and telegraph connections. Scientific research into magnetic theory was still being done,
but some theories (such as Pierre Weiss’s molecular field theory in 1907) challenged Maxwell’s equations.
The discrepancies were only explained once the theories of quantum mechanics and relativity were devel-
oped. The past century saw an ever-increasing understanding of the complexities of electromagnetism at the
(sub)atomic level. Alongside these theoretical, an incredible amount of technological inventions have shaped
our daily life. Still, it remains an active area of research, with new discoveries and inventions looming on the
horizon.

Oth

2.2, Maxwell’s Equations

2.2.1. Electrostatics

To derive Maxwell’s equations, it is useful to begin by considering electrostatics, i.e. electric charges at rest.
The field of interest here is the electric field, which will be described in steps. First, consider an electric point
charge g (at position r ;) and a test point charge Q (at position r(), separated by a vector r = ro —r4. This

9
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r=rqQq—rg

Figure 2.1: Two charges. The force on test charge Q can be computed using Coulomb'’s law.

situation is sketched in Figure 2.1. The units of charge are Coulomb (C) and the units of distance are meter
(m). The force (in Newton (N)) on the test charge Q due to the charge g can be computed with Coulomb’s
Law: )

99,

— 1< 2.1
4meqy 12 .1

where € is the permittivity of free space, which has a value of 8.85 x 1072 Fm™!, and the hat indicates a unit
vector. Now suppose there is not one, but multiple point charges, and we are once again interested in the
force that the test charge Q experiences due to these point charges. For multiple point charges ¢, ..., g, at
various locations ry, ..., r, from the test charge Q, the principle of superposition states that the total force on
the test charge Q can be computed by

F=Y F=y L 99
“YF = 5. (2.2)
i=1 =

Here, r; = |r;| is the distance from the test charge. To understand the effect of multiple point charges, it is
useful to introduce the electric field £(x) generated by the point charges, defined for this situation as:

n

qi

Ex):=)y — ——
i 4meo 12 (x)

Fi(x), rix)=x-rg,. (2.3)

Note that £ is a function of position: physically, it is the force that a test charge would experience at a certain
position. It has units Vm™!. With this, the equation above becomes:

F=QE. 2.4)

Extending this further, one can consider a continuous distribution of charges in a volume, having charge
density at point x a charge density of p(x) (in Cm~3). The electric field produced by this volume is:

1 e

Ex)=— F(x) dx’, rx) =x—x'. (2.5)

4meg J r(x)?

Figure 2.2: Field lines caused by a negative point charge (leff) and a positive point charge
(right). (Source: https://commons.wikimedia.org/wiki/User:Geek3/VectorFieldPlot, Cre-
ative Commons Attribution-Share Alike).

With this, it is possible to calculate the electric field strength and direction at a given position. It can be
more informative to represent the electric field with field lines, instead of vector arrows. Field lines represent
the strength (denser field lines corresponds to stronger field) and direction of the electric field. Field lines
must have a beginning (at a positive charge) and an end (at a negative charge), and cannot cross (for this
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would imply that the electric field has two different directions at the intersection). Figure 2.2 shows the field
lines of a positive charge and a negative charge. The negative charge has a radial field line pattern, which field
lines point into the charge, since a single positive test charge would experience a force towards the negative
charge. Conversely, a single positive charge has radial field lines pointing outward, since it would repulse a
positive charge (but attract a negative charge).

The fact that field lines always go from positive to negative charges, and do not cross, suggests that the
flux through any closed surface is a measure of the total charge inside. This is in fact Gauss’s law, which can
be derived by first taking a surface integral over a closed spherical surface containing a single charge g at the

origin:
1 g 1
£-da=q9qp ——=i-da=—q. 2.6
# “ #4ﬂeor2r “ eoq 6

Extending this to a surface containing multiple discrete point charges yields:

n
#S-duzziqi. 2.7

i=1€0

Finally, considering a surface containing a continuous distribution of charges yields

#S-dasz L as. 2.8)
€0

By the divergence theorem, the left-hand side can be rewritten to a volume integral of V- &. Since the in-
tegration volume was chosen arbitrarily, the integrands must be equal, leading to Gauss’s law in differential

form: )
V-E=—p. (2.9)
€0

Figure 2.3 shows the field lines of multiple charges. Two opposite charges show field lines going from the
positive charge to the negative charge, whereas two similar charges show field lines radiating outwards.

bl

Figure 2.3: Field lines caused by two opposite point charges (left) and two identical point charges
(right). (Source: https://commons.wikimedia.org/wiki/User:Geek3/VectorFieldPlot, Cre-
ative Commons Attribution-Share Alike).

Having found in Gauss’s law an expression for the divergence of the field £, one might also be interested
in an expression for the curl of the field €. This turns out to be rather simple. First consider a single charge g,
located at the origin. The electric field due to this charge is

1 q,
=——="r. (2.10)
4meq 12

Computing the line integral of £ between two points a and b yields

b b 1 q
f g-di=| —L.ar 2.11)
a a 4meg 1

1
- (i - 1), (2.12)
4eg \1rq Ty
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where we have made use of the transformation to spherical coordinates dl =dr # +r df 0 +rsinb do @, as
described in Appendix A. For a closed path, this line integral is equal to zero, since r, = r,. Then, applying
Stokes’ theorem, this leads to

Vx&=0. (2.13)

This also holds for multiple point charges and continuous distributions of charges. Note that this implies that
the electric field £ can be described as the gradient of a scalar potential V:

E=-VV. (2.14)

For a more rigorous justification of the scalar potential, see Appendix C.
The expressions for the divergence and curl of the electric field € are together known as Maxwell’s equa-
tions for electrostatics:

1
V-E=—p, (2.15)
€0

VxE=0. (2.16)

2.2.2. Magnetostatics

When charges move steadily through a wire, this is called a steady current. The current is defined as the
charge per unit time passing through a point in the wire, and is denoted by I, which has unit amperes (A).
Note that the current is really a vector, since the charges are moving in a certain direction, but that given
the fact that this direction is determined by the wire, it is generally not noted as a vector quantity explicitly.
A steady current generates a magnetic field surrounding it. The magnetic flux density is denoted by B and
has units tesla (T). The magnitude and direction of the field (due to a current I running through a wire) at a
certain position x can be computed by the Biot-Savart law:

B ,uofldl/xr
T anm [r|3

B(x) (2.17)
In this equation, dl’ is a length along the wire, and py is the permeability of free space, which has a value of
47 x 10~"Hm™!. Figure 2.4 shows this situation: note that r is the vector from the source, i.e. the integration
point along the wire, to the observation point x.

o X

dr

Figure 2.4: Sketch showing the wire with current I and its direction, the integration length d’, and the
vector r.

With this, it is possible to calculate the strength of magnetic field generated by an infinite straight wire
with a steady current 7, at a distance of s from the wire, which turns out to be

B(s) = MLI. (2.18)
2ms

The direction of the magnetic field at this point is such that it goes around the wire as would be expected
from the right-hand rule (since there is a cross product in the Biot-Savart law). This is shown in Figure 2.5:
an infinite wire, perpendicular to the page, produces a magnetic field which varies only with distance from
the wire. The right-hand rule gives the direction: when the thumb points in the direction of the current, the

fingers curl around the wire in the direction of the magnetic field.
This infinite wire example is illustrative in deriving an expression for the curl of B. Consider the line
integral of a circular path at a distance s around the wire. Using the result obtained earlier, in Equation (2.18),

one finds / !
Ho Ho

B-dl=¢p —dl=— @ dl=pupl. 2.19

j{ f‘Zns ZHSf Ho ( )
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Figure 2.5: The magnetic field generated by a wire conducting a steady current. The wire is infi-
nite and perpendicular to the page, the current is conducted out of the page. (Source: https://
commons.wikimedia.org/wiki/User:Geek3/VectorFieldPlot, Creative Commons Attribution-
Share Alike).

The chosen distance to the wire s does not appear in the answer. This is because the strength of the field
decreases as the distance from the wire increases, and evidently these two effects cancel out so that the path
integral yields the same result regardless of the distance s. In fact, it turns out that the path of the integral
need not even be circular: any closed path around the wire would yield the same result.

By the principle of superposition, this equation extends simply to multiple infinite straight wires, each
carrying a steady current Iy, I, ..., I,. A line integral of a path around the bundle of wires would yield:

fzs-dl = oLy + ot ). (2.20)

Now, instead of considering multiple discrete wires, one could consider a continuous distribution of currents,
with a volume current density J (in A/ m?2). The enclosed current of this volume current density is I = f J -
da, where da is a surface integral element. This leads to

j{l’&dl:f woJ -da. (2.21)
Applying Stokes’ theorem leads to
ff(V x B)‘dazf toJ -da, (2.22)
which in turn yields
VxB=wJ. (2.23)

This equation is called Ampeére’s law in differential form. It can in fact be derived directly from the Biot-Savart
Law, and is therefore not limited to (bundles of) infinite straight wires, but is valid generally.
From the Biot-Savart law an expression for the divergence of the magnetic field can also easily be derived,
which turns out to be zero:
V-B=0. (2.24)

This is interesting: it implies that magnetic field lines can not appear or disappear, but that they must form
closed loops or extend to infinity. In other words, magnetic monopoles do not exist, and there is no such
thing as magnetic charge. Figure 2.6 illustrates this: breaking a magnet into two parts does notleave one with
a south and a north pole, but rather yields two magnets, each with a north and a south pole.
The fact that the magnetic field is divergence free implies that it can be described as the curl of a vector
potential A:
B=VxA. (2.25)

The justification for the vector potential is given in Appendix C. Note that the potential A is not unique, but
must be fixed by way of a gauge.

The expressions for the divergence and curl of the magnetic field B are together known as Maxwell’s equa-
tions for magnetostatics:

VxB=puyd, (2.26)
V-B=0. (2.27)
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5 c
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Figure 2.6: When a magnet is cut in half, the resulting pieces are smaller magnets, each with
a north and south pole. It is impossible to separate these poles: magnetic monopoles don't
exist. (Source: https://commons.wikimedia.org/wiki/File:Repeated-cutting-a-magnet.
svg, Creative Commons Attribution-Share Alike)

2.2.3. Electrodynamics
When the charges are moving instead of stationary, the equations need to be adapted. Michael Faraday found
that when the magnetic field changes, it induces an electric field. This is described by Faraday’s law:

oB
VxE=——. (2.28)
ot
Note that Faraday’s law agrees with the static equation for the curl of £ in case the magnetic field is static.

It is also necessary to adapt Ampere’s law (equation (2.23) in the case of non-steady currents. The diver-
gence of the left-hand side is always zero (since it is the divergence of a curl), but in the case of non-steady
currents, the divergence of the right-hand side is generally not zero. This problem was fixed by Maxwell, who
derived the following modification:

o€
VxB= [.toj +,LL()€()E. (2.29)
The equations for curl and divergence of the electric and magnetic fields, with modifications to account

for moving charges, are collectively known as Maxwell’s equations, and are stated for completeness once
more as a set:

1
V-&=—p, Gauss’s law, (2.30)

€0

oB
VxE= ~ 30 Faraday’s law, (2.31)
o€ N . , -

VxB=puJ + ,U0€05, Amperes law with Maxwell’s correction, (2.32)
V-B=0. (2.33)

Implicit in these equations is the continuity equation, which states that charge is conserved:

op
V- J= ar (2.34)
The continuity equation can be found by taking the divergence of Faraday’s law, and filling into this the time-
derivative of Gauss’s law.
These equations govern the effect of charges and moving charges on the fields they produce. The con-
verse, i.e. the force that a charge g, moving with velocity v, experiences due to an electric field £ and a
magnetic field BB, is given by Lorentz force law:

F=qg(E+vxB). (2.35)

An interesting result of the Lorentz force law is that magnetic forces never do any work on charges. Inves-
tigating the directions of the terms in the law show this. In other words, a magnetic force may change the
direction of a charge, but it will not cause it to accelerate. This is surprising, because when a magnet lifts up a
paperclip, something is clearly doing work, and it seems logical to assume it is the magnetic force. However,
there are other forces involved here, as will be shown later when discussing electromagnetic induction.
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2.2.4. Electric and magnetic fields in matter

When a non-conducting material (a dielectric) is placed in an electric field £, the material becomes polarized.
Neutral molecules will gain an induced electric dipole moment, and polar molecules will experience a torque.
In both cases, the effect is that the dipoles align with the external field. This polarization is given by the field
P, which is defined as the electric dipole moment per unit volume. This polarization itself also produces an
electric field. It turns out that the polarization causes bound charges p; = —V - P within the dielectric (as
well as surface charges o). Within the dielectric, the total charge density can be written as the sum of these
bound charges and all other charges, i.e. the free charge p. Filling this in in Gauss’s Law (2.30) yields

V-E=—(-V-Ppp). (2.36)
0

By introducing the electric displacement D := €€ + P, this can be rewritten as
V-D=p;. (2.37)

When a material is placed in a magnetic field, the spin and orbit of the electrons in the material are af-
fected. The electrons, which can be considered as magnetic dipoles due to their spin, experience torque, such
that they line up with the external magnetic field. This causes paramagnetism. In many materials, this effect
is neutralized by the electrons having opposing spin, so paramagnetism is most prevalent in atoms with an
odd number of electrons. The orbits of an atom experience a different effect: in the presence of an external
magnetic field, they are slowed down or sped up in such a way as to produce a new magnetic field which is
oriented antiparallel to the original field. This effect is called diamagnetism. It is a weaker form of magnetism
than paramagnetism, and as such occurs mainly in materials which do not experience much paramagnetism,
such as atoms with an even amount of electrons. The last type of magnetism is the type that most people are
familiar with, which is called ferromagnetism (since iron, in Latin ferrum, is the most well-known example
of a ferromagnet). Ferromagnetism is the mechanism which underlies permanent magnets, and it is more
complicated than paramagnetism or diamagnetism. Ferromagnetism will be discussed in the next section.

The mechanisms described above cause an object to become magnetized: the material contains many
magnetic dipoles which are aligned in the same direction. This magnetization is denoted by the vector field
M, which is the magnetic dipole moment per unit volume. It turns out that (in the static case) the magneti-
zation causes bound currents J}, = V x M, as well as surface currents K. By splitting the current density J
into the bound current J}, and the free current 7 (3 Ampere’s law (2.32) can be rewritten as

o€
VXBZ,U()(VXM+J]C)+[10€()E. (2.38)

This equation can be written in a more useful way by introducing the auxiliary field H, defined as

1
Hi=—B-M. (2.39)
Ho
With this, Ampere’s law becomes:
o€
\Y = +e€0—=. 2.40
xH=Jr+e€g T (2.40)

In the non-static case, when there are moving particles, the polarization current J, which is due to moving
charges must also be taken into account. The polarization current is given by

oP

=—. 2.41

Ty a1 2.41)

Splitting the current density into three parts, i.e. J = J), + Jr + Jp, and rewriting Ampere’s law yields

oP o€
\Y% = +—+€p——, 2.42
xH=Jy 3r T60%; (2.42)
which by definition of D is equivalent to:
oD

VxH=Tr+—. (2.43)

ot
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The time-derivative of D is also known as the displacement current.
This completes the derivation of Maxwell’s equations in matter. The complete set of equations is:

V- D=p f Gauss’s law, (2.44)
oB
VxE= ~ 3 Faraday’s law, (2.45)
0D N . .
VxH=Jf+ T Ampéres law with Maxwell’s correction, (2.46)
V-B=0. (2.47)

2.2.5. Constitutive relationships
These equations were derived without concern for how the polarization and the magnetization of the material
was created. To describe this, constitutive relationships are necessary. To relate the electric displacement field
to the electric field, it is assumed that the material is such that the polarization is proportional to the electric
field:

P =coyek. (2.48)

Here y. is a (dimensionless) property of the material called the electric susceptibility. For such a linear mate-
rial, the displacement field is therefore related to the electric field by the following constitutive relationship:

D=eo(1+ .)€ =:€€. (2.49)

The material parameter € := €y (1 + ¥,) is called the permittivity of the material. It has units Fm~'. Sometimes
amaterial is instead described using the dimensionless relative permittivity €, which is defined as €, := 1+ x,.

Now consider the relationship between the magnetic field and the magnetization of the material. For
most paramagnetic and diamagnetic materials, the magnetization is linearly dependent on the magnetic
field. For these linear materials, the dimensionless parameter ¥, is called the magnetic susceptibility, and it
is defined in relation to ‘H instead of B:

For linear materials, the magnetic field B is also proportional to the field H by definition:
B= /,to(l +)(m)7't = /,t% (2.51)

The parameter u:= pio(1 + ¥ ) is called the permeability of the material. It has units Hm™!.
For linear materials, the following set of constitutive relationships has been derived:

D=¢€, (2.52)
1

H=-B. (2.53)
U

Another class of magnets must also be mentioned, which display an interesting property called hysteresis.
This type of magnetism is called ferromagnetism, and is the magnetism that most people refer to when they
speak of magnets. Permanent magnets are ferromagnetic: they have magnetic memory, so to speak, and
remain magnetized even after the external magnetic field is removed. The material is composed of many
magnetic domains, within which the individual dipoles are aligned. When the material is exposed to an
external magnetic field, the domain boundaries shift, causing the domains which align with the external field
to grow, and the other domains to shrink. This process is not neatly reversible; when the magnetic field is
removed, some domains will revert to an earlier state, but many will not, and thus the magnetization of the
object has been changed. By exposing a ferromagnetic object to a very strong field, the object can become
saturated, which means that it consist of one magnetic domain which covers the entire object.

This process of changing magnetization due to an external field is called hysteresis. It can be visualized by
plotting the magnetization of the object against the internal magnetic field, as is done in Figure 2.7. The in-
ternal field is due to an external forcing field, which is varied. Start at point 0, the object has no magnetization
and no internal magnetic field. Increasing the applied field strength causes the object to become magnetized,
until it reaches saturation at point 1. When the applied field is decreased, the magnetic moment of the object
decreases as well. However, at point 2, when there is no internal field, the object now does have a magnetic
moment! It has retained some ‘memory’ of the magnetization. Subsequently, as a negative field is applied,
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the magnetization decreases, until at point 3 the magnetization is zero once again. Following this, saturation
is achieved at point 4, and upon increasing the field strength further one find that at point 5 the object has
yet another magnetization while there is once again no applied field. Thus for a given field strength, multiple
different magnetizations can be seen, depending on how the system arrived at that field strength.

M

4

Figure 2.7: A sketch of a hysteresis loop. The applied background field # slowly varies,
causing the magnetisation M of a ferromagnetic object to change as well. Note that multi-
ple magnetisations are possible for a given applied field: the magnetisation depends on how
the state was reached. (Source: Adapted from https://commons.wikimedia.org/wiki/File:
Hysteresis-from-unmagnetised-state.svg, Creative Commons Attribute-Share Alike.)

Ferromagnetism introduces much additional complexity. It is the subject of much research, and several
different models exist to describe it. In addition, magnetic objects need not be homogeneous (consisting
of the same material or material parameters everywhere), nor need they be isotropic (containing identical
direction-dependent properties everywhere). For the purpose of this project the objects under consideration
will be linear, homogeneous, and isotropic materials, and therefore hysteresis and all the complicated factors
stemming from it will be neglected.

2.2.6. Electromagnetic induction and eddy currents

Earlier, it was stated that Faraday found that a changing magnetic field induces an electric field. This is worth
examining in detail, since it underlies the appearance of eddy currents. Begin by considering an electrical
current, which by definition consists of moving charges. Some force must cause these charges to move. Gen-
erally, the current density J is proportional to this force F. In the case of electromagnetics, the force can be
calculated using the Lorentz force law, Equation (2.35). One thus finds that the current density is given by

J=0f=0E+vxB), (2.54)

where o is the conductivity of the medium, and f is the force per unit charge. Good conductors, such as
metals, have very high conductivity, whereas insulators have a very low conductivity. Note that in many
cases, the velocity of the charges is very small, and therefore the second term in the equation is negligible,
leading to the more familiar version of Ohm’s law:

J =0€&. (2.55)

For a simple electric circuit, such as a light powered by a battery, one finds that the current is the same
everywhere in the circuit. This is surprising, since the current is only driven by the battery. Therefore, it could
be expected that there is current only in the battery, and not in the rest of the circuit. The reason this is not
the case is because the electric field of the charges helps the current flow: if charge would pile up somewhere,
then this would cause an electric field at that point, which would ‘push away’ incoming charges, and ‘pull
back’ outgoing charges, until the situation has evened itself out. This mechanism is self-regulating and works
fast enough that the current can indeed be assumed to be the same everywhere. Thus one finds that there are
really two components to the force which causes the particles to flow: the source f;, caused by a battery (for
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example), and the electrostatic force £, which ensures that the current is the same everywhere:
f=f+E. (2.56)

The effect of this is called the electromotive force (emf) of the circuit, denoted by &, and it can be calculated
by taking a line integral of f along the circuit:

&= f f-di. (2.57)

In electrostatics, one has that § £ - dI = 0, and therefore one finds after splitting the components of f that the
emfis caused solely by f:

&= j( £,-dl. (2.58)
a C
«— X —> h ‘L»v
b d

B
®

Figure 2.8: A sketch of arigid rectangular circuit being pulled with a velocity v through a homogeneous
magnetic field B (which points into the page), indicated by the shaded region. By electromagnetic
induction, a current will be driven, causing the light-bulb R to light up.

Now consider a different situation: a rigid rectangular circuit, with a light-bulb R at the center of one of
the short sides, is pulled sideways through a uniform magnetic field B. This is sketched in figure 2.8: the
shaded region represents the magnetic field, which points into the page, and the vector v shows the direction
in which the circuit is pulled.

When the loop moves through the magnetic field, the charges in the segment ab experience a magnetic
force. By the right-hand rule and Lorentz force law, one finds that the direction of this force is upward, and
hence it causes a current to flow in the loop. The vertical component of this magnetic force is given by Finag =
qvB, and thus the emfis

&= jf Finag-dl=vBh. (2.59)

Note that there is no contribution from charges in the other segments of the loop within the shaded region,
since the force on the particles is perpendicular to the wire on those segments, and hence does not drive
current. It is also important to note that the magnetic force does not do any work, despite causing the emf.
The work is in fact done by the force pulling the loop. It can be calculated that the work done per unit charge
is exactly the emf.

There is another way to express the emf in this scenario. Consider @, the flux of B through the loop:

o= f B-da. (2.60)

In the situation under consideration, the flux is ® = xBh. Because the loop is being pulled to the right, the
area of the loop in the shaded region decreases, and thus the flux decreases as well. The rate of change of the
flux is:

_:Bh_t =—-vBh. (2.61)

Note that this is exactly the negative emf. This nice result can in fact be applied to loops of any shape, which
need not be fixed, moving through inhomogeneous magnetic fields, in any direction. It is called the flux rule

for motional emf:
P (2.62)
Codr’ '
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Note that it is necessary to be consistent in defining signs in these equation. In Equation (2.57), which direc-
tion should the loop integral be, and in Equation 2.60, which direction should the surface be taken to be? To
determine this, make use of the right-hand rule: when the fingers of the right hand point around the positive
direction of the loop, then the thumb points in the normal direction of the surface through which the flux is
calculated. An easier way to determine the direction of the current is through Lenz’s law: the direction of the
current is such that the flux it produces opposes the change in flux it experiences. Or, as stated succinctly by
Griffiths [14]: “Nature abhors a change in flux.”

The above example shows a simple situation in which a magnetic field causes a current to flow. However,
electromagnetic induction is not restricted to situations in which the loop moves through a field. Faraday
showed this by performing three experiments, which can be described in very simple terms as:

* Moving a loop of wire through a magnetic field, as in the situation sketched earlier.
* Moving a magnet past a loop, while keeping the loop stationary.

¢ Placing a loop in a magnetic field, and keeping both stationary, while changing the strength of the
magnetic field.

In all three situations, a current flowed through the loop. The first experiment is of course the exact experi-
ment described above, and the flow of current is expected. The second experiment is not surprising either,
since it is the relative movement which matters (although of course Faraday did not know anything about
relativity quite yet). The result of the third experiment, however, is unexpected: there is no relative motion,
and particles at rest do not experience a magnetic force, so the force causing the emf cannot be magnetic. If
it is not a magnetic force, then it must be an electric force. Thus Faraday postulated that a changing mag-
netic field induces an electric field, and that the flux rule (Equation (2.62)) is valid whenever the magnetic
flux through a loop changes, regardless of what causes the change in flux.
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Figure 2.9: Left: a diagram of the working principle of a Faraday disk. The rotation of the disk through
the uniform background field causes current to flow, leading to a potential difference U. (Source:
https://commons.wikimedia.org/wiki/File:Faraday_disc.svg, Creative Commons Attribu-
tion Share-Alike). Middle: a sketch of a Faraday generator. A hand-cranked metal disk spins through
the field generated by a permanent magnet, causing current to flow in the wires. (Source: [39],
Creative Commons Public Domain, image from https://commons.wikimedia.org/wiki/File:
Faraday_disc_machine.png). Right: a Faraday Generator. Note that this was not a very efficient
generator, since counter-currents would flow in the part of the disk outside the magnet. (Source:
National Museum of Nature and Science, Tokyo. Creative Commons Public Domain, photograph
from https://commons.wikimedia.org/wiki/File:Faraday_disk_-_National_Museum_of_
Nature_and_Science, _Tokyo_-_DSC07366.JPG).

Electromagnetic induction is not restricted to simple wire currents. See for example the Faraday disk,
shown in Figure 2.9. This consists of a rotating metal disk in a uniform background field B. It is connected to
aresistor R by a sliding contact on the rim of the disk and the vertical axle through the center of the disk. As
the disk spins, an electrical current is induced in the disk. Calculating the emf using the flux law is difficult,
since the path the current flows along is not well-defined. In fact, the current spreads out over the whole disk.

Eddy currents are loops of current induced in a conducting object due to a varying magnetic field. The
same forces are at work as in the examples above, however the currents are now restricted to the object it-
self. The name ‘eddy’ derives from the fact that these currents are generally circular or vortex-like. The eddy
currents experience resistance in the object, and therefore cause the temperature of the material to increase
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Figure 2.10: Left: Waltenhofen’s pendulum. A conducting plate swinging in a magnetic field will ex-
perience a braking force due to the eddy currents generated in the plate. The direction of the currents
is such that they cause a magnetic field which opposes the change in magnetic flux. (Source: https:
//commons .wikimedia.org/wiki/File:Waltenhofen¥27s-pendulum.svg, Creative Commons
Attribution Share-Alike). Right: When slots are introduced in the plate, it swings freely, since
the eddy currents are greatly reduced. (Source: https://commons.wikimedia.org/wiki/File:
Waltenhofen’27s-pendulum-bobs.svg, Creative Commons Attribution Share-Alike).

through Joule heating. In addition, the currents generate their own magnetic field. Eddy currents were first
demonstrated by French physicist Leon Foucault, some twenty years after Faraday invented his generator,
using a very similar set-up. Foucault placed a hand-cranked metal disk in the field generated by an electro-
magnet. He varied the strength of the magnetic field, and measured the torque necessary to turn the disk, as
well as its temperature. Due to the resistive heating of the eddy currents, the temperature increases, and due
to the magnetic field, the torque necessary to crank the disk increased as well.

A familiar experiment which shows the existence and effect of eddy currents, is that of Waltenhofen’s
pendulum, shown in Figure 2.10. A conducting metal plate is affixed to a pivot, and allowed to swing between
the poles of a permanent magnet. The changing magnetic field experienced by the plate causes eddy currents
to appear in the plate. Due to the eddy currents, the motion is damped, and the plate effectively experiences
a braking force. When slots are cut into the plate, as shown in the second sketch, the plate swings freely,
since the eddy currents are reduced. If a non-conducting material would be used, the plate would also not
experience any braking force.

Eddy currents are notoriously difficult to calculate. They find many diverse applications. One common
example is induction heating, which is found in many households today. The eddy currents produce Joule
heating, which raises the temperature of the pan or skillet. Induction heating is also used for industrial pur-
poses. Similarly, eddy currents are used for industrial metal melting. In this case, the fluid flow or metal
deformation causes additional complexity. Another application is non-destructive testing of metals. A large
metal object can be locally checked for flaws and defects by inducing eddy currents in the object, which will
change when passing over a flaw. Of course, eddy currents also appear naturally, as a side-effect of other
processes. The case at hand for this project is an example of this: the eddy currents are generated due to the
periodic rolling motion of the vessel in the Earth magnetic field. Our goal is not to make use of this process,
but to better understand it and to be able to model it, and so hopefully eliminate its effects.
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The eddy current problem and its
analytical solution for a sphere

3.1. Mathematical modelling of eddy currents

Eddy current problems are a subset of electromagnetic problems which are concerned with any process in
which a varying magnetic field generates eddy currents in electrically conducting objects. The existence of
these eddy currents was shown in the previous chapter. We are now interested in describing our eddy current
problem and determining how it can be solved or approximated. This chapter will give an overview of the
eddy current problem, and the assumptions and simplifications used to reach it. With this, an analytical
solution for a simple geometry - the sphere - will be given and investigated. This analytical solution will then
serve as validation for the numerical methods necessary for more complicated geometries.

3.1.1. Quasistatic approximation
The Maxwell equations in vacuum, as derived in Chapter 2, are:

1
V-&=—p, Gauss’s law, (3.1)
€0
oB
VxE= ~ 30 Faraday’s law, (3.2)
o€ R . ) :
VxB=puJ + ,uoeoa, Amperes law with Maxwell’s correction, (3.3)
V-B=0. (3.4)
along with the continuity equation
0
v.g=-2° (3.5)
ot

The Maxwell equations in matter were also derived:

V-D= Pf Gauss’s law, (3.6)
0
VxE= —6—?, Faraday’s law, 3.7
oD N . , .
VxH=JT, T+ TR Amperes law with Maxwell’s correction, (3.8)
V-B=0. (3.9

The Maxwell equations show the coupling between time-dependent electric and magnetic fields. A varying
magnetic field causes an electric field through electromagnetic induction, and similarly a varying electric field
causes a magnetic field. In some cases, the fields change slowly enough that one of the time-derivatives in the
Maxwell equations can be neglected. This is called the quasistatic limit. When the source is a slowly varying
charge density, the 018/0¢ term is dropped, leading to the quasi-electrostatic approximation. Conversely,
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22 The eddy current problem and its analytical solution

when the source is a slowly-varying current density, the displacement currents dD/0t are dropped, leading
to the quasi-magnetostatic approximation. This is the situation at hand for eddy current problems. Below, a
justification for the quasi-magnetostatic approach is given. It is adapted from [47, p.455-486].

Begin by considering a “slowly time-varying charge” in vacuum. To determine what constitutes a “slow”
variation, an order-of-magnitude analysis is performed. The characteristic length of the system is given by [,
and the characteristic time for a change in magnitude of the charge is given by T. In the case of a periodic
source, with frequency w, thisleads to T ~ 1/w. With this, the dimensional estimates of the derivatives V ~ 1/1
and 4/0t ~ 1/ T ~ w can be made. Applying this to the continuity equation, and rearranging, one finds:

i~wlp, (3.10)

where j is the magnitude of the current and p the magnitude of the charge. Note that the magnitude of the
current density is proportional to j:

T~ . (3.11)

Using Helmholtz’s theorem (Appendix B), the electric field £ can be decomposed into an irrotational part £
(satisfying Gauss’s law) and a solenoidal part £ (satisfying Faraday’s law). An order-of-magnitude estimate
for these fields yields:

l

go~L 3.12)
€o

Er ~wBl. (3.13)

By some algebra using the above results (detailed in [47, p.467]), one finds that

& @ (3.14)
5(; c? ’ ’

where c is the speed of light, which is related to the permittivity and permeability of free space by the relation
¢ = 1//lg€p. This implies that if w is small, then the solenoidal part of the electric field is negligible, which
means that the term 613/9¢ can be dropped from Faraday’s law. Thus the following condition on w or [ for a

slowly-varying charge distribution is found:
2

, C
0w Tz (3.15)

This same analysis can be performed in matter instead of in vacuum: by the same process, but replacing the
vacuum permittivity g and permeability o by the material properties € and p, the condition becomes

0« —— (3.16)
12ue’ '

Now consider a slowly time-varying current in vacuum. A similar approach will be used to determine the
condition for “slow” in this case. Begin by temporarily neglecting the displacement current € /9t in Ampere’s
law, and let B4 denote the resultant magnetic field. This leads to the following order-of-magnitude estimate:

B~ uojl. (3.17)

Note that this time-varying magnetic field induces an electric field by Faraday’s law. This electric field, de-
noted by £, can be estimated to be:
Ep~lwB s ~ powl?]. (3.18)

The displacement current density Jp corresponding to this field can similarly be estimated to be:
jD ~eow€p~€0u0w212j. (3.19)

Rearranging this, and using 7 ~ j and ¢ = 1/,/Hig€, one finds the following ratio between the displacement
current density and the charge current density:
\7D (1)2 12

2 (3.20)
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This yields the same condition as was found for the electrostatic case above. The displacement current is

negligible when
2

5  C
W << 1_2 (3.21)

Note that, as before, one can also derive the condition for fields in matter, i.e. Equation (3.16).

An important part of quasistatic behaviour in metals is the concept of charge relaxation. Simply put: in a
good conductor, charge will disappear from the interior of the object, and will only appear as surface charge.
To see this, consider a conductor satisfying Ohm’s law:

J =0€. (3.22)

Combining this with the continuity equation V- J = —0p /0t and Gauss’s law €V - £ = p yields a partial
differential equation for the charge density:
0 pr o

P, o 3.23
ot epf ( )

Assuming that the conductivity o is constant, this equation is solved by:

—tITEg
y

pr(r,t)=pys(r,0)e where 7 :=¢€/0. (3.24)

Thus it is found that charge disappears on a timescale 7. If the material has a high conductivity, this will
occur very quickly. If the material has a very low conductivity, on the other hand, charge relaxation may be
slow enough to permit a quasi-electrostatic. Effectively, this means that w > 1/7 is necessary for the quasi-
electrostatic regime.

More interesting is the case of good conductors, since this leads to the quasi-magnetostatic approxima-
tion, which is what will be necessary for the eddy current problem. Strictly speaking, the solution given above
(Equation (3.24)) is not valid when the conductivity is very large (see [47, p. 634] for a complete analysis).
However, charge still disappears from the interior fast enough for the Coulomb effects to be non-discernable.
Hence it may be assumed that there is no charge in the interior, so p¢(r, t) = 0, and therefore by the continu-
ity equation also V- J = 0. By an order-of-magnitude analysis ([47, p. 475]), one finds that the displacement
currents can be neglected when

pew?l’ <1  and wrp<l. (3.25)

Quasi-magnetostatics can be applied to cases where electromagnetic induction is negligible, as well as to
cases where it dominates. This stands in contrast with quasi-electrostatics, which has a more limited range
of use.

For a rigorous justification of the eddy current problem and its neglection of displacement currents, see
[9].

3.1.2. Time-harmonic problems: time-harmonic domain and frequency domain

For problems in which the sources are time-harmonic with a frequency w = 27 f, one expects the resulting
fields to be time-harmonic as well. Therefore, it makes sense to consider the problem in the frequency do-
main instead of in the time domain. The simple way to do this is to assume a phasor convention with an
angular frequency w. With this, a field in the time-domain is rewritten using a Fourier transformation. For
example, for the electric field £:

E(r,t)=Re (E(r)ej‘”t) . (3.26)

Here, the phasor E is a complex vector. In the phasor domain, a time-derivative becomes a multiplication by
jw:
0&(r, 1)
ot
With this, the Maxwell equations in matter can be rewritten in their time-harmonic form. For example, ap-
plying the phasor convention to Faraday’s law yields

=Re ( wa(r)ef””) . (3.27)

Re (v x E(r)ef‘“”] = Re (— ijef“”] , (3.28)

which is valid for all ¢ if
VxE=-jwB. (3.29)
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By a similar process, the other Maxwell equations are transformed, leading to the time-harmonic Maxwell
equations:

V-D=py, Gauss’s law, (3.30)
VxE=-jwB, Faraday’s law, (3.31)
VxH=]s+ joD, Amperes law with Maxwell’s correction, (3.32)

V-B=0. (3.33)

Note that g represents the complex phasor, while p represented the time domain charge. For the other
fields, the regular bold-faced font E, D, B, H, J represents the phasor domain, whereas the calligraphic bold-
faced font represented the time domain fields £, D, B, H, J . Note that the opposite phasor convention (with
exp (—jwt)) is sometimes chosen. This leads to different Maxwell equations, since the sign of the derivative
is flipped, but the solutions in the time domain will of course still be the same.

In principle, this is enough to work with. In problems in which a single frequency describes the system,
such as problems involving an alternating current, the phasor convention suffices. However, it should be
noted that a more rigorous approach is to consider the entire frequency domain, making use of the Fourier
transform.

3.2. Analytical solution to the eddy current problem

For some simple geometries, the eddy current equations can be solved analytically. Such an analytical solu-
tion can be used to validate the numerical implementation. Phan et al. compare their BEM implementation
against the analytical solution found in [23]. A complete derivation of the induced eddy currents due to a
time-varying magnetic field for several simple geometries is given in [26]. The derivation for the eddy cur-
rent problem in a sphere follows the derivation given in the appendix of [35]. However, it is given only for
conductive objects, and not for magnetic objects, which is the situation at hand. For magnetic objects, the
interface and boundary conditions need to be adapted somewhat. A full derivation for a three-dimensional
magnetic sphere will be given below, following the same structure as is found in [26], but taking into account
a magnetic object.

3.2.1. Derivation of analytical solution for a sphere

Consider a sphere Q;, with radius rg. The sphere has uniform conductivity o and permeability p. It is lo-
cated in a free air region Qg, for which the permeability is pyp and the conductivity is zero. The materials are
governed by the constitutive relationships B = pH and Ohm’s law, J = o E. Maxwell’s equations, in frequency
space and for the quasi-static approach in which displacement currents are ignored, are valid:

(3.34)

VxE=-jwB
VxB=uoE.

Since the material parameters are different for the two regions, the problem can not be solved directly. In-
stead, the problem will be reformulated with a vector potential A for each of the regions. A general solution
for each of the regions will be determined, which subsequently will be made unique by way of the interface
conditions.

By Gauss’ law, V- B = 0, so the magnetic flux density can be expressed as the curl of a vector potential A:

Appendix C gives a proof for the existence of the vector potential for rotation-free fields, as well as the scalar
potential which will be used shortly. Filling this into Faraday’s law, one finds:

Vx(E+jwA) =0, (3.36)
which motivates the introduction of a scalar potential ¢:
E+ jwA=-V¢. (3.37)
Filling this, and the expression for B in terms of the potential, into Ampere’s law yields:

VxVxA=puo(-joA-Vo). (3.38)
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Making use of a vector identity then yields,

V(V-A)-V?A=puo(-jwA-Ve), (3.39)
and after rewriting a Helmholtz equation for A emerges:

VZA- joucA=V(V-A+ o). (3.40)

Note that A is not yet uniquely specified. To do this, an appropriate gauge is chosen, i.e. a restriction on the
divergence. By choosing V-A = —uo ¢, the right-hand side of the equation becomes zero. The left-hand side is
rewritten using the wavenumber k? = — jwuo. Thus the following vector Helmholtz equation is finally found:

VZA+Kk?A=0, Kk =-jouo. (3.41)

With this equation, the source term is not explicitly found as forcing in the right-hand side. It will have to
be incorporated using boundary conditions. Some special attention is needed for the wavenumber. Simply
taking the square root yields two possible wavenumbers, which we temporarily denote by k; and k»:

klz(l—j)‘/wzﬂ, or kgz—(l—j),/%. (3.42)

To determine which of these wavenumbers should be used, we consider the physics of the problem. Upon
investigating the options, it becomes clear that one of the wavenumbers yields nonphysical results. Consider
the fundamental solution of the vector Helmholtz equation. As is shown in Appendix D, this is

1 T
Glr,r) = ar|r—r'| e R
Were we to choose ki, then this would yield

1 W,
G(r,r') = ———eUrhvwralzir=ri, (3.44)
4n|r —r'|

This exponential blows up as |r — r'| increases. Physically, however, the Green’s function is expected to decay.
Based upon this, it seems that one should not use k;. This is confirmed by also considering the Green’s
function, using k1, transformed to the the time domain using the phasor convention in Equation (3.26):

G(r,n)= Re(—1 e“+f>\/wﬂ“’2"—"‘+fwf) (3.45)
Arw|r —r'|
1 '
= me\/wwlzqu‘cos(a}t+ \/a),ucr/ZIr—r/I) (3.46)
alr—r

The exponential term eV®Ho/2Ir=r'l term once again blows up instead of decaying as would physically be
expected. The cosine term cos (a)t ++vowua2lr—r' I) also shows nonphysical behaviour: the wave propa-
gates towards the source, instead of away from it. This can be seen by keeping the phase constant. If we let
wt+\/wuo/2|r —r'| = C for some constant C, then as t increases we find that |r — r’| must decrease for the
phase to remain constant. However, on grounds of the physics, one would expect the wave to propagate out-
wards. Choosing k; instead of k; solves these issues: the result is an exponentially decaying function, which
propagates away from the source. Thus we choose
wpo

k:—(l—]) T (347)

)% = (s‘1 ‘kgms™2A™2.m™3 kg‘ls3A2)0‘5 =m~!. This makes
sense, since the wavenumber is proportional to the reciprocal of the wavelength.

We are now ready to solve the vector Helmholtz equation. Let the source field be a time-varying field in
the z-direction, i.e. Bs = Byz, at a frequency w. This field excites the magnetic and conducting sphere. For
the following derivation, it will prove useful to consider the potential in terms of the spherical coordinates.
A point in space is represented in spherical coordinates as (7,6, ¢). Here r is the radial distance, 0 the polar
angle, and ¢ is the azimuthal angle, as shown in Figure 3.1. The vector identities for spherical coordinates are

The wavenumber k has units [k] = ([w] [ullo]
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Figure 3.1: Spherical coordinate system (r,6,¢) as used in physics (ISO 80000-2:2019 convention).
Image from Wikimedia Commons (Public Domain)

given in Appendix A. The magnetic vector potential corresponding to this source field, expressed in spherical
coordinates, is:

1
As(1,0,¢9) = EBorsinH(i). (3.48)

This can be verified by checking V x Ay, in spherical coordinates:

Vi gﬂAwgn@_i@ﬂA+;ti5%%:_§4ﬁuga+_(§ﬂn%@_i$r@ .49
- rsilng (% (%Borsinzél )f+ % (—% (%Borzsine))é (3.50)
= BycosO# — By sin6@ (3.51)
= Bycos0 (sinf cos i + sinfsingj + cos0z) — Bysinf (cosf cos px + cosOsingy —sinhz), (3.52)
=By (cos2 0 +sin® (9) z, (3.53)
=Bypz = B;. (3.54)

As expected, one finds Bs = V x A;. Since A only has a ¢p-component, one finds that A is only excited in
the azimuthal direction, and thus that A, = Ag = 0. This greatly simplifies the vector Helmholtz equation
(equation (3.41)). Since A, = Ay = 0, the vector Laplacian VA will also only have a ¢-component. Making
use of @-component of the expression in Equation (A.19) and simplifying yields:

Ay
20

VA, -
? r2gin

+k*Ap=0. (3.55)

Making use of the expression for the Laplacian in spherical coordinates (Equation (A.18)), this yields the
following partial differential equation for A:

10

10 [ ,04
r2 or

or

2
1 %A, Ay

2, _
r2sin20 0¢®  r2sin2@ Tk Ay =0. (3:56)

. 1 0 g 04,
r2sinf 00

Another useful result of the expression for the excitation field vector potential (Equation (3.48)) is that it re-
veals that the excitation field is not dependant on ¢, and thus by symmetry one has that the ¢-derivative is
zero. Hence the final partial differential equation for A,(r,0) is:

10

r2 or

204y
or

Ay
r2sinZ0

+k*A, =0. (3.57)

+rzsin9@ Sme% a

1 a( 04,
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This differential equation can be solved using conventional methods such as separation of variables, as is
outlined in [2], section 9.4. Assuming that A, is separable, A, (r,0) = R(r)©(0), yields:

00 RO

® 0 [ ,0R R 4. 2
- _ —_ 0—|-———+k°RO=0, 3.58
r2 or (r or ) " Zsin6 00 (sm 00 | r2sin?6 (3:59)
and, dividing by RO, multiplying by r? and rearranging, one finds
10| ,0R 2 9 1 0. 00 1
— =+ k== — 0— |+ . 3.59
Ror\" ar ) e osin6 00 > 30 sin®6 (359

The left-hand side consists only of functions depending on r, whereas the right-hand side consists only of
functions depending on 6. Since these are independent variables, both sides can be equated to a constant A:

12( 20R

ot 2.2 _
Ror rar)+k A

(3.60)
1 a( le) 1

4+ —=
sin®0

Sin 20

 ©sinf 40

This can be rewritten, yielding two ordinary differential equations:

1 d(,dR\ ,. AR
Sl i O - Mgy
rzdr(r dr)Jr r2

1 d doe (€] ’
— S lsingS2 |- ——+10=0
Sin® do (sm dH) sin?0

(3.61)

First, consider the ® equation. The equation is rewritten to:

@ cosf dO €]

—_—————+ 10 =0. 3.62
402 T sin0 A0 sinZg (362

This can be solved by changing the independent variable from 6 to ¢ = cosf, which yields an equation for
P(cos0) = P(t) instead of ©(0):
&P coshdP p

+ —_— o —
df2  sinf dO sin%6
The derivatives can be rewritten using the product rule:

+AP=0. (3.63)

dpP dpPdr ——sianP (3.64)
do  drdo dr’ '
and
¢ p —i(—sined—P) (3.65)
doz  do de '
dp &P
=- 60— —sinf—— 3.66
R T P17 (3.60)
dap ., &P
= —cosﬁa +sin GF. (3.67)
Filling this in in the equation for P(t) yields:
&p dp P
) _
sin QF—ZCOSQE— 2o +AP=0. (3.68)
Replacing cos@ = t, and sin?f = 1 — ¢? finally leads to the associated Legendre equation:
(1—t2)d2P—2th— P oap=o (3.69)
de? dt  1-¢2 o '
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The associated Legendre equation is discussed in detail in chapter 15 of [2]. The general form of the associ-
ated Legendre equation is:
(1- rz)@ P m
de? dr 1-1¢2
Solving this equation, one finds that A = I(/ + 1), with [ an integer and [ = m, is a condition for nonsingular
solutions in the range —1 < ¢ < 1 (corresponding to the range 0 < 8 < 7). The regular solutions found in this
way are called the associated Legendre functions (of the first kind), denoted by P;". In the case athand, m = 1.
Thus one finds that © is some linear combination of associated Legendre functions Pl1 (cosO), with I =1, and
the separation constant A is found to be of the form A = [(I + 1). Note that if one relaxes the requirement for
non-singular solutions, one finds a second set of solutions, called the associated Legendre functions of the
second kind, denoted by le' However, in the case at hand, regular solutions are required, and as such the
associated Legendre functions of the second kind can be disregarded.
Having found a solution for the ® equation, one can now continue with the R equation. The solution to ®
determines the parameter A = [(I + 1), with integer coefficient / = 1. Thus the ordinary differential equation
to be solved is:

P+AP=0. (3.70)

1 d{(,dR 5 I(I+DR
—— —|+k"R———— =0, 3.71
rzdr (r dr) r? B.71)
or, rewriting the derivatives and multiplying by r2:
&R _ dR
rP— +2r— +k*r*R-1(I+ 1R =0. (3.72)
dr? dr

There are two situations at hand: outside the sphere, where o = 0, one has k? = 0, and the equation reduces
to the Laplace equation, whereas inside the sphere one has k? = — jouo. The first case is easier to solve: by
the method of Frobenius, one finds that r® is a complete solution. Substituting R = r® in the equation with
k? = 0 yields:

ss=Dri+2sr'=1(I+1r’°=0. (3.73)
This equation has two solutions: s = [ and s = —/ — 1. Thus outside the sphere, the R solution for a given [ is

found to be
R(r)= Arl + Br 171, (3.74)

with A and B coefficients to be determined.
Now consider the case inside the sphere (r < rg), with k? = — jouo. The equation is very similar to a Bessel
equation, which in its general form is given by:

&y dy
2 2_ 2. _
xdx2+xdx+(x —a)y—O. (3.75)

The difference between the equation at hand (Equation (3.72)) and the Bessel equation can be resolved by
rewriting R(r) as:

(3.76)

and changing the independent variable to x = kr. Note that, using the chain rule,

(AR dRdx AR dR (3.77)
dr  dxdr dx Tdx’ '

and similarly,

,#R &R 3.78)
— =X —. .
dr? dx?
Filling this in in Equation (3.72) yields
, &R drR ,
X*—+2x—+x°R-I1(I+1)R=0. (3.79)
dx? dx
The derivatives can be written in terms of Z:
drR d(Zx)/Vx dz 1
b ( (%) \/_) — _x71/2 _ _Zx73/2’ (3.80)
dx dx dx 2
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and £ £
R Z 2 92 3 3., sp2
— = -— +-Z . 3.81
dx? ez dx i 5.81)
Rewriting the derivatives and simplifying yields a Bessel equation for Z:
2d22+de+ x? l+1)2 Z=0 (3.82)
dx? d 2 - '

This is solved by the Bessel functions of half-integer order. With an appropriate scaling factor, the solutions
are known as spherical Bessel functions of the first and second kind, denoted by j; and y; respectively. A
complete overview of these functions is given in [1, p. 436-456]. For our purposes, only the first two spherical
Bessel functions of the first kind will be necessary. These are:

. sinx

Jo(x) = P (3.83)
. sinx cosx

J1(x) = = T (3.84)

Note the identity j; (x) = jo(x) — % Jj1(x), which will be used to simplify the resultant expression later.
With this, the general solution to Equation (3.57) is found to be:

e Cy1j1(kr) + Coy(kr), (r <
Ap(10) = Y. Pl cos).{ CHIIED+ Couvitln), - (r=To)
=1 ’

1=

, 3.85
(r>ro) ( )

Car!+Cyyr
where C;; are constants, which can be determined from the boundary and interface conditions. The first
condition is that the solution must be finite at r = 0. Since the spherical Bessel function of the second kind is
undefined at r = 0, its coefficient must be C, ; = 0. The second boundary condition is that the limit as r — oo
must converge to the source field, i.e.

1
lim Ay (r,0) = ~Byrsing. (3.86)
r—o00 2

Noting the identity Pl1 (cos®) = sin, this condition implies that [ = 1, and that C;; =1 and C;; = %Bo. The
simplified result is

Cij1(kr), (r=rp)

Ay (r,0) =sinf - )
¢ $Bor+Cyr™2, (r>ro)

(3.87)
where the coefficients C; and C, are still to be determined. To determine these, the interface conditions at
r = ro are used. The first interface condition is that the A field must be continuous at the interface. This is
derived! in [14, p- 249], and more rigorously in [43]. The resultant interface condition is:

1
Cy jr(krg) = 5 Boro + Cyrg?. (3.88)

The other condition on the interface is that the tangential component of the H-field must be continuous.
Noting that H= (1/u)B = (1/1)V x A, this leads to the following equation:

1
i+ x (—VXA (3.89)

Ho

. 1
=fFx|—-VxA
+ u -

r=ry r=ry

Here, ry and r;; denote the limit approaching ry from the outside and inside respectively. Using the formula’s
for the curl in spherical coordinates and applying the cross product, one finds that the following condition
must hold:

d(rA
! (—l (rAy) (3.90)

,u_orar

_1 _la(rA(p)
Tul oroor B

— —
r=ry r=ry

INote that the proof for this seems to necessitate a Lorenz gauge, or to subtly imply that ¢ = 0 everywhere, thereby reducing the gauge
to a Lorenz gauge. This goes unnoted in the derivation in [26], but ¢ = 0 will appear in the final analytical solution. However, [43] does
show that continuity is also valid for the Lorenz gauge. In any case, continuity of the A potential is used in [26], and in eddy current
BEM formulations such as [41], and as such will be used here as well.
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Calculating the derivatives yields:

-1 1
—sine(r(—Bo—zc4r‘3
Hor 2

1 -1
+5Bor+ C4r_2) = sin@ (rkC, jy (kr) + Cy j1(kr)) . (3.91)

—rt r=ry
r=r, 0

Filling in r = ry and simplifying yields the second condition:
Hr (Boro - C4T0_2) = Cy (krojy (kro) + ji1 (ko))
= C1 (ko jo(kro) = j1(kro)), (3.92)
where we have made use of the identity for j] (x) mentioned earlier, and where y, = p/ 1, the relative perme-

ability.
Equations (3.88) and (3.92) form a linear system,

) 1 -2
Cljl(kr()) = EB()TO +C4T0

(3.93)
tr (Boro = Carg?) = Ca (Kro o kro) - ju(kro)
which can be solved to find the coefficients C; and Cy:
3By
Cl=——— o —, (3.94)
2y krojolkre) —2u; " ji(kre) + 21 (kro)
. 2 BO rg
Cy=Cyj1(kro)rg — —
3j1(k 1
=Boly | == ]1(_:0.) , --1| (3.95)
2u; kg jolkrg) —2uy " ji(krg) +2jy (krg) 2
Thus finally the following expression for the magnetic vector potential A is found:
Cjikr), (r<rpy)
A(r,0) =sinf-{ [ 1 Byr? (3.96)
(zBor + (Crgjl(kro) - % 2@, (r>rp),
with 3B
070 (3.97)

¢ 2u;1kr0j0(kro) —Zu;ljl (krg) +2j1(kr0) '
Earlier, the gauge condition V- A = —uo¢ was chosen. However, upon taking the divergence of the above
expression, one finds V- A = 0. This implies that the scalar potential ¢ is equal to zero. Thus one finds that
the vector potential A and the electric field E are related by the simple expression E = — jwA. By Ohm’s law,
J = 0 E, the following expression for the eddy currents in the sphere is finally found:

J(1,0) =—jwocA=—jwosinOCj(kr)@p, (r<rp). (3.98)

As a sanity check, let us check the units of this expression. Recall that [k] = m~!, and therefore kr (or krp)
is dimensionless. Since p, is also dimensionless, the unit of C is simply [C] = Tm. Thus the unit of J is
[J] = [w][o][Cl =s™'-m3 kg 's>A% - kgs~2 A~ m = Am ™2, as expected.
An analytical relation for the magnetic field can now also be found. Using the relation B = V x A, and the
expression for the curl in spherical coordinates (Equation (A.17)), one finds:
1 A

B:VxA:m%(Awsinﬁ)f—%%(rAw)H. (3.99)

Inside the sphere, the magnetic field thus found is:

1 A
B(r,0) = ind (2sinfcosOCjy (kr)) # — = (krCsin@ jo(kr) — Csin6 ji (kr)) @ (3.100)

~ | =

=2CcosOr ' ji(kr)i— Csin@r~t (kr jo(kr) — j1 (k1)) 8. (3.101)

—
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Similarly, the field outside the sphere is found to be:

. 1 . Borg\ ||, 1. . Borg\ 1
B(r,H):rSin 2sinfcos6 EBOF+(CT§]1UW0)—T r2 r—; sin@ | Byr — Crozjl(kro)—T )
(3.102)
2. 3).-3) s 2. Bory =304
:cosH(Bo+(2Cr0]1(kr0)—B0r0)r )r—sm@ By — Cro]l(kro)_T r—1e. (3.103)

With this, a complete analytical description of the magnetic field due to eddy currents in a magnetic object is
found:

2CcosOr~ ! ji(kr)i — Csin@r " (kr jo(kr) - j1 (k1)) 8, (r<rpy)

B(r,0) =
cos@

Bor? .
BO+(2Cr§j1(kr0)—Bor§) r_S)i'—sine By — Créjl(kro)—%)r‘3 0, (r>rn).

(3.104)
Once again, let us check the units. With kr dimensionless, and [C] = Tm, one can easily check that [B] =T.

Magnetic flux density and magnetic field across interface
Normal component of B field (Br)

j —

= —-— -
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== |maginary part .
-6 " |
0.045 0.05 0.055
r[m]

Figure 3.2: Left: The normal component of the magnetic flux density B across the interface r = ry.
Right: The tangential component of the magnetic field H across the interface. For both figures, the
system parameters were chosen as in the base case described in 3.2.3. The radius rg is 0.05m. The
polar angle 6 was chosen to be 7/3 for this plot.

Let us also take a moment to verify that this expression satisfies the magnetic interface conditions, i.e.
that the normal component of the B field is continuous, and that the tangential component of the H field is
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continuous. Indeed, filling in r = ry for the r-component in both regions yields:
-1 . ? 2 . 3)..-3
2CcosOr, " ji(kr) =cos@ (Bo + (2Cr0]1(kr0) - Boro) To ) (3.105)

= 2Cry " ji(kr) = 2Cry " ji(kro), (3.106)

which is indeed satisfied. Similarly, for the tangential component, we require that B(8, ro)/ o approaching
from inside the sphere is equal to B(0, ry)/ 1 approaching from outside the sphere:

—iCSinGro_l (krojo(kro) — ji (krg)) —i sin® (Bo - (Crgjl(kro) - BOTrg’) ro_s) (3.107)

= Cry (17" krojotkro) - i ko)) £ 222 — Crg o o) (5.109

= C (5 fero joUero) = g1y jaCero) + i (ero) ) £ 33;’0 (3.109)
~cl 3Boro , (3.110)

2 (17 Krojotkro) iy i (kro) + jy (kro))

which is indeed satisfied by definition of C. Figure 3.2 shows the fields across the interface graphically, con-
firming that the interface conditions are satisfied.

3.2.2. Joule losses

The induced eddy currents heat the object by resistive heating. The energy involved in this process can be
determined by deriving a conservation law. The desired law is called Poynting’s theorem. For a derivation in
the time domain, see [47, p. 507]. An important quantity is the Poynting vector:

S=ExH, (3.111)

which can be considered as the ‘current density’ of electromagnetic energy. The joule losses can be calculated
by the surface integral:
Ploss = — S-da. 3.112)
0Qp
Equivalent conservation laws can be found in the frequency domain as well. For a derivation of these, see
[38, p. 58]. The complex Poynting vector is:

S=ExH, (3.113)
where the bar denotes the complex conjugate. The joule losses can be calculated by the surface integral:
1
Piogs = == Re # S-da|. (3.114)
2 00

This can be applied to the analytical solution. On the boundary, we have r = ry, so the electric field and
the magnetic flux density, in the limit of r approaching ry from below, are given by:

E0) =—-jwsin0Cj,(kro)@, (3.115)
B(0) =2CcosOry " ji(kro)# — CsinOry* (kro jo(kro) — ji(kro)) 0, (3.116)
with 3B
C=——g— O_rlo. - . (3.117)
2pykro jo(kro) =24~ ji(kro) +2j1 (kro)
Thus the Poynting vector on the interface can be calculated:
1—

S=Ex-B (3.118)

7
1 — — N 1— — — —
= (- jwsinfCji (krp)) EZCcosﬁrO_ljl(kro)) 0 - (jwsinOCjy (kry)) (;Csin@ro_1 (krojo(kro) - jl(kro))) 7
(3.119)
_ 2jw

- c2sinecosejl(kro)jl(ErO)é—%sinzecéjl(kro)rgl(Erojo(ﬁro)— jl(Ero))f. (3.120)
0
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This leads to the following expression for the joule losses for a sphere:

1 -2j N | — _ _
Pioss = —=Re # (ﬂ|C|2sin900s9j1(kr0)j1(krO)B + %sinZG’Czjl(kro)rO_1 (krojo(kro) —jl(kro)) i) - da
09

2 Mo
(3.121)
1 2nn]'w_2 2. -1(%. : (T .7 2 i
:—ERe f f —731n 0ICI* ji(kro)rg (krojo(kro)—]l(kro))r sinf df d¢ (3.122)
o Jo
djwnr — — —
=Re(]3—“0|C|2j1(/€ro)(krojo(kro)—h(k"o)))- (3.123)

The units of this expression are [Pyys] = [w][10][C]?/[u] =s~ ' -m-(kgs > A~ 'm)?-(mkgs?A?)"! =kgm?s3 =
W, as expected.

Being able to calculate the joule losses of the analytical solution is useful, since it represents an integral
quantity for the entire sphere, which can be compared to the numerical approximation.

3.2.3. Qualitative investigation into the analytical solution
Using a MATLAB routine, the analytical solution was determined for various system parameters. We begin by
investigating the results for a base case with the parameters as specified in [23]:

ro =0.05m
By=1T
f=50Hz

ur =20
o=10MSm™*

Recall that By gives the magnitude of the magnetic field, which is oriented in the z-direction, and is time-
harmonic with an angular frequency of w = 2z f. The varying magnetic field induces eddy currents in the
sphere, which in turn generate a magnetic field around the sphere.

Eddy current |J| [AIm?] Reduced magnetic flux density |B | [T]
(ry=0.05 [m], B,=1T]) (ry=0.05[m], B,=1[T)
£=0.05 [KHz], 1, = 20 [], o = 10 [MS/m] £=0.05 [KHz], 12,= 20 [, o = 10 [MS/m]

0.05 -

z[m]
o

0,05

-0.05 -
-0.05 T N 0
o 0 7

<
0.05 0.05 x [m]

N

x [m]

y [m] y[m] o1 01

Figure 3.3: Eddy current distribution J inside sphere, and reduced magnetic flux density B, around
sphere.

Figure 3.3 shows the eddy current density on the left, and the reduced magnetic flux density (i.e. the
magnetic flux density due to the eddy currents and magnetism, but without the excitation field By) on the
right. We can see that the eddy currents are concentrated very close to the surface of the sphere. This is called
the skin effect. This effect, which is observable not just for eddy currents but for all alternating currents,
increases with the frequency, the material conductivity and the material permeability. For a more detailed
explanation of the skin effect, see [47, p. 477]. An important characteristic length is the skin depth §:

6 =2/ (wuo). (3.124)
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The skin depth is a measure of the depth at which the currents are concentrated. For these parameters, the
skin depth is § = 0.005m, which corresponds well to the results in the figure.

The eddy currents in the sphere are strongest around the z = 0 plane, or the ‘equator’ of the sphere. The
reduced magnetic flux density which the eddy currents generate is strongest around the polar region of the
sphere. This corresponds well with what one might expect: considering the eddy currents are loops of cur-
rents, the right hand rule would lead one to expect a dipole-like field extending above and below the loops.
The reduced field ranges in strength from 0 T far from the sphere, to 1 T near the poles of the sphere.

Let us investigate the shape of the fields in some more detail. For the current density, we investigate a
range of points between the centre of the sphere and its edge, along the y = 0, z = 0 axis. This range is shown
in red in Figure 3.4. For the magnetic flux density, we investigate a range of points in the y = 0 plane, at a
distance r = 3ry from the origin. This is shown in blue in Figure 3.4. These ranges are chosen since the fields
show much characteristic variation along these paths. Due to symmetry of the solution, this tells us much
about the solution everywhere.

Target ranges

* Range for eddy current density

0.2 . Range for magnetic flux density

0.15
0.1
0.05 |
£
N 0- \
-0.05 -
0.1
0.15
\
0 >
005 mo <~ 005
01 < 0
-0.05
X [m
ml y m]

Figure 3.4: Target ranges for eddy current density (red) and magnetic flux density (blue). The red
points lie on the y = 0,z = 0 axis. The blue points lie in the y = 0 plane, at a distance r = 3ry from the
origin.

Figure 3.5 (left) shows the eddy current distribution in the sphere. Unsurprisingly, we see that for this
range of points, there is only a y-component, since this corresponds to the azimuthal component. The skin
effect is also observable, as the strongest current density is near the edge of the sphere. This effect becomes
more pronounced if the frequency is increased.

The magnetic flux density distribution near the sphere is shown in Figure 3.5 (right). Once again, we can
see that the magnetic field is strongest near the poles (corresponding to a polar angle of 8 = 0 and 6 = 7).
There is an appealing symmetry to the real and imaginary parts of the components. However, the in-phase
component is a bit stronger than the quadrature component.

3.2.4. Effect of varying permeability, conductivity and frequency

The eddy current distribution and the magnetic field it generates are related to the system parameters in a
complexway. The permeability and conductivity of the object play an importantrole, as well as the generating
frequency and the radius of the sphere. We will investigate the effects of the permeability, conductivity and
frequency in detail.

Because of the complexity of the situation, let us begin by simplifying it somewhat by considering a non-
conducting sphere (0 = 0Sm™!). The reduced magnetic field near this sphere for a range of frequencies and
relative permeabilities is shown in Figure 3.6. Since eddy currents cannot be induced in a non-conducting
sphere, we see that the reduced magnetic field is constant for all frequencies (in the left-hand plot). This
constant field is the induced magnetic field. In the right-hand plot, where the magnetic permeability is varied,
we see that for u, = 1 there is no field (since the sphere is not magnetic), and that as the permeability increases
the strength of the induced magnetic field increases as well. Note that in both cases, the field only has a real
component. Since it is an induced field, there is no imaginary component.

Now consider the case where the sphere is non-magnetic (¢, = 1). This means that the sphere is conduc-
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Eddy current J in sphere Reduced magnetic field B near sphere
r,=0.05[m], B,=1[T], f=0.05[KHz], p =20 [-], o =10 [MS/m] ry=0.05[m], B)=1[T], f=0.05[KHz], s =20 [-], o = 10 [MS/m]
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Figure 3.5: Left: Eddy current distribution for a range of points inside the sphere. Right: Reduced
magnetic flux density for a range of points around the sphere. The target ranges for both plots are
shown in Figure 3.4.

tive, and as such will contain eddy currents. The magnetic field generated by these currents for a range of
frequencies and conductivities is shown in Figure 3.7. The two plots are very similar. Upon inspection of the
analytical solution for the magnetic field, Equation (3.121), we find that the frequency and the conductivity
both appear only in the wavenumber k, and as such their relationship to the magnetic field B is very similar.
At low frequencies and conductivities, there is no magnetic field. The physical interpretation for this is that
very low frequencies amount to a slowly-changing field, which is not enough to induce eddy currents and an
eddy current field. On the other hand, a low conductivity of course implies an absence of currents, and hence
no eddy current field.

As the frequency or conductivity increases, we begin to see an eddy current field. Initially, the field con-
sists almost entirely of an imaginary component. This out-of-phase component increases, then reaches a
maximum. From this point on, as the frequency or conductivity increases, the real part begins to dominate,
until eventually the field is almost entirely real. A physical interpretation of this might be that as the frequency
or conductivity increases, the eddy currents are pushed towards the surface (through the skin effect), and that
therefore the eddy current field consists predominantly of a real (in-phase) component.

Now let us consider the case of a sphere which is both conducting and magnetic. Figure 3.8 shows the
relevant fields for this case. Once again, the plots for varying frequency and conductivity are very similar.
Interestingly, there is a region in which the induced magnetic field dominates (as in the left plot of Figure 3.6),
and a region in which the field resembles the eddy current field of Figure 3.7. At low frequency or conduc-
tivity, eddy currents aren’'t generated, as shown in the earlier figures, so we see the induced magnetic field
only. As the frequency or conductivity increases, eddy currents are generated. Recall that these eddy currents
are oriented in such a way that they counteract the change in magnetic flux density. This might explain the
decrease in the magnetic field as the eddy currents increase. The bottom plot, in which the magnetic perme-
ability is varied, does not show the constant region seen in the other plots, as there is no induced magnetic
field when the permeability is low. The behaviour of the field for the rest is the same as was seen for varying
frequency and conductivity.

Finally, let us investigate the effect of the parameters on the joule losses. This is shown in Figure 3.9. As the
strength of the background field By increases, the joule losses increase monotonically. As can be seen from
the derived expression, the relationship is in fact quadratic. Increasing frequency also leads to increasing
joule losses. Upon inspecting the derived expression, we see that the relationship between frequency and
joule losses is not as simple as was the case for By, since the frequency appears in the wavenumber k as well.
However, the frequency appears as a factor w in the equation, and this seems to dominate.

The material parameters p, and o show more interesting behaviour: for both, there is a peak at which the
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Reduced magnetic field for varying f at (x,y,z)=(0.055,0,0) Reduced magnetic field for varying ., at (x,y,2)=(0.055,0,0)
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Figure 3.6: Effect of varying frequency (left) and magnetic permeablitiy (right) on the reduced mag-
netic field for a non-conducting sphere.
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Figure 3.7: Effect of varying frequency (left) and conductivity (right) on the reduced magnetic field for
a non-magnetic sphere.

joule losses are maximal. For the case of the conductivity o, a possible interpretation might be that for high
conductivities there is less resistance and hence less resistive heating. Thus we see joule losses only in the
region where the conductivity is high enough to allow eddy currents to appear, but not so high that the eddy
currents do not experience resistance.
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Figure 3.8: Effect of varying frequency (leff), conductivity (right), and permeability (bottom) on the
reduced magnetic field for a sphere.
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Figure 3.9: Effect of varying parameters on joule losses. Top left: varying background field By. Top
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conductivity o.
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3.2.5. The eddy current field for a sphere as a magnetic dipole field
To gain a different understanding of the derived expressions, we will convert them back to Cartesian coordi-
nates. We begin by considering the expression for the eddy currents in the sphere:

J=-jwoA=—-jwosin0Cj,(kr). (3.125)
With the equations for the unit orthogonal vectors from Chapter A, this yields:

J=—jwosinfCj(kr) (-singx + cos@y) (3.126)
= jwosinfBsingCj(kr)X — joosinBcospCji(kr)y. (3.127)

Using the relations between the Cartesian and spherical coordinate systems, e.g. x = rsinf cos¢, this can
then be rewritten as:

LY. o s X . N
](x,y,z):]a)o;le(kr)x—]wU;le(kr)y (3.128)
o C— i 42+ 22 5 o C— i /2 + 2+ 224
= jwoC x2+y2+zzh(k X+ y*+z°|X— jwoC x2+y2+z2h ky\/x*+y>+2z?|y. (3.129)

With this we have found the expression for the eddy currents inside the sphere, in Cartesian coordinates.
Notably, there is no 2 component, as expected since the currents only flow azimuthally.

By the same procedure, we can determine an expression for the magnetic flux density in the air region in
Cartesian coordinates?. First, we substitute the local orthogonal spherical unit vectors by the Cartesian unit
vectors:

N

Byr3
B =cosf (Bo + (ZCrgjl(kro) - Borg) r73) F—sinf (Bo - Crgjl(kro) - %) r3) (] (3.130)

=cosf (Bo + (ZCrgjl (kro) — Borg) r_3) (sinf cos @ +sinfsingy + cosH2)

Bor3
0 O)r_3)(cochosq)fc+cosHsin(pj/—sinHZ). (3.131)

—sin@ (BO - (Cr§j1 (krg) —
This can be rearranged to:

B =] cosOsinfcos¢

=

Bor?
By + (2Cr§j1(kr0) — By rg) r_3) —sinfcosfcos¢ (BO - (Crgjl(kro) - %) r—3)

3
+ | cosfsinfsing (B (ZC 25 (kro)—Bor3 | r~3| —sin@ Osi By — 25 (k _BOrO =311
@|Bo+|2Cryji(kro) — Borg | 1 sinf cosOsing | By — | Cr§ j1(kro) — | ¥

Byrd
+ COSZB(BO+(ZCi‘gh(kro)—Borg)r_S)+sin29(Bo—(Cr§j1(kr0)—%)r‘s) z. (3.132)

Gathering terms and making use of trigonometric identities then yields:

. 2. 3BOrg 3. . . 2. 3B0rg _3.
B = cos0Osinfcos¢ |3Crq j1(krp) — 5 r°x+cosOsinfsing 3Crq j1(kro) — 5 ry

Byr3
+ (BO+(3c0529—1) (Créjl(kro) —%) r‘3)2. (3.133)

2We could of course also do this for the magnetic field inside the conductor, but this is of lesser interest to our purposes, and as such will
be omitted.
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Finally, replacing the variables yields:

. 3Bor3 Xz . ' 3Bor3 z.
B(x’y’Z)Z(E‘Crgh(kro)— O)Fx+(3Cr§J1(kro)— > g Jr/—sy
2 B r3
(e e
2. 3Byr; Xz )
=|3Crgji(kro) - &
2 ) (x2+y2+22)
3B0r3 yZ
2. _ 0 R
+ (SCrOh(kro) 2 ) (x2+y2+22)5/2y
Zz 1 2 Bol‘g
b B / -—1|% 1
' O+(3 (2432422 (2+y2+22)°"? Crolkro) === |12 (3.135)

Rewriting this somewhat allows us to recognize the components of the field:

. B()r3
Br3 3 %+3 ¥ +3 24 CrZ (kr)— 0
B(x,y,z):Boz+(Cr§j1(kro)— 2 0) L ARNOAS e e (3.136)
2 (x2+y2 +22) (x2+y2 +22)

In the first term, we recognize the excitation field Byz. The other terms can in fact be rewritten to the form of
a magnetic dipole. The magnetic flux density at a point r = (x, y, z) due to a magnetic dipole with magnetic
dipole moment m is:

Wo (3r(m-r) m )
Bg; =—|——=]- 3.137
dip (1) an ( I PE ( )
Defining the magnetic moment m as
4w 5. Borg
m=—|Crqji(kro) ——|, (3.138)
Ho 2

we find that the magnetic dipole field describes the remaining terms of the analytical solution exactly. Thus
the reduced magnetic field due to the eddy currents for the sphere is found to be the field of a magnetic
dipole, periodically varying with the forcing frequency.



Survey of methods for eddy current
approximation

This chapter will give an overview of the formulations and methods available for solving the eddy current
problem. After discussing the problem, the various potential formulations, and the different numerical tech-
niques for solving these problems, an overview of several candidate methods will be given, of which one will
be chosen to be implemented.

4.1. The eddy current problem and the various ways it can be solved
4.1.1. The eddy current problem

We begin by considering eddy current problems in general. Several formulations and techniques for the
modelling of three-dimensional eddy current effects exist, which will be discussed here. The general setting
under consideration is a conductive (and possibly magnetic) object in a domain of free air. Under the quasi-
static assumption and in the frequency domain, as derived in Chapter 3.1, the system is governed by the
Maxwell equations:

VxH =0,E,
VxE =-jwB,
(4.1)
V-B =0,
V-D =py.

Here D is the electric displacement field (in C m~2), E is the electric field (in Vm™), H is the auxiliary field (in
Am™Y), Bisthe magnetic induction field (in T), p f denotes the free charge density (in Cm™3),and J f denotes
the free current density (in Am~2). These equations are supplemented by constitutive relations which relate
D to E, and H to B. These constitutive relations may be linear or non-linear. For eddy current calculations,
the constitutive relations will generally be assumed linear:

D=¢E (4.2)
H= lB. (4.3)
u

Here ¢ is the permittivity of the material (in Fm™!) and y is the magnetic permeability of the material (in
Hm™!). Finally, Ohm’s Law relates the electric field to the free current density:

J=0E, (4.4)

where o is the electrical conductivity of the material (in Sm™!).

4.1.2. Formulations using various potentials
Due to the nature of the governing equations, it is often preferable to solve eddy current problems using a
formulation with potentials, as opposed to solving for the current density or magnetic field directly. The form
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of the Maxwell equations allows us to express the magnetic and electric fields with various vector and scalar
potentials (see Appendix C for a justification of these potentials). Carpenter [10] gives an overview of several
formulations in a seminal paper from 1977. The formulations discussed can be split into two categories: those
making use of a magnetic vector potential A, and those making use of an electric vector potential T. Within
these categories, various other potentials can be constructed for the other fields, which are also differentiated
by their choice of divergence, as well as their behaviour across interfaces. Robert et al. [34] mentions, for
example, the formulations A-Q, T-Q, A*-Q, A-®-Q, E—-Q, and H - Q. Each has its advantages and
disadvantages for specific types of problems.

Many contemporary methods (e.g. [29], [30], [36]) make use of the magnetic vector potential A: inside the
conductor, the magnetic flux density can be expressed as

B=VxA. (4.5)
Filling this in in Faraday’s equation, one finds that the electric field can be expressed as
E=-jwA-V¢, (4.6)

where ¢ is the electric scalar potential. To make this potential unique, a gauge must be chosen. Common
choices are the Coulomb gauge
V-A=0, (4.7)

and the Lorenz gauge
V-A=-uo¢, (4.8)

which was seen in the analytical solution in the previous chapter. Biro and Preis [5] give a very detailed
overview of the various formulations which can be constructed from the magnetic vector potential A.

An important variant is introduced by Emson and Simkin [12] and will be discussed in some detail here. It
is called the modified magnetic vector potential method, and denoted by A*. They claim that it requires the
minimum degrees of freedom and is numerically stable. By doing away with the electric scalar potential in
the conductor, and by making use of a magnetic scalar potential in the non-conductor, it requires only three
degrees of freedom in the conductor, and only one degree of freedom in the non-conductor '. The modified
magnetic scalar method is derived by defining:

Vo

A" =A+—, (4.9)
jw

and noting that V x A* =V x A = B, one finds that the system inside the conductor is governed by

A=—jwA"
* (4.10)
VxA*=B.
The modified vector potential is made unique by choosing the Coulomb gauge V- A* = 0. Outside the con-
ductor, the field is irrotational. The magnetic field H can be decomposed into the source field H; and the
field generated by the eddy currents H,,, which can be expressed as the gradient of a scalar potential ¢:

Hyp=-Vo. (4.11)

This reduced magnetic scalar potential satisfies the Laplace equation. With the appropriate interface condi-
tions (continuity of the tangential component of the H field, and continuity of the normal component of the
B field) leads to the final A* — ¢ formulation. The derivation will be done in more detail in Chapter 5.

4.1.3. Finite elements, boundary elements, and edge elements

Once the problem is expressed in a suitable formulation, one must decide how to go about solving the prob-
lem. A common approach is to make use of a finite element method (FEM). The domain is discretized into
volume elements, and the solution is assumed to be composed of a linear combination of basis functions de-
fined on these elements. Using variational methods, a system of equations is assembled, which when solved

1n contrast, they state that although the methods using the electric vector potential T only makes use of a single degree of freedom
outside the conductor, but that this comes at the cost of needing four degrees of freedom within the conductor, as well as the difficulties
introduced by the discontinuity in T across the interface.
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yields the coefficients of the basis functions. When the test functions are chosen to be the same as the basis
functions, this is referred to as Galerkin’s method. An example of Galerkin’s approach is the formulation by Xu
and Simkin [46], which makes use of the total and reduced magnetic vector potential and the electric scalar
potential. This method gives good results for their test problems, one of which, interestingly, is a ship.

Making use of a FEM involves meshing the entire domain, which is computationally expensive. However,
FEM leads to sparse matrices, for which fast solving methods exist. It also has as a drawback that it is not
very versatile, if one for example wishes to know the fields at a point outside the domain. Thus problems
with unbounded domains are less suitable for FEM. This can be overcome by making use of a boundary ele-
ment method (BEM). The idea behind this method is to find a relation between the fields in the unbounded
region and the values of the potentials on the boundary itself. Note that BEM leads to full matrices, in con-
trast to the sparse matrices found by FEM. Hybrid methods wherein the conductor is meshed using volume
elements, and the boundary is meshed using boundary elements, have been applied with great success (e.g.
[33],136],[29] [21]). A very detailed introduction to the coupled BEM-FEM method is given in [8]. An overview
of BEM methods for eddy currents is given by Ren et al. [32].

The choice of basis functions merits some thought as well. The most common choice is to use linear
nodal basis functions. For each node of the mesh, the corresponding nodal basis function is defined such
that it has value 1 at that node, value 0 on each other node, and is linear on each element (and thus piecewise
linear on the entire domain). One might expect that these nodal shape functions can also be used to approx-
imate a vector-valued unknown, by simply using three nodal shape functions (one for each component). In
many cases this works well, however for eddy current problems it turns out that this may lead to nonphysical
solutions [7, p. 108].

An alternative shape function which is appropriate for eddy current problems is the edge element (or edge
shape function). The edge shape function is associated with an edge of an element, and is defined such that
its circulation along that edge is 1, and its circulation along any other edge is 0. A more detailed investigation
into the properties of edge functions will be given in Chapter 6. Much has been written about the motivation
and rationale for edge functions; see for example [8], [25], or the cheerfully named [45]. In effect, the main
advantage of edge elements is this: they enforce tangential continuity, but place no restriction on normal
discontinuity, and are thus useful for modelling electromagnetic fields along interfaces between two different
media. Edge elements are used in almost every formulation discussed above.

4.2. Choosing a method to be implemented

Having discussed the various tools which we have at our disposal in solving the eddy current problem, a
choice must be made concerning the approach used in this project. For this, the following criteria are taken
into account:

¢ For now, the geometry will be assumed to be simply connected, however eventually the method will be
applied to a multiply connected domain.

e It should be possible to calculate the electromagnetic fields everywhere in the free air region.
¢ A method which can be incorporated with method-of-moments code is preferable.
A shortlist of four methods was determined. The methods under consideration were:

1. A* — @ BEM-FEM. Detailed overview can be found in [29]. Coupled BEM-FEM method for simply con-
nected object.

2. A" — ¢ BEM. Detailed overview can be found in [30]. Pure BEM method for simply connected object
(but can be extended to multiple objects).

3. Total and reduced vector potential. Detailed overview can be found in [46]. Pure FEM method for
simply connected objects.

4. Unstructured-PEEC. Detailed overview can be found in [22]. Circuit-like integral method which is well-
suited for thin media and systems with coupled external electric circuits.

Method (3) is the ‘oldest’ method under consideration. It is included because the paper explicitly shows
good results for a ship geometry. However, as a pure FEM method, it involves meshing the entire domain, and
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thus it is not easy to calculate the electromagnetic fields everywhere in the free air region. Hence this method
will not be implemented.

Method (4) seems to be a good fit for the problem under consideration, as it is applicable to thin shells.
However, the method is very complicated due to its choice of potentials (using vector and scalar potentials for
both the conducting and non-conducting region) which leads to many degrees of freedom, as well as making
use of circuit theory. This method is therefore deemed out of the scope of this research project, although it
remains an interesting topic for further research.

Methods (1) and (2) are similar, making use of the same potential formulation, but differing in their dis-
cretisation method. Based on the degree of detail in the papers, method (2) appeared more feasible to im-
plement, since it contained explicit equations for the system matrix. It also requires no volume meshing,
but only surface meshing, which reduces meshing complexity and reduces the amount of unknowns in the
system. As a further benefit, it can be extended to problems with multiple material regions. As such, it was
chosen to implement the A* — ¢ BEM method described in [30].



Derivation of BEM method

In this chapter, a complete derivation of the BEM method as outlined in [30] is given. Only the situation with
a single conductive region will be considered, for which an explicit system of equations will be described, as
well as methods for approximating the (singular) integrals involved.

5.1. Eddy current problem and potential formulation

y

o

n

Figure 5.1: Schematic overview of a magnetic conductor Q in a free air region Qg being excited by a
periodically varying background field Hj.

Consider a three-dimensional region Q; (bounded by the surface I'; and outward normal #) which is
magnetic (with permeability p1) and conductive (with conductivity o). It is located in a free air domain
Qo which has permeability py. The system is excited by an external magnetic source coil, which causes the
exciting magnetic source field H. The situation is sketched in Figure 5.1. As has been the case in the ear-
lier derivations, displacement currents are neglected, and the problem is solved in the frequency domain.
Under these quasi-static assumptions, the magnetic and electric fields in the conductor are governed by the
following set of equations:

VxH=0,E,
(5.1)

VxE=—-jwB,
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where j is the imaginary unit, and w is the frequency of the source field H;. The modified magnetic vector
potential A* will be used to find a system of differential equations. The modified vector potential A* is derived
[12] as follows. First, consider the region inside the conductor. Recall that the magnetic flux density B inside
the conductor can be expressed with a magnetic vector potential A:

B=VxA. (5.2)
Filling this in in the equation for V x E above yields:
VxE=—jwVxA. (5.3)
Taking everything to the left hand side, one finds:
Vx(E+jwA)=0. (5.4)
This implies that the quantity on the left hand side can be expressed as the gradient of a scalar potential ¢:
E+jwA=-V¢, (5.5)

or, equivalently, that the electric field E inside the conductor can be expressed with A and a scalar potential

¢:

E=-joA-V¢. (5.6)
This motivates the definition of the modified magnetic vector potential A*:
\Y
A" =A+ ,—(P, (5.7)
jo

so that E = — jw A*. Physically, since E is proportional to A*, this implies that the potential A* must not leave
the sphere. Therefore, the condition n- A* = 0 will be imposed. Also, note that Vx A* =V x A = B, in other
words, the modified magnetic vector potential has the same curl as the original vector potential A. Thus the
system inside the conductor is described by

{E:—]wA R 5.8)

Vx A* =B.

By setting the Coulomb gauge, V- A* = 0, the modified magnetic vector potential is made unique. Com-
bining these two equations, one finds that the modified magnetic scalar potential must satisfy the following
equation:

VXVXA*+ij'1M1A*=0. (5.9)

This equation is equivalent to the Helmholtz equation, since one has the vector identity Vx V x A* = V(V -
A*)—V?A*, and the Coulomb gauge, which together yield:

—V2A* + jwo i A* =0. (5.10)

With this, the governing equation for the region inside the conductor has been found.

Now consider the free air region Q. In this region, a different approach is used. Denote the magnetic
field caused by the eddy currents with H,,, which, together with the source field H, forms the total magnetic
field:

H=H;+H,,. (5.11)

The source field H; is known. The magnetic field caused by the eddy currents (H ;) is irrotational, and thus
it can be expressed as the gradient of a scalar potential ¢:

H,, =-Vo. (5.12)
This leads to the following formulation, which is called the reduced magnetic scalar potential formulation:
H=H;-Ve. (5.13)

From magnetostatics, it is known that the magnetic field is solenoidal, from which it follows that the scalar
potential ¢ is governed by a Laplace equation:
Ap =0. (5.14)
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5.2. Interface conditions

Having found a description of the system in terms of a magnetic vector potential inside the conductor and a
reduced scalar potential in the free air region, what remains is to determine the boundary conditions at the
interface. Using a suitable infinitesimal volume (the Gaussian pillbox, [19, p. 16]) and the Maxwell equations,
the following interface conditions are found:

{(an)|le (nx H)g,, (5.15)

Hi (nI_I)lg1 = ﬂO(n'H)iQOr

where the subscripts denote the domain to which the quantity belongs. The quantities on the left-hand side
refer to the conductive domain Q,, while the quantities on the right-hand side belong to the free air domain
Q. In effect, the first boundary condition states that the tangential component of the magnetic field H must
be continuous, while the second boundary condition states that the normal component of the magnetic flux
density B must be continuous. These quantities can be expressed in terms of the formulated potentials: in
Q1, the magnetic field H can be rewritten as:

1 1 "
H=—B=—VxA". (5.16)
H1 H1

In Q, the magnetic field H can be rewritten using the reduced magnetic scalar potential formulation (Equa-

tion (5.13)), i.e. H = Hs—V . Thus the boundary conditions are rewritten to express the relationship between
A* and ¢ at the interface:

5.17
n-(VxA*) =uo(n-Hs—n-Ve). 517

{nx (VxA*) = (nx Hs—nxVeg),
5.3. Integral form and Green’s functions

The system hereby obtained, governed by the Helmholtz equation (5.10) for A* and Laplace equation (5.14)
for ¢, can be restated in an integral equation by making use of the Green’s functions for the equations. A
complete overview of the motivation behind the Green’s functions, and their derivation, is given in Appendix
D. For the Helmholtz equation, the Green’s function is found as the the solution of

AGi(r, 1) - jop oG (r,r) +8(r,r') =0, (5.18)
where r’ is the integration point, r is the observation point, and § is a Dirac function. One might note that the

term V x Vx A* has been replaced by a the negative Laplacian. This is valid, since VxVx A* = V(V-A*)-V?A*,
and V- A" =0 by the Coulomb gauge. The equation is solved by

1 I
G (r,r)= ————e JKIr=rl (5.19)
4r|r —r'|

k=(l—j),/%. (5.20)

For the modified vector potential, the following vector analogue of the Green’s function must hold [42]:

where

f ((v CAT(N)VGI(r, )+ AT ()AG (r, F) + G (r, ) (VX V x A” (r))) dr
)]
= # (- A" M) VG, 1) + (mx A" (1) x VGr(r, 1) + (mx (V x A* (1) Gu(r, 7)) . (5.21)
I
Note that due to the Coulomb Gauge, V- A* = 0. Additionally, n- A* = 0 will be imposed. This yields:

f A*(NAG(r, P)+ Gy (r, ) (Vx V x A* (r)) dr = # (nx A" (1) xVGi(r,r")+(nx (Vx A*(r)) Gy (r,r") dr.
(051 r
(5.22)
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Filling in the expression for AG; from Equation (5.18) in the left hand side yields

fQ A*(r) (jouo1G1(r, ) =6(r,r) + Gi(r, ') (Vx V x A™(r)) dr
1
= #r (Rx A*(N) x VG (r,r") + (nx (Vx A" (r)) Gi(r,r") dI', (5.23)
)
and since Equation (5.10) holds, this is equivalent to:
fQ —A*(n)é(r,r") dr = #r (mx A* (1) x VG (r, 1) + (nx (Vx A*(r)) Gy (r, 1) dr. (5.24)
! |

The integral on the left hand side can be rewritten, using the sifting property of the Dirac delta function. In
simple terms, the integral will yield the value of A* at the point r’. Note that A* outsidethe conductor is zero.
If ' lies on the surface of the conductor, a coefficient ;, which depends on the smoothness of the surface,
needs to be taken into account. For a smooth surface, this coefficient is 0.5. This leads to the following integral
boundary equation of the modified vector potential:

mA*(r) = —# (nx A" (1) x VG (r, ) + (nx (Vx A*(r) Gi(r, 1) dr, (5.25)
I

with
0if r is outside Q;
hy =< 1if risinside Q; . (5.26)
% if r is on the (regular) surface I'y

In a similar way, one can use a Green’s function to derive an integral boundary equation for the free air
region. For the Laplace equation, which the scalar potential ¢ must satisfy, the Green’s function Gy is the
solution to

AGy(r,r')+6(r,r') =0, (5.27)

where once again r is the observation point, r' is the integration point, and § denotes a Dirac function. This
equation is solved by

Go(r,r') = (5.28)

Anlr—r'|’
The usual continuation is to make use of Green’s second theorem. However, Green’s theorem applies only
to bounded regions, and the exterior problem under consideration extends to infinity. Hence it is necessary
to consider a large sphere, having radius R and outer boundary I'y, which encompasses the the conducting
region, and apply Gauss’ theorem to the area V between I'; and I'y. Let n, be the normal vector on the
outside of this sphere, and let n; be the normal vector on the inside of this sphere. Figure 5.2 shows a sketch
of this situation. Note that n; points into Q;, and that therefore n = —n;. To this bounded region Green’s
second theorem can be applied, which states that:

fv (@(rAGo(r,r') = Go(r,r)Ag(r)) dr = #r ((m:-VGor, ™)) (1) = (s Vo (1)) Gotr, 7)) dr
1
+#r (70 VGo(r, 7)) o) = (0 V(1) Go(r, 7)) dr. (5.29)
14

Taking the limit R — oo, and assuming that the potential has a limiting value lim,_.o, = ¢, it can be shown
by the properties of the Green’s function that the second term is equal to

f} ((n,, VGo(r, ) p(r) = (1o - Vo (r)) Go(r, r’)) dr = Qoo (5.30)
4

Also, note that in the left-hand side, A@ = 0 since ¢ satisfies the Laplace equation, and AGy = —§(r, r'). To-
gether, this leads to:

fv(—q)(r)a(r,r’)) dr:# ((ni-VGO(r,r'))(p(r)—(ni-V(p(r))Go(r,r')) dr + ¢eo. (5.31)

I
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Figure 5.2: Overview of domains for exterior potential problem

Once again, this can be rewritten with a coefficient kg, which depends on the location of the observation
point. Also, n = —n; can be used to express the integral in terms of the same normal vector as above. Finally,
the limit of the potential can be set to ¢, = 0. Thus the boundary integral formulation becomes:

hop(r') = #F ([n'VGo(r, r))o(r)—(n-Veo(r)) Gy(r, r’)) dr, (5.32)
1

where
0if r’ is outside Qg

ho =< 1if r' is inside Qg . (5.33)
% if ' is on the (regular) surface I'y
Together with the formulation for the modified magnetic vector potential (Equation (5.25)), this yields the

following system of integral boundary equations:

mA*(r) = —# (Rx A" (")) xV'Gi(r',r) + (nx (V' x A" (r")) G, (r', 1) dF/,
I
(5.34)
hop(r) = # ((n-V’Go(r’, ) —(n-Veor")) G, r)) dr'.
I

Note that we have switched the variables r’ and r. We will now incorporate the interface conditions. From
the interface conditions in Equation (5.17), the following expressions for nxV x A* and n-V¢ on the interface
can be used:

nx (V' xA*(r') = (nx Hi—nx Vo) (5.35)

n-Vor)=n-Hy- ”i (m-(v x 4% () (5.36)
0

By filling this in in the obtained system, the potentials are linked to each other, and to the periodically varying
background field:

mA*(r) = —# (mx A" () xV'GI(r', 1)+ (nx Hs—nx V') G (r',r) dr’,
I

(5.37)
hop(r) = # ((n~V’G0(r',r))(p(r’) - (n H;- Hi (n (V' x A*(r')))) Go(r’,r)) dr'.
T 0
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Taking what is known, i.e. the terms depending only on the background field Hj, to the right-hand side yields
the final formulation:

A" @)+ g (A" 0) < V61w, dr' =
I

I

(mx Vo)) Gi(r',r)dr' = -1, # (nx Hs) Gy (r',r) dr’,
I

ho(r) —# (n-V'Go(r',r) p(r" dr’—l% n- (V' xA*(r')) Go(r',r) dr' = —# (n-Hg)Go(r',r) dr'.
I 0

I ISl
(5.38)

5.4. Weak formulation and Galerkin’s method

To implement this formulation with a boundary element method, it is necessary to convert it to a weak for-
mulation. To this end, the equations are multiplied by suitable test functions u# and v respectively, making
use of the inner product on #(div,I';) defined in Section 3.1 for the first equation, and of the regular S
inner product for the second equation:

(u(r), A" (M) p@ivr,) * (u(r) , # (nx A* (") xV'Gi(r', 1) dr’)
I Z6(div,T'y)

- (u(r) , 1 # (nx V') G (r, r)) = (u(r) , # (nxHy)Gi(r', 1) dr’) ,
I B

F(div,I'1) F(div,I'1)

(v(r), oo (1)) 2 1)) = (v(r) , # (n-V'Go(r', 1) p(r") dr’)

I

H2(T1)
= (v(r) , —# (n-H)Go(r', 1) dr’)
1 T
(5.39)
Note, however, that the #(div,T';) inner product reduces to the regular % inner product for divergence-free
functions. As will be shown in Chapter 6, the basis functions and test functions in the Galerkin approach will
be divergence-free. Thus, the system can be written in the following integral form:

- (v(r), i# n- (V' xA*(r") Go(r', 1) dr’)
”0 I :752(1“1)

# u(r)-h A*(r) dr+# u(r) # (nx A" (")) xV'Gi(r',r) dr’ dr
F] I11 Fl
—# u(r) -y # (nxV'p))Gi(r',r) dr' dr = # u(r) —m # (nx Hs)Gy(r',r) dr’ dr,
I I Iy I
# v(r) - hop(r) dr—# v(r)-# (n-V'Go(r',r) pr") dr' dr
F] r 1—‘1

1
—# v(r)-i# n- (V' xA*(r")) Go(r',r) dr’ dr=# v(r)-—# (n-Hy)Go(r',r) dr' dr.
I I I I

Ho
(5.40)
The modified magnetic vector potential is approximated making use of edge shape functions:
ne
A*(r) =) AIN;(r), (5.41)

j=1

where 7, is the number of edges, N;(r) are the edge shape functions, and A;.“ are the coefficients. The reduced
scalar potential is approximated with nodal shape functions:

nn
P=) @jrjr), (5.42)
j=1

where n, is the number of nodes, 1;(r) are the nodal shape functions, and ¢; are the coefficients. These
shape functions are described in Chapter 6. The Galerkin approach is used, whereby the basis functions used
for the approximation are also used as test function. Thus the following system is derived:

Ll
LZ

A*
)

Mll M12

M2l 22 , (5.43)
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where:
M=y # Ni(r)-N;(r) dr +# Ni(r) # (% V(")) x VG (r, 7'y dr' dr, (5.44)
I Iy I
M2 =y # Ni(r) # (mx V2,01 Gty ar dr, (5.45)
I, I,
M2 = 2 H and n (v x Nj(r’)) Go(r,r') dr' dr, (5.46)
J Ho JJT,; T
M7 = hO# Ai(M)A;(r) dr —# Ai(r)# (n-VGo(r,r")A;(r") dr' dr, (5.47)
I I I
L'=-m # Ni(r)-¢p (nx H)Gy(r,r') dr' dr, (5.48)
I I
L3 =—# }Li(r)# (n-H;)Go(r,r") dr' dr. (5.49)
I, I,

Solving this system yields the coefficients of the basis functions on the interface I'; for both potentials.
With this, we can subsequently determine the potentials everywhere in the conductor and in the free air
region using the boundary element formulation.

5.5. Implementation of the Greens functions

The derived system is not a simple one by any measure. A notable difficulty is the integration of the two
Greens functions:

Go(r, 1) = o (5.50)
1 T
Gy (r, r')= me Jkir=r l, (5.51)

where k is a complex wavenumber. These Greens functions need to be integrated over a triangular domain.
The difficulty lies in the fact that the integrals contain a singular point at r = r’. It turns out that this challenge
can be overcome, by making use of an analytical expression for Gy, and by splitting G; into an analytical and
anumerical (bounded) part.

Let us begin by consider Gy, for which we have an analytical expression for the case in which the singular
point r lies in the integration domain. Specifically, for a triangular domain 7, the following integrals have
analytical expressions:

1
v :#Tlr T dr’, (5.52)
A/ !
I,- #T |rl—(rr3| dr, (5.53)
1
VI, = #T/ll(r’)v ( F r,|) dr, (5.54)

where A1 (') is the first linear basis function on the element. The analytical solution is described in [13]. Note
that only Z; and VZ, are used in the system we have derived above. The integral Z; is included because it will
be used for the dynamic integrals discussed below. In particular, we must find a way to evaluate the following
integrals, which are associated with Gy:

1 -
G = # e~ IkIr=rl qp!, (5.55)
T Ir—r'|

|
VG, = #Tal(r')v(lr i e JHrrl dr (5.56)

Instead of attempting to find an analytical expression for these integrals, we split the integral into an analytical
part, and a numerical part, as is done in [13]. Let us begin by investigating G, . Splitting this integral into two
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parts yields:

g1=# 1 e~ IKIr=r'l gy
T Ir—r']

1 1 ; 1
= ——dr'+ — (e_]k'r_' - 1) dr’. (5.57)
T Ir—r'] T Ir—r'|

We recognize the integral Z; in the first term. We have an analytical expression for this term. The second term
still contains a singular point at r’ = r. However, it is now bounded. We will further investigate the function
in the integrand, for which we will introduce the normalized coordinate system:

R:=k(r-r" (5.58)
R:=klr-r| (5.59)
r=E (5.60)
R
Denote the function in the integrand by f(R):
fR):= %f_l). (5.61)

Filling in the definition of R shows that this is indeed equal to the integrand in equation (5.57). As stated
before, this function tends to a finite limit as R approaches zero. Application of 'Hospital’s rule yields the
following value for this singularity:

. N L CRAn A e iRy
}?lil})f(R) = E—%(T) = lim (_]kT) =—jk. (5.62)

To linearise around R = 0, we use the derivative:

—k(e/R-1)  jke IR

"R) = , 5.63
(R 72 R (5.63)
for which the limit as R approaches zero, using 'Hospital again, is:
k(e /R-1) jke IR
lim f'(R) = li - 5.64
A L R o
ik -jR ~2k -jR
—lim |{%€ T ke (5.65)
R—0\ 2R 1
—i2ke IR
= lim | L2842k (5.66)
R—0 2
1
=——k. 5.67
2 (5.67)
Thus for values of R close to the singularity, we can use the linearised function
1
f(R)z—jk—EkRy (5.68)
or in terms of (r, r’):
1 : ' 1
YL Lol il PO S Ay PO 5.69
r—r° Jk= g Kir=r (5.69)

With this we can evaluate the integral G; numerically. For values far from the singular point, the integrand
can be calculated normally. For values close to the singular point, the linearised integrand in Equation (5.69)
can be used. For the singular point, the limiting value —jk is used.
Now consider the integral VG,. This integral can also be split into two parts, in a similar way as above:
VG, = #7_/11(r')v (;,e_jklr_rrl) dr’

[r—r'|

=# Al(r’)V( 1 )dr’+# Al(r’)V( 1 (e*fk'f*"'—l)) dar'. (5.70)
T lr—r| T lr—r|
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We recognize VZ,, for which we have an analytical expression, in the first term. The second term is now
bounded. Let us investigate the troublesome gradient in the second integral, and its linearisation around the
singularity. Once again, we will use the normalized position R (as defined in equation (5.59)) and the function
f(R) (as defined in Equation (5.61)). We begin by determining an explicit expression for the integrand. By the
chain rule, we have:

1 ; /
v ( R (e77kr=rI 1)) =V (fR(r,r)) = f (RVR(r, ). (5.71)
We have determined an expression for f’(r) earlier, see Equation (5.63). The gradient of R(r, ') is:

VR(r,r) =V (klr-r'l)

_or—r'
-]
k2 _—
_ (rR r (5.72)
Thus, putting the pieces together, the gradient of R(r, r’) is:
1 [ itrer] —k(e/R-1) jke IR\ K*(r—r)
V(m(e e _1)):( RZ R R 673
In terms of (r, r'), this is:
1 ( itrer] [ —(emiHrr_q) ke KT ,
v(lr—r’l (emttr=r _1))_( P el U a) (5.74)
and thus the explicit expression for G, is:
/
1 (e iKIr=r'I 1y je-ikir—r'\ [(X—X)
ng# Al(r’)V( ,)dr’+# Al(r’)( (ek D et My-p|ar. 65)
T lr—r| T lr—r'| lr—r'| (z—2))

We wish to find the limiting value for the singular point, and to determine the linearisation around this
point. However, proceeding as we did for G, and taking the limit as R goes to zero yields:

) [ —keR-1)  jke IR .
}?ILI}) Vf(R) = }?1_% ( 72 — R R (5.76)
1 .
= lim ——kR. (5.77)

R—0 2

Note that this limit is undefined. Thus we cannot determine the limit value. However, a volume integral over
a closed ball around the singular point will equal zero, by symmetry. Hence the numerical integration of the
second integral can be done by setting the integrand to zero for the singular point.

5.6. Calculating the magnetic field and the current density

Solving the system described above (Equation (5.43)) yields the coefficients describing our approximation
to the potentials A* and ¢ on the interface. Using the BEM formulation in Equation (5.34), the potential at
each point in the domain can be calculated. With this, the fields can be calculated as well. The eddy current
density inside the conductor is given by J = 0 E = — jwog A*. Thus, using the BEM formulation, we find:

J(r) = jwa# (Rx A" (")) xV'Gi(r',r) + (nx (V' x A" (r")) G, (r', ) dr'. (5.78)

I
In certain conditions, however, this expression can be simplified. This is due to the chosen edge basis func-
tions, for which we have that # x V x N = 0 on a triangular element, where N denotes a basis function on that

element. Thus the second term vanishes, and we are left with

J(r) = jwo # (nx A" (X)) xV'G (', r) dr'. (5.79)
I
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Note that this introduces a discrepancy, since by the boundary conditions, we have that n x V x A* = u; (n x
H; — n x V). This observation and this discrepancy are not noted in [30].

To calculate the magnetic flux density in air, we could proceed by making use of the BEM formulation for
the scalar potential ¢:

B(r) = By— pioVep(r) = By — pov# ((n VG, M) o) = (n-V'p(") G, r)) dr'. (5.80)

I
However, the implementation of this expression is not straight-forward, since it will include Laplacian-like
terms with the Green’s functions. Instead, an expression derived from [18] and [48] can be used:

B(r) = Bo+y0# (nxH)xV'Gy(r',r) dr/+# n-(VxA*(r')V' Go(r', r) dr'—# (nxVo)xV'Go(r',r) dr’
I I

I

(5.81)
Note that this equation appears wrongly in [30], where the factor p is missing in some terms.
Finally, to calculate the Joule losses, we rewrite the complex Poynting vector to find
1
Pjoss = ——Re # S-ndr (5.82)
2 ar,
=Re|-L2H) mxm)-Edr (5.83)
2 I,
_ ] w A TY /
=Re —7 (nxHg—nxVo(r))-A*(r)dr |, (5.84)
I

where the bar indicates the complex conjugate.
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6.1. Nodal shape functions in 2D

1

vl

€1

T3

Iy

Figure 6.1: A triangular element, with tangent unit vectors and outward normal vectors.

For scalar problems, the finite element method is frequently implemented using piecewise linear basis
functions, also known as nodal shape functions. A common approach is to use triangular elements. Consider
a single triangular element, having vertices ry = (x1, y1), r2 = (x2, y2) and r3 = (x3, y3). Denote the unit length
tangential vectors along each edge by ;:

r3—r

leL, 6.1)
lrs—r2l
ri—r

12:#, 6.2)
lr1—rsl
ro—r

T3=—2 1 (6.3)
7o =71l

The outward normal vector on each edge will be denoted by n;. It is defined as:

0 -1
n,=Tt; (1 0 ) (6.4)
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Denote by s; the edge opposite vertex v;. These edges are characterised by:
si={r:(r—rz)-n; =0}
s2={r:(r—r3)-n, =0},

s3={r:(r—ry)-n3 =0}

(6.5)
(6.6)
(6.7)

See Figure 6.1 for an overview of all above-mentioned nodes and vectors.
A linear function can be interpolated on such triangular element using three nodal shape functions 1;,
i =1,2,3. These shape functions have the property that they are linear, and that they satisfy:

Ai(rj) =06ij, (6.8)
where §;; is the Kronecker delta.
The three basis functions are given by:
(r—r2)n
M= ——, (6.9)
(ri—-r2)-m
Mo(r) = LTl (6.10)
(ra—r3)-n
Ay(r) = L2111 (6.11)
(rs—r1)-n3
These basis functions are shown in Figure 6.2. Note that the gradient of the basis functions is constant:
1
V(A(r)= —— n;, (6.12)
(1) (ri-r)-m
1
V(A (r)) = ————ny, (6.13)
(12() (ra—r3)-my
1
V(As(r) = (6.14)

(rs—ri)-nsg

Basisfunction A, Basisfunction A, Basisfunction A,

Figure 6.2: The nodal basis functions on a triangular reference element with r; = (0,0), r1 = (1,0) and
r3=(0,1).

Alternatively, it is possible to determine the basis functions for a given triangle explicitly by solving a linear
system. The shape function can be written as 1;(x, y) = ax + by + c. With the prescribed values at the nodes,
i.e. Equation (6.8), the coefficients of this equation can be found. For example, for A, the coefficients are
found by solving:

X1 N 1 a 1
X2 y2 1f[b|=]0]. (6.15)
x3 y3 1)\c 0
The matrix on the left-hand side can be inverted to find the solution:
a 1 Y2—y3 y3—=n yi—Jy2 1
bl=— X3 — X2 X1 — X3 X2 — X1 01, (6.16)
c XpY3—X3y2 Xsy1—X1y3 X1y2—Xx2)1)\0
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where A is the area of the triangle. So the explicit nodal basis function 1, is:

1
M(x,y) = A (v2—y3)x+ (x3— x2)y + (x2y3 — X3)2), (6.17)

which corresponds to the coefficients in the first column of the inverted matrix. The other two nodal basis
functions can be found by taking the coefficients in the second and third columns, leading to:

1
Aa(x,y) = E(J’S —y1)x+ (21— x3)y + (x3)1 — X1)3), (6.18)

1
A3(x,y) = ﬂ(J’l = y2)x+ (%2 = x1)y + (X152 — X2 31).- (6.19)

Nodal shape function

Figure 6.3: Local ‘tent’ shape function.

The local basis functions described above are defined on a single element. To define global shape func-
tions, the local shape functions are combined. If continuity is enforced, this yields the familiar ‘tent’ functions
as shown in Figure 6.3. This global basis function is associated with a single vertex, on which it is equal to one.
On all other vertices, it is equal to zero. On each element, it is linear, and thus globally it is piecewise linear.

Piecewise linear approximation of a smooth function

Figure 6.4: Linear combinations of nodal shape functions can be used to find a piecewise linear ap-
proximation of a smooth function.
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To approximate a function, linear combinations of these basis functions can be used. An example is
shown in Figure 6.4.

6.2. Edge elements in 2D

ry ‘ e; rs

Figure 6.5: Reference directions for triangular edge element

For vector equations, one might expect that it is possible to simply approximate the solution by expanding
each component using nodal shape function. This, however, leads to nonphysical solutions [7]. Instead, edge
elements can be used. These elements, introduced by Nedelec in [28], consist of vector basis functions, and
have the useful property that their tangential components are continuous over element boundaries, while
their normal components are allowed to be discontinuous. To define the local edge element basis functions,
the nodes and edges of a triangle are numbered as in Figure 6.5. Note that the edges are assigned a reference
direction, which is oriented from lower index to higher index. The local edge element basis functions are
defined using the nodal basis functions [7]:

N1 =A2VA3-1A3VA,, (6.20)

Ny =A11VA3 - A3V, (6.21)

N3 =11V — A,VA4. (6.22)
Local edge basisfunction Ny Local edge basisfunction Ny Local edge basisfunction N3

Figure 6.6: Local edge basis functions on a triangle.

These basis functions are shown in Figure 6.6. From visual inspection, it seems that the tangential com-
ponent of edge basis function i is constant on edge s;, and zero on all other edges. This property allows
for the construction of fields with continuous tangential components over element boundaries, as described
above. This property will now be shown mathematically for the first edge basis function N;. Consider the
basis function N, evaluated at a point r on edge s, and take the dot product with the tangent vector (as in
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Figure 6.1):
Ni(r)- 71 = (A2(nVA3(r) = A3(r)VA2(r) - 71 (6.23)
_|Lr=r3)-m v( (r-riy)-ng )_ (r—ri)-ns v( (r—r3)-m ) - (6.24)
(ro—r3)-ny \(r3—ri)-n3) (r3—riy)-ng \(r2—r3)-m
1
= (r—r3)-ny)n3—\((r—ry)-n3)ny| -71;. (6.25)
((ra=r3)-n2)((rs—ry1)-ns) (( o) mz) s = - 13) 2) !
Since r on ey, it can be parametrised as r = r» + k7 for some scalar k. Filling this in yields:
1
Ni(r)-T; = (ro+kty—r3) -ny)ns—((ro+kty1—ry) -n3)n| 7. (6.26)
1 1 ((rs—r3) -12) (s —11) -13) (( 2 1—13 2] 3 ( 2 1—r1)-n3) 2) 1

Rearranging the terms yields:

1

Ni(r)- T, =
! ! ((ra—r3)-n2) ((rs—r1)-ns)

(((7‘2 —r3)-ny) (n3-T)) + (k1 - 1) (n3-71)
~(r2=r0)-m3) (ma - 71) = (k1 M) (mp-70). - (6.27)

Note that (ro—r1)-n3, and that the terms containing k cancel each other out, leading to the following constant
tangential component on the boundary:

1

Ni(r) - T; =
e ((ra—r3)-ny)((rs—ry)-ns) ((

(ro—rs)-ny) ns) Ty, (6.28)

As expected, the edge basis function N; has a constant tangential component on boundary e;.

For the other edges, the edge basis function should have a tangential component which is equal to zero,
since the field seems to be perpendicular to the edge in Figure 6.6. This is proven by examining N (r) - T2 with
(r) on sp:

Ni(r)- T2 = (A2(r)VA3(r) = A3(r)VAa(r)) - T2 (6.29)
=-A3(r)V(A2(r)) -T2 (6.30)
:—A\,A,ﬁV(M). (6.31)

(rz—r3)-n
= —&nz ‘T2 (6.32)
(ro—r3)-n
-0. (6.33)

Here the fact that A, (r) = 0 for r on s, has been used, as well as the fact that n, - T2 = 0. As expected, the dot
product is zero, and hence the field has a tangential component equal to zero on the edge s,. In a similar
fashion, examining N (r) - T3 with () on s3 yields:

Ni(r)- T3 = (A2(r)VA3(r) = A3(r)VA(r)) - T3 (6.34)
= AZ(F)VA:),(T) ‘T3 (6.35)
= Az(r)vw ‘T3 (6.36)
(rg—ry)-n3
1
=A(r)————n3-T3 (6.37)
(r3s—ri)-n
~0, (6.38)

where the fact that A3(r) = 0 for r on s3 has been used, as well as the fact that n3 - T3 = 0. Thus it has been
shown that the edge basis function N; has a constant tangential component on edge s1, and zero tangential
component on the remaining edges s, and s3. This can be shown in a completely analogous way for the other
basis functions N, and N3, and their respective edges.
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Another useful property of the edge basis functions, is that their curl is constant, i.e. that V x N; is con-
stant. This can be shown by rewriting the expression for the basis function using the vector identities. For N,
for example:

Vx N3 =V x(12VA3—A3VA,) (6.39)
=V x (A2VA3) =V x (13VAy) (6.40)
=1V xVA3+VAy x VA3 = (A3V x VA2 + VA3 x VAy) (6.41)
=VAyx VA3 -VA3x VA (6.42)
=2(VA2 x VA3). (6.43)

Note that the fact that the cross product is anticommutative, i.e. A x B = —(B x A), has been used. Since
the gradient of the basis function is constant, as was shown earlier, this result implies that the curl of N; is
constant. The same result can be found in an analogous way for the other edge basis functions N, and Ns.

A consequence of the result for the curl of the edge basis functions, is that the cross product of the element
normal vector with the curl of the edge basis function is zero. To verify this, recall that VA, = Cyn, for a
constant C,, as shown in the previous section in Equation (6.13), and similarly VA3 = Csn3 for a constant Cs.
Thus VA, x VA3 = C,C3(n2 x ng). These two normals lie in the plane of the element, and as such we have that
n = C(ny x n3) for some constant C. Putting this together, we find that

nx(VxNj)=nx(2(VAz x VA3)) (6.44)
=nx (2C,C3(n2 x n3)) (6.45)
=nx(2C,C3Cn) (6.46)
=0. (6.47)

Here we have used that n x n=0.

Finally, consider the divergence of the edge basis functions. In implementations where a Coulomb gauge
is imposed, it is beneficial for the basis functions to be divergence free, since this ensures that the resulting
field will be adhere to the Coulomb gauge. The edge basis functions are in fact divergence free, as can be seen
by rewriting:

V-N; =V-(12VA3—A3VA,) (6.48)
=V-(12VA3)-V-(A3VA2) (6.49)
=12V (VA3) + (VA2) - (VA3) = A3V - (VA2) — (VA3) - (VA2) (6.50)
=(VA2)-(VA3) = (VA3)- (VA2) = 0. (6.51)

Here the vector identity V- (¢A) = V- A+ (V) - A has been used, as well as the fact that the gradient of the
nodal basis functions is constant, and hence V- (VA;) = 0. A similar derivation shows that the other basis
functions are also divergence-free.

Two local edge basis functions combined form a global edge function, associated with the edge on which
the local basis functions have a tangential component. This is shown in Figure 6.7. A characteristic of this
edge e is that the circulation of the basis function N, along the edge is equal to one:

fNe~ dl=1. (6.52)
e

Thus, similar to how the nodal shape functions are associated with a single node on which they are equal to
one (and zero on all other nodes), the edge basis functions are associated with a single edge, on which their
circulation is equal to one (and zero on all other edges).

6.3. Meshing of the domain

One of the motivations for choosing a boundary element method was the fact that only the interface between
the regions needs to be meshed. This is advantageous for several reasons. One of these reasons is that finding
an optimal mesh is a complex puzzle of its own, which increases in difficulty for 3D space. The interface,
being a 2D surface, is slightly easier to work with. An excellent introduction to finite element meshes is given
in [37]. What constitutes a ‘good’ mesh is very dependent on the problem under consideration. In general, it
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Global basis function on two elements

— ==~~~/

Figure 6.7: A global edge basisfunction on two elements. This edge function is associated with the
edge between the triangles, on which its circulation is zero. The circulation along all other edges is
one, and the function is zero on all other elements.

is best to avoid very large angles, as is shown in the celebrated paper by Babuska and Aziz [4]. One method
to do this is Delauney triangulation. For a given set of points, a Delauney triangulation is a mesh such that
no point is within the circumcircle of any triangle (i.e. the circle containing all three vertices of the triangle).
This tends to avoid sliver triangles with extreme proportions.

0 subdivisions 1 subdivision
1
0.5
N O N O
-0.5
S
-0.5 0.5 -
00.5 —O.Q
X y

2 subdivisions 3 subdivisions

1 1
N O N O
-1 -1
-1 1 -1 1
0 0 0 0
1 -1 1 -1
X y X y

Figure 6.8: Overview of icosahedral meshes with varying amount of subdivisions. Note that due to the
way the meshes are generated, the number of elements increases exponentially.

For our purposes, the meshing of the surface of a sphere, we could make use of Delauney triangulation
for a discrete collection of points. However, given the symmetry and simplicity of the geometry, we instead
choose for the easier option of approximating the sphere by a regular convex icosahedron. The MATLAB
script which was used for this can be found in [44]. It creates a unit sphere consisting of regular triangles,
with a given number of subdivisions. The first four subdivisions are shown in Figure 6.8.
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Refinements | 0 1 2 3
Vertices 12 42 162 642
Edges 30 120 480 1920
Elements 20 80 320 1280

Table 6.1: Number of vertices, edges and elements for each refinement step of the icosahedral mesh.

6.4. Numerical integration on reference triangle
The integrals in the BEM formulation necessitate numerical integration. For this, a Gauss quadrature scheme
will be used. The Gauss quadrature rules were determined using a MATLAB script which can be found in
[20]. For the situations in which both the inner and the outer integral were approximated numerically, it is
necessary to choose different Gauss points. As such, two quadrature rules were implemented, with degree
9 and with degree 10. The points for these quadrature rules are shown in Figure 6.9. It is important to note
that the rules contain no identical points, and that for both rules, no points lie on an edge or vertex of the
reference triangle.

09

0.8

0.7 -

06

0.5

0.4

0.3

0.2

0.1

Integration points for Gauss quadrature with degree 9

09

08

0.7 -

0.6

05¢

0.4

03

02

Integration points for Gauss quadrature with degree 10

Figure 6.9: Gauss quadrature rules of degree 9 and degree 10.



Numerical results

The BEM method as described in Chapters 5 and 6 was implemented in MATLAB. In this chapter, some results
of this implementation will be given. The results will be compared to the analytical solution as derived in
Section 3.2 for the sphere.

7.1. Results for a sphere

The BEM implementation which has been developed in MATLAB takes as input a geometry G, and a set of
system parameters consisting of the relative permeability u,, the conductivity of the object o, and the source
field By. The source field is assumed to be time-harmonic, with a frequency f. In the test case of a sphere,
the symmetry of the problem allows us to set the background field in the positive z-direction without loss of
generality, assuming that the discretisation is symmetric as well. An example of a discretised sphere is shown
in Figure 7.1. This sphere, which has n.f = 2 mesh refinements, consists of 192 vertices, 320 elements, and
480 edges.

Overview of geometry with 2 refinements
Arrow shows direction of exciting field

0.06
0.04

0.02

z[m]

-0.02

-0.04

-0.05 005

y [m] 0.05 0.05 x [m]

Figure 7.1: A discretised sphere, with n,,¢ = 2 mesh refinements. The sphere has aradius of rp = 0.05m.

The solution consists of a modified magnetic vector potential A* and a reduced scalar potential ¢. The
BEM implementation calculates these potentials restricted on the interface between the object and the free

63
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space region. Subsequently, the fields everywhere in the domain can be calculated making use of the Green’s
functions. With these two potentials, the magnetic flux density or eddy current density can then be calcu-
lated. The steps are shown in Figure 7.2

Calculate
fields at

Build system Solve system,
Discretise matrix M and yielding
geometry right-hand potentials
side vector L on interface

chosen
location in
domain.

Figure 7.2: An overview of the steps in the BEM implementation

Building the system matrix is the most time-consuming part of the process. The sphere with two mesh
refinements as shown in Figure 7.1 leads to a computation time of roughly four hours, on an AMD Ryzen 7
PRO 4750U processor with 1.70GHz and 16GB RAM. However, it should be noted that the implementation is
very naive, and preference was given to a clear and readable script over an efficient script. Thus, much could
be optimised by replacing for loops by vector calculations.

System matrices (2 refinements)
162 nodes, 320 elements, 480 edges

m' M2 108
4
100 %4 400
1
200 %3 200
300 02 300 05
400 01 400
0
100 200 300 400 50 100 150
M21
800
50 500 50
100 490 400
200
150 , 150 .
100 200 300 400 50 100 150

Figure 7.3: Visualisation of system matrix M for the sphere. It is split according to the submatrices
defined in the derivation of the method. Note the diagonal dominance of the matrices containing the
self-interactions.

A visualisation of the system matrix M is shown in Figure 7.3. The matrix is split up into the submatrices
as defined in the derivation of the method in section 5.4. The first submatrix, M!!, contains the terms where
both the test function and the basis function are edge basis functions. This self-interaction matrix shows a
clear diagonal dominance, which is numerically favourable. Similarly, we see a siagonally dominant structure
in the M?2 submatrix, which contains the self-terms for the nodal basis functions. The other submatrices M2
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and M?! contain the relation between edge basis functions and nodal shape functions (and vice versa). The
structure which is apparent here is completely dependent on node ordering. It seems that the node ordering
used by the icosahedron script and the subsequent ordering used to define the edges yields a coherent
structure where high node numbers correspond to low edge numbers. However, there is probably still room
for improvement here. Finally, one might note that there is a large difference in magnitude between the
submatrices. Upon investigation of the formulae for the entries of the submatrices, we find a factor of
in M'2, and a factor of 1/ in M?!. Given the magnitude of yy and p1, which are of order 1077, this seems
to explain part of the discrepancy. However, this still leaves unexplained why the submatrix M?? is so much
smaller than the other submatrices.

Solving the system was done with the default MATLAB solver, i.e. the backslash operator. The system
matrix is full-rank, but has a large condition number of k¢ong = 3.0317 x 10!!. The solving is done very quickly,
and has a low residual (of order 10714).

Once the system has been solved, the potentials on the interface can be used to determine the eddy cur-
rent distribution inside the sphere as well as the magnetic flux density outside the sphere. These are the ac-
tual results we are interested in, since these are the physical quantities which are used in magnetic signature
reduction.

Target ranges

* Range for eddy current density

0.2 . Range for magnetic flux density

0.15 -
0.1~
_, 005+
£
N 0
~
-0.05 -
-0.1-
015
0.05 01\\ } 4/,/0 0.05
x [m] -0.05 v Iml

Figure 7.4: Target ranges for eddy current density (red) and magnetic flux density (blue). The red
points lie on the y = 0,z = 0 axis. The blue points lie in the y = 0 plane, at a distance r = 3ry from the
origin.

Below, the results are given for a discretised sphere of radius rp = 0.05m with two mesh refinements. The
system parameters are

By=1T
f=50Hz

ur=20
0=10MSm™*

which are the same parameters as were used for the analytical solution in section 3.2, to facilitate comparison
of results. Let us begin by investigating the eddy current density J inside the sphere. Once again, this will be
calculated for a range of points between the centre and the interface, on the line y = 0,z = 0, as is shown in
Figure 7.4, which is reprinted here for ease of reference.

Let us begin by considering the eddy current distribution. The results of the approximation are shown in
Figure 7.5. The black lines show the numerical approximation, and the red lines show the analytical solution.
From a qualitative perspective, the numerical approximation is very acceptable. The eddy currents consist
mainly of a azimuthal component, which for this range of points equates to a component in the y-direction.
The skin depth effect is visible, with eddy current strength being strongest near the interface. Moreover, the
shape of the real and imaginary components correspond well to the shape of the analytical solution.

Upon inspecting the magnitude of the fields, we note that the approximation yields weaker eddy current
density than expected from the analytical solution. It seems that a constant scaling factor is missing. Empir-
ically, this scaling factor was found to be roughly 2. An example of the resultant eddy current density using
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Eddy current J in sphere

Numerical implementation, 320 elements
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Figure 7.5: Approximated eddy current distribution in sphere.

a scaling factor of v/27 is shown in Figure 7.6, which seems like an excellent approximation. However, it is
unclear if and why this scaling factor is indeed necessary, nor have we rigorously determined its value. Possi-
bly, there is a bug in the implementation. An alternative explanation is that there is a difference between the
analytical solution and the numerical approximation in the scaling used for Fourier transformations.

Now let us investigate the approximated magnetic flux density, shown in Figure 7.7. Once again, the
approximation is qualitatively very similar to the analytical solution. The y-component is zero, and the x-
and z-components have the same shape as the analytical solution, for both the real and imaginary parts. The
strength of the field is greatest near the poles, at = 0 and 0 = 7, and weakest near the equator. The error for
the magnetic field is much smaller than was the case for the eddy current density. The fact that the fields are
not the exact same strength could be explained by the coarseness of the discretisation, or the degree of the
quadrature rules used.

The Joule losses were also approximated numerically. The analytical Joule losses for the system under
consideration are 5.839 x 10*J. For the numerical approximation, the Joule losses were found to be:

Pioss = 5.477 x 10%]
Ploss = 2.143 x 10%]
Ploss = 3.247 x 10%]

0 refinements:
1 refinement:

2 refinement:

It seems that the approximation is too inaccurate to determine any meaningful results in terms of Joule losses.
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Eddy current J in sphere, scaled by factor (27r)0'5
Numerical implementation, 320 elements
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Figure 7.6: Approximated eddy current distribution in sphere, scaled by a factor v27.

Magnetic field B near sphere
Numerical implementation, 320 elements
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Figure 7.7: Approximated magnetic flux density near sphere.
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To quantify the accuracy of the approximation, the absolute and relative error compared to the analytical
solution have been calculated. Figure 7.8 shows the absolute error of both fields. For the eddy current density,
the absolute error is not a very good metric due to the range of the analytical solution. For the magnetic flux
density, we see that the absolute error for the geometry with no refinements is much higher than for the case
of one or two refinements. Surprisingly, however, there is not much difference between the errors of one and
two refinements.

The relative error for both fields is shown in Figure 7.9. For the current density, the relative error blows up
as the current density goes to zero near the centre of the sphere. However, restricting the range of the relative
error, we see that the geometry with more elements performs much better than the geometries with less
refinements. Taking into account the empirical scaling factor would strongly reduce the relative error. For the
magnetic flux density, we once again see that no refinements performs worse, but one and two refinements
perform roughly equally. Here too an empirical scaling factor may improve peformance, given the fact that
the relative error is roughly constant across the range for these geometries.

Refinements 0 1 2
RMSE of J 2.06e7 1.91e7 1.97e7
RMSE of B 0.0124 0.0057 0.0059

Table 7.1: Root-mean-squared-error for eddy current density and magnetic flux density.

The root-mean-squared-error for both cases is shown in Table 7.1. The errors are in line with what was
seen in the plots.

12 «107 Absolute error of eddy current density 0.02 Absolute error of magnetic field
——0 refinements (20 elements) . ——0 refinements (20 elements)
—1 refinements (80 elements) —1 refinements (80 elements) [
2 refinements (320 elements) 0.0181 2 refinements (320 elements)

0.016
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Figure 7.8: Absolute error for eddy current density and magnetic flux density approximations.
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Figure 7.9: Relative error for eddy current density and magnetic flux density approximations.
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7.2. Ellipsoid

Having verified that the model is reasonably accurate for the magnetic fields, at least in a qualitative sense, we
now turn our attention to some geometries which more strongly resemble a ship. To begin, we will consider
an ellipsoid. The geometry is shown in Figure 7.10, on the left. The ellipsoid has a length of 8 m, and a height
and width of 1 m. It consists of 80 elements, and was created by scaling the sphere geometry. As such, the
meshing is not necessarily optimal, with element size varying from the middle to the ends of the geometry.
Also shown in the figure, on the right, is a sensor array. This sensor array is located at a depth of 5m below
the center of the ellipsoid. On the array, the magnetic signature of the ellipsoid will be visible.

Overview of geometry and sensor array

Overview of geometry

z[m]
z[m]

Figure 7.10: Geometry and sensor array for ellipsoid

The parameters for the eddy current simulation with the ellipsoid were chosen to resemble a realistic
scenario, with a magnetic field roughly as strong as the Earth magnetic field, a relative permeability similar to
that of steel, and a low frequency (albeit in the upper ranges of what is to be expected for sea-surface motion).
The parameters are:

By =40uT,
f=1Hz,

ur =100,
o=10MSm™!.

The excitation field was applied once in each of the cardinal directions. The results are shown for x-excitation
in Figure 7.11, for y-excitation in Figure 7.12, and for z-excitation in Figure 7.13.

The results show that the ellipsoid causes a dipole-like field. The real and imaginary components are
opposite in sign, and the imaginary component is slightly weaker than the real component. This is very
similar to what was seen for the analytical solution.

As an extra verification, a non-conductive ellipsoid and a non-magnetic ellipsoid were simulated. The
resultant magnetic signatures are shown in Figure 7.14. For the non-conductive ellipsoid, no eddy currents
should be generated. Therefore one expects to find a pure magnetic dipole field (due to the induced mag-
netism), with no imaginary component. As can be seen in the plot, this is indeed the case. The imaginary
component is negligible. For the non-magnetic sphere, there should be no induced magnetism, but only an
eddy current field. In the plot, we find that the imaginary and real components now have the same sign dis-
tribution. For the real part, the sign is opposite to that of the non-conducting sphere. In other words, the
eddy current field is oriented such that it opposes the magnetic field, as expected by Lenz’ Law. The overall
strength of the field is lower than in the magnetic case.
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Magnetic flux density [T] on sensor array at z = -5 [m]
(massive ellipsoid, x-excitation)
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Figure 7.11: Left: Magnetic signature on sensor array for ellipsoid subjected to an excitation field in

the x-direction. Right: Geometry and field direction.

Magnetic flux density [T] on sensor array at z = -5 [m]
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Figure 7.12: Left: Magnetic signature on sensor array for ellipsoid subjected to an excitation field in

the y-direction. Right: Geometry and field direction.
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Magnetic flux density [T] on sensor array at z = -5 [m]
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Figure 7.13: Left: Magnetic signature on sensor array for ellipsoid subjected to an excitation field in
the z-direction. Right: Geometry and field direction.
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Figure 7.14: Left: Magnetic signature on sensor array for non-conductive ellipsoid subjected to an ex-
citation field in the z-direction. Right: Magnetic signature on sensor array for non-magnetic ellipsoid
subjected to an excitation field in the z-direction.



72 7. Numerical results

7.3. Half ellipsoid shell

The final geometry under consideration is a half ellipsoid shell. The geometry is shown in Figure 7.15. It
was created by first creating a spherical shell, with an outer radius of 1 m and an inner radius of 0.9 m, and
subsequently scaling this shell in the x-direction. Therefore the thickness of the shell is not uniform: it is
10 cm thick at its thinnest point, and 40 cm thick at its thickest point. The mesh consists of 100 elements. The
magnetic signature was measured on a sensor array at a depth of 5 m below the half ellipsoid shell.

Overview of geometry and sensor array

Overview of geometry 2

Figure 7.15: Geometry and sensor array for hollow ellipsoid

The same parameters as before were used for the eddy current simulations:

By = 40pT,
f=1Hz,
r = 100,
o=10MSm™".

The excitation field was applied in each of the cardinal directions.

The results are shown for x-excitation in Figure 7.16, for y-excitation in Figure 7.17, and for z-excitation
in Figure 7.18.

The observed fields are no longer symmetric about the x- and y-axes. This is surprising, since the geom-
etry itself is symmetric. In the case of x-excitation, for example, the strongest point of magnetic field is found
near x = —2.5. The y-excitation and z-excitation do show a maximum in magnetic field strength near the
centre of the sensor array. An interesting feature of the signatures is the diagonal slant in the strength of the
fields.

It can also be observed that the strength of the fields does not differ much between the hollow ellipsoid
and the massive ellipsoid. One possible explanation for this is that the eddy currents for the massive ellipsoid
are concentrated near the edge due to the skin effect, and that thus there is little difference between the fields
they generate and the fields generated by the eddy currents in the hollow ellipsoid.
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Magnetic flux density [T] on sensor array at z = -5 [m]
(half ellipsoid shell, x-excitation)
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Figure 7.16: Left: Magnetic signature on sensor array for ellipsoid subjected to an excitation field in
the x-direction. Right: Geometry and field direction.
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Figure 7.17: Left: Magnetic signature on sensor array for ellipsoid subjected to an excitation field in
the y-direction. Right: Geometry and field direction.
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Magnetic flux density [T] on sensor array at z = -5 [m]
(half ellipsoid shell, z-excitation)
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Figure 7.18: Left: Magnetic signature on sensor array for ellipsoid subjected to an excitation field in

the z-direction. Right: Geometry and field direction.



Conclusion and recommendations for
future research

The goal of this research project is to investigate and develop a modelling method for eddy current fields in
the context of degaussing systems of naval vessels. Two main research questions arise from this:

¢ How can eddy current effects be modelled?
¢ How can the model be validated?

In the following subsections a short summary will be given of our findings pertaining to these research ques-
tions. Subsequently, recommendations for further research will be given, as well as an outlook of how these
results may be of use for degaussing systems.

8.1. Modelling the eddy current problem
8.1.1. Analytical solution for sphere

The initial focus of the research performed has been a spherical object which is conductive and magnetic,
and which is excited by a time-harmonic background field. For this situation, the Maxwell equations (derived
and described in Chapter 2) are adapted: displacement currents are neglected (the quasi-magnetostatic ap-
proach) and the equations are transformed to the phasor domain (due to the constant frequency of the excit-
ing field). This leads to the following governing equations of the eddy current problem:

VxE=-joB 8.1)
VxH=Jj, 8.2)
V-D=0 (8.3)
V-B=0, (8.4)

The materials are governed by the constitutive relationship B = pH and by Ohm’s law, J = o E.

Before implementing a numerical model, the problem was solved analytically for a spherical geometry.
For a sphere with radius rp magnetic permeability u, and electrical conductivity o, which is excited by a
periodic background field with angular frequency w and strength By in the z-direction, the eddy current
density J in the sphere is described by

J(1,0) =—jwoc A= —jwosin0Cj(kr)@p, (r<ry), (8.5)

and the magnetic flux density B in and around the sphere is described by

2CcosOr~ " ji (k)i — Csin@r " (kr jo(kr) — ji (k1)) 0, (r<rp)
B(r,0) = . (8.6)

Bor3
cosf Bo+(ZCrgjl(kro)—Borg)r_?’)f—sinH(Bo— Crgjl(kro)—ﬂ) r_3)0, (r>ro),

2
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where
wuo 3Byro

k::_(]._j) ) C:: 1 N 1= . .
2 2uy ko jo(kro) = 2u ji(kro) +2j1(kro)

(8.7)

These expressions show that the eddy currents are oriented azimuthally, since only a ¢-component is
present. This is in line with the physics of the situation, since by Lenz’ Law the eddy currents will be oriented
in such a way that the field they generate opposes the change in background field. Since the background
field is changing in the z-direction, the azimuthally oriented eddy currents will create an opposing field in
the z-direction.

The expression for the magnetic flux density is slightly more complicated. Upon rewriting to Cartesian
coordinates, however, one finds that the field generated by the eddy currents is in fact a magnetic dipole
field, with dipole moment

an
m=—
0

. Bor
Cré jr(kro) - TO) 8.8)

8.1.2. BEM implementation

Global basis function on two elements

—————

Figure 8.1: A global edge basisfunction on two elements. This edge function is associated with the
edge between the triangles, on which its circulation is zero. The circulation along all other edges is
one, and the function is zero on all other elements.

Several different formulations exist for the eddy current problem, using various scalar and vector po-
tentials (see Chapter 4). The modified magnetic vector potential A*, introduced by [12], is claimed to have
minimum degrees of freedom while still being numerically stable. This formulation, which uses a magnetic
scalar potential for the air region, was chosen to be implemented. For the implementation method, prefer-
ence was given to a boundary element method (BEM). With a BEM, only the surface of the conductor needs
to be meshed and approximated. The fields at any point in space can then be determined using the approx-
imated potentials on the surface. The chosen implementation is described in [30]. Chapters 5 and 6 give a a
detailed explanation of the method as implemented. In summary, the numerical implementation works as
follows:

1. For a conducting and magnetic object in an air region, the modified magnetic vector potential A* and
reduced scalar magnetic potential ¢ formulation is derived from the Maxwell equations under eddy
current assumptions.

2. Using the free space Green’s functions for the vector Helmholtz equation (for the A* potential) and for
the Laplace equation (for the ¢ potential), a BEM formulation is derived.

3. The interface conditions, and thereby the forcing background field, are used to link the BEM formula-
tions.

4. The potentials on the interface are approximated using basis functions, and the Galerkin approach is
used to determine the coefficients of the basis functions.
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5. Using the potentials on the interface, the magnetic flux density and the eddy current density can be
calculated at any point with the BEM formulation.

A notable feature of the implementation is that the scalar potential is approximated using nodal shape
functions, whereas the vector potential is approximated using edge shape functions. These edge shape func-
tions are constructed such that their tangential component is continuous across element boundaries, while
their normal component is allowed to be discontinuous. An edge shape function is shown in Figure 8.1.

8.2. Validating the model

First, the numerical method was compared to the analytical solution for the sphere. A set of system parame-
ters was chosen:

10 =0.05m
By=1T
f=50Hz

ur =20
o=10MSm™*

The resultant magnetic flux density and eddy current density fields are visualized in Figure 8.2. As expected
due to the magnetic dipole-character of the eddy current field, the field is strongest near the top (positive
z-direction) and bottom (negative z-direction) of the sphere, and weakest around the middle.

Eddy current |J| [A/mz] Reduced magnetic flux density |B | [T]
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Figure 8.2: Eddy current distribution J inside sphere, and reduced magnetic flux density B, around
sphere. Parameters: rop =0.05m, Bo = 1T, f =50Hz, u, =20, 0 =10 MSm~L.

The numerical method was implemented in MATLAB, as described in Chapters 5 and 6. The conductor
was meshed using triangular elements, on which the potentials were approximated by solving a linear system
which was built using the BEM formulation. Figure 8.3 shows the results for a sphere with 320 elements,
compared to the analytical solution. The system parameters for this sphere are:

The implementation gives fields which resemble the analytical solution very well, at least qualitatively.
The eddy current density J consists only of an azimuthal component, as expected, and moreover shows the
correct distribution of real part and imaginary part. However, the eddy current density is off by a scaling fac-
tor. This scaling factor seems to be constant for all points, but it is unclear if the scaling factor is constant
for other sets of parameters as well. The magnetic flux density B also shows the correct shape of each com-
ponent, and moreover is a closer fit in terms of field strength, although a scaling factor may still improve the
result.

With this it was validated that the model gives a reasonably insight into the shape of the magnetic field
surrounding an object. As a first step towards the modelling of a ship geometry, the magnetic signature of a
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Figure 8.3: Approximated eddy current distribution in sphere (fixed 8 = 0.57, ¢ = 0, varying r), and
approximated reduced magnetic flux density near sphere (fixed r = 3rp, ¢ =0, varying ).

half ellipsoid shell was approximated. The system parameters for the hollow ellipsoid shell are:

By =40uT,
f=1Hz,

ur =100,
o=10MSm™ .

The results of this are shown in Figure 8.4. The geometry is shown on the right, as well as the location of
the sensor array on which the magnetic signature is calculated. The figures on the left show the components
of the magnetic flux density due to the eddy currents. These results are promising, since they show that the
method is capable of determining the magnetic signature of an object which is ‘thin’.

8.3. Recommendations fur future research and outlook for degaussing sys-

tems

With the above results, the two research questions are answered, and a first step towards integration of eddy
currents in a degaussing system is made. However, the model is not quite ready to be used for degaussing
purposes yet. It lacks some realism in its assumptions, and moreover, it is computationally expensive and
quite slow. As such, it is not fit for real-time modelling of shipboard eddy current fields. Nonetheless, the
results of the model are promising, and with more development the model may prove its use in a degaussing
context. In this section, recommendations for future work on the model will be given. Following this, some
recommendations will be given on how this can contribute to future degaussing systems.

The BEM model which was implemented in this research project shows decent results, with fields which
resemble the analytical solution qualitatively. However, an exact correspondence with the analytical solution
is not yet observable. Our expectation is that the implementation still needs to be improved or adapted. This
should be the first step if one chooses to continue with this model. It should be possible for the implementa-
tion to yield exact results for the analytical solution. A bug may still be present in the code, due to which eddy
current density magnitude is off by a scaling factor.

The MATLAB implementation itself also has room for improvement. By optimising the code, it should be
possible to greatly reduce computation time. For example, many computations are done iteratively, which
could instead be programmed using vectorial calculations. Also, the multi-core capabilities of modern pro-
cessors could be used to allow for parallel computation of the submatrices in the system.

Once a perfectly functioning implementation has been achieved, the next step would be to continue test-
ing different geometries, eventually progressing to a ship-like geometry. Note that this may constitute a non-
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Magnetic flux density [T] on sensor array at z = -5 [m]
(half ellipsoid shell, z-excitation)
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Figure 8.4: Left: Magnetic signature on sensor for ellipsoid subjected to an excitation field in the z-
direction. Right: Geometry and sensor array.

simply connected domain, which the model can not handle. However, by considering only half the domain
and making use of the symmetry of the problem, a solution may still be obtainable. The BEM can also be
expanded to take into account multiple conducting regions. Another challenge may arise due to the thin
geometry: this may lead to ill-conditioned matrices. The degree to which this is an issue is hard to predict,
although perhaps a regularisation method could alleviate this somewhat. In addition, thinner geometries
may necessitate higher-degree Gauss quadrature rules, thereby increasing computation time.

The results for different geometries must be validated somehow. Using an experimental set-up consisting
of multiple coils in each of the cardinal directions (a Helmholtz cage), it is possible to simulate any magnetic
field. Using a scale model of the geometry in this Helmholtz cage would yield a dataset against which the
model can be validated. Alternatively, the data from experimental trials such as [27] and [31] could be used
to validate the model.

Aside from using a more realistic geometry, it is also necessary to implement a more realistic background
field. The current time-harmonic field which has been used in this research is nonphysical. A better approach
would be to determine the roll, pitch and yaw angles and periods, set up a rotation matrix, and determine the
frequencies from that. This is not trivial, and it may prove necessary to adapt the model somewhat to take
this more complicated background field into account.

So far, the material has been assumed to be linearly magnetic. However, in practice, the vessel may be
ferromagnetic. This brings an additional layer of complexity to the problem. It is unclear if this model is
capable of dealing with a ferromagnetic material. Probably, this will be far from trivial.

With each of the steps described above, the model will come closer to being usable in a degaussing con-
text. In the best case, the model will be able to determine the eddy current field due to the rolling motion of a
ship in real-time. If this goal proves to be too ambitious due to computational complexity, the model may still
be able to be worthwhile. The system matrices could be calculated in advance for various system parameters
and movement frequencies. With this library of system matrices, one would only need to calculate the right-
hand side vector for the background field, which is far less expensive. Should this still prove to slow, then
perhaps a complete library of eddy current signatures for various situations may be considered. These fields,
either calculated on the fly or pre-calculated, can then be taken into account by the degaussing algorithm.
Hopefully, this will lead to even safer naval vessels in the future.






Spherical coordinates
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Figure A.1: Spherical coordinate system (r,0,¢) as used in physics (ISO 80000-2:2019 convention).
Image from Wikimedia Commons (Public Domain)

In many situations, it is desireable to express a problem in spherical coordinates, so that one can take
advantage of some symmetries. As is the convention in physics, a point is expressed in spherical coordinates
as (r,0,¢). Here r is the radial distance, 0 the polar angle, and ¢ is the azimuthal angle, as shown in Figure
A.1. To convert a point (x, y, z) from Cartesian coordinates to spherical coordinates, the following formulae

are used:
r= /x2+y2+z2, (A.1)

/X2 + 12
0=arctan(u), 0<O=m, (A.2)
z
_ Y
(¢ = arctan <) -T<@=<T. (A.3)

Note that the inverse tangent in arctan (y/x) must take into account the correct quadrant of (x, y). The single
argument inverse tangent can not discern diametrically opposite directions. Thus it is necessary to use the
two-argument inverse tangent, atan2(y, x).

To obtain Cartesian coordinates from a point with spherical coordinates (r,0, ¢), the following formulae
are used:

x =rsinfcose, (A.4)
y=rsinfsing, (A.5)
z=rcosf. (A.6)
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A. Spherical coordinates

For integration and differentiation in spherical coordinates, the local orthogonal unit vectors will be use-

ful:

7 =sinfcospx +sinfsingpy + cosb2,
0 = cosOcospx +cosOsingpy —sinfz,

@ =—singX +cos@y.

The cross product of these unit vectors is:

i'xéz(i),
Oxp=r,
Ppxi=0.

This can be checked by filling in the orthogonal unit vectors.

(A7)
(A.8)
(A.9)

(A.10)
(A.11)
(A.12)

The line element dr for a displacement from (7,8, @) to (r +dr,0 + d6, ¢ + d¢) is given by

dr =dr# +rd00 + rsin0 de.

(A.13)

The surface element for a surface spanning from 6 to 6 + df and from ¢ to ¢ + d¢ (at a constant radius) is

given by
da=r?sin6d6de.

(A.14)

With this, one can find the following expressions for the gradient, divergence, curl, the Laplacian and the

vector Laplacian in spherical coordinates:

of . 10f, 1 of .

or r2sin@ 00

V=5 a6 reng 9 ® A1)
V~A:%%(r2A,)+ rsilne%(SineAe)+ rsi1n9 a@%’ (10
v?f—l-g(#gf)+ L 9 Gmegz)+ L _%f (A.18)

T r2or r2sin2 0¢p?’

viaz[via 242 O0(dgsinG) 2 04} Vep, - o, 20Ar 2cos0 04y,
" r2  r2sind 00 r2sinf ogp r2sin?@ 12 80  r2sin?6 O0¢
lv2a Ay . 2 0A; N 2cosf 04y . A19)
? r2sin20 r2sinf d¢  r2sin20 dp | )




Helmholtz’s Theorem

Helmholtz’s theorem, or the Helmholtz decomposition, is an important mathematical result which states that
a vector field can be uniquely split into an irrotational (curl-free) and solenoidal (divergence-free) part. The
statement is given below; a proof can be found in many textbooks, for example in [3, p. 671].

Let F(x) be a sufficiently smooth three-dimensional field, which decays sufficiently fast at infinity. Then
F(x) can be decomposed into:

F(x) = -V¢(x)+V x V(x), (B.1)
where ) Ve EW)
P(x) = ) T dx’, (B.2)
and 1 [VxF(x)
Vix)=— [ ———— dx". (B.3)
47 |x— x|

Note that —V¢(x) is irrotational, since the curl of gradient is zero, and that V x V(x) is solenoidal, since the
divergence of curl is also zero. Note moreover that V(x) is itself also divergence free.

An important consequence is that if one has the divergence V- F(x) and curl V x F(x) of a vector field F(x),
then the field can be uniquely determined.
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Potential theory

In electromagnetics, it is often useful to express a field using a potential. For example, in electrostatics, one
finds that the electric field £ can be expressed as the gradient of a scalar potential V:

E=-VV. (C.1)
Similarly, the magnetic field B was found to be the curl of a vector potential A:
B=VxA. (C.2)

Not all vector fields can be expressed with a potential. Certain conditions must be met, which will be stated
and derived in this appendix. Such proofs can be found in many textbooks. The first proof follows the com-
mon method of using path independence, whereas the second proof given below follows [2, p.170].

C.1. Scalar potential

Let F be a vector field on a simply connected three-dimensional domain. Then the following statements are
equivalent:

1. The field F has zero curl, i.e. Vx F =0.
2. For any closed loop C, one has §. F-dr = 0.
3. The field F can be expressed as the negative gradient of a scalar potential ¢, i.e. F = —V¢.

Begin by proving that the first two statements are equivalent. Let C be a closed loop in the domain, bounding
asurface S. If (1) holds, then integrating over the surface yields

fS(V x F)-dS§S=0. (C.3)

Applying Stoke’s theorem yields
f F-dr=0, (C4)
c

as stated in (2). The reverse, (2) implies (1), can be shown in the same way.

It will now be shown that (2) and (3) are equivalent. Assume that (2) holds, and define ¢(r) = — fc F(r)-
dr’, where C is a path from a fixed point r¢ to r. Note that this integral is independent of the path taken
between the points. This can be verified by taking another path C,, and combining C and —C; to form a
closed curve, from which by (2) it follows that [ F(r')-dr’ = [, F(r') - dr'. Hence the definition of ¢ is well-
defined.

Now consider a perturbation r — dr, C— C+6C. Then

@(r+or)=@r)+Ve-0r+0(or)), (C.5)
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86 C. Potential theory

and

Pr+6r)—@r) = —f F(r’)~dr'+f F(r')-dr'
C+6C C

= —f F(r')-dr'
sC
=—F(r)-6r+0O(6x]).

Comparing these two equations, one finds that F = —V¢, as in statement (3).

(C.6)

(C.7)

(C.8)

To prove that (3) implies (2), simply take the curl of both sides of the equation, and note that the curl of a

gradient is always zero. This implies that (1) must hold, and therefore (2) as well.

Note that the potential is defined with respect to a reference point r(, at which the potential is zero.

C.2. Vector potential

Let B be a solenoidal vector field, i.e. V- B = 0. Then B can be described as the curl of a vector potential A:

B=VxA.

To prove this, a construction of A will be given. Define A as

X
A:j/f B,(x,y,z) dx+ 2
Xo

y X
f By (x0,¥,2) dy—f By(x,y,2) dx).
h{ Xo

0
Begin by evaluating the y-component of V x A, which yields:

0Ay O0A;
Vx Ay =5z ~ox

y X
f By (x0,¥,2) dy—f By(x,y,2) dx)
Yo X

0
0x
6 X
= f By(x,y,2) dx
R

0

=0-

ox
=B,.
Similarly, one finds for the z-component of V x A:

0Ay  0A;
VxA),=—-
(VxA), Ox 0_)/
0

X
= a(‘[xo B;(x,y,2) dx)—O
Z

Finally, checking the x-component yields:

0A, 04,

oy 0z

0 y x o [~

= E (fy By (x0,¥,2) dy—fx0 By(x,y,2) dx) - &fxo B;(x,y,2) dx

0

(Vx A)y =

= BX(X()yy)Z) _f

X0

x aBy(X,y,Z)+aBz(x, ¥, 2) dx
dy 0z '

Note that since B is solenoidal, one has

OBx(x,y,z) + aBy(ny’,Z) n aBz(X,y»Z) _

0.
0x o0y 0z

(C.9)

(C.10)

(C.11

(C.12)

(C.13)

(C.19)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)

(C.20)

(C.2D
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With this, the second term above can be rewritten, which leads to

* aB » )
(V x A)x = Bx(x0,,2) + f % dx (C.22)
Xo
= By (x0, Y, 2) + Bx(x, ,2) — Bx(X0, , 2) (C.23)
= Bx (x, y) Z) . (C24)

Thus, as desired, one finds that B = V x A. Note that this vector potential is by no means unique. Gener-
ally, there are many different vector potentials which can be constructed for a solenoidal field. To guarantee
uniqueness, a condition on the divergence of A must be imposed. This is called a gauge. A common gauge is
the Coulomb gauge, whichis V- A=0.






The Green’s function

D.1. Motivation

Green’s functions area powerful tool for solving differential equations. By determining the Green’s function,
the problem can be solved easily for any forcing right-hand side. It relies on the principle of superposition: by
determining the response to a unit impulse, and viewing the forcing function as many unit impulses, one can
find the solution. To understand how this works, it is illustrative to first consider a linear system of equations:

Ax=Dh. (D.1)

Instead of solving this system by a common linear algebra method, rewrite the right-hand side so it is repre-
sented as the sum:
b=b1e1+---+bnen, (D.2)

where e; are unit vectors. Now consider # separate problems:
Ax=e;, i=1,...,n. (D.3)

Each of these problems has a solution x;. Note that the subscript does not refer to the component of the
vector in this case. Since the entire system is linear, the solution to the problem is simply:

xX=b1x1+---+bux,. (D.4)

Thus, by knowing the vectors x;,...,x,, it is easy to find the solution for any right-hand side b. Of course,
these vectors are simply the columns of the inverse A~!. However, this idea of solving for a unit impulse and
then applying the principle of superposition carries over to the differential equations at hand.

Consider a one-dimensional problem of the following form: find u(x) such that

Lu=f, xe[0,l], (D.5)

where L is a linear differential operator, and f is a forcing function, and subject to some specified boundary
conditions. The Green’s function G(x, xp) is found by solving

L'G=6(x-x). (D.6)

Here, 0(x — x is the Dirac delta function. It represents a unit impulse at x = xp. In other words, it is zero
everywhere, except at xy, where it is ‘infinite’. Of course, there is no function which satisfies this, and as such
the Dirac delta function is really a distribution, which makes sense only under integration:

f 0(x—xp) dx=1. (D.7)

There are many ways of constructing the Dirac delta function. For example,

1
— Xo—¢<X<Xp+t
8(x - xp) =1lim{ 2¢ 0m¢ ore (D.8)

7710  elsewhere
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A useful property of the Dirac delta function is the sifting property. Taking the inner product of the Dirac delta
function with another function f(x) yields the value of f at xp. In other words, the delta function ‘sifts’ out
the value at xg. To see this, consider:

<f(x),6(x—xo)>=f f(x)6(x—xp) dx (D.9)
Xo+¢
= limf ’ M dx (D.10)
=0 xo—¢ 26
im L [ reo d
_£I—I~I(l)2_f ot fx) dx D.11)
.1 _
=lim 220 () dx (D.12)
= f(x0), (D.13)

where the mean-value theorem yields X, which is then squeezed to xp as ¢ — 0.
With this property, the usefulness of the Green’s function becomes apparent. Considering D.6, and taking
the inner product of both sides with the Green’s function G, one finds:

(Lu, G) =(f,G). (D.14)
Filling in the adjoint of L in the left-hand side, and using D.5, then yields
(u,L'G) = (f,G) (D.15)
(u,6(x = x0)) = ([, G). (D.16)
Finally, by the sifting property, this yields
u(xo) =<f,G). (D.17)

Thus, noting that the variables x and x; can be interchanged, the solution at any point x( can be found:

1
u(xp) = f f(x)G(x, x0) dx. (D.18)
0

Thus, by knowing the Green’s function, one can solve the problem for any forcing function f(x) with a simple
integration. This technique can be applied to higher-dimensional problems as well. Note that it in the some
derivations, a different sign convention is chosen, i.e. the Green’s function satisfies

L'G=-6(x- xp). (D.19)

D.2. Derivation of the Green’s function G, for the Laplace Equation
The Laplace equation in three dimensions is given by

Au(x) =0. (D.20)
Thus the Green’s function Gy (x, xo) must satisfy
AGy(x,x9) = —06(x — xq). (D.21)

Due to the symmetry of the Laplace equation, which is unchanged by a coordinate change, the Green’s func-
tion is expected to depend solely on the distance to the source point, given by r = |[x — xy|. Let Q be a sphere
centered on x¢ and with radius r. Denote the surface of the sphere by ). Integrating the equation over this
sphere yields

f AGy(x, xp) dxzf —0(x—xp) dx. (D.22)
Q Q

The right-hand side is equal to —1 by the properties of the Dirac delta function. The left hand side can be
rewritten using Gau’ theorem:

f AGy(x, xg) dx:f VGy(x,x0)-n dS (D.23)
Q 0Q
= f 9Go(x, X0) 4 (D.24)
o0 On

0Gy(x,
= —O(x *o) 4mr.

on (D.25)
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Equating the left- and right-hand side then yields:

0Gy(x,
M4”r2 -_1 (D.26)
on

6G0 (x, xo) -1
= =
on 4mr?

(D.27)

1 1
= GO(x) xO) =

=— (D.28)
Anr  4m|x — Xxpl

This is the free space Green’s function for the Laplace Equation.

D.3. Derivation of the Green’s function G, for the Helmholtz equation
The derivation of the free space Green’s is slightly more involved than the derivation above. As such, it will
not be reproduced here. Instead, the reader is referred to one of the textbooks covering this topic, such as for
example [24, p. 791].

The free space Green’s function for the Helmholtz equation is found to be:

1 o
Gi(r,r)= —— ¢ Jkir=r1, (D.29)
4r|r —r'|






Function spaces

To describe and solve eddy current problems, a strong mathematical foundation is necessary. The follow-
ing description of the function spaces and operators involved is adapted from [40], which gives a complete
overview of the mathematics required for these types of problems.

Several well-known function spaces which will be used are given here. Let Q denote a measurable domain,
which in this context generally will be three dimensional. The space of infinitely differentiable functions with
compact support is denoted by 2(Q). The Lebesgue spaces £” (Q) are defined as the space of all measurable
functions' for which

f |u|P dx < oo forl<p<oo, (E.1)
Q
sup|ul < oo for p = co. (E.2)
xeQ

The Lebesgue spaces are Banach spaces, equipped with the standard norms:

1

||u||$p(Q) = (f Iul” dx) ! forl=< p <oo, (E.3)
Q

|2l poo () :=sup|ul for p = 0. (E.4)
xeQ

The Sobolev space #""P (Q) is the subspace of £”(Q) for which the first m derivatives are also in £” (Q):

0l%ly

WP Q)= eLPQ) ——
(@) {u (@) 0x{"0x,?0xy°

e £P(Q), Ialsm}, (E.5)

where |a| = a1 + a2+ a3 and each « is non-negative. The Sobolev spaces are Banach spaces, with the following
norms:

Z am\ u P p
” ullevP(Q) = T O A A forl< p <00, (E.6)
lal=sm 6x116x220x33 £LP(Q)
8%y
lullymeoq) = sSUp | —g—=—mg=—as for p = co. (E.7)
lalm || 0x7" 0xy20x3° oo

The case when p = 2 is special, since in this case the Lebesgue and Sobolev spaces become Hilbert spaces,
with the standard inner product. The Hilbert space w ™2 (Q) will be denoted by #™(Q). Finally, for
In the context of electromagnetism, the div and curl operators are regularly used, as can be seen in
Maxwell’s equations. For this, the spaces #(div,QQ) and #(curl,Q) are useful. These space A (div,Q) is
defined as:
F(div,Q) = {ue L*(Q):V-ue £*Q)}, (E.8)

INote that strictly speaking, the Lebesgue spaces are spaces of function equivalence classes, not functions, and as such the essential
supremum must be used for the infinity-norm.
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which is a Hilbert space, with inner product defined as

(1, V) 72(div,0) :=f u-v dx+f V-uV-vdx, (E.9)
Q Q

and its norm defined as ,
. 2 2 1
vl 7div,0) = (I vllzz(m +IV- v"gZ(Q)) z, (E.10)

Similarly, the space #(curl,Q) is defined as
Fe(curl,Q) = {ue L*(Q):Vxue £*(Q)}, (E.11)
which is a Hilbert space, with inner product defined as

(w0, V) 22(curl,0) :If u-v dx+f Vxu-Vxvdx, (E.12)
Q Q

and its norm defined as

Dol—

. 2 2 3
10l securt,o = (10120 + 19 % 01,00)2. (E.13)

So far, the spaces have been defined on an arbitrary measurable space Q. For the case of eddy current
problems, the domain generally consists of a conductive object in a non-conductive region, both three-
dimensional. From now on, let Q now denote the domain of a conductive material, and denote by I the
boundary of Q, which is assumed to be smooth and with outward unit normal n. For the moment, it is as-
sumed that Q is open, bounded and connected. Let Qgy denote the non-conductive domain, that is the
complement of the closure of Q, i.e. Qey = R3\ Q.

For functions which are discontinuous over the boundary I’, it is necessary to denote the inner and outer
restriction. Consider a function u, defined in R3, of which the restriction to Q is continuous (and which
admits a continuous extension on I'). The inner restriction of u to I" is denoted by ©~, and similarly the outer
restriction of u to I is denoted by u*, i.e. for x € I:

u (x) :lg?olu(x—6n(x)), (E.14)
ut (x) =l§f51 u(x +o6n(x)). (E.15)

The jump between the inner and outer restriction is denoted by [u]r :== u™ — u~.

This description of space as consisting of a conductive and non-conductive region, combined with the
function spaces defined above, facilitates a useful description of the interface conditions between the con-
ductive and non-conductive region. For a vector function u : R3 — C3:

e If ulg € #(div,Q) and ulq,,, € #(div, Qexr), then u € 7 (div, R3%) if and onlyif [u-nlr =0.
e Ifulg € #(curl,Q) and ulq,, € #(curl,Qex), thenu e AC(curl,R3) if and only if [u x n]r = 0.

The following characterisations of the kernel of the divand curl operators will also be of use in modelling
the Maxwell Equations:

o If u € #(div,R%) such that V- u = 0, then there exists a vector v € # ! (R%) such that u = V x v. Applying
the Coulomb Gauge, V- v =0, ensures that v is unique.

o If ue #(curl,R®) such that V x u = 0, then there exists a unique ¢ € #"' (R%) such that u = V¢.
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