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An Investigation into the Next Generation of Ultra High Voltage DC Power
Supplies

by
Russell Edwin Patrick Frost

In recent years, there has been a growing interest, in both academia and industry, for a new
generation of power supplies that are capable of producing high currents at ultra-high
voltages. Unlike existing technology, these power supplies must have a high power density,
making them relatively compact. This work details an investigation into potential

technologies that could later be developed into working designs.

First, an extensive literature review is undertaken that considers existing high voltage power
supplies, and assesses the relative merits of each of them. This is in order to determine
which of them shows the greatest potential for further development. It is decided that, of the
selected technologies, the insulated core transformer and the cascade transformer have
the greatest capacity for further improvement. Both of these types of power supply contain
many common components, as they are both variations on the conventional transformer,

adapted to overcome problems associated with insulation.

A design for a power supply, based on either of these technologies, is proposed; along with
a program to develop the high voltage components. As part of this program, a series of
simulation studies are undertaken in order to establish which of the chosen technologies is
suitable for use in such a design. In addition to this, practical experiments are carried out
that establish that printed circuit board based transformer windings are suitable for use in

high voltage applications.

Finally, it is concluded that, while both technologies are suitable for power supplies that
operate at voltages up to a megavolt, only the cascade transformer should be used for
voltages above this.
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Chapter 1

Introduction

High voltage direct current (HVDC) electricity has been generated and used since the
1870s. Although it was quickly superseded in many applications by high voltage alternating
current (HVAC), which has many advantages that makes it more suitable for power
transmission and distribution, such as compatibility with transformers and ease of design of
switchgear. However, technological developments over the last century have led to HVDC
making a resurgence in electrical power transmission, as it has several advantages over
AC that make it suitable for transmitting power over long distances. The first of these is that
DC power does not have a reactive element, as AC does, meaning it does not suffer from
voltage distortion based on the inductance and capacitance of the line. This makes it more
suitable for undersea cables, which inherently have extremely high capacitances. Another
benefit of DC transmission is that it can be used to connect two different AC transmission
networks that operate at different frequencies. As power loss in transmission lines is
proportional to the square of the current passing through them, HVDC interconnectors are
being developed that work at increasingly high voltages to reduce power loss. The
drawback of this is in generating these high voltages. Current AC/DC interconnectors have
huge geographic footprints to accommodate the circuitry required to rectify, invert and boost
the voltage between the two power systems. This in turn leads to higher costs due to the
value of land. There is, therefore, scope for the development of new technologies that can

perform these functions in a much smaller space.

Another use of HVDC power is in particle accelerators. These have uses in many
applications, including: medical imaging; silicon etching; and nuclear and plasma
experiments. Early particle accelerators required little power to function. What was of
interest was the operational voltage rather than the current. However, as the role of these
particle accelerators has grown more complex, their power requirements have grown
accordingly. Compare, for example, the “Westinghouse Atom Smasher”, constructed in
1937, which had a working voltage of 3 MV but a current of less than a milliamp [1]; with the



commercially available Tandetrons, developed by High Voltage Europa in the 1990s [2].
These produce the same voltage and a current nearly twenty times greater than that of the
Atom Smasher, while being a fraction of the size and cost. Now a similar increase in the
demands placed on new power supplies is taking place. Projects, such as the International
Thermonuclear Experimental Reactor (ITER) [3], have power requirements in the order of
megawatts, which must be supplied at extremely high voltages, and demanding space

requirements.

What is essentially required is a means of generating high currents at extremely high DC
voltages, with a geographic footprint of less than five by five metres. At present, practical
DC power supplies, which operate at voltages in the order of megavolts, have a low power
density; meaning that their size scales disproportionately in relation to their current output.
The reason for this is that machines, based on technologies primarily intended for the
production of high voltages, are not suited for high current loads. In contrast, technologies
with a high power density typically don’t scale to high voltages without drastically increasing
in size. It is therefore clear that a way of combining these two archetypes must be
discovered, to develop a new type of power supply capable of producing high currents at
voltages greater than a megavolt, with reduced size compared to existing designs. The
research conducted in this thesis is intended to contribute to the development of the next

generation of high power density, HYDC power supplies.

1.1 Aims

The ultimate goal of this project is to develop a functioning power supply that is capable of
meeting Specification 1, as described in Table 1.1, and could potentially be developed at a
later date to meet Specification 2. However, this falls outside the scope of work that could
possibly be completed while studying for a PhD. The work carried out in this thesis therefore

represents the first steps in realising this wider, long term goal.

Table 1.1 The intended specifications for a power supply developed in this project.

Voltage (MV) | Current (A) | Ripple (%) | Stored Energy (kJ)
Specification 1. 1 2 0.5 Less than 2
Specification 2. 5 5 0.5 Minimal

The aims of this thesis are as follows:

1. To critically examine existing HVDC power supply technology and identify

advantages and shortcomings associated with each one.



2. To determine which of these technologies have the greatest potential to meet
Specification 1, and which technologies in the future could potentially be developed
to meet Specification 2.

3. To identify technical challenges associated with each technology and investigate
ways of overcoming them.

4. To propose a theoretical design, that meets Specification 1, on which a prototype

can be developed.

1.2 Contributions

The first major contribution of this work was in evaluating magnetic flux loss inherent to
different configuration of insulated core transformer (ICT) layout. From this, an optimal
layout was established that can be used to improve subsequently developed ICTs. In
addition to this, assorted methods of reducing, or compensating for, flux loss in an ICT were
investigated; including Cross Core Technology (CTT) [4] which has been used commercially
by Kaiser Systems [5]. The voltage limitations of an ICT based design were also
established, thus better defining the applications for which this technology can be used.
These contributions were published in the IEEE Transactions on Dielectrics and Electrical
Insulation special issue on high voltages and power modulation April 2019 (see
Appendix A).

In addition to this, simulations and experiments were conducted to appraise the ability of
windings, etched onto the surfaces of printed circuit boards (PCBs), to withstand the voltage
and current demands placed upon them during continuous use in a high voltage, high
frequency transformer. Testing was carried out under a wide range of potential operating
conditions. These results are beneficial to anyone wishing to use such a winding
construction method for high voltage applications in the future. This contribution is intended
to be submitted to the International Power Modulator and High Voltage Conference in June
2020 (IPMHVC 2020) [6], and later modified for publication in a special issue of the IEEE

Transactions on Dielectrics and Electrical Insulation [7].

The inherent flux loss in various arrangements of cascade transformers were also examined
in simulation, leading to the determination of the optimum winding locations for such
devices. In conjuncture with this, a new type of power supply was proposed that is based
on the cascade transformer, but has been modified to reduce size. A draft paper describing

this work is in preparation for publication in a journal at a later date.



Finally, a design was proposed for a power supply that is capable of meeting Specification 1,
as described in Table 1. This design can be developed further into a working prototype of

such a power supply.

1.3 Contents

The work in this thesis is divided into Chapters as follows:

Chapter 1: Introduction — A brief introduction outlining the background, aims and

contributions of this thesis.

Chapter 2: Review of Existing Technology — A literature review was carried out that
examined existing HVYDC power supply technology presently in use around the world. The
relative merits and drawbacks of each design are discussed and conclusions are drawn
about their suitability for this project. Finally, the most promising technologies are selected

for further scrutiny in the rest of this work.

Chapter 3: System Design — The basic outline of a design for a power supply, featuring one
of the technologies that showed promise in the previous chapter, is described. The work
that must be carried out, in the remainder of this thesis, to validate this design is also
identified. In the latter half of the Chapter, additional technical problems are identified and

possible solutions are discussed.

Chapter 4: Secondary Windings — An investigation was carried out into the possibility of
using transformer windings etched onto the surfaces of PCBs. This investigation begins by
examining the current carrying capacity of PCB tracks. Simulations and experiments are
then undertaken to determine the withstand voltage of PCB insulation under different

operating conditions.

Chapter 5: Insulated Core Transformers — A detailed investigation into flux leakage in ICTs
was undertaken. This looks at various ways of reducing flux loss in ICTs, with special
attention being given to the design proposed by Cross [4]. Finally, conclusions are made
about the likelihood of a design, based on ICT technology, being able to meet the

specifications described in Table 1.1.

Chapter 6: Cascade Transformers —A number of cascade layouts are examined with the
intention of reducing flux leakage and maximising output voltage. During the course of this,
a new type of power supply is proposed that would function in the same way as a cascade
transformer, but has a smaller space requirement owing to its reduced size. Two and three

dimensional simulations are used to evaluate the performance of these designs.



Chapter 7: Conclusions — The work in this thesis is summarised and conclusions are drawn
from the work presented. Future projects that could be developed from this work are then

discussed.






Chapter 2

Review of Existing Technology

Technologies already exist which can produce voltages near, or in excess of, 1 MV. Each
was developed separately and has relative merits and disadvantages. A number of these
technologies are discussed in this chapter before concluding remarks are made on which
hold the most promise.

Other ideas, including the modification of pulsed power supplies [8]-[14] and technologies
based on kinetic energy systems [15]-[18], were not investigated as there was insufficient
evidence that they could be developed into a power supply that met the specifications
outlined in Table 1.1

2.1 Van De Graaff Generator

The Van De Graaff Generator was first invented in 1931 [19], [20] to power particle
accelerators [1], [21], [22], but is still used today as a source of high voltages for education
and experiments [23]. It essentially consists of a rounded HV electrode mounted on top of
an insulating support, and a belt, made from an insulating material, that hangs taut inside
the support. There is a pulley inside the electrode, around which the belt is wrapped, and a
second, motor driven, pulley at the base of the insulated column. The bottom of the belt is
sprayed with electric charge, at a potential of tens of kilovolts from ground, using either
corona discharge points or direct contact. This voltage is typically generated using a
rectified transformer. The charge is then carried to the HV electrode, by the belt, where it is
removed by discharging points that are connected to the inside of the electrode. This is
shown in Figure 2.1. The HV electrode acts as a capacitor, storing the charge delivered to
it by the belt.

As

V=2 (2.1)



where V is the potential of the HV electrode; Q is the charge built up inside the electrode;
and C is the capacitance of the electrode, hence the voltage of the device is proportional to
the built up charge. The rate at which the electrode voltage increases can, therefore, be

calculated using

av _

I
i (2.2)

where [ is the time based derivative of Q, otherwise known as the current, and can be

calculated using [24]
I = Shv (2.3)

where § is the charge density of the belt; b is the width of the belt; and v is the velocity of
the belt.

As the voltage is generated by a constant build-up of charge in the top electrode, without a
way of returning the charge to earth, the voltage in a Van De Graaff Generator can
theoretically become infinite. In practice, with a small load current, a voltage of several

megavolts is often achieved.
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Figure 2.1. The operation of a Van De Graaff Generator.

The biggest drawback of Van De Graaff Generators is their low current output [25]. This is
typically a few milliamps [19], roughly a thousandth of that required for this project. This low
current capacity makes this power supply ideal for educational purposes, as it reduces the
danger of serious electric shock. However, it is not suitable for the work outlined in this
project. In theory, the current output could be increased by either finding a belt material

capable of handling a higher charge density, widening the belt (or using multiple belts), or
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increasing the motor speed. However, in practice, it is unlikely that any number of changes

will increase the output power by three orders of magnitude.

Even if the Van De Graaff Generator could be modified to produce a sufficient current, it
would still have several drawbacks. First, as the top electrode acts as a single capacitor,
storing the charge that is drawn by the load current, it will necessarily store an unacceptably
large amount of energy. Another inconvenience is that the mechanically driven belt and
pulley system will necessarily reduce the electrical efficiency of the device by introducing
additional sources of loss, such as friction. In addition to this, moving parts introduce another
potential way for faults to occur, thus reducing the reliability of the design. For these

reasons, a solid state design would be ideal.

2.2 Voltage Multiplier

A voltage multiplier is a configuration of electrical components that takes in an AC voltage,
rectifies it and increases its amplitude. The first voltage multiplier was invented in 1920 by
Grainacher, but was later improved by Cockcroft and Walton, in 1932, with the invention of
the Cockcroft-Walton Generator, Figure 2.2 [24].

Voul

& o
Vi

Figure 2.2. Circuit diagram of a three stage voltage multiplier.

With reference to Figure 2.2, in the first positive half cycle of operation, the inputted
alternating current charges capacitor C;, to a potential equal to V,,,,,., where V... is the peak
input voltage. Then, in the first negative half cycle, capacitor C’; is charged. In the second
positive half cycle, capacitor C, is charged; then C’, in the negative. This process, of

charging pairs of capacitors over each cycle, is continued until capacitors C,, and C’,, are
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charged. At this point, the voltage across the whole ladder will be n times the peak input

voltage, where n is the number of stages.

The Cockcroft-Walton Generator has been applied to many applications including particle
accelerators [19] and X-ray [26] emitters. As it is constructed wholly from discrete, solid
state components, it is reliable, efficient and highly adaptable. Due to its relative simplicity

and diversity of application, it has remained in constant and frequent use since its inception.

The Cockcroft-Walton Generator suffers from two significant disadvantages. Firstly, being
constructed mostly from capacitors, it necessarily stores a large amount of energy. This is
discussed in greater detail in Section 5.5, where it is compared to the ICT. The second is
that it suffers from significant voltage drop under load. This is because, in a similar fashion
to the Van De Graaff Generator, power drawn from a Cockcroft-Walton Generator comes
from discharging capacitors. In accordance with (2.1) as the charge in a capacitor
decreases, the voltage across it also decreases.

The most obvious way of alleviating the latter problem is to increase the capacitances used
in the design. However, work has gone into developing other solutions that don’t increase
the stored energy. The first of these solutions is to increase the frequency of operation. This
has the additional advantage that the required capacitance, for a given load current, is
inversely proportional to the excitation frequency. This method has been used to
successfully create a Cockcroft-Walton based power supply capable of producing 400 kV
at 400 mA [27]. Another solution is to create multiple multiplier circuits that operate out of
phase with each other. This has been shown to reduce voltage loss across a Cockcroft-
Walton Generator, with work going into determining the optimal numbers of phases and
their ideal phase shifts [26].

2.2.1 Voltage Doubler

A voltage doubler is simply a voltage multiplier, based on the Cockcroft-Walton design, that
consists of only one stage. These are a useful and economical way of rectifying the voltage
produced by an AC power supply, as they double the produced voltage while storing the
same energy, and using half as many diodes, as a conventional voltage rectifier (see Figure
2.6). In addition to this, a voltage doubler provides short circuit protection for the output
circuit. Providing Class-Y safety capacitors are used, if there is an overvoltage then the
capacitors will fuse open circuit, thus disconnecting the AC source from the output circuit.
Voltage doublers would make a useful addition to a practical design as they would
effectively half the voltage required from the rest of the design, although this comes at the

expense of doubling the required input current.
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The two most commonly used types of voltage doubler are the half wave voltage doubler,
also known as the Greinacher Circuit, and the full wave voltage doubler, also known as the
Delon Circuit [28]. These can be seen in Figure 2.3 a) and 2.3 b) respectively. The main
functional difference between these two designs is that the half wave voltage doubler
produces an output voltage that is double the amplitude of the input voltage, as measured
from the O V input terminal. This means that the output circuit can be earthed to the same
potential as the input. On the other hand, the full wave circuit has an equal output voltage
above and below the 0 V input terminal. This means that, although the output voltage is
twice the peak of the input voltage, when measured between the output terminals, the
outputs are effectively floating and cannot be earthed to the same potential as the input
circuit. This makes it problematic for use in high voltage applications, where earthing must

be a serious design consideration.
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Figure 2.3. Circuit diagram of a) a half wave voltage doubler and b) a full wave voltage doubler.

2.2.2 Dynamitron

The Dynamitron is a topology of power supply that is commonly used in particle accelerators
[29]-[34]. It is based on a variation of the Cockcroft-Walton Generator, and is capable of
producing voltages, in the order of megavolts. It is advantageous in comparison to Van De
Graaff Generators, which produce similar voltages, for high power applications in that it is

capable of producing relatively high currents, typically several tens of milliamps.

The equivalent circuit diagram of a Dynamitron is shown in Figure 2.4. A column consisting

of semi-circular corona rings, connected via a series of rectifiers, is inserted into a shielded
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tube lined with two semi cylindrical electrodes. The mutual capacitance between the
electrodes and corona rings energise all of the rectifier stages equally, thus raising the
voltage across the whole design in a manner similar to the workings of a Cockcroft-Walton

Generator.

!
< —

Voltage
Source JE —

Figure 2.4. Internal workings of a Dynamitron. Capacitances are formed between the corona rings

(inside) and electrodes (outside).

Because these capacitances are much less than those used in a Cockcroft-Walton
Generator, where discrete capacitors are used, for each stage to achieve the same
impedance, Dynamitrons must operate at a much higher frequency. As the capacitors are
mutually coupled, rather than being series coupled, as in a conventional Cockcroft-Walton
Generator, the voltage drop under load is not related to the number of rectifier stages [30].
This means that Dynamitrons can have many more stages than a Cockcroft-Walton
Generator, and therefore generate much higher voltages. Indeed, voltages of several

megavolts are far from uncommon for commercially available machines [2].

The Dynamitron is a relatively simple design with no moving parts; factors that contribute to
the high reliability of the design. This, in combination with its high efficiency and relatively
high achievable power output, has made the Dynamitron a very popular choice for people
requiring a power source for a particle accelerator; with numerous Dynamitrons installed in
research facilities (both academic and industrial) around the world. Particle accelerators,
powered by Dynamitrons, can be bought off the shelf. One of the largest of these companies
is High Voltage Engineering Europa, who have recently developed a 6 MV 20 mA patrticle
accelerator powered by their “Tandetron” [2], [33]. Again, the design is limited by the current

a single device can supply.
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2.3 Transformer

One of the oldest voltage changing technologies, the transformer is now so ubiquitously
used it makes up the voltage changing component of all AC power grids worldwide, as well
as being the central component of almost all power supplies. It is incredibly versatile and,
in addition to being able to step up or step down any AC voltage, it electrically isolates the

output circuitry from the input.

Transformers are constructed from two, or more, coils of wire that pass energy between
themselves in the form of magnetic flux. The flux is induced, through Faraday’s Law of
Induction [35], by an alternating current in one of the coils. The coils, typically, share a core
made out of a soft magnetic material [36]-[38], which has a higher magnetic permeability
than the insulating material around it; allowing it to channel the flux between the coils. In
most designs, the core forms a complete magnetic flux path to avoid leakage inductance.
This arrangement is shown in Figure 2.5. Core materials are often optimised so that they
operate efficiently; either at high flux densities, as in transmission and distribution

transformers, or at high frequencies, as in switch mode power supplies.
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Figure 2.5. The operation of a transformer. Change in current in the primary winding induces a
change in flux density in the core, which in turn induces a voltage across the secondary

windings.

The versatility of transformers comes from the fact that they have a higher current handling
capability than almost any other kind of voltage changing technology. While most other
technologies described in this chapter produce currents in the order of milliamps, there are
innumerable transformers in use in transmission networks that continually handle kiloamps

at hundreds of kilovolts.

Theoretically, the only limiting factor in a transformer design is the flux density in the core,
though in reality power lost in the windings and core must also be taken into account.
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Transformers, with cores that have high flux saturation levels, can have tremendously high

power densities.

Despite the ubiquity of transformers in applications requiring voltages in the order of
hundreds of kilovolts, there are relatively few transformers that continuously operate in the
region of megavolts. There are, of course, exceptions to this rule. For example, there are
currently several transformers operating at 1 MV in the Chinese and Russian transmission
networks [39]. The power density of transformers decreases at these voltages because of
the difficulties associated with insulating transformers. While other technologies, such as
the Van De Graaff Generator and Cockcroft-Walton Generator, distance the high voltage
components from the low voltage terminal, all of the windings of a transformer must be
wound closely around a metal core. This reduces the allowable space for electrical
insulation, as each winding must be insulated, up to their total voltage, from the core as well
as the other windings. Extremely high voltage transformers must, therefore, have large gaps
between their conducting components. This, in turn, increases their size. For this reason,

transformers are arguably better suited for high currents than high voltages.

In addition to its high power density, and high current handling ability, the transformer has
several advantages that make it appealing for this project. First, as its principal components
are inductive, rather than capacitive, very little energy is stored during HVLC operation.
Also, the ubiquitous use of transformers, for almost all types of application, has led to the
optimisation of their design. Transmission transformers are expected to operate, with
efficiencies in excess of 99.998%, for fifty years or more. This is evidence that transformers
can be designed to be highly reliable and efficient. There is also a significant body of
literature explaining the craft of transformer design [36]-[38], streamlining any prototyping

phase of a project based on transformer technology.

The main disadvantage of the transformer, apart from the scaling issues at extremely high
voltages, is that it produces an AC voltage that must be rectified using additional power

electronics. This issue is discussed in detail in the following section.

The size of the transformer core is dependent on a number of parameters, as will be
explained in greater detail in Section 6.1, one of which is the operational frequency. Broadly
speaking, the size of the core is inversely proportional to the frequency of winding excitation;
meaning that the size of the core, and therefore the transformer, can be minimized by using
a high operational frequency. Recent developments have been made in developing a new
generation of transformer, known as the solid state transformer (SST), that uses power
electronics to switch at a frequency much faster than conventional transmission and
distribution transformers. They have been produced and shown to be able to handle

distribution loads [40]-[42]. As they operate at much higher frequencies, than conventional
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transmission and distribution transformers, the cores of SSTs are typically made out of
specialist materials to avoid saturation [36]. A brief description of some of these materials

is given in Chapter 3.

2.3.1 Rectification

As the transformer outputs an AC voltage, a rectifier must be used in order to process this
waveform before it can be used in a DC application. A simple full wave, single phase,
rectifier circuit is shown in Figure 2.6. The negative half cycle of the waveform is inverted,
resulting in a DC current with a 100% voltage ripple. This ripple is reduced by charging a

capacitor from which a more consistent DC voltage can be drawn, also shown in Figure 2.6.
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Figure 2.6. (LEFT) The circuit diagram of a full wave rectifier. (RIGHT) Voltage Waveforms in a full

wave rectifier.

The capacitance C needed, to reduce voltage ripple V., Of a full wave rectifier, of a

single-phase AC voltage source, to a given level, can be calculated using [24]

C = I

eripple

(2.4)

where f is the operating frequency. To meet the requirements outlined in Table 1.1, using
power grid frequency, and allowing a voltage ripple of 5,000 V at 2 A, the necessary

capacitance is 8 uF. Energy stored in a capacitor E;,,.q Can be calculated using
Estorea = 1/2 cv? (2.5)

where V is the peak voltage in the capacitor. At one megavolt, the capacitor would have to
store 4 MJ of energy. This is far in excess of the 2 kJ or less as specified in the first chapter

of this thesis. This value can be reduced, by designing the transformer to function at a higher
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frequency, as the stored energy is inversely proportional to the frequency. If the same
voltage and current values are used, the transformer would have to operate at a frequency

of 200 kHz in order to reduce the stored energy to 1 kJ.

An alternative to this would be to use a voltage doubler. This would have the advantage of
halving the voltage requirement from the transformer itself, thus reducing the stresses on
the transformer insulation and greatly reducing the overall size of the design. In comparison

to this, the doubling of the required load current is a more straight forward matter.

2.3.2 Cascade Transformers

The cascade transformer was developed to solve the problems associated with insulating
a single transformer against an extremely high voltage. It does this by connecting multiple
transformers in series so that each one transforms only a fraction of the total voltage [24].
The circuit diagram of a three stage cascade transformer is shown in Figure 2.7. Each stage
consists of a transformer with three windings: a primary; a secondary; and an auxiliary. The
primary and the secondary both have the same number of windings, meaning they
experience the same flux linkage and operate with the same electrical characteristics. The
auxiliary of each transformer is connected to the primary of the next transformer in the
cascade, with the auxiliary of the top transformer being left open circuit, or else omitted
entirely. The primary of the bottom transformer is connected to a voltage source. The
secondary windings have a number of turns Ny that can be calculated using

N, = Loullp (2.6)

S nVin

Where N, is the number of turns in the primary and auxiliary windings; V;, is the voltage in
the primary windings; n is the number of stages; and V,,, is the total output voltage of the
design. The secondary windings can then be connected in series to produce the total output
voltage. In theory, each transformer should behave identically; although flux leakage in each
transformer, as well as power losses in the windings and cores, will have a cumulative effect

on each transformer.

It is a much simpler process to insulate whole transformers from each other than it is to
insulate the windings from the core of a single transformer, because the location of each
transformer has little effect on the other transformers in the cascade.

Cascade transformers have been used before to produce voltages in the region of 1 MV
[43], [44].
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Figure 2.7. Circuit diagram of a cascade transformer with three stages.

24 Insulated Core Transformer

Insulated core transformers (ICTs), like cascade transformers, represent an attempt to
overcome the problems associated with insulating transformers against extremely high
voltages. A detailed account of the history and development of the ICT is given in Chapter 5,

so here only a basic outline of its operation will be given.

As stated previously, the greatest difficulty in designing transformers, for high voltage
applications, is insulating the windings from the core; as the core, being conductive, must
have the same potential throughout its entire volume. The ICT attempts to solve this
problem by breaking the core into a number of sections, each electrically insulated from the
others [4], [45]. This is shown in Figure 2.8. In this way, each winding only needs to be
insulated against a fraction of the total transformer voltage. The biggest drawback to this is
that insulating sections of the core will necessarily disrupt the flux path. Special care must,
therefore, be taken when designing an ICT to reduce the effects of flux loss on the design.

Although there have been a number of attempts to do this in different ways (many of which
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are examined in Chapter 5), it is generally desirable to minimise the lengths of the gaps

between the flux carrying sections of core and to have a large core cross sectional area.
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Figure 2.8. A diagram of an ICT, consisting of windings wrapped around sections of core material

that are insulated from each other.

There currently exist ICTs that are capable of producing hundreds of milliamps at a
megavolt [5] using voltage doublers. So, in order to develop this design, it is only necessary

to increase the current output by around an order of magnitude.

2.5 Resonant Transformer

A resonant transformer is a transformer in which the excitation voltage is provided by the
inherent properties of the windings, rather than being driven by an outside source [46]-[51].
The circuit schematic of one of these transformers can be seen in Figure 2.9. The primary
circuit consists of an inductor, which makes up the primary winding and a capacitor.
Together, these components form an oscillating circuit which is periodically energised by
an external power source. Historically, this has been achieved using a conventional
transformer, the peak voltage of which would be enough to bridge a spark gap, although
thanks to developments in solid state technology, the energy burst can be provided by
power transistor switching. The primary oscillating circuit is typically tuned to resonate at
radio frequencies. As operation, under such high frequencies, would cause insurmountable
power losses in most core materials, the core is often emitted entirely; resulting in the two
windings being coupled through air. For this reason, this device is also known as an air

cored transformer.
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The secondary circuit also consists of an inductor and capacitor; though in this case, the
capacitance is often parasitic, rather than being the product of a discrete component. This
second resonant circuit is tuned to the same frequency as the first, allowing energy to be
passed between the two circuits. The resonant transformer has a much lower coupling
coefficient than a conventional transformer, owing to the lack of a magnetic core channelling

the flux between the windings.
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Figure 2.9. Circuit diagram of a resonant transformer.

Unlike a conventional transformer, the voltage ratio between the primary and secondary
windings is not based wholly on the turns ratio of the windings. Instead, it is dependent on
the frequency of operation. The frequency f of an oscillating circuit can be calculated using
[52]

1

Where L is the inductance of the winding, and, given the energy stored in a capacitor can

be calculated using ( 2.5), it can be seen using conservation of energy that

C Ls

where C, and C, are the capacitances of the primary and secondary circuits respectively;

and L, and L, are the inductances of the primary and secondary circuits respectively.

This type of transformer is advantageous in that it can easily be tuned to produce extremely
high voltages and does not suffer from core losses, as would be the case with a
conventional transformer. However, due to the low coupling coefficient between the
windings, the current in the primary windings must necessarily be much greater to

compensate for the high flux leakage. The winding losses caused by this high current may
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outweigh the benefits gained by not using a magnetic core. In addition to this, the heat
generated in the primary circuit, from this high current, could damage the transformer; thus

reducing its reliability.

2.6 Nested High Voltage Generator

The Nested High Voltage Generator (NHVG) is a configuration developed in the early
nineties in order to decrease the diameter of DC particle accelerators by splitting the total
voltage evenly between a number of insulated stages, each with their own power source.
The stages are placed inside each other, so that the stage with the highest potential is at
the centre of the design, while the stage with the lowest potential is on the outside. In this
way, each stage only needs to be insulated from the one immediately inside it, thus allowing
for linear scaling of the insulation. This means that no part of the design needs to be

insulated against the total system voltage, greatly reducing the stress on the insulation.

There are a number of ways that the internal stages may be powered. These include: (a)
batteries, which may be charged between system uses; (b) a mechanical drive shaft
passing through each stage turning a generator inside of each one; and (c) a transformer
cascade [53]. However, the method that is most commonly used is electrical induction from
a primary winding, wound around the base stage, acting as an air core transformer, as seen
in Figure 2.10 [53]-[59]. In this way, the NHVG is topologically similar to the ICT, without
the magnetic core channelling the magnetic flux. Instead, the magnetic flux must reach the

secondary windings though the insulation between stages.

The operation of the electrically induced NHVG is as follows: The primary winding is excited,
at a high frequency, via an external AC voltage source. This, in turn, induces an alternating
current in each of the secondary windings, via magnetic induction, that is then rectified using
voltage doublers. The rectified voltages are then connected in series to produce the total

system voltage.

This configuration can be constructed either of metal cylinders suspended in insulating oil,
in which case the oil makes up the total of the insulation, or from plastic cylinders that are
suspended in oil, in which case the insulation consists of an oil/plastic mix. Historically, the
oil/plastic mix has been avoided in larger designs, with most existing NHVGs consisting of
stages constructed from metal cylinders. Magnetic flux must pass through azimuthal gaps
in the cylinders in order to reach the secondary windings. It is because of these gaps that
the NHVG is unsuited to being insulated using pressurised gas, and why oil must be used
instead. The biggest source of loss, in an oil insulated electrically induced NHVG, is caused
by eddy currents induced in the metal cylinders surrounding each stage. It has been

suggested that this loss could lead to the overall efficiency of the design being reduced to
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50% [6]. This would effectively turn a 2 MW power supply into a 4 MW power supply and

produce a rather daunting 2 MW of excess heat. For this reason, it would be worth

examining the plastic/oil insulated NHVG.

Insulating Shell

Insulating Shell

Top Winding —>»

Vout

Middle Winding —>

Bottom Winding —»

Primary Winding —» capadior

Figure 2.10. Schematic of the cross section of a nested high voltage generator.

It would stand to reason that by replacing the metal stage housings with plastic ones, these
eddy current losses could be reduced. However, a faraday cage must exist around each
stage to prevent excessive magnetic flux radiation. This could be maintained either by
coating the plastic in a thin conductive layer less than one skin depth thick, or embedding
metal rods into the plastic housing. As both of these techniques are presently untested,
additional time and resources would have to be spent developing this technology before it

can be used in a practical power supply.

2.7 Summary and Discussion

A number of different technologies, and their variations, have been identified and described
in the previous sections. With the notable exception of those based on the conventional
transformer, all of these technologies are able to produce voltages greatly in excess of
1 MV; with it being a trivial matter to scale up their design to produce 5 MV. However, the
power demands, of this project, are more challenging to overcome. It is important to decide
which of these technologies have the potential to be developed, to meet the specifications
outlined in the previous chapter, as the rest of this thesis is centred on identifying a design

methodology for developing a working prototype.
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It is clear that the Van De Graaff Generator is unsuitable for this project as the difference
between currents that have been produced by this machine in the past, and what is required
in this work, is insurmountable. Similarly, the voltage multiplier and Dynamitron lack the
ability to operate effectively under high loads. Although it is conceivable that the design
shown in [27] could be expanded upon to produce the electrical characteristics required in
this project, doing so would certainly exceed the stored energy requirements outlined in the

previous chapter, probably in addition to the size requirements.

The resonant transformer shows promise, as it is known to be capable of producing voltages
in the order of megavolts. To the author’s knowledge, there is no work, existing in the public
domain, that has investigated the potential current output of resonant transformers;
although there is no component, inherent to the operation of the technology, that would
significantly limit current produced by a resonant transformer. For this reason, it may be
assumed that a design based on resonant transformer technology could be viable for the
purposes of this project. It appears that the most space efficient way of implementing this,
and the way that is best suited for the loads required in this project, would be using a NHVG
configuration. However, additional research and development must be carried out to

prevent this technology operating with an unacceptably low level of efficiency.

The conventional transformer is the only technology that is known to easily meet the current
requirements of this project, although it is less suited for higher voltages as it is difficult to
insulate. A voltage doubler could be used to change the system requirements from 1 MV
and 2 A, to 500 kV and 4 A; this is closer in line with the electrical parameters that
transformers are more commonly designed to meet. The problems associated with
insulation could be further alleviated by using a cascade to reduce the voltage across each
individual transformer. This topology also shows the greatest potential for development of

a5 MV, 5 A power supply based on the transformer.

The ICT has similar electrical characteristics and works in a similar way to the cascade
transformer, as they both share many of the same components and technical challenges.
This makes it convenient for a single program of development to be carried out, investigating
both technologies. For this reason, it was decided that this thesis would focus on the
development of the insulated core and the cascade transformer designs. Although the
resonant transformer also displays the potential to meet the requirements outlined
previously, it shares relatively few components in common with the other two technologies

and should only be considered if the other approaches prove impractical.
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Chapter 3

System Design

The technologies that show the most promise, for the purposes of this project, are the
cascade transformer and the ICT. Both of these technologies are variations of the
conventional transformer and, accordingly, have many components in common. Both
designs consist of a primary winding, one or more soft magnetic cores and numerous
secondary windings. Operationally, both designs output AC power that must be rectified
externally. For these reasons, a similar design methodology can be applied to both
technologies. This Chapter outlines an overall design for the power supply and details work
that must be carried out, in the remainder of this thesis, to evaluate the suitability of the

selected technologies.

Several design principles became apparent in the previous chapter. First, multiple parallel
voltage sources, acting in different phases, produce a smaller voltage ripple than a single
voltage source, or multiple parallel voltage sources acting in phase [26]. Secondly, stored
energy and voltage ripple, in a capacitor based system, are inversely proportional to
operational frequency. Finally, voltage doublers store no more energy than a conventional
rectifier capacitor but have the added advantage that they electrically isolate the output
circuit from the ICT or cascade transformer. In addition to this, they effectively change the
requirement of the rest of the design, from producing 2 A at 1 MV to producing 4 A at
500 kV. This is ideal as the technologies that were selected for closer scrutiny in the
remainder of this project are those that produced the highest current, rather than the highest
voltage.

Based on these observations, the design shown in Figure 3.1 is proposed. Mains electricity
is first rectified, thus producing a regulated DC voltage that can be inverted, at a much
higher frequency, by numerous modulator units acting at different phases. These high
frequency AC voltages are then used to power the transformer stages, which consist of
either cascade transformers or ICTs. The final stage will double, and then rectify, the voltage
produced by the transformer stage. These voltage doublers can then be connected in
parallel to create a single DC output.
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Using multiple phases, connected in parallel units, also has the advantage of reducing the
load on each individual transformer stage; thus reducing power loss and minimising
electrical and thermal aging of components. Each of the stages outlined above will be
explained in greater detail in the remainder of this chapter. In addition to this, a number of

real world technical challenges, such as its electrical insulation, will be discussed.
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Figure 3.1 A block diagram of the proposed power supply.

3.1 Rectifier and Modulator

The rectifier and modulator will be designed to provide a high current, low voltage primary
supply. The cascade transformer or ICT used to increase the voltage, will be designed to
operate at a frequency in the order of tens of kilohertz. 100 kHz was selected as the target
operating frequency, as this was shown to be possible by James Cross when he developed
his own ICT [4]. Achieving this regulated input would require an external power supply, the
design of which is beyond the scope of this thesis. Despite this, a brief overview of the
operation of such a power supply will be given here, with a schematic diagram shown in

Figure 3.2.

First, the mains power should be rectified in a manner similar to that described in
Section 2.3.1. The circuit for a three phase rectifier can be seen in Figure 3.3, and requires
only two more diodes than the single phase full wave rectifier. Once the voltage has been
rectified, it is processed by a voltage regulator, which removes the voltage ripple and
produces a constant DC voltage. This voltage can then be inverted to an AC frequency,
much greater than 50 Hz, with any number of phases. In addition, the voltage amplitude
can be varied electronically in accordance with the requirements of the transformer stage
and rectifier stages of the overall design. Inversion can be performed either using a simple

switching circuit, in which case square waves will be produced, or using Dual Active Bridges
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(DABs) that are capable of creating sine waves. Although square waves would be simpler
to create, they would induce greater losses in the transformer stage. In addition, DABs are
not without fault as they are constructed from significantly more transistors than a square
wave generator, thus suffering from greater losses at the switching stage. In addition to this,
DABs do not create pure sinusoids. Instead, the waveforms they generate contain harmonic
frequencies that could only be removed using, naturally lossy, low pass filters. As a detailed
design for the modulation stage is outside the scope of this work, so too is a decision on
the exact nature of the inversion used. The work in the remainder of this thesis will

investigate the effects of both sinusoidal and square wave excitation.

Existing high frequency drive technology tends to be designed for low voltage, high current
loads. For this reason, it was decided that the outputs of the modulators should have an

amplitude of 400 V, which can be used in the primary windings of the transformer stages.
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Figure 3.2 A block diagram of the modulator stage.
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Figure 3.3 Circuit diagram of a three phase rectifier.

3.1.1 Connections to Transformer Stage

A further challenge lies in electrically connecting the transformer stages to the modulators.

The design is intended to supply 2 MW with an input voltage of 400 V. This means that,
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even if it is assumed that the power supply is 100% efficient, the connectors will have to
carry a minimum of 5 kA. Even divided between multiple phases, this is a significant current
and transporting it between the modulators and transformers is not a trivial task. This
problem is further complicated by the fact that the current will be oscillating at 100 kHz, so

will induce a skin effect in the connectors.

The high currents in the connectors will cause two problems. Firstly, the resistance in the
connectors will lead to high power loss. Secondly, these losses will heat the connectors,
possibly damaging them. Due to the skin effect, increasing the thickness of the cables will
have limited effect. In addition to this, as the thickness of the conductors increases, they

become less flexible, making them more difficult to route around the design.

One possible solution to this would be to form these connections out of multiple thin wires
that can be connected in parallel. This would increase the cross sectional area of the
connectors, while keeping the diameter of each wire relatively small. This solution would
have the additional advantage of increasing the surface area of the connectors, thus

increasing thermal dissipation. This is the same principle used in overhead power lines.

This problem is so rooted in the practicalities of the power supply installation that a definitive

solution cannot be decided upon at such an early stage of system design.

3.2 Transformer Stage

Both the cascade transformer and ICT are adaptations of the conventional transformer,
which works by linking the currents in different windings through mutual inductance, and
therefore share many design principles. Both technologies were developed with the
intention of overcoming the problems associated with insulating the windings from the total
transformer voltage by dividing the core into sections that each has its own potential.
Magnetic flux must pass between these sections so that the whole design can operate like

a conventional transformer with a single core.

The ICT simply relies on magnetic flux bridging the small insulated gaps between sections
of core; while the cascade transformer connects its sections of core electrically. Both
methods suffer from flux leakage, which must be minimised in order to maintain a high

output voltage, as will be seen in Chapters 5 and 6.

Due to their functional similarity, both technologies are constructed from many of the same
components. This means that both the ICT and the cascade transformer can be developed
in parallel before a single solution is decided upon based on a detailed comparison of the
two technologies. Specifically, the components that both technologies share in common are

the material of the core, and the primary and secondary windings.
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Possible core materials are discussed briefly, later this chapter. The primary, and potentially
auxiliary, windings are a relatively trivial matter to create due to the small number of turns
that are required. In contrast to this, the secondary windings are a much more complex task
to develop as, to create a voltage ratio of 1,000,000:400, there must be 1,250 times as
many secondary turns as there are primary turns. Chapter 4 will consider the possibility of

making these secondary windings from printed circuit boards (PCBSs).

3.3 Rectifier

The role of the rectifier stage is to double the voltage of the transformer stage, and rectify it
to produce a DC output. This will be achieved using voltage doublers, which were described
in the previous chapter. In addition to the voltage smoothing effects of the capacitors in
each individual voltage doubler, by connecting the output of each rectification stage in

parallel, the voltage ripple can be further reduced, as described in [26].

The disadvantage of capacitor based voltage rectifiers is the energy they store. However
this can be reduced by increasing the operational frequency of the power supply. Voltage
doublers also have the advantage that their capacitor arrangement electrically isolates the
output terminals from the rest of the power supply. This is a useful safety feature as,
providing appropriately rated capacitors are selected, the capacitors can fail-open in the

event of a short circuit; thus preventing the fault current from passing through the load.

3.4 Insulation

The breakdown strength of a material is a measure of the electric field it can withstand
without discharge. Electric field strength can be expressed as the electrical potential across
a given length, hence the SI unit for electric field strength is volts per meter (Vm™1). In a
uniform electric field, insulated by a single insulating material, it is a trivial matter to calculate
the maximum safe voltage to apply across a gap of a given distance. Most practical
systems, however, do not create a uniform field, and cannot be insulated by a single
material. Sharp edges and protrusions on the surface of conducting components will distort
the electric field, increasing its strength in the near vicinity. This increased field strength
makes breakdown more likely to occur in these areas. For this reason, care should be taken
when designing the conductive components of a high voltage system to avoid sharp edges

that may cause corona, or even full breakdown.

Under alternating current, the electrical displacement field is the same across the whole
gap between two parallel electrodes, regardless of the insulation materials used. Because

of this, the electric field in each material is effected by its own electric permittivity and the
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permittivity in the materials around it. In the simple case where the boundary between two
insulating materials runs perpendicular to the electric field, as seen in Figure 3.4a, the
electric field strengths in the two materials are related by [24], [60]

Ey €2

- = — 3.1

5 & (3.1)
where E; and E, are the electric field strength in the first and second material respectively;
and g; and ¢, are the permittivities in the same materials. From this, it can be seen that, if
a material with a high permittivity displaces a portion of a low permittivity insulator in an
electric field, rather than increasing the breakdown strength across the whole length of the
field, the new material will actually increase the stress placed on the lower permittivity

material.

In addition to this, if the boundary between two insulating materials intersects a uniform
electrical displacement field at an angle other than 90°, as shown in Figure 3.4b, then the
electric field in each material will be distorted such that that it will be refracted at the

boundary at an angle that can be calculated as follows [24], [60], [61]

tanalzﬂ (32)

tan ar =)

where a; and a, are the angles of diffraction of the electrical displacement vector in each
material. It is important to note that, if the angle between interface and electrode is less than
90° on the side of the material with the lower permittivity, then the point of intersection will
theoretically have an infinite electric field intensity; thus making this point particularly prone
to breakdown [62]. If the boundary between the two materials is parallel to the electric field,
as shown in Figure 3.4c, then the electric field will be the same over both materials. These
principles must be taken into account when designing solid spacers that must be placed
inside gasses or liquids. Different types of insulating material have different properties that

make them suitable for different situations. These are explored briefly in the following

sections.
(a) (b) (c)
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Figure 3.4 Boundaries between insulating materials placed between two plane electrodes.
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3.4.1 Solid Dielectrics

It is practically inevitable that solid insulators will be used in a high voltage system, as they
are required to hold the electrical components in position. They typically have a very high
dielectric breakdown strength, and in some materials, this can be as high as
1,000 MVm~1! [60]. However, their poor heat handling qualities, combined with the fact that
they are non-restoring, mean that they are usually used sparingly in conjunction with liquids
and gasses. Their high permittivity, in comparison to other insulating materials, mean that
careful consideration must be taken when designing spacers to avoid tracking occurring

along their surface [24], caused by the principles mentioned in the previous subsection.

Solids are prone to a number of different breakdown mechanisms [24], though the most
common is thermal [60]. The breakdown voltage in a solid insulator increases in line with
the insulators thickness; unless the material is heated to a critical temperature, in which
case the conduction of the material is determined by its temperature [24], [60], [63]. A
second failure mechanism, which must be accounted for, is electromechanical breakdown.
This is caused by compression forces, acting on the material, caused by electrostatic
attraction between surface charges that appear when a voltage is applied across the
insulator. The highest voltage that can safely be applied across a solid insulator can be
calculated using [24]

Y

Eoér

V =0.6d, (3.3)

where V is the applied voltage; d, is the initial thickness of the material; Y is the Young’s
Modulus of the material; and ¢, and ¢, are the permittivity of free space and the relative
permittivity of the material respectively. From this, it can be seen that care must be taken

when designing spacers to avoid overloading them.

3.4.2 Liquid Dielectrics

Liquids, typically oils, are also used as insulators in high voltage equipment. In addition to
having a high breakdown strength, often in the order of 100 MVm™1 [60], they are also ideal
for cooling as they have high heat capacities and are partially self-restoring after
breakdown. For these reasons, oil-insulated transformers, cables and switchgear have
made up an integral part of power transmission and distribution networks around the globe
for decades. In this capacity, they have proven themselves to be highly reliable providing
they are correctly maintained. The relative permittivity of oil can vary between 2 and 73,
depending on the type of oil used and the frequency of operation [60]. This is greater than

gasses, which typically have a relative permittivity of 1, and likely to be closer to that of the
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solid insulating components; thus reducing the charge accumulation on the surface of the

spacers.

Despite these advantages, oil insulation suffers from a number of drawbacks. Firstly, the
damage it can cause to the environment means that there are strict regulations associated
with its disposal and storage. Particular care must be taken to avoid leaks as spilled oil is a
hazard and can damage the surrounding equipment. In addition to this, the breakdown
strength of oil can be greatly affected by contaminants such as moisture and metal particles.
Just 0.01% [60] water contamination in transformer oil reduces its electrical strength by
80%. Oil is also highly flammable, making it particularly susceptible to disastrous and
irreparable failure. One final property of oil, that makes it unsuitable for the prototyping
nature of this project, is that it can degrade certain materials through ingress and its thermal
and electrical properties can change due to chemical processes associated with aging such

as oxidation.

3.4.3 Gaseous Dielectrics and Vacuum

Gases are commonly used to insulate high voltage systems for a number of reasons.
Although they typically have a lower dielectric breakdown strength than many solids and
liquids [60], they can be pressurised to increase their breakdown strength [64]. Gasses are
ideal for prototyping as they are cleaner than oils, thus reducing the degradation on parts
that must be repeatedly inspected, altered, or removed from the device. In addition to this,
gasses are self-restoring [24], though toxins generated in repeated breakdown may affect
the integrity of the medium over time if an enclosed system is used. Many gasses,
particularly air and its constituent parts, are non-hazardous and do not cause damage to
the environment, making them easy to dispose of. However, there is growing concern in the
public consciousness for gasses, such as Sulphur Hexafluoride (SFy), that are highly
damaging to the environment [65]. This has led to an increased research focus into
environmentally friendly alternatives to SF,. To date, no other gasses have been found that
perform as well as SF,. If harmful or damaging gasses are to be used, additional work must

be carried out to prevent leaks and to reclaim gas when opening any sealed container.

The most abundantly available insulating gas is air, which theoretically has a dielectric
breakdown strength at atmospheric pressure of 3 MVm™1; though in practice it is common
for a design engineer to include a significant margin of error to account for factors such as
humidity, so in practice the breakdown strength is normally considered to be closer to
1 MVm~1 [24]. Other commonly used gases include Nitrogen, C0,, and Argon. It has been
shown that the breakdown strength of both of these gasses can be increased by mixing

them with SF,, though neither mixture performs as well as pure SF, [66]-[68].
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The breakdown strength V,,; of most gases can be increased in accordance to Paschen’s
Law [24], [60], [64], which can be defined as

_ Bpd
Vpa = 1n(Apd)—ln(ln(1+1/y)) (34)

where pd is the product of the absolute pressure of the gas and the distance between the
cathode and anode; A and B are experimentally determined values that depend on the gas;
and y is the secondary electron emission coefficient of the electrodes. Plotting this equation
for a given set of values results in a curve, known as the Paschen Curve. The Paschen
Curve for air is shown in Figure 3.5, from which it can be seen that V,,; rises above a
minimum value as the pressure is increased or decreased. The effects of reducing the gas
pressure are discussed in Section 3.4.3.2. There are limits to Paschen’s Law. First, a gas
will liquefy if the pressure is increased beyond a certain point. And second, Paschens Law
was developed based on DC breakdown between two parallel plate electrodes meaning
that, although it remains a useful guide, it cannot be relied upon to give accurate breakdown

predictions in practical AC systems.

It is also worth noting that gas insulation systems suffer, much like liquid insulation, from
reduced breakdown strength when mixed with foreign contaminants, such as metal particles
and moisture [69]-[71].
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Figure 3.5 The Paschen Curve of air with electrodes held 5 cm apart.

31



3431 Sulphur Hexafluoride

Sulphur Hexafluoride is a dense and highly electronegative gas [72], meaning that its
particles bond with free electrons, effectively absorbing them. This property makes it an
ideal material for insulating HV apparatus. It has been used in AC applications for a long
time [73], where the positive half cycle of operation detaches the surplus electrons from the
gas ions, preventing electron saturation in the insulation. In a DC field, the electrons do not
have an opportunity to be separated from the positive ions, thus leading to substantial
charge accumulation in the gas [62], [71]. This makes design of DC SFg insulated systems
more challenging, partly because the electron saturation reduces the dielectric breakdown
strength of SFy by approximately 20% in a uniform electric field [74], but more importantly,
because of the free charge accumulation on the surfaces of the solid insulating spacers,

making flashover more likely to occur at lower voltages [62], [71].

Because of the additional stress put upon solid spacers in a DC system, additional care
must be taken when designing them [62], [73]. While, in an AC system, it is possible to
represent insulating media entirely based in its permittivity; in a DC field, conduction plays
a dominant role, meaning that conductivity must be considered. This is further complicated
by the charge accumulation, formed on the surface of solid insulators, effectively changing
the properties of the boundary between epoxy and SF;. Itis, therefore, important to consider
the volume and surface conduction when designing a spacer [75]. A method of modelling
the properties of the boundary was given by Volpov [75], who also proposed a series of
design rules for spacers in HVAC and HVDC SF; insulated systems [62]. It has also been
suggested that applying a thin dielectric coating, such as polyethylene, to the surface of a

spacer might be an effective way of increasing the DC breakdown voltage [62], [73].

In the latter part of the last century, 500 kV DC transmission lines were developed that were
insulated using SF, gas [76]-[78]. It was also predicted that SF, could be used to insulate
DC systems up to 1 MV, though 1.2 MV was considered unrealisable without additional
advances in technology [73]. At time of writing, this estimation is being proven correct in the
form of the International Thermonuclear Experimental Reactor (ITER) which is currently
under construction. This neutral beam injector is designed to operate for up to an hour and
requires a power supply capable of producing 40 A at 1 MV DC. This voltage is created
using a five stage, oil insulated, cascade transformer. The rectification circuits of this, as
well as the 75 m transmission line, are all insulated using SF, pressured to 600 kPa [44],
[71]. In light of this, SF, could be an appropriate insulating material for the requirements of
this project, providing special consideration is taken when designing the solid components

of the insulation.
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3.4.3.2 Vacuum

It was seen in Section 3.4.3 that the breakdown strength of gasses can be predicted using
Paschens Law and that, as the pressure is increased above a certain value, the breakdown
voltage increases as well. However, it can also be seen that reducing this pressure below
this critical value also increases the breakdown voltage. The reason for this relates to the

mechanisms that cause breakdown to take place.

In order for breakdown to occur between two electrodes, a free electron, energised by the
electric field, must leave the cathode and collide with an insulating atom. There is then a
chance that this collision will impart sufficient energy to the atom to free one or more
electrons. These electrons, as well as the original electron, can then be energised again by
the electric field and cause more collisions, freeing more electrons and causing an
avalanche effect until a continuous plasma is formed between the electrodes. As the
pressure of the insulating gas drops below a critical value, the number of particles that can
be turned into positive ions, freeing one or more negative electron(s) in the process, and

thus becoming capable of carrying a charge between the electrodes also reduces [24], [60].

In theory, breakdown should be impossible in absolute vacuum as there are no available
charge carriers capable of passing between the cathode and electrode. In practice,
however, small unavoidable discrepancies in the surface of the cathode distort the electric
field around them. Eventually, this causes particles to be ejected from certain cathode spots,
which are capable of carrying charge, thus leading to metal vapour plasma [79]. A means
of calculating “field enhancement factor”, based on the size and shape of these

discrepancies, is given in [80].

Vacuum is a very effective form of insulation and has many advantages over gas insulation.
Perhaps most notable, for experimental and prototyping purposes, is the fact that it does
not damage the electrical components; in the same way that some oil and gases can. Also,
as no media, other than air, is involved, the insulating container can be opened and closed
without the need to flush and store insulating gases. This reduces the operational cost of
vacuum insulation, as only an initial expense for vacuum equipment is required. High
breakdown strengths can be achieved using relatively low vacuum, limiting the necessary

initial cost of equipment.

There are two major disadvantages of using vacuum in a practical power supply; the first of
these is that it is a very good thermal insulator. There are three ways for thermal energy to
leave a body. These are: (a) conduction through solid materials; (b) convection into liquids
and gasses in contact with the surface of the body; and (c) radiation in the form of
electromagnetic waves. Vacuum, by essentially being the absence of any surrounding liquid

or gas, limits the forms of heat transfer to conduction and radiation. As radiation is the least
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effective form of heat transfer, additional apparatus may need to be put in place to conduct
heat away from the active power supply components. This would significantly increase the
complexity of a prototype power supply design. The second disadvantage is that many
materials outgas in a low pressure environment [81]; meaning that the area around them
becomes conductive in a vacuum. Included in the list of materials that outgas are most
plastics, and other solid insulators. Great care must, therefore, be taken when selecting

materials to be used in a vacuum insulation system.

3.5 Semiconducting Devices

Since the middle of the 20" century, most electronic devices have been made from silicon.
Silicon has been used ubiquitously in power electronic devices for the last sixty years, with
research being carried out to improve devices’ maximum operating voltage, current and
frequency. Silicon devices are now available that are capable of producing nearly 2 A, with
a blocking voltage of 6.5 kV, at nearly 1 kHz [82]. However, new technologies, such as solid
state transformers, require higher current densities and higher frequencies than silicon can

provide.

Because of these limitations, there has been a focus over the last few decades on
developing “post-silicon” devices that are capable of meeting these requirements [82]. The
most well developed material, for this purpose is silicon carbide. It has been shown that
silicon carbide has a ten times stronger breakdown field than silicon, and “three orders of
magnitude improved turn off characteristics over silicon devices with comparable voltage
ratings” [83]. This means that they can be made smaller and produce less excess heat than

silicon devices.

Silicon carbide devices come in the same categories as silicon ones, such as metal oxide

silicon field effect transistors (MOSFETSs) and insulated gate bipolar transistors (IGBTSs).

Silicon carbide MOSFETs have been developed that operate at 15 kV, with a turn off time
of 150 ns and the total energy lost during turn off being only 0.81 mJ [83]. This makes them
very efficient at high frequencies. However, due to their higher DC resistance, they are
unsuitable for higher voltages or current densities [84].

Silicon Carbide IGBTs have a lower blocking resistance making them better suited to
operating at higher currents. They can be optimised to have either a high blocking voltage
(p-IGBT) or a high operating frequency (n-IGBT), depending on the doping used. Even n-
IGBTs have a turn off time of around 500 ns making them more than three times slower
than MOSFETs [84]. Drive systems, operating at 20 kHz, have been developed using
IGBTs [40]. It has been found that IGBTs have lower power loss than MOSFETs at
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frequencies up to 7 kHz [85] and that IGBTs are better suited for voltages above 15 kV [40],
[82], [83].

Silicon Carbide MOSFETs and diodes have been shown to be effective at driving and
rectifying a 110 kV HV generator that operates at frequencies up to 500 kHz [86]. This is
several times faster than is required for this project. As the driving circuit will operate at
voltages of less than 1 kV, sufficiently sized MOSFETSs (or numerous MOSFETS connected
in parallel) should be ideal for the modulation stage [87]. Silicon carbide diodes will also be
ideal for the rectification stage as they have been shown to operate at high frequencies and

voltages.

3.6 Magnetic Materials

All soft magnetic materials consist of microscopic particles that each have their own
magnetic field. When a magnetic field is applied to the material, the particles will rotate so
that their magnetic fields align with the field applied to them. The ability of the particles to
align with the applied field is known as permeability. On a macro level, this is effectively the
ability of the material to form internal magnetic fields. A material with a higher permeability
will divert more of the applied magnetic field through itself, rather than the air around it.
Magnetic permeability is the ratio between the magnetic flux density B and the magnetic
field intensity H. In all practical materials, permeability is not a linear relationship, but varies

with magnetic field intensity.

When all of the magnetic fields of the particles are aligned, the material is saturated. At this
point, increasing the strength of the applied field will have no additional effect on the
material, and the effective permeability of the material is the same as that of free space.

The field strength at which saturation occurs is known as the saturation inductance.

The resistance of the particles to aligning with the magnetic field is known as hysteresis,
and is one of the biggest sources of core loss in the material. The second biggest source of
core loss are eddy currents, which form in the core as a result of the alternating magnetic
field. An electrically resistive core material is ideal for reducing these currents, and by
extension the losses in the core. Over the last two hundred years, materials have been
developed with exceptionally low hysteresis losses, for a given range of frequencies.
However, as most magnetic materials are electrically conductive, eddy currents remain a
problem at higher frequencies. Methods of compensating for this are examined in the

following subsections.

The purpose of the core of a transformer is to channel magnetic flux between the primary

and secondary windings. High permeability and saturation inductance are desirable
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properties, as this reduces the required size of the core. This means that less material is
needed to construct the core, in turn, lowering the price of the transformer. It is also
desirable for the material to have low losses, as losses lead to energy wasted in the form
of heat, which could damage the transformer and other components. A detailed

investigation into core losses is undertaken in the next section.

There are two broad categories of materials used in transformer cores [38]. The first of
these are iron alloys, which have been used in practical applications since the beginning of
the nineteenth century. Variations of these include laminated cores, powdered cores,
amorphous alloys, and nanocrystalline materials. These tend to have a high saturation
inductance, but an incredibly low resistivity that is often only a little higher than that of a
good electrical conductor. The second type of material are ferrites, which are a form of
magnetic ceramic material. These tend to have a lower saturation inductance than iron, but
typically have a much higher resistivity. This makes them better suited to high frequency

applications [38].

3.6.1 Laminated Iron

Laminated iron cores were developed in the middle of the nineteenth century, with the
intention of compensating for the low resistivity of iron (0.7 —0.8 uQm) [63], while
maintaining the high relative permeability, which can be as high as 1,000,000 [63]. To do
this, thin slices of electrically insulated magnetic material are held together. This creates a

clear magnetic flux path while reducing the distance eddy currents can travel in the core.

The material most commonly added to iron in laminated cores is silicon. The silicone is
added to reduce the conductivity of the iron and, thus, reduce the eddy current losses even
further. However, silicon reduces the saturation inductance and makes the material more

brittle, so it is unusual for the alloy to consist of more than 3% silicon [38], [88].

Nickel is also often added to iron for use in transformer cores. Different alloys are created
by mixing different ratios of the two elements, depending to the physical properties required
of them. For example, Permalloy which consists of 80% nickel and 20% iron. Permalloy is
typically used in DC applications due to its high permeability. Invar, which is 36% nickel and
64% iron, has a greater resistivity and so is better suited for high frequency applications.
Because of this, Invar is often used in audio applications, where frequencies of up to 20 kHz

are required [38].

Although silicon steel is normally isotropic, it can be grain orientated to reduce the core
losses at high inductances. However, grain orientation makes the material anisotropic,
meaning that care must be taken when constructing the transformer to ensure that the
grains line up with the direction of the flux path [36], [38], [88].
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3.6.2 Powdered Iron Core

Powdered Iron cores consist of grains of iron, which are typically 20 — 100 um thick, set in
insulating resin [88]. The grains are intended to be smaller than the skin depth of the
excitation field [38]. The resin forms a distributed gap that reduces the effects of eddy
currents. On a macro scale, the resistance of powdered iron is around 1 Qm [36], making
these cores ideal for use at frequencies of several hundred megahertz [88]. They also have

a relatively high saturation inductance, as high as 1.5 T [36].

The biggest drawback of powdered iron is that the distributed gap also reduces the
permeability of the core to just a few hundred times that of air [36], [38]. Despite this, it is
commonly used in switch mode power supplies, radio frequency chokes and filters, and

variable inductors [88].

Carbon can be mixed with the iron to increase the saturation inductance, at the expense of

the permeability [38].

3.6.3 Amorphous Alloy

Amorphous alloys are formed by melting together a ferromagnetic element (iron, nickel or
cobalt), with a metallic element (silicon, boron or carbon) that is introduced to reduce the
melting point of the alloy [38]. This molten alloy is then cooled so fast that a crystalline order
does not have a chance to form. The cooling rate is typically around 1,000,000 °Cs~?! [63]
and the material is formed into thin strips, between 10 — 50 um thick [38], which can then
be tape wound. When cooled, amorphous alloys have a structure similar to that of glass,
hence they are often referred to as metallic glass[36]. The lack of crystalline structure
reduces the hysteresis of the material [38]. This, combined with the relatively high resistivity

of 1.2 — 2 ubm, means that amorphous materials suffer from very low losses [38].

The saturation induction of amorphous alloys can be as high as 1.8 T [38], and the relative
permeability can be as high as 150,000 [38]. However, these values are not stable
throughout all possible operating conditions. The saturation inductance may reduce by as
much as 30% if the temperature is increased from 25 °C to 250 °C [36]. Additionally the

relative permeability may reduce to less than 1,000 at frequencies over 1 MHz [38].

Iron based amorphous alloys are typically used for low frequency transformers and high
power inductors, as they typically have low losses compared to grain orientated steel and
have a similar saturation [36], [38]. Nickel based alloys have a very high relative
permeability, but this comes at the expense of the saturation induction, which can be
reduced to as little as 1 T. These are typically used in low to medium frequency transformers

[36]. Finally, cobalt is used as the base material if very high permeability is required.
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However, cobalt based amorphous alloys have a saturation inductance of less than 1 T. As

they tend to be expensive, cobalt is generally used only in specialist applications [36].

3.64 Nanocrystalline

Nanocrystalline cores combine the high saturation of silicon steel, with the low loss at high
frequencies of ferrites [36], [38]. They are formed of ribbons with a thickness of 15 — 25 um
[36], [38]. The ribbons consist of small crystalline structures, with diameters in the order of
10 nm [63] (hence the name nanocrystalline), that are able to align themselves with the
magnetic field with relatively little resistance. This makes nanocrystalline materials very

efficient at high frequencies.

Nanocrystalline materials can have a relative permeability up to 150,000, a saturation
inductance of 1.5 T, and typically operate at frequencies up to 150 kHz [36], [38]. For these
reasons, nanocrystalline cores are usually smaller than cores made of other materials that
have similar power requirements. This, in turn, reduces their losses even further.
Additionally, nanocrystalline materials are known to be very temperature stable [36]. For
these reasons, nanocrystalline cores have been judged to be the most suitable core

material for the new generation of solid state distribution transformers [40].

3.6.5 Ferrites

The physical properties, and production process, of ferrites resemble those of ceramic
materials [38], [88]. There are four stages to its production. First it is produced as a powder
with the required chemical composition, then it is pressed and sintered, before finally being
ground into the desired shape [63]. Ferrites have a very high resistivity, typically in the order
of 10,000 Qm [36], [38], which leads to very low eddy current losses making them ideal for
very high frequency operation. Indeed, zinc ferrites have been used in applications up to
1.5 MHz [88].

Ferrites have a relatively low saturation inductance, typically between 0.25 T and 0.45 T
[38], and a relative permeability in the order of 10,000 [88]. They are typically used in filters,
pulse transformers, and power transformers that operate between 10 kHz and 100 kHz [88].
Due to their low saturation inductances, ferrites have limited use in high current applications
[36].

The most common ferrite variant is manganese-zinc, which has a relatively low resistivity
of 0.1 — 10 Qm, but a high relative permeability and high saturation inductance. This is ideal

for use at frequencies below 1 MHz. The other common variety is nickel-zinc, which is better
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suited for use at frequencies above 1 MHz due to its resistivity, which is in the order of
10,000 — 1,000,000 Qm [36], [38].

3.6.6 Conclusions

A final decision regarding what material to use will have to be based on many other factors,
including the mechanical requirements of the core, the operating temperature and the
insulation material. It would be impossible to know what these requirements are before a
draft design is established. However, a brief comparison of potential materials, based on

known magnetic requirements, can still be made at this early juncture.

Laminated iron and silicon iron are extensively used in high voltage applications at power
grid frequencies. They are structurally sound, however their high losses at higher
frequencies make them unsuitable for this project. Similarly, powdered cores are structurally
sound and suffer lower losses at high frequencies, but they are not ideal due to their low

permeability that make them unsuitable for high current applications.

Nanocrystalline materials appear to have the best magnetic properties as they are
constructed from numerous layers of thin tape, but they are known to have poor structural
strength. This is impractical, as the high voltages involved in this project will require a lot of
space for insulation that will require a large core. Amorphous alloys share many of the same

advantages and disadvantages.

Ferrites also show a great deal of promise for this project. As they are ceramic materials,
they are more structurally stable than tape wound cores. This comes at the expense of the
saturation inductance, which is significantly less than any other material examined in this
section. This means that more material is needed to prevent saturation. Although this
increases loss, and is more expensive, the extra material will further increase the structural

stability of the core.

Material manufacturers list the magnetic properties of their materials on data sheets.
Additionally, several sources have published tables that list generic values for materials,
and compare them in tables [36], [37]. These are a useful tool for design engineers wishing

to quickly evaluate which material is most suited for their application.

3.7 Core Losses

In order to accurately predict the power loss in a transformer core Py, three different
approaches are often used [89]. The first of these is the loss separation technique, which
splits the sources of loss into eddy current loss and hysteresis loss and sums them together.

The second is the hysteresis approach, which only calculates static losses and neglects
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dynamic losses. Methods based on these approaches often require numerous parameters
based on detailed information of the core material. This information is difficult to obtain
without extensive experimentation. This makes them impractical for design engineers who
often need to consider a wide range of materials for a purpose, and typically do not have
access to physical samples until the prototyping stage of project development. For these
reasons, work in this Chapter will focus on methods based on a third, empirical, approach.

The most commonly used equation is [90]
Pfe = VcoreraBmaxB (3.5)

where V... is the volume of the core. This has the advantage of only needing three
coefficients, K, a and g that are obtained from curve fitting core loss data given in

manufacturer datasheets.

Because of (3.5)'s resemblance to a similar equation devised by Steinmetz in 1892 [91],
which does not include a frequency dependant component, this equation is commonly
known as the Steinmetz Equation (SE). Unfortunately, although it is commonly used in
transformer design, the SE is applicable only for sinusoidally excited cores. As indeed is,
typically, the loss data provided by manufacturers. In addition to this, the Steinmetz

parameters are typically only valid for a limited range of frequencies [89].

Despite these limitations, the SE remains a useful tool, in no small part, because of its
simplicity and the ease with which loss data can be calculated using only three, easily
ascertained, variables. For these reasons, a number of attempts have been made to devise
ways in which the Steinmetz parameters can be used to predict power loss in magnetic
cores driven by arbitrary waveforms. One of the earliest contributions was the Modified
Steinmetz Equation (MSE) [92], [93] which replaces the sinusoidal frequency with an

equivalent frequency f.4, and is defined as

Pre = Vcorereqa_lBﬁfr (3.6)
where
2 (T (dB\?
feo = o (G2) (37)
AB = Bpax — Bmin (3.8)
B=22 (3.9)
2
and
1
f=i (3.10)
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where B,,;, is the minimum flux density in the core; and T, is the period of the excitation

voltage.

The MSE has been shown to be an effective tool for estimating iron loss. However, it suffers
from a number of problems. Specifically, that it can produce differing results depending on
how the driving waveform is defined. In addition to this, when used to predict losses in a
sinusoidally excited transformer core, the results are not in agreement with the SE. Because
of these problems, the Generalised Steinmetz Equation (GSE) was proposed [94]. The GSE

was derived from the SE, and can be defined as
ki T |aB|% _
Pre = Veore T_:fo |E |B(t)|ﬂ *dt (3.11)

where

K
T (emet foznlcosel"‘lsinelﬁ—“de

k4 (3.12)

Although it is more consistent, it has been shown to be less accurate than the MSE. For this
reason, the Improved Generalised Steinmetz Equation (IGSE) [95] was then developed,
which breaks the flux waveform into major and minor loops and solves each of these before
summing the total losses together. It also replaces the dependence on transient flux density,
used in the GSE, with the peak flux density. The IGSE is extremely complex and time
consuming in its implementation. It was originally intended for use in high performance CAD
programs [95]. However, a simplified version which was developed for use by design

engineers, is defined as
k, (T |dB|% _
Pre = Veore T_jfo |E |AB|F-2dt (3.13)

K
ey = 2B-a(2m)ya-1 foznlcoselade ( 3.14 )

To simplify (3.13) still further, the creators of the IGSE performed the integration component
of k, and curve fit the results, thus simplifying (6.11) to

K
zﬁ—“na—1(0.2761+

k2=

1.7061 3 15
) ( )

a+1.354

Which has been shown to be accurate, to (3.14), within 0.15% [95]. The IGSE is considered
to be one of the most accurate methods of calculating flux loss under non-sinusoidal
excitation. The imaginatively named Improved Improved General Steinmetz Equation
(IIGSE) [96] was developed from the IGSE. This increased the accuracy of the IGSE when
calculating power loss, in cores that experienced extended periods of steady flux, by taking

into account the relaxation process of the boundary walls of a magnetic material. However,
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as the IIGSE requires five additional non Steinmetz variables, this technique is unsuitable

for most design purposes.

The Waveform Coefficient Steinmetz Equation (WcSE) was developed as a simple method
of estimating core losses [97]. This technique creates a waveform coefficient ¢, which is
defined as the ratio between the average value of a given non-sinusoidal and sinusoidal

waveform.
Pfe = VcoreCKfaBmaxﬁ (3.16)

It is shown in [97] that the waveform coefficient between a sinusoidal voltage and a square
wave voltage, with the same peak flux density and a 50% duty cycle, is

Csq = 5 (3.17)
For this to work, both signals must have the same peak flux density. As a square wave
voltage only needs an amplitude of 2/m, of an equivalent sine wave, to induce a flux wave
with the same voltage; the core losses induced by a square wave with the same peak

voltage as a sine wave also need to be scaled up. As such, (3.16) could be re-written as

B
Pfe = VcoreCqufa (gBmax) (3.18)
Which is equivalent to using the value of k,, = 4, rather than 4.44, to calculate the peak flux.

All of the methods mentioned above suffer from two distinct limitations. The first is that they
do not take into account DC biasing in the core. The second is that they use a single set of
Steinmetz parameters across all conditions, even though these are known to change with
frequency. This latter problem was examined in [89], which proposes a new method for
calculating loss in a square wave excited core with a duty ratio other than 0.5. The method
essentially splits the excitation waveform into two sections, associated with the positive and
negative phase of the square wave, and solves them independently using WcSE before
summing the resulting losses. Each section is treated as half of a waveform with a 50% duty
cycle and a different frequency. Reference [89] then proposes curve fitting loss data, in the

manufacturer’s datasheet, to define a and 8 as functions of frequency.

As DC biasing is not anticipated in this design, this issue can be neglected. In addition, as
this thesis is concerned only with evaluating the viability of technology based on the cascade
transformer rather than development of a full working prototype, no real world materials will
be investigated in the level of detail that would require variable values of the Steinmetz

parameters.
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3.7.1 Comparison of Loss Calculation Methods

None of the equations, described in the previous subsection, can be verified without a
comparison to results obtained from physical experimentation. However, this is outside of
the scope of this work. Instead, each of these equations were compared to each other, and
to MagNet finite element analysis software package.

MagNet, like all other commercial software packages, do not publish details about how
values are calculated. However, it is known that MagNet calculates core losses during post
processing, based on the SE constants. It is likely that MagNet bases its calculations on
one of the equations described in the previous subsection. MagNet is able to apply this
equation to each finite element, rather than to the core as a whole. Doing this makes
MagNet more accurate than applying equations by hand could ever be.

A transformer was designed, based on arbitrary values, and losses were calculated using
the SE, MSE, GSE, IGSE, and WcSE. The excitation voltage was also decided on arbitrarily.
MagNet was used to simulate this transformer in both 2D and 3D. The parameters used in
this investigation can be seen in Table 3.1, and a picture of the transformer can be seen in
Figure 3.6. The results obtained, using the different methods, are listed in Table 3.2.

Figure 3.6. The transformer core that was simulated in MagNet. The limbs and yokes all have an
outside length of 240 mm, and an inside length of 160 mm. There is a primary winding

wrapped around both of the yokes, and secondary windings wrapped around the limbs.
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Table 3.1

Table 3.2

Table 3.2 shows a wide range of results attained using the different methods. Several
observations are worth noting. First, in both cases, the two dimensional simulation produced
results that are approximately 60% higher than those of the three dimensional simulation.
Secondly, the Steinmetz equation produced a result that was quite close to the three
dimensional simulation in both cases. Indeed, even when predicting square wave losses,
the basic SE was closer to the results predicted by the 3D simulation than any of the other
equations. Of the equations designed for non-sinusoidal excitation, the IGSE obtained the
closest result to the 3D simulation. However, this is still less accurate than the unaltered

SE. For these reasons, only the original SE, and losses calculated using simulations, will

Parameters for core loss calculations.

Parameters Values
Flux Path Length 0.8 m
Core Width 40 mm
K 2.3
a 1.32
B 2.1
Maximum Voltage 400V
Maximum Current 250 A
Frequency 100 kHz
Relative Permeability 1,000
Loss predictions according to different methods.
Sine Wave Excitation
2D Simulation 80.8 W
3D Simulation 549 W
SE 49.5 W
Square Wave Excitation
2D Simulation 186 W
3D Simulation 118 W
SE 113 W
MSE 24.8 W
GSE 45.0 W
IGSE 126 W
W(cSE 89.3 W

be used in the remainder of this thesis.
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3.8 Thermal Considerations

As discussed in previous sections, the effects of a build-up of thermal energy could have
catastrophic effects in the insulating and semi-conductor components of a power supply.
For this reason, care must be taken to keep the operational temperature of the design to a
minimum. It is possible that only passive cooling will be required. However, it is equally
possible that a more detailed study will reveal that systems must be put in place to actively
remove heat from some components. In either case, a detailed investigation into this issue
is beyond the scope of this thesis, and mention of this issue is only made for the sake of

completeness.

3.9 Outline of Conceptual Design

This chapter has discussed ways in which a 1 MV, 2 A power supply could be constructed,
as well as listing a number of technical challenges that must be overcome in designing such
a supply. Now, an overall design is established, upon which the remainder of this project

will be based.
Not discussed in this chapter, is the challenge of connecting the

The power supply will be driven by an external power source that is capable of exciting
multiple phases at a peak voltage of 400 V. The exact number of required stages is left to
be decided when designing a prototype of this design. These voltages will then be amplified
to 500 kV in a transformer stage. This transformer stage will consist of either ICTs or
cascade transformers connected in parallel. In either case, the number of primary turns will
be four, meaning that the secondary circuit will consist of 5,000 turns. These turns will be
divided across 50 secondary windings, each consisting of 100 turns. The outputs of these
windings are each connected to a voltage doubler, which are then connected in series to
produce a voltage of 1 MV. Finally, these stacks are connected in parallel to reduce voltage
ripple and so that the total load current can be drawn. The transformer stages and rectifier
stage will be insulated using either SF, gas or vacuum, to be decided based on the outcome

of the research carried out in this thesis.

The matter of cooling the power supply is left to the prototyping stage of project
development. The remaining chapters of this thesis will focus on: (a) establishing a suitable
design for the secondary windings; (b) ascertaining whether vacuum insulation would be
compatible with such an arrangement; and (c) determining the suitability of ICT and cascade

transformer technology for a high density HV power supply.
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Chapter 4

Secondary Windings

Based on initial analysis, it was decided in the previous chapter that power supply designs
based on the conventional, solid-cored transformer would be assessed throughout the
remainder of this thesis. This chapter outlines a design for the secondary windings of a
power supply; specifically one based on PCB technology, similar to that used in the CTT
[4], [5]. The assumption is made that the secondary windings and conversion to DC output

will be the same regardless of the design of the core.

First, the relative merits of constructing the windings from PCBs, rather than wound wire as
is conventionally used, is discussed. This leads to an examination of the current and thermal
limitations of PCBs. An extensive investigation into the voltage handling capabilities of a
PCB winding has been undertaken. This consists of a combination of simulations and

experiments.

Finally, conclusions are drawn about the relative merits and limitations of using PCB based
technology to construct the secondary windings, and suggestions for future investigation

into this field are proposed.

The primary and auxiliary windings will need to handle very high currents, and will have few
turns. This makes them unsuitable for construction from PCBs. Instead, they will be
constructed using conventional winding methods. As a significant body of work already
exists, detailing the design of conventional windings, this thesis will not investigate this
subject further. For this reason, the remainder of this chapter will be devoted, exclusively,

to PCB based transformer windings, for use in the secondary windings.

4.1  Advantages of Using PCB Windings

PCBs consist of a number of conductive areas, typically made of coper or gold, etched onto
the surface of a board. These conductive areas are usually subdivided into two categories.

These are pads, where electronic components are mounted to the board, and tracks, which
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effectively connect the pads. The thickness of the conductive area is determined by the
copper weight, and is usually measured in ozft~2 [98], with 1 ozft~2 being equivalent to a
copper thickness of 35 um. Though the board can be made from a number of materials, the
most commonly used is fiberglass. Specifically, FR-4 [98] is often used due to its strong
rigidity and heat resistance. Over each surface of the board, a thin insulating film, known as
a solder mask, is often applied. This is primarily intended to protect the copper and prevent
solder bridges occurring during the construction process. This is typically made from a
polymer, such as Carapace [99]. Other materials are now being used to manufacture PCBs
with interesting properties, for example: polyamide is used in flexible PCBs [98]; and Teflon
is being used for circuits designed for ultra-high frequency applications [100]. As well as
surface tracks, many PCBs now have tracks routed inside the board itself, creating internal
layers. It is not uncommon for PCBs to have upwards of 16 layers, including the two surface
layers [101].

The conventional method, of making transformer windings, is to wrap lengths of wire around
the core. In theory, this should be a straight forward process, and there are indeed a number
of merits to this technique, namely that the windings can be made to be very space efficient,
and can be added to the transformer after the core has been fully constructed if a bobbin is
not used. However, there are also drawbacks to the application of conventional windings.
Firstly, it is an exact and time consuming process to wrap windings around a transformer
core; this is usually carried out by machines designed to maintain exact spacing. Another
issue is insulating the windings. Each wire must be insulated from those around it, to avoid
shorting the windings, this must be applied to the wire before the transformer is fabricated,
thus adding an additional stage and greater complexity to the power supply construction.
Finally, if there is a fault in any part of the windings, the whole assembly must be
disassembled and replaced, before the power supply can be used again. These issues
should not present a serious problem in well-established technologies, where designs have
evolved to be highly reliable. Indeed, transmission and distribution transformers use
conventional windings and are expected to function, with 99.998% efficiency, for fifty years
or more. However, the work in this project is intended to be used in the development of a
prototype for a new type of power supply. The requirement is that windings can be handled

as discrete components, and added to, or removed from, the design with relative ease.

An inductor can be made by printing the tracks of a PCB in a spiral, this method is often
used to create the antenna in radio-frequency identification circuits, and a transformer
consists of two or more inductors sharing magnetic flux. In this way, the windings of a
transformer can be made by winding the tracks of a PCB in a spiral around a hole, allowing
the PCB to be placed around the transformer core. PCB based windings are already

commonly used in high frequency power electronic converters [50], [51], [102] and were
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used by Cross, in his design for an ICT [4], [5], as they are very thin; thus allowing many of
them to be stacked on top of each other in a relatively small space. Further to this, if the
insulating medium is not electronegative, and thus is suitable for DC components, the HV
secondary electronics can be mounted directly to the same PCB that the windings are
printed on, thus reducing the overall complexity of the design. In addition to these features,
PCBs are also quite rugged and relatively economical to produce. These are all features

that lend themselves well to the prototyping nature of this project.

Cross’s original design consisted of numerous LV windings printed on each board. The
outputs of these windings would then be rectified and the voltage doubled, and then
connected in series to produce a HV output. This arrangement is shown in Figure 4.1. The
main reason for this was likely that it allows for the use of off-the-shelf, low voltage surface
mount diodes and capacitors. However, now that HV surface mount components are widely
available, two alternative designs are proposed that use only one set of HV components
and either one or two sets of windings per board. These are shown in Figures 4.2 and 4.3

respectively

N

Figure 4.1 The winding arrangement used by Cross in his ICT design. Note that each winding

A

consists of one turn. Several windings share a PCB, with their rectified outputs

connected in series.

(’://

Figure 4.2 A PCB based winding arrangement that consists of a winding, with numerous turns,

circling a core. There is only one winding per PCB and one rectification circuit.
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Figure 4.3 A PCB based winding arrangement that consists of two windings, each with numerous

turns, circling a core, allowing either ‘plain disk’ or ‘interleaved’ connection.

The design in Figure 4.2 is the simplest design, consisting as it does of a single coil printed
onto both surfaces of the board. The coil component of this design has only two
connections, which are connected directly to the voltage doubler. The design shown in
Figure 4.3 is slightly more complex, as the winding element consists of two interleaved
windings. These windings can either be connected in series (interleaved) or parallel (plain
disk), depending on whether a high voltage or current is needed. There is, however, a
design issue that must be addressed; when the two windings are connected in series,
parallel turns will need to be insulated from half of the overall voltage of the board. That is
to say, in a board that is designed to produce 10 kV, parallel windings will need to be
insulated against 5 kV. The Cross design, as shown in Figure 4.1, also has drawbacks. As
it consists of numerous separate windings, each consisting of one turn, each winding must
pass through the board using a via. This will increase the inductance of the board by an
unknown amount. In addition to this, each single-turn winding will need its own secondary
HV circuit. This will significantly increase the number of secondary circuits needed, in turn
increasing the required space on the board.

The secondary windings must be able to withstand voltage and current loads conditions
during continuous operation and under short term fault conditions (e.g. primary voltage
surges or short circuit on the secondary). The ability of PCBs to withstand these will be

discussed in the following sections.

4.2 Current Limitations

There are two problems associated with the current in the windings of a transformer. Firstly,

there is the matter of power loss associated with electrical currents in conductors. Power
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lost in a conductor P, is directly proportional to the square of the current passing through

it, as can be seenin
P, = I’°R (4.1)

where I is the RMS of a sinusoidal current, or the peak of a square current, in the conductor;
and R is the total resistance of the conductor. The power lost in the transformer windings,

by definition, reduces the efficiency of the device.

The second, and more pressing, problem is that the power lost in the windings is converted
into heat. Sufficient heat could damage the components of the circuit. In order to avoid this,

generated heat must be removed from the system or, at least, kept to a minimum.

The resistance of a wire R can be calculated, under a direct current, as

R= - (4.2)

So

where [ is the length of the windings in meters; S is the cross sectional area of the windings;
and ¢ is the conductivity of the windings in Siemens. For each PCB secondary winding, [

can be calculated using

- (4.3)

N/y, —1)(g+w)
| = 4Nt, + 21N {r + M}
where N is the number of turns; t. is the thickness of the transformer core; r is the distance
between the core and the inside track; N, is the number of layers of windings; g is the
distance of the gap between turns; and w is the width of each track (See appendix B for

derivation). The cross sectional area can be calculated using

where t; is the thickness of the tracks. An alternating current induces a magnetic field inside
the wire, which in turn acts against the excitation current, in what is known as the skin effect.

This effectively increases the effective resistance of the wire R, such that [35]

R, = R{1+ %} (4.5)

48+0.8(T0/5)4

where 1y is the radius of the wire; and § is the skin depth which can be calculated using

1
0= Jetiar (4.6)

where u, is the permeability of free space. The relationship between skin depth and

frequency, in copper, is shown in Figure 4.4. At a frequency of 100 kHz, the skin depth of
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copper is 210 ym, which is several times the thickness of the conductive layer of a PCB.
Indeed, the skin depth of copper is not reduced to 35 ym until a frequency greater than

3.58 GHz is applied. Therefore, the skin effect can be neglected when calculating the loss

in the secondary windings.
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Figure 4.4 The relationship between skin depth and current frequency in copper. The skin depth at
a frequency of 100 kHz is highlighted in red, and the frequency at which the skin depth
drops below the typical thickness of the plating on a PCB is highlighted in black.

4.3 Voltage Limitations

The Secondary Windings are expected to operate at a high voltage, at least 10 kV across
each PCB would be ideal, which will lead to a high potential difference between individual
turns (100 V if 100 turns are used). It is, therefore, necessary to ascertain if the boards are

capable of handling these high voltages. To do this, a number of practical experiments have

been undertaken.

As PCBs typically use a solder mask to help insulate the tracks; breakdown experiments
between tracks will necessarily be destructive because of the damage caused to the solder
mask by electrical breakdown. Performing a breakdown experiment across a whole winding
would be costly and inefficient, as it would be expensive to manufacture a sufficient number
of PCBs to gain meaningful data. Instead, it was decided to examine individual elements of
the windings separately, as shown in Figure 4.5. This would allow for a more precise view

of the breakdown characteristics of the windings.
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Figure 4.5 The PCB windings divided into straight and curved sections. Sections tested are

indicated in blue.

Each winding can be seen as a collection of straight sections of track, running parallel to
each other, separated by curved sections of track. Each curved section has a constant

radius and is separated from the tracks on either side by a constant distance.

The first areas to be examined are the straight sections. These are modelled in this
investigation by two straight tracks, each with a thickness of 0.5 mm, running parallel to
each other and 0.5 mm apart. The ends of these tracks conform to the Base electrode
profile, which essentially consists of a straight section connected to a rounded edge that
has a constant radius. The Base profile was selected, in preference to the Rogowski and
Bruce profiles, as it has been shown to have the largest area of uniform field when applied

to plate electrodes [103]. The track layout of these samples is shown in Figure 4.6.

D
A _

o
g

Figure 4.6 Track layout for a test sample testing the electrical breakdown strength of sections of

the secondary windings where straight lengths of track run parallel to each other.

In order to examine areas where the track is curved, it is necessary to understand that these
sections effectively consist of numerous quarter circles, with the tracks closest to the core
having the smallest radius, and the tracks on the outside of the winding having a larger

radius. In this way, these areas were modelled with two different types of sample. The first,
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which can be seen in Figure 4.7, represents the tracks with the smallest radius; while the
second, shown in Figure 4.8, represents tracks on the outside of the design. In both cases,
the same track endings are used, to help place electrodes and reduce the chances of
discharge at the ends of the track, and positioned in the same locations relative to each

other. These track endings also conform to the Base profile.

e
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Figure 4.7 Track layout for two test samples testing the electrical breakdown strength of sections

of the secondary windings that curve around the core at the centre of the winding.

Figure 4.8 Track layout for two test samples testing the electrical breakdown strength of sections

of the secondary windings that curve around the core on the outside of the winding.

43.1 Simulation

Before practical experiments were carried out, simulations were performed to calculate the
electrical field strength between the tracks of each sample. This was important in
ascertaining whether or not there were any inconsistencies in the field between the two

tracks that could lead to more breakdowns occurring in certain areas.
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The results of the 3D simulations were unclear. This is because the geometry of the area
of interest is 500 ym wide, but only 55 ym high. Even using localised fine meshing, 3D
simulations were found to be unsuitable for simulating relatively high detail in small areas
of relatively large volume. For this reason, the remainder of the simulations were carried out
in 2D and so only 2D simulations are shown in this section. The simulations were static,

meaning a 1KV DC voltage was applied to one track whilst the other one was grounded.

The first simulations carried out were of the cross section of two tracks. This was useful in
predicting how breakdown would occur between the tracks of a PCB-based winding. The
different sample shapes were then simulated, to determine what effect the curvature of the
windings would have on the electric field between the tracks. Finally, a small discrepancy
was added to one of the tracks on a straight section of winding, to see how imperfections in

the manufacturing process might affect breakdown.

431.1 Cross Section

In theory, the tracks should have a rectangular profile and be covered with an evenly
distributed solder mask, as shown in Figure 4.9. If this were the case, the electric field
around the tracks would resemble that shown in Figure 4.10. A close up on the edge of one

of the tracks is shown in Figure 4.11.

Figure 4.9. Idealised cross section of a sample. The FR4 board is shown in brown, the solder mask

in green, and the copper tracks in orange.
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Figure 4.10. Electric field around the cross section of an idealised sample.

55



Shaded Plot
|E| smoothed
1

1.0383e+07
8.30645e+06

6.22998e+06
4 15347e+06
2.07805e+06
438 355

Figure 4.11. Close up of the electric field around the track of an idealised sample.

In this case, the greatest field strength is at the triple point between the board, the solder
mask, and the track. This is as one would expect based on the literature [24]. There is also
an area of high electric field around the top corner of the track. As the solder mask has a
higher dielectric constant than the air around it, this leads to an enhanced field on the
surface of the diagonal edge of the solder mask. In this case, the enhanced field is

approximately twice as strong as the average field strength.

In practice, it is unlikely that PCB tracks will have such a neat profile. As the nature of the
manufacturing process is unknown, it is impossible to predict exactly what the profile of the
tracks will look like. Therefore, it is impossible to predict with any certainty the precise
breakdown mechanism that will occur between the tracks. The electric field shown in
Figures 4.10 and 4.11 should be used merely as an indication of what the field will look like.
As the shape of the tracks is unknown, it is not certain that the points of high electric field
strength, which appear at the top and bottom of the tracks, will exist in a practical sample.
However, the high electric field on the surface of the diagonal solder mask is still expected,

as its existence is dependant solely on the existence of the track, and not its exact profile.

The following sections will examine the affect that the sample shape has upon the electric
field. To do this, two top down views of each sample will be examined, with elevations of
10 ym and 30 ym above the FR4 board. These correspond to the red and blue dotted lines
respectively, as shown in Figure 4.12. These elevations were selected to show the electric
field inside the solder mask above the board; and in the cross section of the track, solder

mask, and air.
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Figure 4.12. The elevations at which the simulations in the following sections take place. The

elevation of the red line is 10 ym, while the blue line is 30 ym.

4.3.1.2 Narrow Straight

The first sample to be simulated was the one that represented straight sections of the track.
An image of the electric field, 10 ym above the surface of the FR4 board, is shown in
Figure 4.13. From this it can be seen that the electric field, between the straight sections of
track, is constant. The field at the end of the tracks decreases gradually in strength as the
copper conductors curve further apart. Figure 4.14 shows the ends of these samples in
close detail.
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Figure 4.13. The electric field around the straight samples, at an elevation of 10 ym above the surface
of the FR4 board.
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Figure 4.14. The electric field strength around the end of the tracks, 10 ym above the surface of the

FR4 board. The black lines represent the flux function between the tracks.

The flux lines in Figure 4.14 show that the electric field around the curved sections of track
bulge outwards, away from the high field density between the tracks, as one would expect.
Also, the electric field, between the straight sections of the track, runs normal to the direction
of the gap. This shows that the electric field between the tracks is uniform. The observed

electric field strength, of approximately 2 MVm™1, is in accordance with what should be
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expected from a 1 kV potential across a 0.5 mm gap. Breakdown is unlikely to take place
at this elevation, as the dielectric strength of solder masks is much greater than that of air.

Figure 4.15 shows the electric field simulated 30 ym above the FR4 board. Here the gap
between the tracks is partially bridged by solder mask that, in accordance with the theory
outlined in Section 3.4, suffers from a much lower electric field strength than the air around
it. Similarly, Figure 4.16 shows the electric field strength in the solder mask, around the
curved area of the electrodes. It should be noted that the magnitude of the electric field in
the solder mask decreases at the same rate as the air around it. However, the magnitude
of the electric field is much smaller.
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Figure 4.15. The electric field around the straight samples, at an elevation of 30 ym above the surface
of the FR4 board.
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Figure 4.16. The electric field strength around the end of the tracks, 30 um above the surface of the
FR4 board.

It is difficult to predict the breakdown voltage of this sample, due to the complex nature of
the insulation. If the breakdown strength of air is taken as 3 MVm™1, theoretically breakdown
should occur at 1.5 kV, notwithstanding the solder mask. However, in practice, the solder
mask will prevent breakdown bridging the two tracks. It will only be when partial discharge

in the air between the tracks damages the solder mask that breakdown will occur.
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4313 Tight Curve

The next simulation sample was one that represented the inside turns of the winding. A
simulation of the whole model is shown in Figure 4.17. This model shows that the average
electric field strength is almost identical to that of the straight lengths of track. This is
intuitive, as the same potential difference is spread over the same distance. Also, as in the

previous case, the electric field bulges out from the gap at the ends of the samples.
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Figure 4.17. The electric field around the samples that represent the inside turns of the winding, at

an elevation of 10 ym above the surface of the FR4 board.

Figure 4.17 shows that the electric field between the tracks appears consistent. However,
Figure 4.18 demonstrates there is a slight difference in electric field strength between the
inside and outside tracks of the curved section of the sample. This would imply that
breakdown is more likely to take place on the inside edge of the curve, just outside of the
solder mask. Although, as the difference in field strength is so small, it is likely that other
factors will have a greater effect on the breakdown location. These other factors, such as

manufacturing discrepancies, will be discussed later in this section.
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Figure 4.18. A close up of the electric field around the curve of the samples that represent the inside
turns of the winding, at an elevation of 10 ym (TOP), and 30 ym (BOTTOM), above the
surface of the FR4 board.

43.1.4 Wide Curve

The last simulation shows a curve that represents the turn at the outside of the winding.
This can be seen in Figure 4.19. As in the previous two samples, the average electric field
strength in the gap between the tracks is approximately 2 MVm~1The electrical field also

bulges out around the ends of the track in a similar manner.

Figure 4.20 shows that again, like the previous sample, there is a slight discrepancy
between the electric field on either side of the gap between the tracks. This is caused by
the curve of the tracks. Unlike the last sample, the curve continues along the whole length
of the tracks, apart from at the very ends. As the radius of the curve is much greater, the
discrepancy is much smaller. This suggests that breakdown is equally likely to occur at any
point along the curved length of the sample. Again, as the increase in the field strength is
very small around the inside of the curve, it is more likely that breakdown will be brought

about by manufacturing discrepancies.
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Figure 4.19. The electric field around the samples that represent the outside turns of the winding, at

an elevation of 10 ym above the surface of the FR4 board.
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Figure 4.20. A close up of the electric field around the curve of the samples that represent the outside

turns of the winding, at an elevation of 10 ym (TOP), and 30 um (BOTTOM), above the
surface of the FR4 board.
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43.15 Imperfections

As has already been stated, the manufacturing process of PCBs is likely to lead to
imperfections in the samples. These may be invisible to the human eye, but have a
significant effect on the breakdown mechanism.

Figure 4.21 shows a small imperfection placed on the bottom track of the straight sample.
The imperfection is semi-circular and has a radius of 1 ym, making it invisible to the naked
eye. When the bottom track is charged to 1 kV, the distortion caused by the electric field
between the tracks is imperceptible on a macro level. This is demonstrated in Figure 4.22.
However, from Figure 4.23 it can be seen that the field around the imperfection is greatly
distorted. The field directly above the imperfection is 1.5 times stronger than the average
field between the tracks. Therefore, breakdown is most likely to occur at this point between
the tracks.

It is likely that the characteristics of all breakdowns between the tracks of a PCB are the

product of microscopic imperfections in manufacturing.

Figure 4.21. An imperfection placed on the bottom track of the straight sample, with a radius of 1 ym.
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Figure 4.22. The electric field around the straight samples, at an elevation of 10 ym above the surface

of the FR4 board, with an imperfection on the edge of the bottom track.
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Figure 4.23. A close up of the electric field around the imperfection shown in Figures 4.21 and 4.22.

4.3.2 Experimental Setup

An experiment was devised that would subject the samples, discussed in the previous
Section, to an increasing AC voltage. The experimental setup can be seen in Figure 4.24,
a diagram of this setup is shown in Figure 4.25. The output of an arbitrary waveform
generator (AWG), which was controlled via a PC, was connected to a Trek Model 10/10B
High Voltage Amplifier. The HV output of the amplifier was connected to one electrode of
the sample, the other electrode of which was connected to ground. The output of the AWG
and the voltage monitoring terminal of the amplifier were connected to different terminals of
an oscilloscope, to allow the voltage of the system to be monitored in real time, and to make
sure the system was working correctly. The voltage and current monitoring terminals of the
amplifier were connected to a PicoScope 2000, which in turn was connected to the PC so
that it could record the voltage and current across the sample. The PicoScope had a
sampling frequency of 10 MSs~1. Finally, a camera was placed above the sample that would

film the breakdown.

PicoScope 2000

Arbitrary Waveform
Generator

Sample
(In Cage) Oscilloscope
PC Trek Model 10/10B

High Voltage Amplifier

Figure 4.24. Experimental setup.
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Figure 4.25 Diagram of the experimental setup.

When a sample was tested, an electrode was connected to each track. A MatLab script was
written that would instruct the AWG to produce a sinusoidal signal, with a frequency of 1 kHz
and a peak amplitude of 100 V, and then increase the signal amplitude, in steps, by 0.1 V
every 0.02 seconds. The amplifier has a gain of 1,000, meaning that the voltage applied to
the sample increases by 500 V every second. Once the voltage reached was sufficient to
cause a breakdown across the sample, the current rise would trigger the circuit breaker of
the amplifier and turn the HV output off. The voltage at which the breakdown occurred, as

well as the voltage and current waveforms and a video of the breakdown, were recorded.

After each sample broke down, they were tested again to ascertain whether there was a
noticeable difference in breakdown voltage. This was to ensure that the solder mask had
indeed been damaged, and to evaluate what contribution the solder mask made to the

dielectric breakdown strength of the sample.

Before any breakdown experiments were carried out, the voltage monitoring terminal and
the HV output of the amplifier were compared, with no discrepancies found between the
two. The samples were prepared by applying an insulating lacquer across the gaps in the
exposed copper terminals at the ends of the tracks. This prevented flashover occurring
through the air between the terminals, rather than through the solder mask between the
tracks. Each experiment was performed on 25 different samples, in order to get a sufficient

number of data points to perform Weibull analysis.
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It should be noted that this experimental procedure does not conform to either IEEE or IEC
standards for dielectric breakdown testing. Furthermore, no effort was made to measure or
maintain the atmospheric air pressure, humidity or temperature, despite the experiments
being carried out carried out over several months in different weather conditions. For these
reasons, the results obtained in this chapter cannot be considered the definitive breakdown
voltages of PCBs, but nonetheless serve as a useful indication of these values. No

deliberate steps were taken to measure corona discharge.

4.3.3 Experimental Data Analysis

It is generally accepted that electrical breakdown, much like mechanical breakdown, does
not fit a standard distribution; which is characterised by an event probability decreasing
symmetrically on either side of a peak mean value. This is shown, on a probability density
function (PDF) in Figure 4.26. Instead, breakdown data has been shown to, much more
accurately, fit the Weibull Distribution [104]-[109]. This is characterised, on a PDF, by a
gradually rising leading edge and a rapidly falling tailing edge, also shown in Figure 4.26.
The reason for this is that, although there are a wide range of voltages at which breakdown

could occur, breakdown is practically guaranteed at a given maximal voltage.
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Figure 4.26 PDF showing an example of standard distribution (BLUE) and Weibull distribution
(ORANGE). In both cases, the graphs are based on randomly generated data.

It is widely recognised that at least 25 data points are required to perform Weibull analysis.
These data points can be plotted on a Weibull Plot, as shown in Figure 4.27, which is

essentially a cumulative density function (CDF) plot. The horizontal axis represents failure
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times, in log,, scale, and the vertical axis represents cumulative probability. The data points

are positioned on the vertical scale according to

@zln(—ln(l—ﬁ)) (4.7)

where j is the rank of each data point; and n,, is the total number of data points. The Weibull
plot is designed such that, if the data does indeed match Weibull distribution, then the data
points will fall in an approximately straight line. Once all breakdowns have been plotted, a
line of best fit can be applied to the data points; as can probability lines, which show the
boundaries that data points must fall into in order for Weibull distribution to be considered
valid for a given level of certainty. Typically 95% is used. From this Weibull plot, two
parameters can be estimated: the Scale Parameter, the voltage at which the line of best fit
crosses 63.2% probability; and the Shape Parameter, which is the reciprocal of the gradient
of the line of best fit. Strictly speaking, Weibull distribution is also characterised by a third
parameter, known as the Location Parameter but, for the purposes of breakdown analysis,
the Shape and Scale Parameters are sufficient and the location parameter is typically
omitted.

Weibull Probability Plot of Randomly Generated Data '
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Figure 4.27 An example of a Weibull plot. The data points are the same as those used to generate

the Weibull PDF in Figure 4.26. The line of best fit is shown in red, and the 95% certainty

lines are shown in black.
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434 Straight Section

The first samples to be tested were the ones representing straight sections of track. Each
sample was, in turn, connected to the experimental setup described in the section 4.3.2,
before an increasing voltage was put across them. At around 4 kV, corona discharge would
become clearly visible between the two tracks of the sample, as shown in Figure 4.28, with
full breakdown typically occurring around 4.7 kV (Figure 4.29). For the sake of clarity, it is
possible that corona discharge was induced below 4 kV. However, as this was not visible
to the camera used, and it does not appear to have effected the measured results, this

potential corona discharge is omitted from further discussion.

Figure 4.28 Corona discharge is visible in the form of the blue light between the two straight lengths

of track that are printed 0.5 mm apatrt.

Figure 4.29 Breakdown occurring between two straight sections of track, printed 0.5 mm apatrt.

The effects of the visible corona discharge are evident in the current output of the amplifier;
in Figure 4.30, it can be seen that when the voltage rises to 4 kV, the current rapidly
increases to 3 mA. This is because electrical charge is passing between the tracks, thus

forming a small electrical current.

Similarly, the breakdown between the tracks can also be seen in the voltage and current

output of the amplifier. Figure 4.31 shows the same data as shown in Figure 4.30, only
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zoomed into the time at which breakdown occurs.
breakdown occurs can be seen as a rapid increase in current. Once the current reaches a
threshold of 13.75 mA, the circuit breaker in the amplifier opens, thus disconnecting the
power across the sample. The voltage across the sample can be seen to decrease over the

following power cycles, as the capacitors in the amplifier discharge, before the voltage and

current disappear completely.

Figure 4.30 The voltage and current waveforms of the output of the amplifier when corona becomes

Figure 4.31 The voltage and current waveform of the output of the amplifier when a breakdown
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After each experiment, two holes appeared in the solder mask where the breakdown
occurred, like the ones shown in Figure 4.32. It is clear that the solder mask is irreparably
damaged during the course of the first breakdown, thus forming a complete air path between
the tracks. The electric current passes through this air path in all subsequent experiments.
This is in contrast to what was simulated, where it was predicted that a conduction path
would form between in the fibreglass board and the solder mask.

Figure 4.32 An example of the holes that appeared in the solder mask after breakdown occurs. The

tracks in this sample are printed 1.5 mm apart.

The experiment was repeated, on each sample, after the first breakdown. This was to test
the breakdown voltage when there was no solder mask, and also to ensure the solder mask
had properly broken down. In the vast majority of cases, the sample would breakdown in
the same place as in the first experiment, just at a lower voltage. Occasionally, the voltage
would continue to rise to close to the voltage of the original breakdown before breakdown
occurred in the same place. This implies that the solder mask was only partially damaged
in the first breakdown experiment. However, even more occasionally, the second
breakdown would occur in a second location or breakdown would occur in two separate
places in the first experiment, implying that the solder mask on the sample may have been

damaged prior to the experiment being undertaken.

The voltages of each breakdown are recorded in Appendix C and plotted, using a Weibull
plot, in Figure 4.33. From the Weibull plot, it can be seen that the scale parameter of this
dataset is 4.72, and the shape parameter is 16.7, meaning that breakdowns typically
occurred with a peak voltage between 4.5 kV and 5 kV with relatively little deviation. This is
certainly greater than the 100 V expected between adjacent windings in a single spiral

design, but short of the 5 kV expected between windings in an interleaved design.
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Figure 4.33 Weibull plot recording the breakdown voltages that occurred between two straight

lengths of track printed 0.5 mm apatrt.

The breakdown voltages of the tracks, before the first breakdown across each sample, were
then compared to the breakdown voltages after the solder mask was damaged. This can
be seen in Figure 4.34. Under both circumstances, the range of voltages at which
breakdown occurs is quite narrow; and the solder mask appears to increase the breakdown

voltage by approximately 1.5 kV.
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Figure 4.34 PDF comparing the voltage, at which flashover occurred, before and after the solder
mask was damaged. The samples in this dataset represented the straight sections of

track, printed 0.5 mm apatrt.
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435 Tight Curve

The process outlined in the previous section was then performed on the samples replicating
the curved sections of track closest to the core. In this case, corona (see Figure 4.35)
typically became clearly visible around 4.1 kV with breakdown (shown in Figure 4.36)
occurring between 5 — 6 kV. Flashovers happen at, seemingly, random locations along the
tracks, with no area having a higher breakdown frequency than any other. This is in contrast
with the simulation performed in Section 4.3.1.1 that predicted that breakdown was more
likely to occur at the bend in the tracks. However, as the discrepancy in the field at this point
is so small, it is more likely that breakdown was caused by manufacturing imperfections in
the tracks.

Figure 4.35 Corona discharge seen occurring, in the form of blue light, between two curved tracks

printed 0.5 mm apart.

Figure 4.36 Flashover occurring between two curved tracks printed 0.5 mm apatrt.
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As in the previous section, the effects of corona discharge and breakdown are evident in
the current output of the amplifier; in Figure 4.37, it can be seen that when the voltage rises
to 4.14 kV, the current rapidly increases to 5 mA. When breakdown occurs, there is a sharp

rise in current before the circuit breaker in the amplifier opens and disconnects the current.
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Figure 4.37 The voltage and current waveforms of the output of the amplifier when corona becomes
clearly visible and flashover occurs. Note the sudden increase in current when the
voltage reaches 4.136 kV and corona becomes clearly visible; also, the sharp rise in

current when the insulation breaks down.

As was the case when the tracks were straight, after each experiment, two holes appeared
in the solder mask where the breakdown occurred, implying that the same breakdown

mechanism happened in both cases.

The voltages of each breakdown are recorded in Appendix C and plotted, using a Weibull
plot, in Figure 4.38. From the Weibull plot, it can be seen that the scale parameter of this
dataset is 5.88, and the shape parameter is 7.80, meaning that breakdowns typically
occurred with a peak voltage of roughly 5.9 kV with a wide deviation. Again, this is greater
than the 100 V expected to occur between adjacent windings in a single spiral design, but
not consistently greater than the 5 kV expected to occur between windings in an interleaved
design. Four samples broke down at a noticeably lower voltage than the rest of the dataset;
these have been circled in Figure 4.38. It is possible that these outliers are indicative of a
second breakdown mechanism, shown by the green line in Figure 4.38, although it is more
likely that the lower breakdown voltage is the result of damage sustained by the solder mask

while storing samples.

The breakdown voltages of the tracks, before the first breakdown across each sample, were
then compared to the breakdown voltages after the solder mask was damaged. This can
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be seen in Figure 4.39. Without the solder mask, breakdown occurs consistently between
3 kV and 4 kV with little deviation. This latter point is in contrast to the wide range of
breakdown voltages when the solder mask was intact. The breakdowns that occurred after
the solder mask had been damaged were similar, in terms of voltage, to those that occurred

between the straight tracks.
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Figure 4.38 Weibull plot recording the breakdown voltages that occurred between two curved tracks
printed 0.5 mm apart. Data points that imply a second breakdown mechanism are

circled, with a possible reference line shown in green.
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Figure 4.39 PDF comparing the voltage, at which flashover occurred, before and after the solder
mask was damaged. The samples in this dataset represented the curved sections of

track closest to the core, printed 0.5 mm apart.
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4.3.6 Wide Curve

The process carried out in the previous two sections was then performed on the samples
replicating the curved sections of track furthest from the core. In this case, corona (see
Figure 4.40) typically became clearly visible around 3.4 kV with breakdown (Figure 4.41)
occurring around 5.6 kV. Flashovers happen at, seemingly, random locations along the
tracks, with no area having a higher breakdown frequency than any other. This is in line

with the simulation performed in Section 4.3.1.4.

Figure 4.41 Flashover occurring between two curved tracks printed 0.5 mm apart.

As in the previous sections, the effects of corona discharge and breakdown are evident in
the current output of the amplifier; shown in Figure 4.42, it can be seen that when the voltage
rises to 3.6 kV, the current rapidly increases to 5 mA. When breakdown occurs, there is a
sharp rise in current before the circuit breaker in the amplifier triggers and disconnects the

current.

As in the previous cases, after each experiment, two holes appeared in the solder mask

where the breakdown occurred, implying that the same breakdown mechanism happened
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in both cases. The experiment was repeated on each sample after the first breakdown. This
was to test the breakdown voltage when there was no solder mask, and also to ensure the
solder mask had properly broken down.
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Figure 4.42 The voltage and current waveforms of the output of the amplifier when corona becomes
clearly visible and flashover occurs. Note the sudden increase in current when the
voltage reaches 3.6 kV and corona becomes clearly visible; also, the sharp rise in

current when the insulation breaks down.

The voltages of each breakdown are recorded in Appendix C and plotted, using a Weibull
plot, in Figure 4.43. From the Weibull plot, it can be seen that the scale parameter of this
dataset is 5.64, and the shape parameter is 5.90, meaning that breakdowns typically
occurred with a peak voltage around 5.6 kV with quite a lot of deviation. Seven samples
broke down at a noticeably lower voltage than the rest of the dataset; these have been
circled in Figure 4.43. It is possible that these outliers are indicative of a second breakdown
mechanism, shown by the green line in Figure 4.43, although it is more likely that the lower
breakdown voltage is the result of damage sustained by the solder mask while storing

samples.

The first breakdown voltages across each sample, were then compared to the breakdown
voltages after the solder mask was damaged. This can be seen in Figure 4.44. Without the
solder mask, breakdown occurs consistently between 2.5 kV and 4 kV with little deviation.
This latter point is in contrast to the wide range of breakdown voltages when the solder
mask was intact. In terms of voltage, the breakdowns that occurred after the solder mask
had been damaged were similar to those that occurred between the straight tracks and the

tracks with the wide curve.
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Figure 4.43 Weibull plot recording the breakdown voltages that occurred between two curved tracks
printed 0.5 mm apart. Data points that imply a second breakdown mechanism are

circled, with a possible reference line shown in green.
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Figure 4.44 PDF comparing the voltage, at which flashover occurred, before and after the solder
mask was damaged. The samples in this dataset represented the curved sections of

track closest to the core, printed 0.5 mm apart.

4.3.7 Comparison of Results

Two PDFs were created to compare the results listed in the previous three sections; both

with and without a solder mask. These can both be seen in Figure 4.45.
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Before the solder mask was damaged, the samples consisting only of straight tracks broke
down at a reasonably consistent voltage. By contrast, the tracks that featured a curve had
a much wider variation of breakdown voltage. This is likely caused by a combination of the
inconsistencies in the fabrication quality of the samples, and the lengths of each sample. It
is inevitable that the samples contained microscopic imperfections around the edges of the
tracks, and in the thickness of the solder mask. The curved samples, being longer than the
straight samples, contained more imperfections and, therefore, more potential causes of

breakdown. This, in turn meant there was a larger distribution of breakdown voltages.

On the other hand, once the solder mask is damaged, breakdown occurred at a more
consistent voltage in all types of sample. This is most likely because the initial breakdown
creates two holes in the solder mask between the tracks, meaning there is a clear air path
between the electrodes. This means that subsequent breakdowns take place through air
only, and is not subject to the inconsistencies in the solder mask. In addition to this, as
breakdown of a sample is most likely to occur at a point with the greatest imperfections in

the track and soldermask, these points will be similar to each other, thus leading to
comparable breakdown phenomena.
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Figure 4.45 (TOP) A PDF comparing the breakdown voltages of the three different shaped samples

before the solder mask was damaged. (BOTTOM) A PDF comparing the breakdown
voltages of the same samples after the solder mask was damaged.
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4.4  Variations

Having performed a number of experiments to evaluate the breakdown characteristics of
PCB based windings, with a gap of 0.5 mm between tracks, in atmospheric pressure air; it

was decided to vary the experimental parameters in another set of experiments.

44.1 Gap Distance

The first variation that was made, was to increase the distance between the tracks.
Experiments, carried out in the literature [107], [110], [111], concluded that there is an
approximately linear relationship between breakdown voltage and the distance between
tracks, under impulse testing, between 0.2 mm and 0.8 mm. In this work, a second set of
breakdown experiments were conducted on samples that were identical to those in

Section 4.3.4, except that the gap between the tracks was increased to 1.5 mm.

These samples were simulated, as shown in Figure 4.46, to estimate the electric field that
would exist between the tracks. The electric field strength for a given voltage is shown to
be a third that of the case when the tracks are 0.5 mm apart.

The samples were connected to the same experimental setup as described in Section 4.3.2,
with a frequency of 1 kHz, and the voltage increasing at 500 V per second. Similar to when
the tracks were closer together, corona discharge (Figure 4.47) often became clearly visible
before breakdown, typically when the voltage was 6.1 kV. With full breakdown, as shown in
Figure 5.48, occurring around 6.5 kV. The Weibull plot for this experiment is shown in
Figure 4.49.

As in previous sections, the experiment was conducted again after the first breakdown in
order to test the breakdown voltage without the solder mask. In each case, the second
breakdown occurred in the same place as the first. The voltages of the first and second
breakdowns are compared to those, when the tracks were 0.5 mm apart, in Figure 4.50.
This shows that, when the gap is increased to 1.5 mm, the solder mask becomes less
effective at increasing the breakdown voltage; as the difference in breakdown voltage is
less than 0.5 kV, as opposed to the 1.5 kV difference seen when the gap was only 0.5 mm
wide. However, the solder mask appears to reduce the deviation in breakdown voltage. This
is in contrast to the results seen with the narrower gap. It is intuitive that the increased
breakdown path should also increase the variation in breakdown voltage. It is also possible
that the solder mask has a more consistent breakdown threshold, leading to the reduced
deviation when the tracks are 1.5 mm apart, and this is simply overcome by the much higher

field strength when the tracks are closer.
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Figure 4.46 The simulated electric field between two tracks, printed 1.5 mm apart, on a PCB. The

voltage difference between the two tracks is 1 kV.

Figure 4.48 Breakdown of tracks printed 1.5 mm apart.
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Figure 4.49 The breakdown voltages of two straight tracks printed 1.5 mm apart.
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Figure 450 (TOP) A PDF comparing the breakdown voltages of samples with straight tracks before
the solder mask was damaged. (BOTTOM) A PDF comparing the breakdown voltages

of samples with straight tracks after the solder mask was damaged.
4.4.2 Frequency

The experiments, documented so far in this work, were performed at a frequency far lower
than that expected in an actual power supply design. For this reason, it was decided that

more experiments should be conducted in order to predict the effect that frequency has on
breakdown voltage.

Experiments were performed, at a number of different frequencies, with the intention of
extrapolating this data with the goal of estimating the approximate breakdown voltage at
100 kHz. The frequencies 100 Hz, 2 kHz, and 5 kHz were selected to cover one and a half
orders of magnitude. At each frequency, five breakdown tests were performed, in order to

provide a reasonable sample size. The results of these experiments are shown in
Figure 4.51.

Figure 4.51 shows a slight downwards trend, in breakdown voltage with respect to
frequency, equivalent to a decrease in breakdown voltage of 481 V per order of magnitude.
If this data were to be extrapolated linearly, a breakdown voltage of 3.70 kV would be
expected at an operational frequency of 100 kHz. However, the data does not closely match
the trend line. Indeed, the correlation coefficient is only -0.42, meaning that the data shows
a poor correlation between the frequency and breakdown voltage. As experiments were
conducted several months apart, differences in breakdown voltage are more likely the result

of environmental issues, such as air humidity, than in changes of frequency.
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Breakdown with Solder Mask
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Figure 4.51 The breakdown voltages of PCBs, with a solder mask, tested at different frequencies.

The same analysis was performed on samples that had already broken down, the results
from which can be seen in Figure 4.52. This implies that there is no relationship between
power frequency and breakdown voltage when insulated only by air. Although the trend line
suggests a slight increase in breakdown voltage, this equates to an increase of only 73 V
per order of magnitude. This coupled with the fact that the correlation coefficient for this
data is only 0.44 means that it should not be concluded there is a relationship between

frequency and breakdown voltage, below 5 kHz, when the solder mask has broken down.
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Figure 4.52 The breakdown voltages of PCBs, with a damaged solder mask, tested at different

frequencies.
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In order to interpret these results, it may be worth discussing existing theory regarding the
relationship between frequency and breakdown. In an electric field between two electrodes,
negatively charged electrons are drawn towards the positive anode, while positive ions are
drawn towards the cathode. As these charged particles accelerate towards their respective
electrodes, they will collide with neutral particles. If the charged particles have sufficient
velocity, they may dislodge an electron from the neutral particle, thus forming two new
charged particles that will begin accelerating in the electric field. Both of these particles will
begin ionising neutral particles which, in turn, will ionise yet more neutral particles; thus

forming an avalanche effect.

As electrons are much smaller than positive ions, they accelerate at a much faster rate. This
means that, assuming both particles start with zero velocity, after a given length of time, an
electron will have moved much further than the positive ion. This greater velocity means

that more electrons than positive ions are responsible for ionising collisions.

The difference in velocity is so great that, compared to the electrons, the positive ions
appear to be stationary. As the electrons move towards the anode, they leave in their wake
a cone of positive ions with the highest density of ions closest to the anode. The
accumulation of positive ions leads to an increase in field strength in the gap between the
electrodes. In turn, this increases the current in the gap and is ultimately what leads to

breakdown. This is the case for both DC and low frequency fields.

As the frequency increases, there will come a point at which the positive ions cannot reach
the cathode before the polarity of the field is reversed and the cathode becomes the anode.
When this happens, the positive ions will begin moving towards the new cathode. However,
before the positive ions can reach the new cathode, the polarity will be reversed again, and
the positive ions will begin moving back to the original cathode. The positive ions are

effectively trapped between the two electrodes.

As the avalanche continues, this forms a space charge with a growing density between the
two electrodes increasing the field current and leading to breakdown. This means that,
although the potential may be the same as for the DC case, the local potential gradient is
greater, leading to breakdown occurring at a reduced voltage. The frequency at which

breakdown voltage begins to decrease is known as the first critical frequency.

If the frequency is increased further, the breakdown voltage decreases as more and more
positive ions are trapped between the electrodes. This is until a second critical frequency is
reached. At this point, the polarity is reversed so often that the electrons become trapped
between the electrodes. As they are no longer swept into the anode, the electrons travel
back and forth between the electrodes and ionise twice as many particles in one cycle than

they would at a lower frequency. This means that there are now twice as many positive ions
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forming a space charge in the gap, which reduces the breakdown voltage to its lowest point.
As the frequency is raised above the second critical frequency, the number of negative
electrons in the gap also increases and cancels out the positive space charge. This means

that as the frequency is increased, the breakdown voltage begins to increase again.

The seminal work on this topic was carried out by Reukema in 1928, and published in 1929.
His investigation, conducted on brass spheres with a diameter of 62.5 mm and separated
by distances between 5.8 mm and 25.4 mm, found a 13% drop in breakdown voltage
between 20 kHz and 60 kHz. He also predicted that the second critical frequency would be
around 6 MHz [112].

In theory, for a given distance, if one knew the velocity a particle would reach in a uniform
electric field, one could calculate the critical frequencies. However, as the electric field
around the samples used in this investigation is far from uniform, calculating the critical

frequencies is unlikely to be so straight forward.

The fact that the results obtained in these experiments do not show any strong correlation
with frequencies below 5 kHz is in line with results published in the literature [112], [113]. A
more detailed experimental study is needed to determine the effect that frequency has on

breakdown voltage between parallel tracks of a PCB.

4.4.3 Pressure

A sample was placed in a vacuum chamber, and the pressure reduced to 40 Pa. According
to Paschen’s Law [24], [60], [79], [114], this should yield the same breakdown voltage as
atmospheric pressure, for copper electrodes. The sample was then subjected to the same
experiment as that outlined in Section 4.3.2. As soon as a voltage was applied to the

sample, breakdown occurred, as seen in Figure 4.53.

Figure 4.53 Breakdown occurring across a sample, with tracks printed 0.5 mm apart, at a pressure
of 40 Pa.
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Rather than a simple flashover, as could be seen when breakdown occurred in atmospheric
pressure air, Figure 4.53 shows a blue hue around the electrodes and conductive areas of
the samples. This implies that outgassing has occurred and that current is passing through
a conductive gas surrounding the board. The source of the outgassing is unclear. It may be
the solder mask, insulating lacquer applied to the exposed contacts, or even the FR4 of the

board itself. Further experimentation is required to satisfactorily explain this phenomenon.

4.5 Discussion and Potential Developments

The work in this chapter has focussed primarily on windings fabricated using copper tracks
printed onto the surface of fiberglass boards, as these are the cheapest and most commonly
produced PCBs. It has been shown that a single tracked winding is unlikely to short in
atmospheric pressure air, although an insulating material with a higher dielectric breakdown
strength would likely be required to prevent breakdown between the core and each winding.
There are many more variations of PCBs that may be explored in greater detail in future

work.

The first variation that could be made would be to print tracks inside the PCB. It is possible
to print tracks on internal layers of a PCB, with many companies offering 16 or more internal
layers [98]. By only printing tracks on the surface of the boards, one is limited to only two
layers of windings. As the surface area, of a spiral winding, is related to the square of the
number of turns in each layer, doubling the number of layers the turns are spread over could
more than half the surface area. This is beneficial as it would reduce the parasitic
capacitance, as well as significantly reducing the overall size of the board; this is useful as
manufacturers charge by area. Only two layers are used in this work for the sake of
simplicity. However, it would be worth considering using more layers if developing a

prototype based on this design.

Further work should also examine the suitability of different materials for the construction of
the PCBs. For example, Teflon is used in high frequency PCB construction [100], this has
the advantage that it is known to not outgas at, even, high vacuum. It is also not uncommon
for PCBs used in high power applications to be manufactured with an aluminium sheet at
their centre [98]. This helps conduct heat away from the circuit, and may be useful for the

purposes of this project.

As discussed in the previous chapter, conventional wisdom advises against using SFg to
insulate HYDC components. Therefore, if this convention is to be adopted and SF, is used
to insulate the core and windings, the HVYDC components must be kept in a separate
insulating enclosure from the windings. A good insulator for DC applications is vacuum. If

the HV circuitry can be mounted on a PCB, this would significantly simplify the design, and
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significantly reduce the cost, of the HYDC component of the design. A detailed investigation
should be conducted into evaluating the performance of PCBs in vacuum. This should take
into account the outgassing associated with different board materials and heat dissipation

from components operating under load.

Finally, a working prototype of a winding should be fabricated and tested under different

conditions, including, but not limited to, high pressure SF;.
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Chapter 5

Insulated Core Transformers

In this Chapter, the suitability of ICTs to function in a practical power supply, is evaluated.
First, different layouts for an ICT are reviewed, to determine the best way of constructing
an ICT. This layout is then optimised to reduce flux loss as much as is practically possible.
As the voltage generated across a winding is directly proportional to the flux linkage passing
through it, it is desirable to keep flux loss to a minimum in order to maximise the output of
the design. Then, Cross Transformer Technology (CTT) is discussed, in order to consider
the benefits it may bring to this project. A new method is proposed that reduces the

complexity of calculating the flux loss in an ICT.

The chapter concludes by discussing the limitations of the work carried out in the previous
sections, and then proposing a way in which to adapt existing ICT technology to fulfil the
specifications of this project. Finally, it is decided whether or not a design based on ICTs
would be suitable for a 5MV, 5A Power supply. The work in this chapter focuses, entirely,
on investigating flux loss in ICTs, and does not examine problems associated with eddy

currents and heat generation, that would occur in a practical ICT design.

5.1  An Evaluation of ICT Layouts

ICTs can be arranged into different formations; a number of these are suggested here and
then compared in simulation. Each simulation is carried out on a core with ten secondary
windings around twenty insulated core slices. Each winding consists of 100 turns in order
to ensure consistent flux linkage. Each section of insulated core has a cross sectional area
of 80 mm by 80 mm, and is 9 mm thick; there is 1 mm of insulation between each segment
of core. A current of 400 Amps will drive the primary winding. The results of these
simulations will then be discussed in order to deduce the most effective ICT layout for

ensuring consistent flux linkage.
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5.1.1 Basic ICT Layout

The most basic layout for a practical ICT is simply to stack each section of insulated core
on top of each other, with a primary winding driving the whole stack from the bottom, as
shown in Figure 5.1. This design was simulated, using a Static 2D solve, in order to calculate
the flux linkage in each winding, with the results being shown in Table 5.1. The flux flow in

this design is shown in Figure 5.2.

Winding

- — Cores

Figure 5.1 Layout of the most basic ICT stack. The cores are arranged on top of each other with

the windings surrounding them.
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Figure 5.2 The flux flow around a 10 layer ICT.
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Table 5.1  Flux linkage in a basic transformer core.

Winding Flux Linkage Normalised Flux
Number: | (Wb-t): linkage:
1 0.342401782 100%
2 0.298770948 87%
3 0.260393463 76%
4 0.22763104 66%
5 0.199110369 58%
6 0.173920212 51%
I 0.15138311 44%
8 0.130954109 38%
9 0.112185041 33%
10 0.094698916 28%

This design suffers jointly from the lack of a flux return path, as well as the distance of some
of the furthest secondary windings from the primary. The flux is reluctant to travel up the
stack, to the higher windings, as in doing so it will have a longer return path through the air.
One possible solution to this might be to add another primary winding at the top of the stack.
This would create a flux path that goes straight through the stack with a flux return path

going through the air outside the stack.

The biggest drawback to this idea is that it effectively doubles the number of secondary
windings needed. This is because one of the key principles of an ICT is that each secondary
winding only needs to be insulated from the winding next to it and not from the full operating
voltage of the device. In order to be powered from the mains, a primary winding must
necessarily be grounded. If a grounded winding were to be placed next to a secondary
winding at the very top of the stack, that secondary winding would have to be insulated
against the full operating voltage of the device. To overcome this, a second stack of
insulated cores must be constructed from the second primary winding, with each core
operating at an increasing voltage until the final core operates at the same voltage as the
top core of the first stack. At this point, both stacks can meet in the middle, creating a single

stack grounded at both the top and the bottom.

The layout of the double primary ICT is shown in Figure 5.3, with the flux flow shown in

Figure 5.4. The flux linkage measured in each winding shown in Table 5.2.
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Winding

: Cores

Figure 5.3 Layout of a 10 stage ICT powered by two primary windings. Each winding is connected,
in parallel, to the winding opposite, with the two primary windings at the top and the

bottom.
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Figure 5.4 The flux flow around a 20 layer ICT with primary windings at the top and bottom.
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Table 5.2  Flux linkage in a basic ICT with two primary windings.

Winding Normalised Flux
Number: Flux Linkage (Wb-t): | linkage:

1 0.386150222 100%
2 0.350179842 91%
3 0.319815811 83%
4 0.295547005 77%
5 0.276143045 72%
6 0.260837013 68%
7 0.249105073 65%
8 0.240587518 62%
9 0.235039907 61%
10 0.232310688 60%
11 0.232325476 60%
12 0.235090035 61%
13 0.240671529 62%
14 0.249223596 65%
15 0.260993149 68%
16 0.276343884 72%
17 0.295796652 77%
18 0.320127523 83%
19 0.350569786 91%
20 0.386689246 100%

51.2 Flux Diverters

One possible way to redirect magnetic flux is to use Flux Diverters (FD). These consist of
additional loops of wire that encircle the flux path at regular intervals, as shown in Figure 5.5.
When a current is passed through these loops, they form a magnetic field around
themselves. These fields form a tunnel for the magnetic flux from the primary winding to

pass through.
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Diverter

Figure 5.5 Flux diverters surrounding a stack of insulated cores.

For the sake of this preliminary simulation, important design challenges, such as how to
power and insulate the FDs, are ignored. For the purposes of evaluating whether or not FD
represent a viable solution to flux loss in a HV ICT, each FD is modelled as a winding with
a single turn and driven by a current of 400 Amps. The effect this has on the flow of flux in
a 10 stage ICT is shown in Figure 5.6 with the flux linkage recorded in each winding detailed

in Table 5.3.
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Figure 5.6  Flux flow around a 10 stage ICT with flux diverters.
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Table 5.3  Flux linkage in a 10 layer ICT with flux diverters.

Winding Flux Linkage | Normalised Flux
Number: (Whb-t): linkage:
1| 0.359635123 100%
2| 0.319788822 89%
3| 0.284048432 79%
4 | 0.253010963 70%
5| 0.225371523 63%
6 | 0.200247058 56%
7 0.17696348 49%
8 | 0.154957654 43%
9| 0.133740033 37%
10 | 0.112870507 31%

It was decided to try and drive the flux diverted ICT from two primary windings. The flux flow

can be seen in Figure 5.7 and the flux linkage in each winding is recorded in Table 5.4.
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Figure 5.7 The flux flow around a 20 layer ICT with flux diverters, and primary windings at the top

and bottom.
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Table 5.4  Flux linkage in an ICT with flux diverters and two primary windings

Winding Number: Flux Linkage (Wb-t): | Normalised Flux linkage:
1 0.412978232 100%
2 0.382265528 93%
3 0.356177286 86%
4 0.33546101 81%
5 0.318963482 7%
6 0.305985402 74%
7 0.296059332 2%
8 0.288862255 70%
9 0.284179154 69%
10 0.281876835 68%
11 0.281891351 68%
12 0.28422368 69%
13 0.288935924 70%
14 0.296162107 2%
15 0.306123542 74%
16 0.319135669 7%
17 0.335665955 81%
18 0.356415817 86%
19 0.382532351 93%
20 0.413276445 100%

5.1.3 Clamped Return Path

Both of the designs discussed above have suffered significant flux loss, in higher voltage
windings, because there is no clear flux return path. As the air surrounding the ICT has a
relatively low magnetic permeability, it can only sustain a low flux density. This forces the
magnetic flux to fan out, as it passes through the ICT, as the air cannot conduct a high flux
density return field. One possible solution to this would be to construct a metal flux return
path around the ICT, effectively turning it into a shell core transformer with air gaps in one
of the limbs. As the clamp must be grounded, the ICT must be constructed in the double
stack layout described in Section 5.1.1. This design can be seen in Figure 5.8, with the flux

flow shown in Figure 5.9. The recorded flux linkages are listed in Table 5.5.
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Figure 5.8 Layout of clamped flux return path ICT.
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Figure 5.9 The flux flow around a 20 layer ICT with a flux return clamp, and primary windings at
the top and bottom.
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Table 5.5 Flux linkage in an ICT with flux return clamp and two primary windings

Winding Number: Flux Linkage (Wb-t): | Normalised Flux linkage:
1 1.466440629 100%
2 1.406524633 96%
3 1.358069317 93%
4 1.31981425 90%
5 1.289508979 88%
6 1.265746028 86%
7 1.247601735 85%
8 1.234454045 84%
9 1.225900969 84%
10 1.221690915 83%
11 1.221700531 83%
12 1.225936067 84%
13 1.234516147 84%
14 1.247686173 85%
15 1.265858996 86%
16 1.289650179 88%
17 1.319983328 90%
18 1.358264174 93%
19 1.406756437 96%
20 1.466727434 100%

5.1.4 Partial Clamp Return Path

The major drawback of the flux return clamp is that it contains more metal than all of the
insulated cores combined. This makes it exceedingly heavy and expensive to produce. Itis
possible that a partial flux return path will work nearly as well as a full flux return path, while
not requiring as much material. A partial clamp design is suggested in Figure 5.10. In this
case, the partial clamp consists of the two yokes of a shell type transformer core; only the
second limb is missing. Other, more practical, designs can be proposed if this design shows

promise. The flux flow in this configuration is shown in Figure 5.11. The recorded flux linkage

in each winding is shown in Table 5.6.

96




Figure 5.10 Layout of a partial flux return clamped ICT.
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Figure 5.11 The flux flow around a 20 layer ICT with a partial flux return clamp, and primary windings

at the top and bottom.
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Table 5.6 Flux linkage in an ICT with partial flux return clamp and two primary windings.

Winding Number: Flux Linkage (Wb-t): Normalised Flux linkage:
1 0.951008112 100%
2 0.885214878 93%
3 0.829612527 87%
4 0.784195186 82%
5 0.747337859 79%
6 0.717940813 75%
7 0.695233087 73%
8 0.678658803 71%
9 0.66783778 70%
10 0.662523207 70%
11 0.66259111 70%
12 0.668051427 70%
13 0.67902158 71%
14 0.695740478 73%
15 0.718599717 76%
16 0.74814664 79%
17 0.785161332 83%
18 0.830740937 87%
19 0.886519019 93%
20 0.952532143 100%

5.1.5 Van De Graaff Layout

The first ICTs, as patented by Van de Graaff [45], consisted of a single stack of electrically
insulated cores, effectively creating a bar core transformer. In order to prevent the magnetic flux
from bypassing the HV cores completely, the stack is placed inside a metal, bell jar shaped
container. This container is connected to the core around which the primary winding is wound,
as seen in Figure 5.12. Flux can then bridge the gap between the top of the stack and
surrounding container before completing the path to the primary winding, as seen in
Figure 5.13. Because of its distinctive shape, this layout of core is commonly referred to as the
Bell Dong ICT.
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Figure 5.12 2D representation of the original Van De Graaff, or Bell Dong, ICT layout.

As the grounded bell jar has to be insulated from the total operational voltage of the device, itis

necessary for a large gap to exist between the top of the stack and the container. This limits the

flow of flux to the top of the stack. The recorded flux linkage in each winding, of such a device,

is listed in Table 5.7.

Figure 5.13 Flux flow within a Bell Dong Layout.
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Table 5.7. Flux linkage in a 10 layer Bell Dong ICT.

Winding Flux Linkage Normalised Flux
Number: (Wb-t): linkage:
1 1.074746 100%
> 1.000474 93%
3 0.936624 87%
4 0.882662 82%
5 0.836753 28%
6 0.79765 24%
7 0.764434 71%
8 0.736396 69%
9 0.712966 66%
10 0.693668 65%
5.1.6 Comparison of Different ICT Arrangements

The maximum flux linkages found in each ICT studied in the above sections, as well as the
minimum flux linkage as a percentage of the maximum flux linkage, are recorded and shown
in Figure 5.14. High peak flux linkage is ideal, as it reduces the number of turns needed to
generate the same output voltage. In addition to this, as flux loss causes a reduction in
output voltage, high flux retention is desirable. From Figure 5.14, it appears that there is a

loose correlation between peak flux linkage and flux retention across an ICT design.

The simple stack of insulated transformer cores, driven by a single primary winding around
the base core, had the lowest flux linkage, and greatest flux loss; flux diverters did little to
improve this. Powering the stack, using a second primary winding, significantly reduced flux
loss, but does little to increase the peak flux. However, providing a ferrous flux return path
significantly increased both the peak flux and the flux retention. Accordingly, the biggest
increase in peak flux linkage, and greatest reduction in flux loss, was brought about by

combining these two methods in the form of the clamped return path.

There are both advantages and disadvantages to needing two windings per stage of an

ICT. On the one hand, it drives up the cost of the design as twice as many cores and
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windings are needed while, on the other, it effectively doubles the cross sectional area of
the windings, which in turn increases the maximum current that can be drawn from the

design.

The Bell Dong layout has a number of disadvantages, although it negates the expense of
doubling the number of stages, as in the clamped return path layout, the bell jar will be
incredibly complicated and expensive to construct. Furthermore, while the return clamp
lends itself to being used in a multiphase system, as many phases can share the limb of the
return clamp, the Bell Dong works exclusively with a single phase. This makes further

development of this design challenging.
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Figure 5.14 (LEFT) Minimum flux linkage found in each ICT as a percentage of the primary winding

flux linkage and (RIGHT) maximum flux linkage in each design.

For these reasons, further work in this chapter will focus on designs that have a closed flux
path constructed from soft magnetic material, similar in design to a conventional
transformer.

5.2  Flux Path Layout

As already discussed, a necessity of creating a continuous flux path from soft magnetic material
is that there needs to be two insulated cores operating at each voltage level. This is to stop the
HV core needing to be insulated from the grounded primary winding. The Cross ICT [4], [5]
achieved this by having two parallel insulated stacks connected, at the bottom, by a grounded
core around which the primary winding is wound and, at the top, by another core section that
would allow flux to pass between the two HV sections (Figure 5.15). This is an elegant solution
as it means that the LV primary is at the bottom while the voltage in the stacks increases in the
cores further away from the primary. However, there are problems with flux passing between

the two stacks and being reluctant to change direction at the top of the design.
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An alternative arrangement to this is one where a single stack is constructed that is driven by a
primary winding at either end. These primary windings are electrically connected in parallel,
meaning that they operate in phase with each other. The voltage increases towards the centre
of the stack, where it is insulated from the LV winding at each end. Flux can then pass between
the two windings via a solid clamp, as shown in Figure 5.16. This layout has the advantage that
the magnetic flux has a straight path through the cores. In addition to this, having insulated gaps
in a core effectively reduces the relative permeability of the core material. This means that the
clamped system will reduce the amount of flux leaving the stack to return to the primary winding

through the parallel flux path.

The relative flux path found in each layout was calculated and compared using a finite element
analysis (FEA) model. In each case, an ICT was simulated with a core cross sectional area of
100 mm by 100 mm, and a thickness of 5.75 mm. There was a distance of 200 mm between
the insulated stack and the return path, and a gap of 0.25 mm between each insulated core.
Each core was surrounded by 100 turns. These parameters are reasonable as they are based
on those commonly used in ICTs based on the Cross design [5]. ICTs with stack heights from
1 to 50 cores were simulated, in both layouts, and the minimum normalized flux in each system

was recorded as shown in Figure 5.17.

Wind\ni Na | | Wind\ni Nb | |

W\ndini 4a | | W\ndini 4b | |
W\ndmi 3a | | W\ndmi 3b | |
W\ndmi 2a | | W\ndmi 2b | |
W\ndmi 1a | | W\ndmi 1b | |

Primary a Primary b

Figure 5.15 The traditional layout of the Cross type ICT.

From Figure 5.17, it can be seen that there is no significant difference between the flux losses
obtained using either arrangement when the number of insulated cores is less than 30. For this
reason, in a single phase ICT, a flux return clamped layout is inefficient as it effectively doubles
the height and material cost of the design, without significantly reducing the flux loss. However,
in designs that consist of multiple phases and a significant number of insulated cores (e.g. more

than 40), the single stack configuration may prove advantageous. As the design, capable of
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achieving the specifications outlined in the first chapter of this thesis, will require at least 50
cores, future work in this Chapter will focus on ICTs with a single stack configuration.

The flux loss predicted in these simulations, and detailed in Figure 5.17, is approximately half
of that previously reported for an ICT [5] that was operating a higher voltage than used in this
simulation study. The use of 2D simulation will lead to an underestimate of flux loss in the third
dimension.

Primary b

Windini 1b -
Windini 20 -

Windini MND -

Wlndlni Na -

Windini 2a -
Windini 1a -

Primary a

Figure 5.16 The proposed alternative layout of the Cross type ICT.
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Figure 5.17 The minimum flux found in ICTs, arranged using both the traditional double stack layout
and the proposed single stack layout, with a number of insulated cores ranging from 1
to 50.
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5.3 Additional Improvements to Core

It is known that the biggest problem, with ICTs, is that magnetic flux tends to bypass the
secondary windings. Flux is reluctant to cross the gaps between cores and so will instead
return to the primaries via a more direct route. The most obvious route, for the flux, is to
bridge the gap to one of the non-insulated limbs of the core; having bridged the air gap, it

can enjoy an uninterrupted path to the primary.

There are two clear ways of reducing flux loss to the secondary windings: one is to reduce
the number of gaps in the insulated section of the core; and the second is to increase the

distance between the insulated stack and the return path.

5.3.1 Increase in Stage Sizes

It is not necessary for each secondary winding to be wrapped around an insulated core of
its own. Flux loss might be reduced by grouping two or more secondary windings around
each segment of insulated core to form a stage. This would reduce the number of necessary
insulated cores, but require additional insulation between each stage as there will now be
a greater potential acting on each section of insulated core. As well as this, the reluctance
between each section of core and the flux return clamp will be reduced as each section will

have to have a greater surface area to accommodate the additional windings.

A clamped return path ICT was constructed in MagNet, with 100 pairs of windings, with
cores grouped into stages, so that multiple windings shared a core. The cross sectional
area of the core was 80 mm by 80 mm, with each insulated stage being 9 mm thick, per
winding. There was 1mm of insulation, between each stage, per winding. There was 160
mm between the core stack and the flux return clamp. The flux linkage found in the first 100
windings of a 200 winding ICT can be seen in Figure 5.18, for different stage sizes. It is
impractical to have more than 20 stages per core, due to the difficulty in insulating the core
from more than 200 kV.

The flux loss, in ICTs with larger stages, is nhoticeably reduced. Another interesting detail
that can be seen in Figure 5.18 is that the flux linkage, in windings closest to gaps, is less
than that in windings in the centre of stages. This is because the magnetic flux will fan out
around gaps in the core, thus reducing the flux density passing through windings closest to

the gaps. This phenomenon is shown in Figure 5.19.
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Figure 5.18 The flux linkage in the first 100 windings of a clamped return path ICT with various stage

sizes, calculated using FEA.
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Figure 5.19 The flux contours in and around a clamped return path ICT with the 200 windings

grouped around insulated cores in stages of 20.
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5.3.2 Increasing Flux Path Length

The biggest source of flux loss in a clamped return path ICT is the reluctance between each
insulated core and the return clamp. By this logic, it should be possible to reduce flux loss
by increasing the reluctance between each insulated core segment and the return path. The
easiest way to do this would be to extend the distance between the core stack and the
return path.

An altered version of the clamped return path ICT was constructed in MagNet that had a
1.5 m gap between the insulated core column and the flux return path. This can be seen in
Figure 5.20. The increased distance between the insulated core stack and the return path
should make it more difficult for magnetic flux to cross from the insulated stack to the return
path, thus reducing leakage flux.

Figure 5.20 A clamped return path ICT with a stage size of 20. The distance between the insulated

core stack and the return path is 1.5 m.

Again, a static simulation was performed and the flux linkage in each winding was recorded
and normalised using a spreadsheet. The normalised flux linkage found in the first 100

windings can be seen in Figure 5.21.

A comparison of the minimum flux, in both the original and expanded core design, can be

seen in Figure 5.22. The larger design consistently reduced the maximum flux loss by
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between 16-17%. This is a relatively small improvement given the change in the size of the
design. Figure 5.23 shows the flux contours inside the model of the enlarged clamped return
path ICT and offers a clue as to why the difference in flux loss is so low. It can be seen that
although a lot less flux bridges the return clamp, a noticeable amount of flux leaves the
insulated core stack and passes through the air around it, re-entering the stack having

passed around many of the centre windings.

1DD [ T T T T T T T T T
\ One
Two
—_ Y Four i
= BO \
[1h]
[
o]
=
= 60
»
=
L
D 40t
A
@
£
[=]
= 20t b
D 1 1 1 1 1 1 1 1 1
1] 10 20 30 40 50 60 70 80 90 100

Insulated Core Mumber

Figure 5.21 The flux linkage in the first 100 windings of a clamped return path ICT, with a distance

of 1.5 m between the insulated core stack and the flux return path, with various stage

sizes.
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Figure 5.22 Minimum flux found in two clamped return path ICT, with 100 pairs of windings, with the

stages grouped into different stage sizes, calculated using FEA.
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Figure 5.23 The flux contours around a clamped return path ICT with a stage size of 20. The

distance between the insulated core stack and the return path is 1.5 m.

5.4  Benefits of Cross Core Technology

In addition to the closed flux path, there are several other appealing features of CTT over a
conventional ICT. Most apparent is that the secondary windings are constructed from PCB
windings [4],[5]. The HV power electronics are also surface mounted to these PCBs for
reduced construction cost and complexity. An advantage of PCB printed transformer
windings is that they consist of one or two layers of windings spiralling outwards; this makes
very flat windings and has the benefit of reducing the thickness of each insulated core stage,
therefore reducing the overall height of the design. However, a disadvantage of this
technique is that it increases the surface area of each winding, thus increasing the parasitic

capacitance between layers.
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While conventional ICTs operate at single or three phase grid frequency, CTT uses power
electronics and specialist core materials, such as nanocrystalline, to operate at a frequency
close to 100 kHz. This significantly reduces the necessary size of the design, as well as the

energy that must be stored in the voltage doublers to reduce ripple.

The key advantage of CTT is the use of tuned capacitors, connected across each secondary
winding, to compensate for the flux lost between core slices [4]. A circuit diagram of the

voltage doubler combined with flux compensation is shown in Figure 5.24.
[t

i "0 : O
Coil A Coil B {_'-JK -
Compensation \/g|tage Doubler

Capacitor

Figure 5.24 Circuit diagram of the secondary windings.

The capacitors are tuned to have a capacitance Cy;,,, calculated using [5]

— Ly
Crux = Losne@nry (51)

in which [, is the length of the gap between insulated cores in meters; u, is the permeability
of free space; S, is the cross sectional area of the gap between cores in meters squared; N
is the number of turns around each core; and f is the operational frequency of the

transformer.

An ICT, consisting of a stack of 50 cores, with the dimensions described in the previous
section and a single core stack with clamped return path, was constructed in MagNet. The
device was driven by a 500 Hz sinusoidal AC voltage source. Each secondary winding was
connected in parallel with that of the other core acting at the same potential. The stack was
driven by one of the secondary windings with a 100 V sinusoidal voltage acting upon it. A
1 kQ resistor was connected across each set of secondary windings to draw an expected
current of 100 mA. This design was simulated with and without a compensation capacitor,
and the peak voltage found in each respective winding is shown in Figure 5.25.

From Figure 5.25, it can be seen that the inclusion of a flux compensation capacitor reduces
the flux loss by around 10%, and also reduces the voltage drop per additional winding.
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However, these simulations were carried out on a purely sinusoidal signal, which consists
of a single frequency. In reality, an ICT that operates at high frequencies will likely be driven
by pseudo square waves, which contain a large number of different frequencies. As the
compensation capacitor can only be tuned to one frequency, it will add distortion to the
overall signal. In order to evaluate this phenomenon, a single stack clamped return path
ICT, with 50 pairs of secondary windings, each consisting of 100 turns, and driven by a pair
of primary windings, each consisting of 4 turns, at either end of the stack, was constructed
in MagNet. This ICT was simulated, with and without a flux compensation capacitor, while
being powered by a sinusoidal signal with a frequency of 100 kHz and an amplitude of
400 Vyi—pk- Figure 5.26 compares the voltage across the 50™ windings of both of these
simulations, with the ideal output, over the course of a power cycle. These simulations were

repeated using square wave excitation, with the results being shown in Figure 5.27.
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Figure 5.25 The peak voltage found in each secondary winding of an ICT, with 50 secondary circuits,

with and without a flux compensation capacitor.

Figure 5.26 confirms the conclusions drawn from Figure 5.25; when sinusoidaly excited, the
flux compensation capacitor raises the output voltage by approximately 10%. However,
there is no significant difference in terms of average voltage, between the waveforms in
Figure 5.27. The results produced by the flux compensation capacitor are more distorted,
including a peak that has an amplitude nearly twice that of the average voltage. This could
lead to failure of the dielectric film used to isolate the stacks and make the quality of the
output voltage difficult to control.
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Two more techniques are employed, when manufacturing Cross type ICTs [5], to
compensate for the effect that flux loss in the windings furthest from the primary winding

has on the overall operational voltage of the design.
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Figure 5.26 The 100 kHz voltage across the 50th pair of secondary windings, when excited by a

sinusoidal signal with an amplitude of 400 V.
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Figure 5.27 The 100 kHz voltage across the 50th pair of secondary windings, when excited by a

square signal with an amplitude of 400V.

The first is to increase the voltage in the primary windings. This raises the voltage in each

of the secondary windings, meaning that the lower secondary windings operate above their
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nominal voltage to compensate for the voltage lost in the higher windings. However,
operating the secondary windings at a voltage above what they were rated for comes with
the risk of placing additional strain on the components, and may reduce the lifespan of the

windings.

The other is simply to add additional cores to the top of the stack, each operating below

their nominal voltage, until the desired overall voltage is reached.

5.5  Stored Energy

The use of capacitors, in flux compensators and voltage doublers, inherently stores energy
in a system. The size of the capacitor C needed to reduce voltage ripple in a voltage doubler
can be calculated using:

1
Zeripple

C = (5.2)

where [ is the current drawn from the system; and V;.;,,; is the maximum allowable voltage

ripple from the output voltage. The energy stored in each capacitor Es,eq Can then be

calculated using:
Estorea = 1/2 cv? (5.3)

Assuming each secondary winding produces 10 kV, doubled to 20 kV with a maximum
allowable ripple of 0.5%, and operates at a frequency of 100 kHz, each capacitor will store
0.5 J. Multiplying this across all the capacitors in a stack means that the total stored energy

per stack will be 50 J.

The energy stored in each compensation capacitor can be calculated using (5.2) and (5.3).
Using the parameters described above, each capacitor will store 252 pJ of energy; meaning
that, across the whole stack, they will store only 25 mJ. This is a negligible value and, hence,

will be omitted from further calculations.

For reference, a Cockcroft Walton Generator, consisting of 10 stages, that produced
100 mA at 1 MV would need to store 1.1 MJ if operated at 50 Hz, or 550 J if operated at
100 kHz.

5.6 Circuit Equivalent Model (CEM) of Flux Loss

It has been suggested that the flux within a system can be modelled as a current in an
electrical circuit [35]. This comparison is based on the fact that neither magnetic flux, nor

electric current can have a non-zero value out of any closed surface. Although there are
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many physical differences between current flow and magnetic flux, specifically that current
in a circuit represents the constant flow of energy carrying electrons while the magnetic flux
in a system is static, an equivalence exists between the two phenomena that allows the
same principles to be used to calculate both the electrical potential in a circuit and the

magnetic flux in a core.

There is a direct analogue between Electro Motive Force (EMF) and Magneto Motive Force
(MMF), as well as resistance and reluctance. Using these basic components, a magnetic
circuit can be constructed which can be used to model flux loss in a system, in the same

way its electrical equivalent can be used to predict changes in potential difference.
The MMF in a system can be calculated using

MMF = iN (5.4)
where i is the current in the windings around the core; and N is the number of turns of the
winding around the core. The reluctance R, of the core can be calculated using

-
Ry = - (5.5)

where [, is the length of part of the core, S is the cross sectional area, and u is the
permeability of the material. This is analogous to the resistance of a component, except that
the conductivity is replaced by the permeability. In this way, a shell transformer core can be
converted into a magnetic circuit, as seen in Figure 5.28, where the flux ® in the system

can be calculated using

(5.6)

This is similar to Ohms Law, although resistance has been replaced by reluctance, and
EMF has been replaced by MMF. In this analogy, magnetic flux is equivalent to electrical

current.

V
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Figure 5.28 Magnetic flux loss in a core can be modelled as an electrical circuit.
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This model can be extended further to calculate flux loss in insulated cores. If a small gap
is placed in an otherwise closed magnetic core, the magnetic flux must cross this gap in
order to complete the flux path. This gap can, therefore, be modelled as a reluctance in the

closed magnetic circuit, as seen in Figure 5.29.
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Figure 5.29 A gap in a magnetic core modelled as a resistance in a circuit.

If ticore > Hgap, then the reluctance of the core can be neglected, thus reducing the

magnetic circuit seen in Figure 5.29 to the circuit seen in Figure 5.30.
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Figure 5.30 A simplification of the magnetic circuit shown in Figure 5.29.

This idea can be expanded on to make a model for a clamp flux return path ICT. Assuming
that the gap between concurrent cores is relatively small and that the majority of the flux
leaving the stack will do so by bridging the gap to the return clamp, then the whole core can
be represented by a resistor ladder circuit. In this analogy, each section of core is
represented by a single node and the flux return clamp is represented as the ground plane.
As each of the gaps between each core, and the gaps between the cores and the flux return
clamp, are the same, the whole ladder can be represented using only two resistor values.
In this case, R, will represent the gap between the cores and the clamp, while R, represents

the gap between cores. This circuit can be seen in Figure 5.31.
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Figure 5.31 The flux circuit equivalent model of a clamped return path ICT.

The flux at any given point in the core can now be estimated much more easily using
conventional circuit analysis. In this way, the flux loss in an ICT can be worked out by hand
or, for larger cores, using a spreadsheet. If the flux in the system is then normalised so that
the flux at the primary winding is unity, then the flux loss in one design can be compared to
the loss in others. In the remainder of this section, the normalised flux loss of transformers
with different numbers of secondary windings, different numbers of insulated core stages,
and different shapes will be evaluated using this method. Results obtained using this
approach can then be used to reduce the number of FEA based simulations required to

optimise the magnetic design of an ICT against the given design specifications.

5.6.1 Stack Height

The height of a stack of insulated cores can be modelled, using the magnetic circuit analogy,
by the number of resistors connected to the ladder. In this way, the maximum flux loss found
inside ICTs of different heights can be predicted by simulating a resistor ladder using a
spreadsheet. It is expected that the greatest flux loss will be seen in the middle of the stack
as this is the furthest point from both primary windings. In order to find the minimum flux in
the stack, as a proportion of the peak flux, one simply has to divide the MMF across the

terminal reluctance by that at the input to the ladder.

Using this technique, the maximum flux loss was found for ICTs of various heights, up to
100 insulated cores, was estimated and normalised. The cross sectional area of the core
was 100 mm by 100 mm, with each insulated stage being 5.75 mm thick. There was
0.25 mm of insulation, between each stage. There was 200 mm between the core stack
and the flux return clamp. These are the same specifications used as in Section 5.2. The

results of the CEM are compared, with the results obtained using FEA, in Figure 5.32.
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Figure 5.32 The minimum flux in an ICT, with different numbers of insulated cores, calculated using

the circuit equivalent model, and finite element analysis.

5.6.2 Different Stage Sizes

The CEM was used to estimate flux loss in a system with increased stage sizes. The same
dimensions were used, in this model, as in Section 5.3. The results of this can be seen in
Figure 5.33.
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Figure 5.33 The normalised flux linkage in the first 100 windings of a clamped return path ICT with

various stage sizes, calculated using the CEM.
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Two features are noticeable in Figure 5.33. The first is that the flux linkage in all windings
that share a stage is the same. This is because the CEM does not account for flux leakage
within each stage. The second is that there is no difference in the overall flux loss,
regardless of the stage size. As using a larger stage merely lumps circuit parameters

together, the CEM predicts the same results only with varying levels of fidelity.

The results of the CEM were then compared with those obtained using FEA. Figure 5.34
shows a comparison of the flux linkage found in each winding of an ICT with a stage size of
20, calculated using the CEM and FEA.
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Figure 5.34 The normalised flux linkage in the first 100 windings of a clamped return path ICT,
calculated using CEM and FEA.

From this, it can be seen that the two results are quite similar. However, the CEM
overestimates the flux loss towards the centre of the stack and is more accurate towards
the outside of the stack. This is because the error in calculating the flux in each stage adds
up so that cores in the centre of the stack have a greater accumulation of errors. There is a

7.2% difference in the minimum flux linkage calculated using the two methods.

5.6.3 Extended Flux Path

The CEM was also used to evaluate the use of an increased flux path length. The results
of this are compared, with the results obtained using FEA, in Figure 3.35, for systems with

stage sizes of 1 and 20.
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Figure 5.35 The normalised flux linkage in the first 100 windings of a clamped return path ICT with
an extended flux path, with stage sizes of 1 and 20, calculated using both the CEM and
FEA.

From Figure 5.35, it can be seen that the CEM grossly underestimates the flux loss in the
cores. This is because, as the distance between the insulated core stack and the flux return
clamp increases, the path of the flux loss becomes less predictable and does not conform
to the simplified expectations used in the CEM. For example, the CEM could not predict the
leakage flux returning to the insulated core stack, as was evidenced in results shown in
Figure 5.23.

5.6.4 Evaluation of the Circuit Equivalent Model

The flux circuit model can be seen as a simple, static approximation of what actually
happens inside and around an ICT. Many sources of loss are neglected in order to reduce
the complexity of calculation. There is no reason why, for example, flux may not jump to the
return clamp from the gap between insulated cores; it is merely assumed that, due to the
relatively small size of the gaps, very little will do so compared to the amount of flux from
the insulated cores themselves. This method also assumes there will be no crossover of
flux between components. That is to say, that flux will pass from the insulated core to the
flux return path at a tangent to the surface of the core as shown in Figure 5.36. In reality, it

is known that the flux will not be constrained to the magnetic core.

The biggest limitation of this model is that it effectively creates a primitive simulation with
very large mesh elements. The area between each insulated core and the flux return path

as seen in Section 5.3.1, for example, is equivalent to a single mesh cell of 1,620 mm?. It

118



stands to reason that, the larger the elements of the ICT are, the less accurate the model

will become.
Ron-2
Ron. : Rons
Ron-1
Ron

Figure 5.36 The flow of flux in a clamped return path ICT, as modelled by the Flux Circuit Equivalent
Model.

For these reasons, the flux circuit model may be used as a tool for performing quick
calculations of flux flow within a system, and may be used as a pilot study before employing

computationally complex FEA, but should not be used in place of detailed simulation.

5.7 Increasing the Current Output

There are three factors that limit the current that can be drawn from an ICT. These are the
flux density of the core, the power electronics and the winding thickness. The power
electronics can, theoretically, be designed to accommodate any current, simply by selecting
components rated to suitable specifications. The saturation of the core is more problematic
in ICTs than in conventional transformers, as the relative permeability of the core material
is effectively reduced by the insulated gaps. The saturation current becomes difficult to

predict due to the non-linear nature of the insulated cores.

The limitations imposed by the winding thickness are easier to calculate as the largest
current that can safely pass through the tracks of a PCB can be determined by the
IPC- 2221 standard [115]. This standard dictates that the largest continuous current that

can safely be used in a PCB can be calculated using:
I = kAT0'44Sm”O'725 ( 57 )

where [ is the current passing through the track in Amperes; AT is the permissible change

in temperature in °C; S,,,;; is the cross sectional area of the track in mil?; and k is a constant
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determined by the IPC-2221. For tracks printed on the surface of a PCB, in atmospheric air,
k =0.048.

Assuming each PCB is printed on a board with a copper thickness of 0.305 kgm ™2
(1 0zft™?), the most commonly used copper thickness in PCB design, and the tracks are
printed with a width of 0.5 mm, then the maximum safe continuous current would be 1.46 A.
This is even supposing that a maximum temperature increase of only 10 °C was imposed.
Given the potentially dangerous nature of a fault in this project, it is not unreasonable to
impose a large margin of error onto the maximum current, say, no more than half of the
PCBs rated current may flow through the PCB windings during normal operation. This
brings the effective rated current of each PCB down to 0.73 A, although because in this
design, each winding is connected in parallel to another winding, the effective rated current
of the stack once again becomes 1.46 A.

There are two ways in which the operational current of the ICT could be increased. The first
is to increase the size of the single phase ICT, by widening the diameter of the tracks and
the core. This will raise the saturation flux of the core and the current that can safely pass

through the windings.

The second is to connect multiple stacks in parallel, as shown in Figure 5.37. This
arrangement has the advantage that scaling up a design becomes a trivial exercise rather
than having to redesign the whole design from first principles. To increase the operational
current of the supply, one simply needs to add additional stacks to the existing design. Using

multiple stacks also reduces voltage ripple, provided that each operates out of phase [26].

Wmdmi 1h | | Wlndlﬂi 10 | | Wmdmi 1b | |
Wmdmi 2h | | Wlndlﬂi 2b | | Wmdmi 2b | |

Winding Nb | | Winding Nb | | Winding Nb | |
Winding Na | | Winding Na | | Winding Na | |

Winding 2a | | Winding 2a | | Winding 2a | |

Winding 1a | | Winding 1a | | Winding 1a | |

Stack 1 Stack 2 Stack N

Figure 5.37 The layout of a multiphase ICT.
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5.8 Possible Future Developments

It has been shown that an ICT can be used to produce 500 kV AC, which can then be
doubled and rectified to produce 1 MV DC. It has also been shown that several of these
ICTs can be connected in parallel to, theoretically, achieve any output current. The analysis
in this Chapter indicates that a power supply, based on CTT, could be constructed to
produce 2 A at 1 MV.

In order to evaluate whether this technology is suitable for future development, with the aim
of creating a 5 MV power supply, the process that was carried out in Section 5.2 was
extended to ICTs of up to 100 pairs of cores. Once again, the minimum normalized flux

linkage in each model, calculated using FEA, was recorded and plotted in Figure 5.38.

From Figure 5.38, it can be seen that the minimum system flux drops significantly as the
stack height is increased. Using the system parameters listed in Section 5.3, a roughly 40%
flux loss is expected in the HV secondary windings of a 1 MV stack. Although this flux loss
could conceivably be compensated for by having more windings around the higher voltage
cores, given the exponential decline of flux linkage in higher stacks, it is unlikely that this
technique could practically be applied to a 2.5 MV ICT with the intention of doubling this
voltage to create a 5 MV power supply.

100
\ — Single Stack
Double Stack

90 | .

. o
80 .

70 | S

60 | T~
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40
0 20 40 G0 80 100

Mumber of Insulated Cores
Figure 5.38 The minimum flux found in ICTs, arranged using both the traditional double stack layout

and the proposed single stack layout, with a number of insulated cores ranging from 1
to 100.
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5.9 Limitations of Simulations

The biggest limitation of the simulations, performed on the ICTs, is that they were carried
out in only two dimensions. They, therefore, assumed that all flux would flow in a single
plane. This assumption is provably false as it neglects the flux flow in the third dimension.
In 2D, the flux flows in a straight line between the stack and the clamp while, in 3D, the flux
fans out around the gap between the stack and the clamp. This essentially widens the cross
sectional area of the flux path and reduces its reluctance; in turn, increasing the flux loss at

each stage of the ICT.

To the author’s knowledge, there is no simple way of estimating the flux loss in a 3D model
based on the results of a 2D simulation, and so the only way of increasing the accuracy of
the models would be to perform simulations on a 3D model. However, this would be very
computationally intense, and each model would be so laborious in its construction that
simulating hundreds of models using a macro, as was done with the 2D model, would not
be possible over the time frame of this study.

Another limitation of the simulations undertaken in this study is that they do not take into
account the environment around the ICT. In a practical system, the ICT will likely be held
inside a metal tank that will contain an insulating medium. If the tank is constructed from a
non-magnetic material, such as copper, then it will not have an effect on the flux flow in and
around the core. However, if the core is made from steel, or some other soft magnetic
material, then it will have an effect on the magnetic flux flow. A comparison of the flux flow
around the ICT, both inside and outside the tank, can be seen in Figure 5.39.

Figure 5.39 shows a noticeable difference in flux flow induced by including a ferrous tank.
The minimum flux linkage found in any winding in the ICT without a tank was 80.5% of the
flux linkage in the primary windings, while the minimum flux linkage found in the ICT in the

tank was 78.4% of the flux linkage found in the primary windings.

These differences are not important for this project, which merely seeks proof of concept.
However, development of a prototype design will need to take each of these considerations

into account.
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Figure 5.39 Flux flow around a clamped return path ICT (LEFT) outside of a ferrous container and

(RIGHT) inside of a ferrous container.

5.10 Possible Improvements and Concluding Comments on
ICTs

The effectiveness of ICTs in producing 500 kV, which can then be rectified and doubled
using voltage doublers, has been evaluated, as well as a number of ways of reducing flux
loss. It can be concluded that ICTs may be used as the basis of a 1 MV power supply that
produces currents in the order of hundreds of milliamps. It was then shown, in Section 5.7,
that by connecting multiple ICTs in parallel, the design could be expanded to produce
outputs of an Ampere or more, with little voltage ripple. To meet the requirement of minimal
stored energy, it is necessary to design a primary excitation source capable of switching
mains voltages (e.g. 400 V) at as high a frequency as possible. This in turn has the effect
of negating some of the advantages of using the flux compensation capacitors as the

primary waveform is very likely to be non-sinusoidal.

It has been shown that, although ideal for a 1 MV power supply, ICT technology is currently

not suitable to be scaled up to 5 MV. Further work will focus on investigating other promising
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technologies that might facilitate scaling to 5 MV. It is possible that an ideal solution would

be a combination of ICTs and another technology, for example the cascade transformer.
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Chapter 6

Cascade Transformers

This chapter summarises an investigation into the suitability of a cascade transformer based
power supply to meet the requirements outlined in Table 1.1. First, a brief overview is given
of the principles of transformer design, with particular focus given to determining optimum
core parameters. Then, attention is given to maximising the output voltage of the power
supply. This involves modelling flux loss across the design using both 2D and 3D
simulations. Through this work, a novel new core layout is proposed which potentially has
a very high power density. Finally, the potential future development of this design is

discussed.

6.1 Design Methodology

Much work has gone into developing techniques to determine the optimal design of a
transformer [36]-[38]. These techniques usually consist of a number of steps which take a
collection of design parameters, such as operating voltage and frequency, as well as the
properties of the selected core material, and calculate the peak magnetic flux density B,
in the transformer core. This value can then be used to calculate the power loss in the

transformer core and windings, and the overall efficiency of the design.

The suggested equations used to calculate B,,,, take into account the geometry of the core,
as well as environmental factors such as ambient temperature, to predict the flux leakage
in the design. These equations are often highly complex and involve arbitrary constants that
are given with little explanation and are often based on the authors experience [36]. For
these reasons, these complex equations are eschewed in favour of a simpler equation
derived from first principles. As a significant proportion of this chapter is devoted to
minimising flux loss, and each transformer will be in close proximity to other transformers,
it is unlikely that the assumptions used in the literature will hold true for the purposes of this

project.
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In this section, the necessary steps will be undertaken to design the stages of a cascade

transformer. This work will, then, be verified in simulations in the rest of this chapter.

6.1.1 Flux Equation

Faraday’s Law can be used to derive
V= BmaxkapScf (6.1)

where V is the peak voltage in the core, k,, is a constant that converts frequency to angular

velocity, it has a value of 4.44 for sinusoidal waveforms and 4 for square waves, Ny is the

number of turns of the primary winding, S, is the cross sectional area of the core, and f is
the frequency of the primary current. This equation is useful for deciding the necessary
cross sectional area of the core. If the frequency and primary voltage are stated design
parameters, and if B, iS given by the core material, then S, is inversely proportional to the

number of turns.

6.1.2 Transformer Losses

The total loss in a transformer is the sum of the losses generated in the core and in the
windings. Methods of estimating core losses have been discussed in Chapter 3, while
winding losses were considered in Chapter 4. The total loss in the transformer can then be

calculated using
Pioss = Pfe+ Py (6.18)
From this, the efficiency of the device n can be calculated using

n= Ptotal— Pioss (6.19)

Ptotal

Where P;,;,; is the total power inputted into the transformer.

There are several decisions to be considered when optimising the design of the transformer;
one of which is the size of the core. Ideally, for the greatest power density, the core should
be as small as possible. However, this might not produce the greatest efficiency from the
transformer. There is also a practical limit to how small the core cross sectional area can
be before the core becomes too brittle to be used in a practical transformer. For this reason,
it might be necessary to increase the diameter of the core to a value that is wider than

optimal.
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6.1.3 Simulation Design

The remainder of this Chapter will focus on optimising a design based on a series of
parameters that are detailed in this section. These parameters should help establish a proof
of concept for a cascade transformer based power supply, and can be used as a template
for a future prototype. Note that this chapter only examines the magnetic field around a
cascade transformer, and does not consider electrical insulation. This is a practical issue
that must be considered during the prototyping stage of this project and is, therefore, outside

the scope of this thesis.

In order for the simulations to be consistent, it is important that each of the transformers
being simulated have the same characteristics. For this reason, it was arbitrarily decided
that the power supply would be constructed from sixteen phases, each consisting of a stack
of 60 PCB based secondary windings acting out of phase with each other. Each stack would
be excited by a primary winding with 4 turns and each secondary winding would have 100
turns and produce a voltage of 10 kV. The voltage per turn ratio of each transformer would
be 100 Volts per turn. Each cascade would consist of three cores, each supporting two
transformers acting 180° out of phase with each other, with the secondary windings divided

equally between them. Eight such cascades will be connected in parallel.

In order to keep each core at a fixed potential, it is important that the secondary windings
are not all connected in series, before being rectified by a single voltage doubler, as doing
so would cause the potential of each core to fluctuate with the excitation voltage. This is not
a problem in a single phase cascade transformer, however, if two or more phases were to
share a core then the potentials in the higher cores would cancel each other out. This would
negate the benefits of using a cascade transformer. Instead, the secondary windings around
of each stage will be connected in series (in groups of 20), with a voltage doubler connected
across each group of secondary windings. This arrangement rectifies the voltage after each
stage, meaning that each transformer remains at a constant potential; this is shown in
Figure 6.1. It is also possible to connect 60 voltage doublers across all 60 secondary
windings individually, as was the arrangement used in the Cross ICT, and connect these
voltage doublers in series. However, doing this would double the voltage applied across

each core. Thus making this arrangement unsuitable for use in cascade transformers.

Assuming 100% flux efficiency of the design, the secondary windings in each stack should
produce a total of 600 kV at 250 mA and 100 kHz. This can be processed, using voltage
doublers, to produce 1,200 kV DC at 125 mA,; thus producing a total of 2 A between the
sixteen phases. The idealised voltage waveform between ground and the secondary

windings, and between ground and the voltage doublers, are shown in Figure 6.2.
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The output voltage has been deliberately selected to be more than the 1,000 kV required
for this project, to allow for a certain amount of flux loss in the core. Not accounting for
power loss, the input current for each stage of the stack is: 125 A for the top stage; 250 A
for the middle stage; and 375 A for the bottom one. It was decided to use a simulated
material with a relative permeability of 1,000. This is lower than would ideally be used in the

real world, and so was selected to exaggerate the flux loss in the simulations.

Equation (6.1) was used to determine that, in order to create a flux density of unity, the
minimum cross sectional area should be 225 mm?. Because this equates to a square core
only 15 mm thick, which would likely be structurally unsound, it was decided to increase the

area to the core to 1,600 mm?, which equates to a thickness of 40 mm.
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Figure 6.1. (TOP) A conceptual design of each three stage cascade transformer. Two phases share
this cascade, A on the right and B on the left, with each having its own set of primary,
secondary, and auxiliary windings. All of the secondary windings around each core are
grouped into two phases. Voltage doublers are connected across each group of
secondary windings. Note that only things inside the grey dotted line are actually
modelled. (BOTTOM) The idealised voltage waveforms of the groups of secondary

windings, and the outputs of the voltage doublers.
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6.2 2D Simulations

As in the case of ICTs, flux leakage will reduce the output voltage of the cascade. Although
the design, outlined in the previous section, does allow for a certain amount of flux loss, it
is desirable to keep this to a minimum in order to maintain voltage across the supply. For
this reason, it was decided to find the arrangement of primary and auxiliary windings that
suffered the lowest flux loss. A number of potential layouts were proposed, and simulated
using MagNet. The voltages in the secondary windings were observed to determine the flux

at different stages of the design.

In this section, the cascade transformer that was described in Section 6.1.3 is simulated, in
order to determine the winding arrangement that retained the most flux. A number of
different winding arrangements are simulated in 2D, with the most successful of these being

simulated in 3D in the next section.

For consistency, the windings were all applied to cores with the same geometry. The
dimensions of these cores are shown in Figure 6.3. The transformers are housed in the
same tank, and supported by solid insulators. Neither of these are included in the
simulations, as they will have a relative permeability of unity and, therefore, will not affect
the magnetic flux flow around the cascade. The cores at the bottom of the cascade are
larger to compensate for the increase in flux density caused by the higher current in the

primary and auxiliary windings.

A 40 kQ resistor is connected across the terminals of each secondary winding to model the
load attached to the power supply. If there is 100% flux retention, each secondary winding
will have a peak voltage of 10 kv, meaning that each resistor should draw a current of
250 mA. Each layout was simulated for 50 us, with a time step of 0.1 us, using a mesh with

a maximum edge length of 15 mm.
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Figure 6.3. The dimensions of the cascade transformer modelled in this section. Each core has a

cross section of 40 mm by 40 mm.

6.2.1 Optimal Winding Location

The first layout to be considered was to have the secondary windings centred around the
vertical limbs of the core, with the primary and auxiliaries placed immediately above and
below them. In Phase A, as labelled in Figure 6.1, the primary is placed above the
secondaries, with the auxiliary below it, as shown in Figure 6.4. In Phase B, the position of
the primary and auxiliary are reversed. This ensures the primaries are evenly spaced

around the core, leading to a more even flux distribution.

This layout will henceforth be referred to as Layout 1, and can be seen in Figure 6.5. The
flux flow around this layout can also be seen in Figure 6.5. From this, it can be seen that a
significant amount of flux circumvents the secondary windings, or even jumps between
cores. This leads to a voltage drop in the secondary windings, particularly in those wound
around the higher cores. This can also be seen in the secondary winding voltages, as shown
in Figure 6.6. Here it can be seen that there are a wide range of voltages in the windings
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wrapped around the bottom two cores. This is caused by the flux leakage shown in
Figure 6.5. There is a significant phase shift in the voltages in the higher cores, compared
to the voltages measured in the bottom core. This is caused by the inductance in the
transformer windings. Providing voltage doublers are applied across each core, the effects
of this phase shift on the total supply voltage are negated. Assuming perfect rectification
and voltage doubling between each transformer, the peak voltage measured across the
whole design was 638 kV. This is significantly less than the desired 1,000 kV, and does not

take into account voltage drop in the voltage doublers.
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L

Figure 6.4. The windings around the core, as used in Layout 1.
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Figure 6.5 (LEFT) The two dimensional geometry of Layout 1. Note that associated pairs of primary
and auxiliary windings are located on opposite sides of the secondary windings they are
driving. (RIGHT) The magnetic flux flow, around Layout 1, 0.045 ms after the start of

the simulation.
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The second layout that was examined was similar to that proposed in Layout 1, with the
notable difference being that the primary and auxiliary windings were moved to the
horizontal yokes. This new layout, referred to as Layout 2, can be seen in Figure 6.7, and it
appears that the magnetic flux in each stack of secondaries is more consistent; this is
verified by the similarity of the voltages shown in Figure 6.8, though there is still noticeable
flux leakage between cores. Assuming perfect rectification and voltage doubling between
each transformer, the peak voltage measured across the whole design was 698 kV. This is

an improvement on Layout 1, but still far below of the required voltage of 1,000 kV.
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Figure 6.6 The computed voltages across the secondary windings of Layout 1. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.

Layout 3 was similar to Layout 1, except that the auxiliary windings were moved to
encompass their associated primary windings. This was to reduce the flux loss between
stages. This layout, as well as the magnetic flux flow around it, can be seen in Figure 6.9.
There is still flux leakage between cores and between windings; however, this is applied
evenly. Figure 6.10 shows that, in every core, the voltages across all the secondary
windings is nearly identical to that of all the other windings around that core. Assuming
perfect rectification and voltage doubling between each transformer, the peak voltage
measured across the whole design was 1,073 kV. This is a huge improvement on both
Layout 1 and Layout 2, indeed the output voltage is greater than the 1,000 kV required from
the supply. Although, for reasons already described, this is an optimistic estimate of the

total system voltage.
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Figure 6.7 (LEFT) The two dimensional geometry of Layout 2. Note that associated pairs of primary
and auxiliary windings are located on opposite yokes to each other. That is to say, in
the bottom and middle cores, the primary winding driving the left hand secondary stack,
and the auxiliary winding associated with the right hand stack, are wound around the
lower yoke. The reverse is true for the upper yoke. (RIGHT) The magnetic flux flow

around Layout 2, 0.045 ms after the start of the simulation.
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Figure 6.8 The computed voltages across the secondary windings of Layout 2. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.
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Figure 6.9 (LEFT) The two dimensional geometry of Layout 3. Note that each auxiliary surrounds
the primary winding that is driving it. (RIGHT) The magnetic flux flow around Layout 3,

0.045 ms after the start of the simulation.
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Figure 6.10 The computed voltages across the secondary windings of Layout 3. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.

Layout 4 was essentially a combination of Layouts 2 and 3, in that the auxiliary windings
encompassed the primaries and were wound around the centres of the horizontal yokes.

134



This layout, as well as the magnetic flux flow around it, can be seen in Figure 6.11. The
secondary voltages, as shown in Figure 6.12, are almost identical, similar to those in
Layout 3. Assuming perfect rectification and voltage doubling between each transformer,
the peak voltage measured across the whole design was 990 kV. This makes this design

less effective than Layout 3.

Finally, Layout 5, as well as the magnetic flux flow around it, is shown in Figure 6.13. In this
case, a primary winding is wound around the vertical limbs of each core above and below
the secondary windings stack. Auxiliary windings are then wrapped around the primary
windings (as was done in Layouts 3 and 4). Each pair of primary and auxiliary windings
were then connected in parallel in an arrangement similar to that used in the single stack
ICT. This meant that each stack of secondary windings is driven from the top and bottom
simultaneously. Figure 6.13 shows no flux leakage except in the top stage. The secondary
winding voltages, shown in Figure 6.14 support this, as the output of each stage is nearly
10 kV. Assuming perfect rectification and voltage doubling between each transformer, the
peak voltage measured across the whole design was 1,141 kV. This makes this the most

effective layout examined thus far.
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Figure 6.11 (LEFT) The two dimensional geometry of Layout 4. The auxiliary windings encompass
the primaries, which are in turn wound around the centres of the horizontal yokes.
(RIGHT) The magnetic flux flow around Layout 4, 0.045 ms after the start of the

simulation.
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Figure 6.12 The computed voltages across the secondary windings of Layout 4. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.
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Figure 6.13 (LEFT) The two dimensional geometry of Layout 5. There is a primary and auxiliary
winding at the top and bottom of each stack of secondary windings. (RIGHT) The

magnetic flux flow around Layout 5, 0.045 ms after the start of the simulation.
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Figure 6.14 The computed voltages across the secondary windings of Layout 5. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.

6.2.2 Concentric Transformers

It was shown, in the previous Section, that a design based on cascade transformers has
potential for development into a working 1 MV power supply. However, possible
improvements may be made in reducing the size of the design. As the windings take up
relatively little space in relation to the cores of each transformer, the majority of the space
inside the transformer core is left empty. In addition, as each core must be separated from
the one above and/or below it, the overall size of the design will likely be several times
greater than that of the bottom stage alone. A possible improvement on this would be to fit
each core inside the one below it in the cascade, so that the middle core encompasses the
top core, which is in turn encompassed by the bottom core, as shown in Figure 6.15. To do
this would involve enlarging every core except the top one, in order to encompass the higher
cores with additional room for windings and insulation. This will result in more wasted
material as the flux density in the core will be less than optimal. Another problem with this
proposed, concentric, design is flux leakage. One of the biggest causes of flux leakage in
the cascade transformers, examined in the previous section, was flux bridging the gap
between cores. In a cascade transformer, this could be reduced by simply moving the cores
further apart. However, this would not be a possibility in a concentric design. For this reason,
ways of reducing flux leakage in concentric transformers are now examined. The

dimensions of the cores used in the following simulations are shown in Figure 6.15.
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Figure 6.15. The dimensions of the concentric transformer modelled in this section. Each core has a

cross section of 40 mm by 40 mm.

The first layout of concentric transformer to be examined is that shown in Figure 6.16,
referred to as Layout 6. In this layout, the primary and auxiliary windings are placed as they
are in Layout 1, with the primary and auxiliary windings located immediately above and
below the stack of secondary windings. The flux flow around this layout is shown in
Figure 6.17, with the secondary voltages shown in Figure 6.18. Both of these Figures imply
a high flux leakage across the design. Assuming perfect rectification and voltage doubling
between each transformer, the peak voltage measured across the whole design was
652 kV. This is 14 kV more than Layout 1, which had the same winding arrangement,
suggesting that the Concentric Transformer might actually be a more flux efficient design

than the Cascade Transformer.

Figure 6.16 The two dimensional geometry of Layout 6.
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Figure 6.18 The computed voltages across the secondary windings of Layout 6. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.

Layout 7 involves arranging the primary and auxiliary windings as they were in Layout 3, as
shown in Figure 6.19. The flux flow around this layout can be seen in Figure 6.20, and the
secondary voltages in Figure 6.21. The voltages are more consistent, which implies
reduced flux loss in each core. However, there is still a noticeable flux loss between cores.

Assuming perfect rectification and voltage doubling between each transformer, the peak
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voltage measured across the whole design was 921 kV. This is a significant improvement

on Layout 6.

Figure 6.19 The two dimensional geometry of Layout 7.
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Figure 6.20 The magnetic flux flow around Layout 7, 0.045 ms after the start of the simulation.

Layout 8 imposes the windings of Layout 4 onto a concentric design and can be seen in
Figure 6.22, with the flux flow shown in Figure 6.23. In order to allow sufficient space for the
primary and auxiliary windings, the vertical limbs of the bottom and middle transformer were

extended so that they now have outside lengths of 700 mm and 460 mm, respectively. Like
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in Layout 8, there is no clearly visible flux leakage, in the bottom two stages. Figure 6.24
shows a slight voltage drop in the windings associated with the top core but the voltage
produced from the bottom two cores is consistent. Assuming perfect rectification and
voltage doubling between each transformer, the peak voltage measured across the whole
design was 1,032 kV. This is greater than the 1,000 kV requirement, indicating that a
concentric design is viable.
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Time (ms)
Figure 6.21 The computed voltages across the secondary windings of Layout 7. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.

Figure 6.22 The two dimensional geometry of Layout 8.
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Figure 6.24 The computed voltages across the secondary windings of Layout 8. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.

Finally, Layout 9 combines the winding positioning of Layout 5 with the concentric core

arrangement, and can be seen in Figure 6.25, with the flux flow shown in Figure 6.26 and
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the secondary voltages in Figure 6.27. From these, it can be seen that there is little flux
leakage, except in the top stage. Assuming perfect rectification and voltage doubling
between each transformer, the peak voltage measured across the whole design was
1,017 kV. Although not as high as Layout 8, this is still greater than the 1,000 kv objective.

However, neither this layout nor Layout 8 produce a voltage as high as Layouts 3 and 5.
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Figure 6.25 The two dimensional geometry of Layout 9.
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Figure 6.26 The magnetic flux flow around Layout 9, 0.045 ms after the start of the simulation.
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Figure 6.27 The computed voltages across the secondary windings of Layout 9. The voltages in the
secondary windings surrounding the bottom core are shown in blue, windings around

the middle core are shown in red, and windings around the top core are shown in green.

6.2.3 Comparison

The voltages that would be generated by power supplies, using all of the layouts in this
section, have been collated and are listed in Table 6.1. From this, it can be seen that
cascade transformers typically suffer from lower flux loss, when simulated in 2D, than
concentric transformers. It can also be concluded that the winding arrangements that
produce the lowest flux loss are those that either wrap the primary and auxiliary windings
around the horizontal yokes of the transformer; or use two sets of primary and auxiliary

windings, placed above and below the secondary winding stack.

Based on these conclusions, Layouts 4, 5, 8, and 9 will be simulated in 3D in the following

section.

Table 6.1 Power supply voltages generated using different layouts and idealised voltage

doubling.

Cascade Transformers Concentric Transformers
Layout 1 638.2 kV Layout 6 652.5 kV
Layout 2 698.0 kV Layout 7 921.2 kV
Layout 3 1,072.9 kV Layout 8 1,032.0 kV
Layout 4 989.5 kV Layout 9 1,016.6 kV
Layout 5 1,141.3 kV
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6.3 3D Simulations

Having established the most effective layouts for a cascade or concentric transformer, these
layouts will now be evaluated using three dimensional finite element analysis. Each layout
will be simulated for 50 ps, with a time step of 0.1 us, using a mesh of maximum edge length
of 15 mm. The dimensions of the transformer cores are the same as those used in the 2D
simulations. Each design will be evaluated based on the voltage produced across their

secondary windings.

6.3.1 Cascade Transformers

Layout 4 was simulated in 3D, as can be seen in Figure 6.28. The voltage measured in
each winding is shown in Figure 6.29. Despite this layout producing one of the highest
output voltages, when simulated in 2D, the total supply voltage calculated using 3D
simulation was only 434 kV. This is even assuming perfect rectification and voltage doubling

between each transformer.

N

Figure 6.28 A 3D rendering of the Layout 4.
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Figure 6.29 The computed voltage across the secondary windings in each stage of Layout 5 when
simulated in 3D. The voltages in the secondary windings surrounding the bottom core
are shown in blue, windings around the middle core are shown in red, and windings

around the top core are shown in green.

Layout 5 was also simulated in three dimensions, as can be seen in Figure 6.30. The voltage
measured in each winding is shown in Figure 6.31. Assuming perfect rectification and
voltage doubling between each transformer, the total voltage measured across the whole
design was 802 kV. Although this is a significant improvement on the voltage produced by
Layout 4 in 3D simulation, it is still significantly less than the 1,141 kV predicted for Layout 5

using two-dimensional simulation.

Figure 6.30 A 3D rendering of the Layout 5.
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Figure 6.31 The computed voltage across the secondary windings in each stage of Layout 5 when
simulated in three dimensions. The voltages in the secondary windings surrounding the
bottom core are shown in blue, windings around the middle core are shown in red, and

windings around the top core are shown in green.

6.3.2 Concentric Transformer

Layout 8 was simulated, in 3D, and can be seen in Figure 6.32, with the simulated
secondary voltages shown in Figure 6.33. The close output voltages show that there is little
flux loss in each stage. Assuming perfect rectification and voltage doubling between each
transformer, the total voltage measured across the whole design was 506 kV. This is one
of the lowest output voltage obtained yet, despite Layout 8 being the most promising

arrangement based on 2D simulations.

Figure 6.32 A 3D rendering of Layout 8.
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Figure 6.33 The computed voltage across the secondary windings in each stage of Layout 8 when
simulated in three dimensions. The voltages in the secondary windings surrounding the
bottom core are shown in blue, windings around the middle core are shown in red, and

windings around the top core are shown in green.

Finally, Layout 9 was simulated in 3D, as can be seen in Figure 6.34. The voltage measured
in each secondary winding is shown in Figure 6.35. The similarity of voltages in each stage,
shows that there is little flux loss in each transformer. There is only a small drop in the
voltages between the bottom two stages, implying little flux leakage between the stages.
However, there is a much greater flux drop between the middle and top stages. Assuming
perfect rectification and voltage doubling between each transformer, the total voltage
measured across the whole design was 844 kV. This is close to the targeted 1,000 kV,
which could easily be obtained by adding additional turns to the windings in higher stages.

This is also significantly higher than the voltage achieved using a cascade design.

Figure 6.34 A 3D rendering of the Layout 9.
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Figure 6.35 The computed voltage across the secondary windings in each stage of Layout 9 when
simulated in three dimensions. The voltages in the secondary windings surrounding the
bottom core are shown in blue, windings around the middle core are shown in red, and

windings around the top core are shown in green.

From the studies examined in this section, two conclusions can be drawn: the first is that
driving a transformer with two parallel primary windings produces a much higher voltage in
the secondaries, than by driving it with a single winding. The second is that 3D simulations
predict much greater flux loss than 2D simulations. It is also worth noting that, in this
investigation, the concentric transformer designs performed slightly better than the cascade
transformer designs. It is possible that, by increasing the distance between the cores of the
cascade, the voltage output of the cascade can be increased. However, as power density
is an important factor in this project, and the concentric transformer performed better in this
comparison, the cascade transformer will not be investigated further in this work. Instead,
the remainder of this chapter will focus solely on development of the Layout 9 concentric

transformer.

6.3.3 Rotated Concentric Designs

3D analysis of concentric transformers predict a greater magnetic flux loss than 2D analysis
of the same design. This is because the added dimension allows for flux to flow around the
sides of the cores, while 2D analysis only allows for flux to flow in a flat plane. It is possible
that the flux leakage could be reduced by rotating the centre cores. This may work for two
reasons: the first is that the vertical limbs, around which the windings are wound, will be
positioned further apart. In addition to this, it is possible that flux escaping around the
outside core may be reclaimed as it passes through the windings of the inner cores.
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In order to test this hypothesis, Layout 9 was constructed, and simulated under the same
conditions as in the previous section, with each stage rotated, by a given angle, about the
Y-axis. The first layout to be tested was one in which each stage was rotated 90° from the
one below it, as is shown in Figure 6.36. The voltage across the secondary windings can
be seen in Figure 6.37. This layout has a higher power density, than the case when each
stage is laid flat, because the windings can be moved closer together thus reducing the
overall size of the design. The downside of this is that the windings in the centre of the
design are harder to access. This can be alleviated by, instead, rotating each stage by 120°
as shown in Figure 6.38. This allows easier access to the centre windings as there is a
wider gap between the outer cores, thus allowing more space for high voltage and high
current carrying wires to pass between the top windings and the outside of the concentric
transformer. The secondary voltages of the design shown in Figure 6.38 are shown in
Figure 6.39. The total calculated voltage across the three designs, assuming perfect voltage

doubling, are compared in Table 6.2.

Figure 6.36 A variation on Layout 9 in which each stage is rotated 90° from the previous one.
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Figure 6.37 The computed voltage across the secondary windings in each stage of Layout 9 with
each stage rotated 90° from the one below it. The voltages in the secondary windings
surrounding the bottom core are shown in blue, windings around the middle core are

shown in red, and windings around the top core are shown in green.

Figure 6.38 A variation on Layout 9 in which each stage is rotated 120° from the previous one.
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Figure 6.39 The computed voltage across the secondary windings in each stage of Layout 9 with
each stage rotated 120° from the one below it. The voltages in the secondary windings
surrounding the bottom core are shown in blue, windings around the middle core are

shown in red, and windings around the top core are shown in green.

Table 6.2  The total output voltage of power supplies based on Layout 9, with different angles of

rotation between transformer stages, assuming perfect voltage doubling.

Cascade Angle Voltage
0° Rotation 844.3 kV
90° Rotation 847.6 kV
120° Rotation 845.3 kV

From Table 6.2, it can be seen that rotating the cores of a concentric transformer has little
effect on flux loss. Indeed, there is less than 0.4% difference between the output voltages
of each design. The fact that each core has a different yoke length may prevent leakage
flux from being reclaimed by higher cores. If the flux path, of leakage flux travelling between
stacks of windings, follows an arc with a fixed radius about the centre of the core, then it will
not pass through any of the other stacks of windings as they have a different radius and do
not fall in the flux path. To test this hypothesis, the concentric transformer, with 120°
spacing, was remodelled with each stage having the same yoke length. This can be seen
in Figure 6.40, with the secondary winding voltages shown in Figure 6.41. There is a
significant drop in voltage between the middle and top stages, which reduces the total
voltage to 746.3 kV.
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Figure 6.40 A variation on Layout 9 in which each stage is rotated 120° from the previous one and
each yoke is the same length.
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Figure 6.41 The computed voltage across the secondary windings in each stage of Layout 9 with
each stage rotated 120° from the one below it and each yoke is the same length. The
voltages in the secondary windings surrounding the bottom core are shown in blue,
windings around the middle core are shown in red, and windings around the top core
are shown in green.

It has been shown that the most effective design layout is that of the concentric transformer

in which each stage is driven by two primary windings connected in parallel. This not only
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produces a higher output voltage, implying a greater retention of magnetic flux, than any
other layout but is also more compact than the conventional cascade transformer. It has
also been shown that rotating the cores of a concentric transformer has no effect on the flux
loss, though may be advantageous in changing the overall size and shape of the design.
The rotated cores layout may be particularly useful if the insulating vessel they are to be
kept in is cylindrical, as this would require less wasted space. Extending the yokes of the
middle and top cores proved to increase flux leakage, particularly in the top core. This is
likely because the lengthened yokes, running parallel to each other, increases the likelihood
of flux passing through the air gap. For these reasons, work in the remainder of this chapter

will focus on Layout 9 applied with no angle between stages of the core.

6.3.4 Square Wave Driven Design

All of the simulations so far have been applied to cascade and concentric transformers
excited by sinusoidal waveforms. In most practical high frequency applications, however,
the power supply is likely to be driven by a square wave. For this reason, Layout 9 was
simulated using a square wave voltage source, with a frequency of 100 kHz. The voltage
rise and fall times were both 0.1 ns. The simulated voltages across the secondary windings
can be seen in Figure 6.42. The output voltages are not square because of the inherent
inductance of the windings. Assuming perfect rectification and voltage doubling between
each transformer, the total voltage measured across the whole design was 982.7 kV. This
is higher than the output voltage produced using a sine wave, but comes at the cost of

greater power loss, as will be discussed in the following section.
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Figure 6.42 The voltage across the secondary windings in each stage of Layout 9 when excited by
a square wave. The voltages in the secondary windings surrounding the bottom core
are shown in blue, windings around the middle core are shown in red, and windings

around the top core are shown in green.
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6.3.5 Power Loss

As has already been stated, power loss is a significant concern in the field of power supply
design as wasted power reduces supply efficiency, and generates heat that may damage
components. In order to estimate the power loss in a concentric transformer, the core
losses in Layout 9 were simulated in MagNet, in both 2D and 3D. It was excited using both
a sinusoidal and square wave power source. The cores were constructed from a material
with the same arbitrarily selected parameters that were used in Section 3.6.1. The core
losses obtained from these simulations are compared to losses calculated using the

Steinmetz Equation, in Table 6.3.

Table 6.3  Core losses under different forms of excitation.
Top Core Middle Core Bottom Core Total Loss

Sine Wave Excitation
2D Simulation 39w 167 W 297 W 502 W
3D Simulation 26 W 111 W 197 W 334 W
Steinmetz Equation 584 W 740 W 1,316 W 2,640 W

Square Wave Excitation

2D Simulation 82.4W 381W 701 W 1,164 W
3D Simulation 51 W 231 W 442 W 724 W
Steinmetz Equation 652 W 826 W 1,468 W 2,946 W

Three things are interesting about the results shown in Table 6.3. The first is that the losses
calculated for square wave excitation are noticeably bigger than those calculated for
sinusoidal excitation. This is in line with what was predicted in Chapter 3. The second is
that the SE predicts significantly greater losses than 2D and 3D simulations. This is likely
the result of the SE assuming lumped parameters across whole cores, whereas simulations
are able to estimate the losses in localised areas, and sum these together. Finally, 2D
simulation predicts nearly twice as high losses as 3D simulation. Again, this is likely the
product of using lumped parameters, as 2D simulations are forced to assume that all values

are homogeneous in the third dimension.

Winding losses were calculated, using the methods described in Chapter 4, and are
displayed in Table 6.4. Square wave excitation produces double the losses of that of a sine
wave as the vast majority of the waveform is spent at peak amplitude, whereas, when

calculating sinusoidal loss, the RMS current is used.
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Table 6.4  Winding losses under different forms of excitation.

Loss Per Winding | Total Loss
Sinusoidal Excitation 1.37W 165 W
Square Wave Excitation | 2.74 W 329 W

The total losses for each cascade are shown in Table 6.5. Both excitation waveforms
produce close to 100% efficiency in simulation. In reality, this is unlikely to be the case as
unforeseen factors cause additional loss. However, as a preliminary study, these values are
sufficient to prove that a concentric transformer based design is a viable option for the
development of a power supply that meets Specification 1, as defined in Table 1.1.

Table 6.5 Total losses calculated by summing the 3D simulation core losses in Table 6.3 and the
winding losses in Table 6.4.

Core Losses | Winding Loss | Total Loss Efficiency
Sinusoidal Excitation 334 W 330 W 664 W 99.73%
Square Wave Excitation 724 W 658 W 1,382 W 99.45%

6.4  Future Scope of Design

As with the ICT, it is important to consider the future potential of the concentric transformer
layout to be scaled up to produce 5 MV. To this end, a version of the concentric transformer
was designed, which features six stages, with the same core and winding parameters as
used in Section 6.3. This can be seen in Figure 6.43. Each stage is intended to produce
200 kV, which can then be doubled to 400 kV. The total voltage produced by the concentric
transformer should be 1 MV, which can be doubled to 2 MV if 400 kV loss is allowed for.

Lacal

Figure 6.43 A 3D rendering of the concentric transformer with six stages.
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The voltage output of the design is shown in Figure 6.44. Assuming perfect rectification and
voltage doubling between each transformer, the total voltage measured across the whole
design was 1,453 kV. This is just over two thirds of the voltage required. It can, therefore,
be concluded that concentric transformers, on their own, have limited scalability. However,
it may be possible to scale voltages by creating a cascade of concentric transformers.
Providing enough distance is left between each concentric transformer, and each

transformer is sufficiently insulated, this would allow the voltage to be scaled linearly.
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Figure 6.44 The computed voltage across the secondary windings in each stage of a concentric
transformer with six stages. Core 1 is the innermost stage, as shown in Figure 6.43,

while Core 6 is the outermost stage in the design

6.5 Summary

This chapter began by discussing methods of designing transformers, with a particular
focus on obtaining the optimum core geometry based on circuit parameters and material
characteristics. It was then decided to examine a number of potential arrangements of the
windings around cascade transformers. It was concluded that using two sets of primary
windings to drive the secondary stack from both ends, similar to the arrangement used in
Chapter 5, was the best way of reducing flux leakage. A new type of power supply was
then proposed, this being a variation of the cascade transformer, in which each stage is
placed inside another in order to reduce the overall size and increase power density. This
concentric transformer showed promise when investigated under 2D simulation, though it
performed slightly worse than the conventional cascade transformer. This dynamic was

reversed, however, when both designs were simulated in 3D and the concentric
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transformer was shown to produce the higher output voltage. The concentric transformer
was then assessed using the type of excitation waveform likely to be applied in real world

applications.

The power loss in the design was then estimated using 2D and 3D simulations. It was
shown that square wave excitation produced a power loss more than twice as great as that
experienced under sinusoidal excitation. However, even this greater loss is sufficiently

small for further development of this proposed design.
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Chapter 7

Conclusions and Further Work

The aim of this thesis was to investigate potential designs for a new generation of high
power density HVDC power supplies. A detailed literature survey was conducted, of existing
HVDC power supplies, from which the most promising technologies were chosen for further
study. It should be noted that there is limited information in the public domain about this
area of HV technology as it is generally commercially sensitive. Of these technologies, the
ICT and the cascade transformer, were selected because of their high power densities

rather than their voltage output.

A way in which these technologies could be incorporated into a functioning power supply
was then proposed; in which the ICT or cascade transformer would form a voltage
increasing stage in a larger, modular design. It was decided that the most effective way to
increase load current, while reducing voltage drop and voltage ripple, would be to connect
multiple transformers in parallel. Each of these would be driven by an external, high
frequency, power source that would power each transformer stage out of phase with each
other, thus reducing voltage ripple even further. The output of the transformers would be
rectified using voltage doublers. This would effectively half the voltage required from the
rest of the design, while doubling the current requirement, effectively changing the problem

into one that transformers are much better suited to solving.

Simulation studies were then carried out, on the two selected technologies, in order to
determine the practical limits of their voltage output. It was discovered that the ICT would
suffer from insurmountable flux loss if the voltage was raised significantly above 500 kV,
though this could be doubled producing a 1 MV supply. The cascade transformer, on the
other hand, could theoretically produce any required voltage providing sufficient electrical
insulation and magnetic shielding was put in place between stages. During the course of
this study, a new variation on the cascade transformer was proposed that showed merit for
the applications of this project. In this design, successive cores were placed inside each

other in a concentric layout; thus reducing the size of the overall design and therefore
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increasing the power density. This was shown to perform sufficiently up to 500 kV, which
could be doubled to 1 MV. However, increasing the size of the design led to diminishing

returns for voltages above that.

In addition, an investigation was carried out into the viability of constructing transformer
windings from PCBs. The current carrying capacity of the printed tracks was evaluated
analytically and found to be sufficient for the few amps, divided across several transformers,
required of this project. Simulations and experiments were used to test the breakdown
voltage between parallel turns. It was shown that PCBs were sufficiently insulated to
withstand the potential differences put upon them in a single winding configuration.
However, they were not suitable for an interleaved winding configuration without significant

modification.

7.1 Conclusions

Technologies based on transformers show the most promise for meeting the specifications
of this project due to their high power density. In order to reduce the size of the design, it is
important to reduce the voltage difference between the core and the windings so that the
insulation can be minimised. There are two ways of doing this, either the core can be divided
up into electrically insulated sections, as in the ICT, between which magnetic flux can pass

or else a number of cores can be electrically connected as in a cascade transformer.

Simulations showed that both the ICT and the cascade transformer can be used to meet
Specification 1, as outlined in Chapter 1, but the ICT is unsuitable to be scaled up to
voltages above 1 MV. Conversely, there is no reason that a cascade transformer cannot be
developed to generate voltages above 1 MV, provided the cores and windings of the lower
cores were designed to be able to accommodate the high current required to power the
higher transformers, although a significant program of research and development must be
carried out to produce one that can operate at 5 MV. For this reason, any future work,
developing a power supply that meets Specification 2, will have to be based on the cascade
transformer. Concentric transformers can be used to generate voltages up to 1 MV, but

appear to be limited above that.

PCB based transformer windings can conceivably be used in a practical design. There does
not appear to be any ill effects associated with the frequency of operation. Although they
are not the most space efficient winding method, they are ideal for prototyping as they form
discreet windings that can easily be handled; rather than having to unwind each turn as in

a conventional winding arrangement.
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The main technical challenges, which have been overcome in this thesis, are magnetic flux
loss, voltage drop and ripple under load, and power loss. Though further challenges have
been identified that must be overcome before a working prototype can be constructed.

These are electrical insulation and thermal considerations of the supply.

7.2 Future Work

The work in this thesis forms a good foundation for the development of the next generation
of HVDC power supplies, but there is still a considerable amount of work that must be
completed before a working prototype can be constructed. The steps necessary to complete
this project are outlined briefly in this section. It is noted that designs based on resonant
transformers and NHVGs have not been considered in this project, and there may be some
merit in investigating these technologies to the same level of detail as the ICT and cascade

transformer designs that have been investigated in this thesis.

There is still a lot of work that must be carried out before a PCB based winding can be
reliably used in a HV power supply. First, more experiments need to be carried out to
evaluate the performance of the windings under different frequencies. Initial findings do not
indicate any significant relationship between frequency and breakdown voltage. However,
it is possible that an increase in frequency of an order of magnitude or more might have a
noteworthy effect on dielectric strength of the solder mask. In addition, all experiments to
date have been conducted using a sinusoidal voltage source. It is of great importance to
learn how the windings would react to square or trapezoidal waveforms, which are much
more likely to be used in practical power supplies. A number of prototype windings must be

fabricated, to verify the results found from carrying out experiments on smaller sections.

It is also important to determine how capable PCBs are of withstanding the environmental
stresses that will be put upon them in a working power supply. For this, a test rig must be
constructed, that can subject the boards to the insulating fluid and temperatures that they
will be exposed to during power supply operation. Once the boards have undergone
accelerated lifetime testing, they should be inspected for any signs of degradation. While in
the rig, they should also be tested electrically to determine how well the windings handle a
“worst case scenario”. The boards should be subjected to normal operating voltages for
extended periods of time as well as impulse voltages, with amplitudes several times that
expected to be experienced during normal operation, to evaluate the ability of the PCBs to

withstand unforeseen transients.

Additional work should also be undertaken with the intention of optimising the design of the
PCB windings. This thesis has not explored the potential of utilizing the internal layers of a

PCB. Doing so could significantly reduce the size of the windings, potentially leading to a
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reduction in the size of the overall design, leading to lower production costs. First, the
withstand voltage of the internal insulation should be tested in a similar manner to that
described in Section 4.3.2. Then, a number of prototype windings should be fabricated and
subjected to severe environmental stress using the test rig. Finally, the prototypes should
undergo electrical testing to ensure their withstand voltages are sufficient for the purposes

of this project.

Another area in need of additional development, before being applied in a practical power
supply, is that of insulation. This has not been investigated here in detail but is of critical
importance if this work is to be investigated further. Firstly, a detailed review of possible
insulating materials must be undertaken; after which a simulation study should be
undertaken to optimise the transformer design so that excessively high electric field
gradients are avoided. Areas with an unavoidably high electric field strength should be
identified so that they can be strengthened with additional insulation in the design stage.
The results of these simulations should be verified using practical experiments conducted
on small sections of the overall design, in a similar manner to the way elements of PCB

windings were tested in this thesis.

Once a design is settled upon that satisfies the magnetic, electrical, and insulation
requirements of this project; a second simulation study must be conducted to investigate
the heat flow of the power supply under constant operation. From this, it should be
determined if passive cooling will be sufficient for regular operation, or if active cooling is

required.

Eventually, construction of a prototype cascade can begin. This should undergo the same
rigorous testing as the PCB windings. Provided the cascade is proven able to operate under
extreme conditions, or else once the cascade has been redesigned to correct the problems

experienced under testing, then work can begin constructing a complete power supply.
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on Dielectrics and Electrical Insulation ( Volume: 26 , Issue: 2 , April 2019 ). The work in
this paper was expanded to form the basis of Chapter 5 of this thesis.
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ABSTRACT

A growing area of interest is HVDC supplies. This paper represents
an initial study into possible designs of HVDC transformers that could
provide 2A at 1MV, with the added specification that any proposed
technology should be scalable to 5A at 5MV. Insulated core
transformers (ICTs) have been initially selected as a potentially
suitable technology. Careful design of the ICT magnetic core is
required to ensure that flux loss is limited so that higher voltages are
achievable. Simulation studies have shown that the voltage produced
in an ICT does not scale linearly, meaning that there is an effective
limit to the voltage that they can produce. In addition to this, a
technique is proposed to increase the available current output of an
ICT. The full analysis is presented in this paper.

Index Terms — HVDC, transformer, insulated core transformers,
simulation, magnetic flux

using relatively few components. However, they
suffer from severe voltage drop under heavy load, and
require a large amount of stored energy [1].

For this reason, other technologies with a higher

1 INTRODUCTION

THERE is currently growing interest in both
academia and industry for a power supply capable of

producing 2A continuous DC current, at 1MV, with
a maximum voltage ripple of 0.5%. Any design must
be as compact as possible; ideally able to fit inside a
three-meter cube, and should store limited energy of
the order of hundreds of joules or less. This final
requirement is a safety measure, as a fault in the HV
circuits of a supply that stores a lot of energy could be
catastrophic and irreparable. At the same time there
is also interest in developing such a supply further in
the future, to ultimately be able to generate 5A
continuous DC current at 5SMV.

Several technologies are currently used
ubiquitously in compact HV power supply design,
most notably the Cockroft Walton (CW) Generator.
These are popular, in no small part, due to their
simplicity; they can easily generate several megavolts

Manuscript received on 6 August 2018, in final form 9 January 2019,
accepted 9 January 2019. Corresponding author: R.E.P. Frost.

power density are being investigated. Amongst the
most promising are resonant transformers (RTS),
cascade transformers (CTs), and insulated core
transformers (ICTs). The aim of the work reported in
this paper is to examine the feasibility of using an ICT
based design for this particular application.

This work is based on assuming the limitations of
current insulating film technologies. That is to say,
the simulation studies do not anticipate any
significant developments in core electrical properties
of thin film insulation materials. All designs assume
that insulation of the individual cores is achieved
using a 250 micron thick film of a commonly used
solid insulator such as mylar, teflon, or kapton.

2 CORE LAYOUT

The first ICTs, as patented by Van de Graaf [2],
consisted of a single stack of electrically insulated
cores, effectively creating a bar core transformer. In
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order to prevent the magnetic flux from bypassing the
HV cores completely, the stack was placed inside a
metal container. This container was connected to the
core around which the primary winding was wound.
Flux could then bridge the gap between the top of the
stack and surrounding container before completing
the path to the primary winding.

As the grounded container had to be insulated from
the total operational voltage of the device, it was
necessary for a large gap to exist between the top of
the stack and the container. This limited the flow of
flux to the top of the stack. The reduction in flux,
reaching the higher cores, reduced the operational
voltage of secondary windings further away from the
primary.

Soon a three-phase variant of the ICT was
developed for high power applications [3], thus
eliminating the need for the grounded container, by
providing a complete flux path between phases. This
worked in the same way as a three-phase
transmission, or distribution, transformer.

Van de Graaf sought to get around the voltage drop
associated with flux loss by wrapping more windings
around cores situated further away from the primary.
This however, adds complexity to the system design
as the windings around each insulated core have to be
unique. A more economical design would have
identical windings around each core to reduce system
cost and complexity. In addition to this, there is a
practical limit to the voltage that can be obtained
using a single stack, as increasing the height of the
stack will soon yield diminishing returns, in terms of

connected in parallel, meaning that they operate in
phase with each other. The voltage increases towards
the center of the stack, where it is insulated from the
LV winding at each end. Flux can then pass between
the two windings via a solid clamp, as seen in Figure
2. This layout has the advantage that the magnetic
flux has a straight path through the cores. In addition
to this, having insulated gaps in a core effectively
reduces the relative permeability of the core material.
This means that the clamped system will reduce the
amount of flux leaving the stack to return to the
primary winding through the parallel flux path.

The relative flux path found in each layout was
calculated and compared using a finite element
analysis (FEA) model. In each case, an ICT was
simulated with a core cross sectional area of 100 mm
by 100 mm, and a thickness of 5.75 mm. There was
a distance of 200 mm between the insulated stack and
the return path, and a gap of 0.25 mm between each
insulated core. Each core was surrounded by 100
windings. These parameters are reasonable as they
are based on those commonly used in ICTs based on
the Cross design [6]. ICTs with stack heights from 1
to 50 cores were simulated, in both layouts, and the
minimum normalized flux in each system was
recorded as shown in Figure 3.

Winmni Na | | Wmmni Nb | |

Wmmni 43 | | Wmdini 4b | |
Wmdmi 3a | | Wmdini 3b | |
Wmdmi 23 | | Wmdini 2b | |
Wmdmi 1a | | Wmdini 1b | |

voltage, as the flux loss becomes too great.

A number of different core configurations were
examined in [4] and it was concluded that the most
effective way of reducing flux loss is, as with a
conventional transformer, to create a closed flux path
from soft magnetic material. This technique was
employed, amongst others, by Cross, who patented an
ICT that produced 375 kV. That was then doubled to
750 kV using power electronics [5], at several

hundred milliamps. This design has since been scaled
upto 1 MV [6].

A necessity of creating a continuous flux path from
soft magnetic material is that there needs to be two
insulated cores operating at each voltage level. This
is to stop the HV core needing to be insulated from
the grounded primary winding. The Cross ICT
achieved this by having two parallel insulated stacks
connected, at the bottom, by a grounded core around
which the primary winding is wound and, at the top,
by another core section that would allow flux to pass
between the two HV sections (Figure 1). This is an
elegant solution as it means that the LV primary is at
the bottom while the voltage, in the stacks, increases
in the cores further away from the primary. However,
there are problems with flux passing between the two
stacks and being reluctant to change direction at the
top of the stacks.

In this paper, the authors have investigated an
alternative arrangement in which a single stack is
constructed that is driven by a primary winding at
either end. These primary windings are electrically
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Primary a Primary b

Figure 1. The traditional layout of the Cross type ICT.

From Figure 3 it can be seen that there is no
significant difference between the flux losses
obtained using either arrangement when the number
of insulated cores is less than 30. For this reason, in
a single phase ICT, a flux return clamped layout is
inefficient as it effectively doubles the height and
material cost of the design, without significantly
reducing the flux loss. However, in designs that
consist of multiple phases and a significant number of
insulated cores (e.g. more than 40), the single stack
configuration may prove advantageous; this is
discussed further in Section 4.

The flux loss predicted in these simulations, and
detailed in Figure 3, is approximately half of that
previously reported for an ICT [6] that was operating
a higher voltage than used in this simulation study.



The use of 2D simulation will lead to an
underestimate of flux loss in the third dimension.

3 BENEFITS OF CROSS CORE
TECHNOLOGY

In addition to the closed flux path, there are
several other appealing features of Cross
transformer technology (CTT). Most apparent is
that the secondary windings are constructed from
PCB windings [5]. The HV power electronics are
also surface mounted to these PCBs for reduced
construction cost and complexity. An advantage
of PCB printed transformer windings is that they
consist of one or two layers of windings spiraling
outwards; this makes very flat windings and has
the benefit of reducing the thickness of each
insulated core stage, therefore reducing the overall
height of the design. However, a disadvantage of
this technique is that it increases the surface area of
each winding, thus increasing the parasitic
capacitance between layers.

Wwinding 10 | |
W\ndmi 2b | |

Winding Nb | |
Wmmni Na | |

W\nnmi 2a | |
W\ndmi 1a | |

Figure 2. The proposed alternative layout of the Cross type
ICT.
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Figure 3. The minimum flux found in ICTs, arranged using both
the traditional double stack layout and the proposed single stack
layout, with a number of insulated cores ranging from 1 to 50.

While conventional ICTs operate at single or
three phase grid frequency, CTT uses power
electronics and specialist core materials, such as
nanocrystalline, to operate at a frequency close to
100 kHz. This significantly reduces the necessary
size of the design, as well as the energy that must
be stored in the voltage doublers to reduce ripple.

The key advantage of CTT is the use of tuned
capacitors, connected across each secondary
winding, to compensate for the flux lost between
core slices [5]. A circuit diagram of the voltage
doubler combined with flux compensation is
shown in Figure 4.

ko
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Figure 4. Circuit diagram of the secondary windings.

The capacitors are tuned to have a capacitance,
Cfiux calculated using:

l
HoAN?(21f)?

Cf lux = (1)

in which [ is the length of the gap between
insulated cores in meters; u, is the permeability of
free space; A is the cross sectional area of the gap
between cores in meters squared; N is the number
of windings around each core; and f is the
operational frequency of the transformer.

An ICT, consisting of a stack of 50 cores, with
the dimensions described in the previous section
and a single core stack with clamped return path,
was constructed in an FEA software package. The
device was driven by a 500 Hz sinusoidal AC
voltage source. [Each secondary winding was
connected in parallel with that of the other core
acting at the same potential. The stack was driven
by one of the secondary windings with a 100 V
sinusoidal voltage acting upon it. A 1 kQ resistor
was connected across each set of secondary
windings to draw an expected current of 100 mA.
This design was simulated with, and without a
compensation capacitor, and the peak voltage
found in each respective winding is shown in
Figure 5.

From Figure 5, it can be seen that the inclusion
of a flux compensation capacitor reduces the flux
loss by around 10%, and also makes the output
voltage more consistent.

However, these simulations were carried out on
a purely sinusoidal signal, which consists of a
single frequency. In reality, an ICT that operates
at high frequencies will likely be driven by square
waves, which contain a large number of different
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frequencies. As the compensation capacitor can
only be tuned to one frequency, it will add
distortion to the overall signal. In order to evaluate
this phenomenon, a single stack clamped return
path ICT, with 50 pairs of secondary windings,
each consisting of 100 turns, and driven by a pair
of primary windings, each consisting 4 turns, at
either end of the stack, was constructed in MagNet.
This ICT was simulated, being powered by a
sinusoidal signal, with a frequency of 100 kHz and
an amplitude of 400 V,x_,x, with and without a
flux compensation capacitor. Figure 6 compares
the voltage across the 50" windings of both of
these simulations, with the ideal output, over the
course of a power cycle. These simulations were
repeated using square wave excitation, with the
results being shown in Figure 7.
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Figure 5. The peak voltage found in each secondary winding
of an ICT, with 50 secondary circuits, with and without a flux
compensation capacitor.
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Figure 6. The 100 kHz voltage across the 50" pair of
secondary windings, when excited by a sinusoidal signal with
an amplitude of 400 V.

Figure 6 confirms the conclusions drawn from
Figure 5; when sinusoidaly excited, the flux
compensation capacitor raises the output voltage
by approximately 10%. However, there is no
significant difference in terms of average voltage,
between the waveforms in Figure 7. The results
produced by the flux compensation capacitor are
more distorted, including a peak that has an
amplitude nearly twice that of the average voltage.
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This could lead to failure of the dielectric film used
to isolate the stacks and make the quality of the
output voltage difficult to control. Practical
experiments, verifying the results of these
simulations, are currently being undertaken.

Two more techniques are employed, when
manufacturing Cross type ICTs [6], to compensate
for the effect that flux loss in the windings furthest
from the primary winding has on the overall
operational voltage of the design.

The first is to increase the voltage in the primary
windings. This raises the voltage in each of the
secondary windings, meaning that the lower
secondary windings operate above their nominal
voltage to compensate for the voltage lost in the
higher windings. However, operating the
secondary windings at a voltage above what they
were rated for comes with the risk of placing
additional strain on the components, and may
reduce the lifespan of the windings.

20
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Figure 7. The 100 kHz voltage across the 50" pair of
secondary windings, when excited by a square signal with an
amplitude of 400V.

The other is simply to add additional cores to the
top of the stack, each operating below their
nominal voltage, until the desired overall voltage
is reached.

4 STORED ENERGY

The use of capacitors, in flux compensators and
voltage doublers, inherently stores energy in a
system. The size of the capacitor, C, needed to
reduce voltage ripple in a voltage doubler can be
calculated using:

C=—— )

Zeripple

where [ is the current draw from the system; and
Vrippie 1S the maximum allowable voltage ripple
from the output voltage. The energy stored in each
capacitor, E, can then be calculated using:

E=1/, cv? ®3)



Assuming each secondary winding produces 10
kV, doubled to 20 kV with a maximum allowable
ripple of 0.5%, and operates at a frequency of 100
KHz, each capacitor will store 0.5 J. Multiplying
this across all the capacitors in a stack means that
the total stored energy per stack will be 50 J.

The energy stored in each compensation
capacitor can be calculated using (1) and (3).
Using the parameters described above, each
capacitor will store 252 pJ of energy, meaning that
across the whole stack, they will store only 25 mJ.
This is a negligible value and hence will be omitted
from further calculations.

For reference, a Cockcroft Walton Generator,
consisting of 10 stages, that produced 100 mA at 1
MV would need to store 1.1 MJ if operated at 50
Hz, or 550 J if operated at 100 kHz.

5 INCREASING THE CURRENT
OUTPUT

There are three factors that limit the current that can
be drawn from an ICT. These are the flux density of
the core, the power electronics, and the winding
thickness. The power electronics can, theoretically,
be designed to accommodate any current, simply by
selecting components rated to suitable specifications.
The saturation of the core is more problematic in
ICTs than in conventional transformers, as the
relative permeability of the core material is
effectively reduced by the insulated gaps. The
saturation current becomes difficult to predict due to
the non linear nature of the insulated cores.

The limitations imposed by the winding thickness
are easier to calculate as the largest current that can
safely pass through the tracks of a PCB can be
determined by the IPC-2221 standard [7]. This
standard dictates that the largest current that can
safely be used in a PCB can be calculated using:

I = kAT Apyaerc””*? @)

where I is the current passing through the track in
Amperes; AT is the permissible change in

temperature in °C; A¢yqck is the cross sectional area
of the track in mil?; and k is a constant determined
by the IPC-2221. For tracks printed on the surface of
aPCB, k =0.048.

Assuming each PCB is printed on a board with a

copper thickness of 0.305 kg/mz, the most

commonly used copper thickness in PCB design, and
the tracks are printed with a width of 0.5 mm, then the
maximum safe current would be 1.46 A. This is even
supposing that a maximum temperature increase of
only 10 °C was imposed. Given the potentially
dangerous nature of a fault in this project, it is not
unreasonable to impose a large margin of error onto
the maximum current, say, no more than half of the
PCBs rated current may flow through the PCB
windings during normal operation. This brings the
effective rated current of each PCB down to 0.73 A,
though because in this design, each winding is

connected in parallel to another winding, the effective
rated current of the stack once again becomes 1.46 A.

There are two ways in which the operational current
of the ICT could be increased. The first is to increase
the size of the single phase ICT, by widening the
diameter of the tracks and the core. This will raise the
saturation flux of the core and the current that can
safely pass through the windings

The second is to connect multiple stacks in parallel,
as shown in Figure 8. This arrangement has the
advantage that scaling up a design becomes a trivial
exercise as, rather than having to redesign the whole
design from first principles, to increase the
operational current of the supply, one simply needs to
add additional stacks to the existing design. Using
multiple stacks also reduces voltage ripple, providing
they each operate out of phase [8].

The stacks can be driven out of phase using a
circuit, similar to the one in Figure 9, to power the
primary windings. In this case, V;,, can be provided
by a rectified, three phase mains outlet and can be
treated as a 400 V busbar. The switches, which would
be replaced by MOSFETS in a practical circuit, can
be operated in pairs to create a H-bridge. In this way,
the voltage across the primary windings can be
alternated, from +400 to -400 V, at a frequency
determined by a microcontroller. The circuit shown
in Figure 9 is designed for an ICT consisting of four
stacks, but can be expanded to accommodate any
even number of stacks.

stack 1 stack 2 StackN

Figure 8. The layout of a multiphase ICT.

6 POSSIBLE FUTURE
DEVELOPMENT

It has been shown that an ICT can be used to
produce 500 kVV AC, which can then be doubled
and rectified to produce 1 MV DC. It has also been
shown that several of these ICTs can be connected
in parallel to, theoretically, achieve any output
current. Thus, a power supply, based on CTT,
could be constructed to produce 2 A at 1 MV.

In order to evaluate whether this technology is
suitable for future development, with the aim of
creating a5 MV power supply, the process that was
carried out in Section 2 was extended to ICTs of up
to 100 pairs of cores. Once again, the minimum
normalized flux linkage in each model, calculated
using FEA, was recorded and plotted in Figure 10.
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Figure 9. Diagram of the primary circuit for a four stack

ICT.

From Figure 10, it can be seen that the minimum
system flux drops significantly as the stack height
is increased. Using the system parameters listed in
Section 2, there is expected to be roughly 40% flux
loss in the HV secondary windings of a 1 MV
stack. Although this flux loss could conceivably
be compensated for by having more windings
around the higher voltage cores, given the
exponential decline of flux linkage in higher
stacks, it is unlikely that this technique could
practically be applied to a 2.5 MV ICT.
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Figure 10. The minimum flux found in ICTs, arranged using both
the traditional double stack layout and the proposed single stack
layout, with a number of insulated cores ranging from 1 to 100.

7 CONCLUSIONS

The effectiveness of ICTs in producing 500 kV,
which can then be rectified and doubled using
voltage doublers, has been evaluated, as well as a
number of ways of reducing flux loss. It can be
concluded that ICTs may be used as the basis of a
1MV power supply that produces currents in the
order of hundreds of milliamps. It was then shown,
in Section 5, that by connecting multiple ICTs in
parallel, the design could be expanded to produce
outputs of an Ampere or more, with little voltage
ripple. To meet the requirement of minimal stored
energy, it is necessary to design a primary
excitation source capable of switching mains
voltages (e.g. 400 V) at frequencies of 100 kHz or
higher. This in turn has the effect of negating some
of the advantages of using the flux compensation
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capacitors as the primary waveform is very likely
to be non-sinusoidal.

Finally, it has been shown that, although ideal for
a 1 MV power supply, ICT technology is currently
not suitable to be scaled up to 5 MV. Further work
will focus on investigating other promising
technologies. It is possible that an ideal solution
would be a combination of ICTs and another
technology, for example the cascade transformer.
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Appendix B Derivation of Equation 4.3

First it is assumed that the windings can be represented by a number of concentric tracks
encompassing the core, as shown in Figure B. 1. Each of these tracks can be split into four
straight sections, and four curved sections that would form a circle if laid out together. Both
of these sections are discussed individually in the following two sections, and then
combined in the final section of this appendix.

Figure B. 1. A near exact approximation of the windings around a square core, as viewed from above.

B.1 Straight sections

Regardless of the distance between these lengths of track and the core, the lengths of
these sections will be the same as the circumference of the core. Assuming that a square
core is used, this will be equivalent to four times the thickness of the core t.. The total

length of the straight sections of track I qigne Will, therefore, be the product of the number

of turns N and the circumference of the core. This is shown in

lstraight = 4Nt, (B.1)
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B.2 Curved Sections

The curved sections can be expressed as a series of N concentric circles, the
circumference of which can easily be calculated by multiplying the radius by 2. The
radius or each circle is the sum of the distance between the core and the innermost turn r;
the sum of the widths of all the tracks between the core and the turn in question w; and
the sum of the gaps between all the turns inside the turn in question g. Thus the total

length of all curved sections [.,,;,.4 Can be expressed as

lewrvea = 2mr + 2n{r + (g + w)} + 2n{r +2(g + w)} + - (B.2)

which can, more succinctly, be expressed as

leurvea = N.2nr + 2m Z?’;lj(g +w) (B.3)

Taking the sum of this series gives

27N (N—1)

lewrvea = N. 217 + (B.4)

which can be reduced to

(N-1)(g+w)
loyrpea = 2N {r + %} (B.5)

However, this is only applicable if all the windings are on a single layer. If the winding is
spread over multiple layers then each instance of N must be divided by the number of

layers N,, and this total be multiplied by N,, as shown in
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- (TL‘lz(g*W)} (B.6)

N
levrvea = 21 N N,
L

which cancels to produce

N/n,~1)g+w)
lcurvedzan{r+—( v, 2)9 W} (B.7)

B.3 Total Length

The total length of all the turns in a winding [ is simply the sum of the lengths of the

straight and the curved sections, as in

(B.8)

L= lstraight + leurved
In this case that is equivalent to

WAL ”L'l)(g”)} (B9)

l=4NtC+2nN{r+ -
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Appendix C Experimental Breakdown Voltages

Table C.1. Breakdown voltages of initial sample breakdown.

Breakdown (kv)

Narrow Straight: Wide Straight: | Wide Curve: | Tight Curve:
4.497 6.655 3.957 4.856
4.856 6.655 4.136 3.597
4.497 5.936 3.417 4.136
4.677 5.936 5.036 7.015
5.036 5.756 4.856 3.957
4.136 6.655 5.576 5.396
4.136 6.116 5.035 5.036
3.957 6.475 6.295 5.936
4.677 5.936 5.756 5.936
4.497 5.756 3.777 5.756
4.856 6.836 6.836 6.295
4.677 7.015 3.777 6.295
4.136 6.295 5.756 5.576
4.136 6.116 5.936 4.136
4.497 6.655 3.417 5.396
4.856 6.475 6.475 6.295
4.856 6.116 6.295 5.756
4.677 6.295 4.856 4.677
4.497 6.295 5.576 6.116
4.497 6.475 4.136 5.576
4.856 6.295 5.227 5.576
4.497 6.655 5.576 6.836
4.856 6.655 5.677 6.295
4.317 6.836 6.116 5.576
5.216 6.655 7.015 5.936
4.677
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Table C. 2. Breakdown voltage after initial sample breakdown

188

Breakdown (kv)

Narrow Straight: Wide Straight: | Wide Curve: | Tight Curve:
2.877 6.475 3.597 3.957
2.877 7.015 3.417 3.417
2.877 5.936 3.237 3.597
3.417 6.295 3.957 3.777
2.697 5.756 3.417 3.957
3.057 5.756 4.677 3.417
3.417 5.216 3.057 4.16
2.697 4.497 3.237 3.957
3.057 5.756 3.057 3.777
3.597 5.576 3.77 3.733
3.057 7.735 4.107 3.417
3.237 6.295 3.413 4.107
3.237 6.116 3.417 3.057
3.417 5.936 3.057 3.957
3.417 5.936 3.057 3.777
3.057 7.555 4.136 3.733
3.777 5.576 3.417 3.777
3.057 6.295 3.52 2.877
2.697 6.295 2.697 3.777
2.877 6.655 3.597 3.417
3.057 5.576 3.957 3.417
2.877 5.756 3.77 3.947
2.697 6.295 2.697 3.573
3.573 2.036 3.68 2.877

6.295 3.777 3.777




Table C. 3. Breakdown voltage at different frequencies

Initial Breakdown: Post Initial Breakdown:
Frequency (Hz) Breakdown (kv) Frequency (Hz) Breakdown (kv)
1000 4,497 1000 2.877
1000 4.856 1000 2.877
1000 4.497 1000 2.877
1000 4.677 1000 3.417
1000 5.036 1000 2.697
1000 4,136 1000 3.057
1000 4.136 1000 3.417
1000 3.957 1000 2.697
1000 4.677 1000 3.057
1000 4.497 1000 3.597
1000 4.856 1000 3.057
1000 4.677 1000 3.237
1000 4,136 1000 3.237
1000 4.136 1000 3.417
1000 4.497 1000 3.417
1000 4.856 1000 3.057
1000 4.856 1000 3.777
1000 4.677 1000 3.057
1000 4.497 1000 2.697
1000 4,497 1000 2.877
1000 4.856 1000 3.057
1000 4.497 1000 2.877
1000 4.856 1000 2.697
1000 4.317 1000 3.573
1000 5.216 100 3.677
1000 4.677 100 3.777
100 4.677 2000 3.057
100 5.576 2000 3.057
100 5.068 2000 3.417
2000 5.216 5000 3.777
2000 5.756 5000 3.417
2000 5.396 5000 3.957
5000 5.216 100 3.237
5000 3.957 100 3.417
5000 4.136 2000 2.877
100 4.856 2000 2.697
100 5.576 5000 3.777
2000 4.497 5000 3.777
2000 4.856 5000 3.597
5000 3.597
5000 4.136
5000 3.597
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