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ABSTRACT OF THESIS

In 1972, by purely empirical methods, a new type of electromagnetic
machine was discovered - a linear induction miotor capable of producing
levitating and laterally-guiding forces in addition to the normal
axial propulsive force. The new machine was called an "electromagnetic
river". This thesis describes some of the researches which followed

the invention.

Firstly several circular and linear versions of the ﬁew machine
were investigated. Their novel abilities offer some immediate
possibilities for industrial exploitation, particular examples being
a rotary version acting as a frictionless bearing and a linear
version capable of operating in a back-to-back "shuttle' mode.

The latter may make it practicable to replace the noisy, impulsive
" mechanical method for propulsion of a shuttle across a weaving loom
by a silent electrical system. More generally the new principle
could be applied both to low-speed situations where there is a need
for support and guidance without physical contact, and to more
dramatic possibilities at high speed where passenger-carrying
vehicles could be lifted, guided and propelled by a single set of

electromagnetic coils.

Secondly a series of experiments was performed on laboratory-
scale models, with the aim of simulating the behaviour of a large-
scale electromagnetic river. In an effort to understand the mechanism
of stability a new experimental procedure was developed. This allows
determination of the distribution of electromagnetic forces acting on
a floating conducting plate, from a knowledge only of the surrounding
magnetic field. Several theories are discussed concerning the
stability mechanism; no single one however has yet succeeded in

explaining every aspect of the phenomenon.



Finally a further new invention is deseribed - a "Mark Two"
electromagnetic river, superior to the original in all three axes of _ .
1ift, guidance and propulsion. Time permitted only a preliminary

investigation of this most recent class of machine.

A Note on "Leviduction"

_ Levitation by electromagnetic induction is but one of several
distinct methods for the provision of lifting forces by the use of
electric and magnetic phenomena. A few of the alternative methods
are also capable of providing lateral stabilisation (which becomes

guidance if the supported object is moving)..

The acronym "Maglev" was coined for one of the better known of
these systems, more fully titled "levitation and stabilisation by
means of magnetic forces of attraction'". However there has been a
tendency to apply this name to the whole subject of electromagnetic
levitation, regardless of the particular system under discussionm.
Such use unfortunately tends to carry with it the implication that

the recognised drawbacks to the Maglev system also apply in general.

To emphasise the difference between Maglev and the electromagnetic
system that forms the subject of this thesis, it was decided to
invent a name applicable only to the latter. The word coined was
"leviduction”, which is to be regarded as synonymous with "levitation
and stabilisation by means of repelling forces between primary and
induced secondary currents". There is, however, little call for use
of the new word within the body of the thesis, since apart from a few
well-defined exceptions the entire subject matter comes under the

heading "leviduction". No confusion need arise.
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INTRODUCTION

Few inventions or discoveries are made by the direct process
of defining a problem, setting out methodically to investigate all
possible ideas for solution, gradually eliminating those which are
unfruitful until the one remaining solution emerges as the perfect
answer — and all in exactly three years, neatly to complete a higher
degree! Equally, seldom is success achieved by continually pondering
over a problem, turning it around and around until suddenly, in a
flash of inspiration, the solution is clear - "Eureka" - in the
manner of Archimedes. More often the process is one of fruitless
lines of investigation, dead ends, turnings back, followed by an
apparently fortuitous 'grasshopper jump" into an entirely new plane

and direction for no logical reason at all.

It is tempting when writing a final report of ome's work to
prune the account of these unfruitful branches, to cut off the dead
ends and bridge the jumps, until the result is a straightforward
path of logical reasoning from beginning to end. The danger in such
an approach is that in cutting away the unprofitable sidelines, the
fascinating and rewarding phenomena that sometimes lie within them
are cut away also. Accordingly, in this thesis, the alternative
approach will be adopted - every little sideline will be explored to
its fullest extent — and it will be seen that it is in these sidelines

that some of the most promising ideas for future research are found.



CHAPTER 1

THE ORIGIN OF THE ELECTROMAGNETIC RIVER

The Washington model (p 21). Ten metres of this design,
suitably camouflaged, were sent to the Dulles exhibition.



CHAPTER 1. THE ORIGIN OF THE ELECTROMAGNETIC RIVER

1.1 Transpo '72

The story of the Electromagnetic River began in 1971, when the
American Department of Transportation announced plans to hold an
international exhibition and conference on Systems for high-speed
ground transport. ''Transpo '72'", as 1t was called, was to take
place in May 1972, at Dulles (near Washington), and any company or

consortium was welcome to exhibit their plans or working models.

At that time Professor Laithwaite and his linear motor research
team at Imperial College were acting as comnsultants to Tracked
Hovercraft Ltd. This was a company set up in 1966 by the National
Research and Development Corporation to investigate possible high-
speed transport systems using air—cushions for vehicle support and
guidance, and linear motors for propulsion. Tracked Hovercraft Ltd.
wished to exhibit at Transpo '72, but aware of the pollution-conscious
atmosphere prevailing in America (particularly the recently formed
opinion that sheer noise is a form of pollution just as objectionable
as the many chemical forms), they were reluctant to send a model that
depended on noisy air-cushions for support and air-screws for
propulsion. Instead they wished to present an all-electromagnetic
model - silent, reliable, easily controllable and totally

pollution-free.

At this point the managing director of Tracked Hovercraft Ltd.
approached Professor Laithwaite for assistance. The project demanded
an electromagnetic system nmever before attempted — namely the provision
of three sets of electromagnetic fields, one to lift the vehicle, one
to guide it and one to propel; all to act simultaneously without
interfering with one another. . But as the managing director pointed
out, there was already in existence in the heavy machines laboratory
at Imperial College a machine which went some way towards achievement
of the desired goal. This machine, illustrated in Fig 1, had been
shown to float and stabilise rectangular aluminium plates of a variety

of sizes between 10 and 30 cm wide. Indeed its performance had led
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Fig 1. 'Flat—plate floater - the beginnings
of the electromagnetic river.

for linear motor

to its being christened "the world's most perfect spirit level",
since, as can be seen from the plan view of Fig 2, longitudinal
movement of the plate results in no change in magnetic flux linkage,
and hence no force tending to increase or reduce the motion. Thus the
plate, provided it remains remote from the ends of the machine, floats
on a "cushion" of magnetism, with strong guidance laterally and zero
resistance to motion longitudinally. The "spirit level" effect turned
into a mildly irritating habit when the machine was set up for
demonstrations, for no matter how carefully the supporting table was
levelled, the plate would always find which end of the machine was the
lower, and would gently slide that way. (The irritation was
eventually removed by slightly dishing the whole machine to make the

centre the lowest point.)

It will be seen that the stator of the machine consists of two

separate coils, wound on independent sets of iron laminations.
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Fig 2. Plan view of the flat-plate floater. The plate is free
to move in the directions indicated by the arrows.

The gap between the blocks of laminations can be varied to accommodate
various sizes of aluminium plate - there was found, however, a minimum
value of the gap (about 5 cm) below which plates cannot be stabilised.
It was assumed when considering the machine for a mbdel at the Dulles
exhibition that it would be possible to mount a linear motor in this

gap to provide the propulsion force. .

But first of all there was another problem to be tackled. It
has been known for many years that electromagnetic devices become
steadily less effective and ultimately impossible as they are made
smaller. Now the organisers in Dulles had specified a maximum area
per exhibit of 6 m by 10 m, and in order to make a vehicle of correct
proportions "look right" on a track only ten metres long it was
necessary to restrict its width, and that of the track, to a maximum
of ten centimetres. The flat-plate floater was 30 cm wide, and a
particular cause for concern was that it cogld be operated for only
about five minutes before overheating - a feature likely to become
. even more restrictive on a smaller machine. Indeed so acute is the

problem of scaling down electromagnetic devices that considerable
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Fig 3. Cross-section through plate floater.

doubt was expressed as to whether it would even be possible to make a
working laboratory model only 10 cm wide, let alone a model capable of

continuous demonstration in an exhibition.

First ideas for modifications were based on purely intuitive
reasoning. Although at the time the mechanism of the lateral stabilising
forces was not fully understood, there was a general feeling that it was
all a matter of edges ~ a question of whether a particular edge of the
rotor could "see' an edge of the stator. It was known that one of the
conditions for stability was that each edge of the aluminium rotor
(A and Al in Fig 3) should "split" the centre limb of its respective
E-shaped stator block. In this position, it was argued, it was unlikely
that the rotor edge A could "see'" the edges B and C of the stator outer
limb. The machine could therefore be made narrower without loss of
performance by cutting the outer limbs away - and probably the sections

DE could be cut away also, leaving the machine as shown in Fig 4.

At this point it is clear that the main flux paths become as
shown in Fig 4, and these should not be affected if the return current
conductors on the outside of the steel C-cores were moved down to the

positions shown dotted on the diagram, immediately under the cores.
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Fig 4. First modification to flat-plate floater.

The machine could then be reduced to a width of 20 cm. This then
was the first of the new models to be built - and when tried it

proved to be totally unstable.

1.2 The Birth of the Electromagnetic River

Now it happened that on the afternoon of the trial Professor
Laithwaite was engaged with a visitor. In.the middle of discussion
the two men were interrupted by the sudden entry of the Professor's
colleague, Dr. Eastham,* who after hurriedly apologising for the
interruption, exclaimed "but it's stable." and promptly disappeared
back into the laboratory. Needless to say, the Professor finished with
his guest as quickly as was politely possible, and hurried outside to
see what his colleague had done. Dr. Eastham had, in fact, taken one of
those "grasshopper jumps" of imagination, and for no good reason at ’
all had reversed the current in one of the coils, to produce the

-

system of Fig 5. Such a step seems even less logical when one considers

* Now Professor J.F. Eastham of Bath University.



- 14 -

oluminium plate

copper winding

C-core
laminations

Fig 5. First successful modification to flat-plate floater.

that it was well-known in the laboratory that the same procedure
applied to the original flat-plate levitator resulted in a complete
loss of stability. (In fact so marked is the difference in behaviour
between the two methods of connection that it has never been considered
worth the trouble to label the correct polarity of the terminals to the
flat-plate floater - it remains an even chance whether one happens to
find the stable or the unstable mode when first connecting to the

mains supply.)

Those working on the project immediately found themselves
confronted with a new world of machines, about which_nothing
whatsoever was known. It took only a short time to discover that
the configuration with the best lateral and roll stability was °that
illustrated in Fig 5, where the plate width was such that the edges

now lay above the outer edges of the stacks of C-cores, and the gap
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between the C-cores was still about 5 em. The system was certainly

the narrowest and most promising of those tried so far, so the next
step was to consult an industrial organisation about the practicability
of constructing ten metres of track to this design. It was soon
pointed out that to construct in one unit such a length of narrow
track, comprising tens of thousands of laminations and able to
withstand shipment across the Atlantic Ocean, was a practical

impossibility.

The idea of joining together a number of short sections of
track was considered, and rejected on the grounds that each of the
coils along the centre of the C-cores consisted of hundreds of
turns, every one of which would have to be connected individually.
However only a moment or two later Dr. Eastham made two suggestions.
Not only could the coils be made in separate sections, but the
sections could be short independent coils, fed from a three-phase
supply. If the supply were connected in the normal sequence for a
linear motor, i.e. R, -Y, B, -R, Y, -B, a travelling magnetic field

would be obtained, thus providing the means for propulsion.

This was the birth of the electromagnetic river. Fig 6 is a

plan of the first prototype.

It is worth digressing a little at this point to describe the
"feel'" of the electromagnetic river, from which it will become clear
why it was so named. Some time ago an analogy was developed by
Professor Laithwaite between the motion of an object floating in a
real river, being dragged along by the flow, and the moticn of a
conducting sheet positioned within the travelling field created by
the stator of a linear motor, being dragged along by its vElow", (1)
The mathematical expressions for the input power, output power, loss

power, slip and efficiency turn out to be identical for both systems.

The analogy is more than a mathematical one however, for if one
takes hold of an aluminium plate and gently lowers it towards the

surface of a linear motor, into the travelling magnetic field, the
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Fig 6. The first electromagnetic river.

feeling is just as though the plate is being dragged along by an
invisible fluid flowing above the surface of the motor. One can even
define, fairly accurately, the 'depth" of the fluid over the stator
by feeling for its "surface" (the point at which the pull first
becomes significant) — and as might be expected this depth varies

with the input voltage to the motor.

But when the same aluminium plate is lowered towards the surface
of one of the new machines, the river-like feeling takes on a new
dimension of reality. There 1s a feeling that river banks have come
into existence. If an attempt is made to pﬁll the sheet sideways,
it is found to rise, up the sloping side of a bank. As the plate is
pulled further the gradient begins to decrease, eventually becoming

horizontal (thus defining the "height'" of the bank), after which the
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plate falls right out of the river. ‘And now a variation of supply
voltage affects not only the depth of the river, but the shape of

its banks as well. (The nature of this variation will be described
in a later chapter.) The whole effect feels much as though the plate
were sitting in a trough of soft moulded rubber, of cross-section

as shown in Fig 7.

1.3 The Washington Model

When the prototype of Fig 6 was built and tested, it performed
sufficiently well for an order to be placed with a manufacturer to
build the ten-metre length for the Dulles exhibition. But one aspect
of the machine was still disappointing. In order to obtain the
required 1ift (to give a clearance of about 12 mm), and to propel
the plate with acceptable acceleration, the coils of the machine
carried a current density so high that even with forced cooling a
demonstration of two minutes duration could be given only about once
.an hour. The commercial machine had an air-duct incorporated within
it, so that a continuous cooling blast could be forced between the

two rows of coils, as shown in Fig 8. This system might have been
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Fig 8. Electromagretic river incorporating cooling duct.

just about practicable for the demonstration, but the unavoidable
noise made by the cooling system was so great that direct use of

the blast to provide an air-cushion 1ift would have been quieter!

Evidently the "goodness factor"® of the machine was still far
too low to achieve the desired silent 1ift and propulsion of a model
vehicle. It seemed that to try to design a continuously-rated
levitator only 10 cm wide, with built-in guidance and propulsion,
was to attempt the impossible. Yet at the same time there was a
feeling that since the concept of the electromagnetic river was so
new, the design of the prototype was most unlikely to have been the
best possible shape at the first attempt. ‘?erhaps an investigation

into other shapes might lead to machines with a higher goodness factor.

* A mathematical term related to the performance of the machine -
defined in Chapter 2 (page 39).
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The propulsion, it was argued, was poor because the floating
plate was narrow — necessarily so, to achieve stability. There was
thus insufficient room at the edges for the "end-ring' currents to
flow, resulting in an enormous Russell and Norsworthy factor*(2)
which all but destroyed the machine's performance as a propulsion
unit. But it might be possible to bend up the edges of the plate
to allow the end-ring currents to flow in a vertical plane, while
retaining the horizontal dimensions and preserving the stability

unchanged.

Accordingly a "trough' secondary was constructed, as shown by
the dotted lines in Figs 7 and 8. The result of this modification
was that the propulsive force increased by about three times, while
the stability forces remained almost unchanged. The lift was also
slightly increased. It was later realised that this was the first
of a series of truly three-dimensional machines, with secondary
~currents flowing along and across the horizontal section of the
plate and up the vertical sections. Perhaps it is not surprising
that a machine involving electromagnetic control in unconventional
planes should have produced current flow patterns in equally

unconventional dimensions.

The thought then occurred that since providing an easier path
for the return currents in the plate edges had resulted in a three-
fold improvement in propulsion, even further improvement might be
obtainable by similarly helping the return currents in the centre of
the plate. A secondary of the form shown in Fig 9 was constructed.
But this time the result was a disaster — the compound plate was
totally unstable in roll. At the time the reason for this was
obscure; later work however has gone some way towards providing

an explanation.

* The Russell and Norsworthy factor is a mathematical correction
factor developed to enable appropriate allowance to be made for
the effects of end-ring current paths along the edges of a
secondary. See reference 2.
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Fig 9. Double-=trough rotor in an effort (unsuccessful)
to improve propulsion.

The next stage of development was another of those unpredictable
"grasshopper jumps", and is probably best explained by relating events
as they occurred. Late in the evening of the day when the unsuccessful
double trough was tested, Professor Laithwaite and Dr. Eastham
were ready to depart for home. Dr. Eastham first put the idea into
words - "I suppose it would be silly to try just one half of the
secondary over a single row of coils'". Certainly the suggestion did
not sound promising. All the laboratory staff working on levitators
knew that stable levitation had always required at least two coils
in the primary. Every single coil system ever tested had actively

thrown off all conducting secondaries.

But it was a simple matter to unbolt the two halves of the
double plate and try one alone, above one of the rows of primary
coils. When this was done the single trough floated, stable but

slightly tilted. A moment later both men simultaneously reached
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the same conclusion about the reasons for the tilt - "that's only
because of the other half", While floating over one set of coils

the plate was being tilted by the currents in the other set.

By this time the laboratory workshop was closed and no more
could be done. The first prototype had been constructed with the
two parallel sets of coils mounted on a wooden base, so the following
morning the machine was literally cut into halves by a single run
of a band-saw along the centre of the machine. The two halves were
re-mounted end-to-end, and the machine tried again — with complete
success. The trough now floated stable and level, and experienced
a strong propulsion force - and the whole machine was now only
5 cm wide. Expectations were high indeed in the laboratory during
the day of building the bigger version, 10 cm wide, since to double

every dimension is to increase the goodness factor by four times.

The model itself came to be known as the "Washington model
since although only a one metre length, comprising six cores and
coils, was constructed for laboratory use, it was ten metres of this
design that was finally built and sent to the Dulles exhibition.
While it is true that the first electromagnetic river was that
shown in Fig 6, it is with the Washington model of Fig 10 that we
reach what the literary or musical expert would call the "definitive
version" of the work. This is the simplest version of the electro-
magnetic river - it is the basic machine upon which all later
developments have been founded. Many times it has been said that
the best ideas are the simplest; at the same time, the best machines
to be built on those simple ideas are the ones upon which a great
deal of detailed development and design work has been done -
eventually producing a highly sophisticated and complex piece of
engineering operating on a simple principle. The major part of this
thesis is concerned with developments in a number of directions from

the Washington model.

* See explanation of goodness factor given in Chapter 2 (page 39).
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Fig 10. Definitive version of the electromagnetic river.

The stator itself behaved admirably. It was found to levitate
flat plates stably at a height of several centimetres, damping out
oscillations in the five axes of roll, pitch, yaw, vertical bounce
and lateral shift, and in the sixth axis (longitudinal) the plate
was propelled. And all this with a stator current density no greater

than is found in many a commercial continuously-rated rotating

machine.

In only one aspect was its performance lacking. While the damping
in four of the five stable axes was generally good, damping in roll

motion was not adequate - if the vehicle suffered a roll disturbance
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as it started, it was still oscillating about this axis at the

end of the ten-metre run. Several plates of different sizes

were tested and it was found that no longer was there a single
definite "best" size of plate for stability, as had been the

case With the earlier models. Instead there was now the possibility
of exchange between the two parameters height and stability.

As the secondary was made progressively wider, for the same

stator current, it became steadily less well damped to lateral
displacements, while becoming better damped in roll. At the same
time it floated at a greater height above the stator, and experienced
a greater propulsive force. Thus the optimum width was a compromise
between on the one hand obtaining maximum 1lift, thrust and roll
stability, whilst on the other hand retaining sufficient lateral
stability. The situation was even further complicated when plates
with turned-up edges were included in the investigation. This
complex subject of stability will be discussed further in later

chapters.

1.4 An Expanding Geometry

There was yet one further unexpected feature of the
Washington model. Earlier forms of electromagnetic levitating
machines had invariably comprised two primary coils, carrying
currents differing in phase (sometimes exactly in anti-phase).
Investigations had shown that there was always a region above
these coils within which small pieces of conductor (not large
enough significantly to affect the magnetic field) were attracted
towards the primary. Outside this region similar pieces were
repelled. When attempting to levitate larger pieces of conductor,
one of the conditions for stability was that the centre of
gravity of the secondary should lie within this region of
attraction. If the primary current were increased in an attempt
to raise the floating object, a maximum height would always be
found above which the secondary ceased to cut the region, and .

stability was lost.
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Fig 11. Circulor disc-floater.

For a primary comprising two concentric circular coils, as in
the disc-floater of Fig 11, the region of attraction was found to be
a conical shape (see Fig 11(b)). Similarly, for a rectangular
machine such as the original flat-plate floater of Fig 2, the region
of attraction is a .triangular prism with its parallel edges lying

along the length of the machine.

It may be shown analytically that the cone or prism is always
"shallow", i.e. the maximum levitated height for any plate, circular
or rectangular, is small compared with its width. To use the words
of Professor Laithwaite, "It was therefore assumed that there was
some ultimate limit placed on the height at which a piece of metal
could be floated clear of a primary coil system for a given supply
frequency. Such a limitation, if it existed, would not have been
unique in the subject of electromagnetism. Rather it would have
been added to the list of analogous phenomena such as:

(a) There is a minimum size of single-phase induction motor

which can run, for a given éupply frequency. .

(b) There is a minimum size of shunt generator which can

self-excite for a given rotor speed."
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Accordingly it was assumed that if the primary current of the
Washington model were increased, the corresponding increase in rotor
height would eventually lead to total instability. A wide sheet was
chosen to demonstrate this effect, Since its extra height of
levitation put it already nearer the limit of lateral stability.
When the stator current was raised, the plate not only lifted to a
still greater height, but to everybody's surprise, it became
significantly more stable laterally. When the current was then kept
constant at its new value, it was discovered that a second plate,
wider than the first, could be floated with the same degree of
lateral stability as had the first plate at the lower current level.
Again the height and stability of this second plate could be

increased by raising the primary current still further.

Here was a new phenomenon indeed. Far from there being a
triangular prismatic region of attraction as expected, there
appeared instead to be an inverted prism of indefinite eventual
height and width - an expanding geometry that had no limit.

Fig 12 shows three possible configurations, each with its
appropriate stator current. Any plate wider than the stator core
can be "wedged" into the boundaries indicated by the dotted lines,
and can be floated stably in that position provided that the stator
current is sufficient to support it at that height. It was the
realisation that there was no longer any theoretical limit to the
height of levitation that led to two further ideas. Firstly it
should be possible to design a much wider stator, to lift wide
plates without the need for excessive height or current densities.
Secondly large masses could be supported on these wide plates, and
propelled at high speed. Indeed there seemed no reason why a
full-scale vehicle of perhaps 50 tonnes weight should not be lifted,
guided and propelled at say 400 kph by a purely electromagnetic

-

system.

A few observations might not be out of place about the Dulles

exhibition itself. The ten-metre track was fabricated in eight
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The expanding geometry of
stable levitotion above
the Washington model.

sections, each with its laminations and coils enclosed in a solid
block of epoxy resin. The stator was thereby made absolutely
silent, there being no portion of the windings or laminations free
to vibrate to create the usual mains buzz. However at the same
time the current rating of the machine was seriously reduced as a
result of the poor heat-conducting qualities of the resin. The
manufacturers attempted to overcome this problem by constructing a
system of photo-detectors and switches to activate successively the
individual coils as the vehicle approached. Even then, the

demonstrations had to be limited to only one run every two minutes.

In the event, this restriction was turned into an asset for
exhibition purposes. The track had, of course, been appropriately
decorated and set against a futuristic-looKing painted background.
The majority of the track was supported on a viaduct across a model
countryside, while a metre or so was hidden in a tunnel at one-.end

and in a cutting at the other. The secondary, in the form of a
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colourful streamlined model vehicle, consisted of a light fibreglass
body constructed around a wide aluminium plate as its base. The

time taken for the vehicle to travel along the track and back was
only about five seconds so for most of the time nothing was happening
at all, which itself tended to provide an air of expectancy for the
people around the stand. Then once every two minutes, without
warning, the system switched itself on and the vehicle appeared out
of the tunnel floating a centimetre or two above the track. It
glided swiftly into the cutting, paused for a second or two, then
sped equally rapidly back along the track into the tunnel - all

with no more than a slight swishing sound to mark its progress.

To the general public, the track looked like an oddly-
proportioned proverbial black box‘(ten metres long and ten centimetres
square in cross section). There was no clue that the box concealed
anything active inside it so the spectators might be excused for
thinking that the vehicle contained some amazing system of electronics
or electromagnetics — presumably with its own internal energy source
as well. This illusion was deliberately shattered by Tracked
Hovercraft about once every half an hour, when the vehicle was
replaced by an ordinary plate of aluminium that was allowed omne

return trip only!



CHAPTER 2

STABILITY IN ALL AXES

The "magic carpet" machine (p 30).
The plate being floated is 40 cm long by 15 cm wide.
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CHAPTER 2. STABILITY IN ALL AXES

When Michael Faraday spent many years of his life investigating
the mysteries of electromagnetic induction, he did so not because he
was interested in the possible uses towards which his discoveries
were leading, or out of a desire to give to the world a new method
of energy conversion. He carried on his work simply out of sheer
curiosity and fascination with the extraordinary effects he could
produce, and with a desire to explain the new phenomena. When
Henry Ford laboriously put together his first motor car in a little
garage in the back—streets of Detroit, his ideals were not to
provide humanity with the cheapest, most convenient form of personal
transport ever known; he was merely pursuing his own hobby, trying
to achieve with his own hands what he knew had been done in Europe -
to mount an internal combustion engine to propel itself on four

wheels, with a seat on top.

In similar fashion, with the return of the Washington model
after the success of the Dulles exhibition, the laboratory staff set
to work to pursue some of the many ideas and lines of thought that
they had been unable to develop during the desperate inventive rush
before the exhibition. No specific objective was held up as an ideal
towards which to work, though many uses and applications suggested

themselves in the course of investigatioms.

2.1 Longitudinal stabilisation

For many years researchers in electromagnetics had been building
machines in an attempt to provide stable levitation of conducting
objects on a magnetic field without the use of excessive electric
power. Perhaps the most successful of these attempts had been that
first performed in 1966 as part of the Royal Institution Christmas
Lectures to children, when Professor Laithwaite succeeded in floating
a hollow aluminium sphere, 1 metre in diameter, at a clearance -of

20 cm above two concentric circular coils.(3) The sheer size of
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this system gave it the advantage of a high goodness factor, but
still the necessity for the sphere to cut the ''cone of attraction
over the coils severely limited the clearance attainable, and the

stability was never great.

But the electromagnetic river was different. It was already
known to be free from the limitations of cones or prisms of attraction,
and the Washington model was stable in five axes. It seemed but a
small step to create stability in the sixth axis, and thus achieve
completely stable levitation. Initial experiments were performed by
activating just two adjacent coils in the Washington model, but the
conclusion was quickly reached that at least three cores would be
needed to produce longitudinal stabilisation. Some doubt was expressed
about whether the iron in the three remaining coils (electrically
unconnected) would affect the fields produced by the three in use,
so the Washington model was dismantled to allow separate assembly

of the cores.

Fig 13 shows the resulting machine, the first of the "expanding-
geometry'" machines to create stability in all axes. The intention
was to leave the five stable axes of the Washington model undisturbed,
and to provide stabilising forces in the sixth axis by the use of
two inwardly travelling magnetic fields, produced by connecting the
individual coils to different phases of the three-phase supply.

The actual phase connections (taken from the output of a variac,

to permit overall voltage control) were +RED, -YELLOW, +RED. Thus
the alternating current in the centre coil lagged the currents in
the outer two coils by 60 degrees, and thereby created a pair of
inwards-travelling fields. At least, the phase relationéhips were
thought to be so, until it was noticed that the neutral lead of the
supply to the variac had inadvertently been left disconnected.
Re—connection of this lead, however, almost- completely destroyed the
longitudinal stability, so it was thought better to retain the

original connection.
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Fig 13. Machine staoble in all axes.

In addition, a further slight improvement in stability was made
by connecting the two outer coils in series instead of in parallel,
resulting in a complete circuit as shown in Fig 14. It will be
appreciated that the relative phases of the currents were by now

somewhat obscure!

2.2 The Magic Carpet

It happened that the Washington model was required for operation
in its complete form, so it was decided to construct a new machine,
allowing research to proceed on both models. At the same time a new

idea was incorporated — that it made no difference where the coil
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Fig 14. Connections to stable levitator.
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current returned around the C-core of steel once it had passed along
the centre. Thus one could split the coil into two smaller coils,
as in Fig 15. Each component coil returns half the current around

a side of the core instead of all the current returning underneath.
The resulting machine was then wider than the Washington model,

but less deep, and much easier to assemble. A complete engineering

description is given in Appendix A.

It was soon discovered when trying various plates over the
new machine that the length of the floating plate was a critical
factor affecting longitudinal stability. A set of aluminium plates
was prepared, each of the same thickness (6.3 mm) and width (10 cm),
and increasing in length from 10 cm to 60 cm in 2.5 cm steps. These
proved invaluable in tests both on the present model and on many
later machines; in particular they enabled the optimum length of

plate for the machine in question to be determined in a matter of
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a few minutes. Plates longer than the optimum appeared to need
stabilising forces stronger than the travelling fields could supply,
for they tended to drift slowly but surely off one end or the other
of the stator, while plates shorter than the optimum tended to
stabilise in a horizontal but twisted position, apparently trying
to align their longest dimension with the longitudinal axis of the
machine. Both these modes of instability are shown superimposed

on the plan view of the stator, Fig 16. Once the optimum length
had been determined (about 40 cm for this méchine) a new set of
plates was made, all of the same thickness and length but of

different widths.

It is difficult to convey in a work such as this the excitement
of the moment when one first achieves what was previously thought
to be impossible. The plates now floated stable and level, well
clear of the stator, and their lateral stability, both static and
dynamic, could be observed at leisure. Observations on the earlier
machines, of course, could be made only during the short time taken
for plates to travel the length of the Washington model, or under

conditions of restricted freedom with the plates held back against
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Plan view of new stoble levitator, showing
instability modes for plates of incorrect length,

Fig 16. Magic carpet machine.

the longitudinal field. The "expanding-geometry" effect could now
be demonstrated more clearly than before. As successively wider
plates were placed over the machine (with the stator current
unchanged) each was seen to float higher than the previous plate,
but to be more "floppy" laterally. And now an instant adjustment of
the variac control could raise the stator current while a plate was
floating, to show the immediate extra 1lift and increased stability

thus obtained.

With a stator current density chosen to allow about five minutes
running time before overheating, the limiting width of plate (at
which all stability was lost) was found to be 19 cm. This plate was
the one whose behaviour gave the machine its name. Since the plate
was chosen to be almost on the verge of instability its damping to
lateral oscillations was low, so that when given a slight disturbance
the swaying motion continued for several minutes. To any observer
not familiar with the mysteries of electromagnetic levitation, the
sight (particularly if the visitor bent down to bring the machine to
eye-level) of the plate levitated on seven or eight centimetres of

nothingness, gently rocking and twisting from side to side on its
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invisible support, looked for all the world like a magic carpet

straight out of the Tales of the Arabian Nights!(”)

The plate also proved a most valuable aid in convincing
knowledgeable but sceptical visitors of the reversal of the old
"cone of attraction" theory. On seeing a plate supported high upon
a magnetic field in a condition quite evidently on the limit of
stability, common sense suggests that in order to make the plate
more stable it is necessary to reduce the stator current, thus
lowering the plate further into the magnetic "river banks".
Demonstration of the converse (reducing the stator current causes the
plate to drop a little, then fall right out) leaves no alternative
but to accept what one sees in spite of common sense. Perhaps the
easiest way to think of it is that the banks shrink even more quickly

than the plate drops when the stator current is reduced.

2.3 Height, stability and efficiency of levitation

It will be recognised that all the work up to this point has
been of a "try it and see'" approach, with little organised experimental
procedure. However by now it was beginning to be felt desirable to
put the research onto a more formal experimental footing. Accordingly
an investigation was made into the nature of the variation of
levitated height and of lateral restoring force with stator current,
for various sizes of plate. Measurements of height were made
directly, those of restoring force were obtained by attaching a spring
balance to the plate and using this to pull the plate steadily to
one side, noting the maximum reading before stability was lost. 1In
both cases the measured current was that in the centre coil. The
corresponding current in each of the outer coils was approximately *

half that in the centre, but measurements of these were not taken.

Results are shown as the graphs of Figs 17 and 18.

A glance at the first graph, showing variation of levitated

height with stator current, confirms again what was already well
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Fig 17. Variation of levitated height with stator current.

known from the "feel" of the plate — namely that with increasing
stator current the height of a plate may be raised without limit,

and that wider plates sit higher for the same current. The second
graph, showing how the maximum lateral restoring force depends upon
current, is more interesting in that it reveals a fact not previously
suspected - that the restoring force does not increase without limit,
but instead appears only to rise asymptotically to a maximum value
(of 200 gmf for this particular machine). The width of plate
determines the rate of rise of the stability force, narrower plates
reaching the maximum more quickly than wider ones (the 10 cm plate
reaches the maximum 200 gmf of restoring force with a stator current
of only 30 amps, while the 19 cm plate has only just reached half
that value at 50 amps). The implication of this is that the maximum
possible stabilising force is determined by the design of the stator
of the machine, not by the shape of the secondary - a feature mnot

appreciated in earlier work.
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Fig. 18. Variation of lateral restoring force with current.,

An attempt was made also to evaluate the "efficiency" of the
machine as a levitator, where efficiency is here defined as the ratio
of the power dissipated in the floating sheet to that delivered as
electrical input to the stator. As is well-known, the accurate
measurement of secondary power in induction devices is never an easy
matter. For the present purpose, it was therefore taken to be
sufficient to employ the admittedly approximate method of assuming
that primary power losses are unchanged when a conducting secondary
is introduced into the field. This makes determination of secondary
power simply a subtraction sum of the input power with no plate
present from the corresponding power with the plate in place. Again,
all power measurements were taken for the centre stator coil alone,
since it appeared that almost all lift and lateral stabilisation was
obtained from this coil, ‘the others providing longitudinal restraining

forces only.
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Fig 19. Power dissipated in plaotes.

Fig 19 shows the graph of power dissipated in the secondary
for the two extreme widths of plate. It will be noticed in each
case that once the plate has lifted clear of the stator (at about
25 amps of stator current) the power dissipated in it remains nearly
constant, which suggests that the shape as well as the magnitude
of the current flow paths within the plate does not change with
varying height. This phenomenon is familiqf to those working with
conventional single-sided linear induction motors, where it is '
known that a change in height of a free rotor® caused by a new

value of stator current results in no change either in the poweY

* _ see footnote on terminology on the next page.
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transferred to the rotor or in the thrust developed by it. (5)
Indeed it was an encouraging surprise to the laboratory staff to
have found a mode of behaviour of the electromagnetic river which

corresponded with that of a conventional machine!

2.4 Sustained oscillations

Experiments were also carried out using a set of plates all of
identical length (the optimum) and width (13 em) but of varying
thickness. All tests hitherto had used aluminium plates 3 mm thick;
the following tests investigated the behaviour of plates double and
treble this thickness. With the stator current again set to allow
about five minutes of running time the thinnest of these plates
(3 mm thick and 13 em wide — the second of the original variable-
width set) floated at about 2 cm clearance, and remained stable,

level and well damped to lateral oscillatioms.

Replacement by a plate twice as thick at first sight left
conditions unchanged, but giving the plate a slight lateral
disturbance revealed that the lateral damping was much lower than

before. Substitution of a plate three times the thickness of the

“"stator" and ''rotor'.

Footnote on the terminology of

In the terminology applying to standard rotary machines the
words "stator" and "rotor" carry the obvious meanings "that which
remains stationary" and "that which rotates". In the case of a
rotary induction motor the stator invariably carries the primary
currents, i.,e. those derived directly from the mains supply, and
the rotor has the secondary currents induced within it.

By extension, a linear induction motor "stator" is the part
carrying the primary currents, and is usually stationary, while the
"rotor", whether comprising wound coils or a continuously conducting
sheet, carries the secondary currents. The rotor is generally the
part that moves, albeit no longer with rotary motion. The situation
becomes more confusing, however, when the system is inverted, to form
for instance a stationary ''rotor" of aluminium track upon which is
propelled a "stator" carrying primary currents. Perhaps the best
approach is to regard "'stator" as "that which carries primary current
regardless of whether or not it remains stationary, and likewise
the rotor as synonymous with "the secondary".
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original led to even more interesting behaviour - a small
displacement sideways resulted in initially gentle oscillations
which gradually built up, over a period of several minutes, into
violent rolling and twisting motions threatening to throw the plate
off the machine. In fact these oscillations were usually limited

only by the plate clashing against the stator pole-faces.

For an explanation of these last phenomena it is necessary to
consider the concept of "goodness factor', particularly as applied
to back-to-back oscillating machines. Goodness factor is an attempt
to quantify, in one mathematical term, all the advantageous features
of any electromagnetic machine. For a full mathematical derivation
see reference 6; it is sufficient here to state the final result,
which is that a machine comprising an electric circuit of length
Re and cross—sectional area Ae linking a magnetic circuit of
length lm and area Am has a dimensionless numerical value of

goodness factor given by

= goodness factor,

G

w = supply frequency to machine,

o = conductivity of electric circuit,

u = permeability of free space (or of irom

if the magnetic circuit has no air-gap).

The goodness factor is seen to depend on a number of parameters.
For example, as might be expected an increase in conductivity of the
electric circuit results in a proportional increase in goodness
factor. Less obvious until seen in this form is the effect of
changes in linear dimensions. The right-hand part of the expression,
enclosed in brackets, consists of the prodd&t of two areas divided
by the product of two lengths, from which it follows that doubling
every dimension of any given electromagnetic machine increases -its
goodness factor by four times. In general terms an increase in

goodness factor represents an improvement in the performance of the
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machine — this can be made to appear in the form of greater
efficiency, a better ratio of power to weight, increased thrust, or
in many other forms, the important point being that the machine is

made in some way inherently better.

In the particular case of an electromagnetic machine designed
to induce oscillation in a free rotor (for instance by mounting
two linear motors end-to-end, each with its travelling field moving
towards ‘the centre of the combination - the "back-to-back"
configuration), the numerical value of the goodness factor determines
the subsequent behaviour of the rotor after suffering a
disturbance.(7) A value of less than unity predicts that the rotor
will execute damped oscillations, finally coming to rest in its
equilibrium position. If the amplitude of the oscillations is not
to decrease then 1t is necessary for the goodness factor to have
a value at least equal to unity. Above this value the higher the
goodness factor the greater the self-oscillatory capabilities of

the machine will be.

Now if the lateral stabilising forces on the static levitator
are thought of as being caused by two inwardly travelling fields
(created by a mechanism not yet understood, but possibly a form of
shaded-pole action), then the requirement for a well-damped system
is that the goodness factor should be low. But doubling the original
plate thickness halves the electrical resistance of the secondary
circuit by doubling its effective cross—sectional area, and thereby
raises the goodness factor towards unity. This causes the inferior
damping that accounts for the observed "floppy" behaviour. Trebling
the thickness evidently increases the goodness factor so far that

it exceeds unity, thereby producing continuous oscillations.

There is a conflict of requirements here. Maximum 1ift and
propulsion require a goodness factor as high as possible, while a
high degree of stability requires a low goodness factor. However

it has already been noted that it is possible to achieve at least
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some degree of independence between requirements involving different
axes. For example the addition of upright edges to create a trough
rotor improves propulsion without seriously affecting stability.

Later work will show how this independence can be extended further.

The phenomenon of increasing oscillations (negative damping)
was obtained again when experiments were performed using a copper
plate in place of aluminium. The width of the plate was 13 cm
(the same as for the set of variable thickness aluminium plates)
and its thickness was 6 mm, i.e. double the thickness of the original
aluminium sheets. The performance of the copper was similar to that
of the treble-thickness aluminium sheet, the goodness factor again
being fractionally greater than unity. However one facet of
behaviour of the copper plate deserves special mention. On one
occasion the plate was allowed to build up its oscillations until
it began clashing against the pole pieces, and was then left for
several minutes with the stator current unchanged to see whether the
clashings would increase in violence sufficiently to throw the plate

right off.

It is difficult to judge by eye the magnitude of the movements
of a heavy plate undergoing violent oscillations about several axes
of motion simultaneously (in fact it is a somewhat breathtaking
sight to watch a 3 kg plate of copper being slung from side to
side of a machine at a rate of about six oscillations per second),
but it certainly did not appear that the movements were becoming
any more violent, Indeed after some minutes there was the distinct
impression that they were dying away. However by this time the
stator coils (particularly the centre one) had heated up to the
point where they were beginning to emit dense smoke, so the
experiment was abruptly stopped.

The (painful!) discoveryvthat the rotor also had become extremely
hot suggested that the rotor temperature might in fact have been the

reason why the plate did not behave in the expected way. This
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suggestion was tested by allowing the machine to cool and then
clamping the plate hard down to the stator pole pieces, so that
when the stator was switched on the large induced rotor currents
caused rapid heating of the copper. On releasing the clamps the
plate floated perfectly stable and level, with lateral damping low
but definitely positive. Suspicions were confirmed that it was
indeed the temperature rise that caused the change in behaviour.
The temperature change had affected the resistivity of the copper
to the point where the reduced conductivity of the hot plate was
sufficient to reduce the overall goodness factor to below unity,

thus creating stability out of an initially unstable system.

Further investigation into the nature of the way in which
rotor temperature affects the performance of the electromagnetic
river was not pursued. The only account taken of its effects in
the work to be described was to ensure that temperature changes
in various parts of machines under test were never large enough
to affect seriously the accuracy of measurements taken. (At times
this involved waiting for an hour or more between consecutive
readings in order that the machinery cooled always to room temperature
before re-starting.) The subject might well, however, prove fitting

for a research programme on another occasion.



CHAPTER 3

ELECTROMAGNETIC SPRINGS, WHIRLPOOLS ZAND OTHER THINGS

The '"Catherine wheel" machine (p 50) — an attempt to obtain
stability by providing an inwards component of travelling
magnetic field in addition to the rotating component.
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CHAPTER 3. ELECTROMAGNETIC SPRINGS, WHIRLPOOLS AND OTHER THINGS

3.1 The machine with long poles

No mention has been made so far of the pattern of current
flow lines within the rotor, other than to note that in a free
rotor their general shape remains unaltered by changes of stator
current. The pattern of magnetic flux lines above the pole pieces,
enveloping the rotor, has not been discussed at all. On the
principle that a current-carrying conductor within a magnetic field
can experience forces only at right angles to the direction of
current flow, it seems reasonable to assume that the sideways
stability forces are in some way produced only by those components
of rotor current flowing longitudinally within the plate, lateral
components contributing only to propulsion and 1ift. For this
reason it was decided to construct a new machine, designed to
simplify matters by confining lateral currents to the end regions
only of a long sheet, leaving the centre section of the sheet free

for investigation of the longitudinal currents.

Fig 20 shows the general form of the stator, consisting of a
single pair of pole-pieces extending the whole length of the new
machine (about 60 cm), embraced by a coil passing along the centre
slot and returning around the sides of the poles. (Appendix 1
gives technical details of the machine.) First investigations of
the machine were made using the set of aluminium plates all of the
same width (10 cm) but varying in length from 10 to 60 cm. A number
of the sheets were found to stabilise themselves longitudinally as
well as laterally, without the need for externally produced
inwards-travelling fields such as those in the levitator described
in the previous chapter. Again, plates that were too long tended to
drift slowly off one end or the other of the machine, while those
too short tended to sit in a horizontal but twisted position. (The
10 cm square plate positioned itself always at an angle of 45° .-

with one of its diagonals aligned with the axis of the stator.)



- 44 -

laminated
C-cores

copper winding

Fig 20. Single long pole-pair staotor.

But instead of there being a single optimum length, there was
now a range of plates all of which sat perfectly aligned and

longitudinally stable.

Plates at the lower end of this range, being shorter than
the stator itself, settled into a state of neutral equilibrium
when near the centre of the machine (forming another 'perfect
spirit level"). When given a slight push along the length of the
machine a small plate would glide gently, until upon approaching
the end of the stator it appeared to experi;nce a repelling force
which brought it smoothly to rest and then accelerated it back
towards the centre. The damping of the action induced by these’

"electromagnetic end springs' seemed to be very nearly zero, so
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that a plate once set in motion could maintain its slow longitudinal
oscillations for as long as half-an-hour. This behaviour is in

direct contrast with that of the original "spirit level" machine,
described in Chapter 1, where a plate approaching an end of the stator
experienced an attractive force accelerating it towards the end,

over it, and right off the machine. Explanations for these two
contrasting end effects are not fully formulated, but both are

related to the shaded-pole action of the ends of the plate. The
subject will be returned to briefly in Chapter 9.

The new machine exhibited even more interesting behaviour when
two of the smallest plates were placed simultaneously upon it.
These would sit twisted, as explained earlier, and tended to space
themselves well apart along the stator (but always contained within
the boundaries set by the electromagnetic end springs). Indeed,
if guided towards each other the plates showed a marked mutual
dislike and pushed themselves strongly apart when released. But
if the guidance was continued until one plate was forced to slip
under the edge of the other, a point was reached when the repulsion
suddenly changed into an attraction, resulting in the plates
sliding rapidly on top of each other and locking together to form
a combination exhibiting behaviour identical with that of a single

plate twice the thickness.

Explanations here are rather more straightforward. When the
plates are apart and independent the longitudinal currents, wherever
they may flow, will be similar in both plates. The lateral currents
that flow in the end regions of the plates to complete the rotor
circuits must then be in opposing directions within the two plate
ends facing each other, and the magnetic fields set up by two sets
of currents flowing in opposite directions repel one another. When
the plates are pushed close together so that an area of overlap is
formed, the patterns of current in each plate within the overlapping
regions are likely to be generally similar (since both are produced

by the same magnetic field in the same position) - and like currents
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Fig 21. Test plotes for conventional linear motor.

attract. The situation bears some resemblance to that produced
when the North end of a bar magnet is made to approach the North

end of a similar magnet which has had the area of its pole increased
by the attachment of a piece of soft iron. Dimensions may be found
for the soft iron such that the region of repulsion as the poles
approach each other changes into a region of attraction once they

come within a certain critical distance.(8)

3.2 The double~loop pattern

After the preliminary investigations described above, experiments
were carried out to determine the shapes of the current flow patterns
within the plates. First trials made use of plates that had had
parallel slots cut within them, allowing current to flow only in

directions aligned with the slots. For example Fig 21(a) shows the
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well-known pattern of current flow in a sheet placed over a
conventional linear motor. Replacement by a rotor having a series
of tramsverse slots cut within it as shown in Fig 21(b) results in
practically no change in the performance of the machine. The only
noticeable effect is a slight loss of performance resulting from the
effective added rotor resistance caused by the loss of material

from the slots. Replacement, however, by a sheet of the shape shown
in Fig 21(c), where short transverse slots have been made along each
edge, almost totally destroys the action of the motor, the reason
being of course that the edge slots prevent the flow of "end-ring"

currents needed to complete the pattern of Fig 21(a).

When the same two patterns of slotted plate were tried on the
new levitator, they both behaved equally disastrously — neither
produced any lift whatsoever. Longitudinally slotted plates however,
as shown in Figs 22(a) and (b), were more successful. The plate
of Fig 22(a), with slots cut almost the whole length of the plate
but stopping some way from each end, floated stable and level,
nearly as high as an unslotted equivalent (again the slight
difference can be readily accounted for by the increased resistance
as a result of the missing aluminium). The plate of Fig 22(b), with
a single slot cut some distance into the plate at each end, maintained
considerable 1lift, but exhibited no stability at all. Cutting more
slots to form the end-slotted plate of Fig 22(c) resulted in the

loss of all 1lift as well as all stability.

These results led to the conclusion that the general current
pattern in an intact floating sheet is of the form shown in Fig 22(d),
where the induced current flows along the centre of the plate and
divides to return along the two edges, forming the "double-loop"
pattern shown. Perhaps the pattern should have been deduced
immediately the first stable levitator had been built, since it is
simply an image of the stator coil pattern beneath. Even the

original Washington model could have been viewed as the .
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levitator.

Fig 22. Test plates for new levitator.

electromagnetic inversion of a solenoid, with circular flux lines
replacing helical current paths to produce a current along the
centre in place of magnetic flux — see Fig 23. This centre current
can then complete its.circuit only by returning along the plate

edges, forming the double-loop pattern of Fig 22(d) once again.

The behaviour of plates of different widths now becomes clear.
A wider plate will provide a better return current path along each
edge and will therefore lower the effective resistance, resulting
in larger currents producing greater lift and propulsion. The
situation is in some ways similar to the problem of the "end-ring"
resistance of a conventional linear induction motor rotor, but
analyses on the lines of the Russell and Norsworthy approach(z) for
conventional machines have not yet been attempted for double-

looped systems. Any such attempt will be considerably more coﬁblex
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Fig 23. A solenoid turned inside out .

because of the need to consider the effect of the current paths at the
ends of the plate as well as the paths along the centre and back

along both sides.

The behaviour of the plate with a single slot at each end seems to
suggest that in addition to the requirement for a double-loop pattern
there is a need for the end currents to have complete freedom within
the end regions of the rotor. A single slot restricting this freedom
was sufficient to destroy stability entirely. When the slot was
extended throughout the length of the plate, thus cutting the plate
into two halves which were then re-joined by a non-conducting material,
the instability was even more marked, for the compound plate was now
actively thrown off the machine whereas before it slid only gently off. ’
The failure here is of exactly the same kind as that exhibited by the
double U-channel rotor that formed one of the series of experiments

leading to the development of the Washington model (see Chapter 1,

Fig 9). .
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3.3 C(Circular levitators

Tests designed to carry out measurements on the rotor current
patterns will be described in the following chapter, but before
proceeding to this stage it may be worth commenting on other new
designs of machine that followed directly from the Washington model.
For a number of years before the invention of the electromagnetic
river, attempts had been made to build a machine capable of floating
a circular or annular plate while spinning it smoothly at constant
speed, to create a frictionless bearing. It was a relatively simple
matter to float stationary or slowly rotating plates, but problems
always arose in maintaining stability as the plates accelerated
towards the condition where their rotational speed became a
significant fraction of the synchronous speed of the rotating
magnetic field (usually 3000 rpm). In any case all the machines were
limited in the clearances that could be achieved because of the

necessity to stay within the bounds of the '"cone of attraction'.

Two of these early machines are particularly interesting. That
of Fig 24(a) employed windings in spiral formation in order to
produce a travelling field having an inwards (stabilising) component
at the same time as the rotating (driving) component. Thus it was
hoped to achieve stability of the same kind as that exhibited by the
disc-floater of Fig 11, produced by inwards travelling fields.

There seemed no reason why such stability should not be maintained

at all rotational speeds since the radially travelling component

of the field should be in no way affected by tangential velocity

" of the rotor. The machine was however a total failure - no stability

whatsoever was achieved at any speed.

The second machine was built as a development of the primitive
electromagnetic river described in Chapter 1 (see Fig 6). Imagine
the original machine to be bent around itself in a horizontal plane
until its ends meet to form a complete circle. The result is a

circular levitator as shown in Fig 24(b). The rotor then takes the



<
|
@

current coil

|
<

travelling

field \
trovelling

field \

W
iy

N

7\
\

Y

-R
{a) Spiral winding to produce {b) Circulor version of
rodiol and circumferential primitive electromagnetic
trovelling fields. river.

Fig 24. Circular levitators.

form of an annulus, or possibly a disc, of aluminium. This machine
was more successful than the spiral version in that weak stability
was obtained at least at low speeds, but at higher speeds the rotor
soon became unstable. Moreover the stator was not of the "expanding-

geometry' type so the height limit remained.

The same "circularising" process applied to the Washington
model results in a configuration comprising just one half of
Fig 24(b) - say the six outer coils. High expectations were held
for this machine. It was thought that the superb stability and
limitless height attainable by the system should produce a levitator
far superior to any of its predecessors. But again the subject of
electromagnetism provided some surprises, for the machine was
totally unstable at all speeds and for all stator currents. This
behaviour was the more puzzling because it was known that when only
one of the six stator blocks was excited the annular rotor
experienced strong stabilising forces over that block. It was found
that two or three adjacent blocks could be excited without losing
stability, but as more blocks were added the stability became steadily

weaker until the addition of the sixth block destroyed it altogether.
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The only significant topological difference between the circular
and the original versions of the Washington model seemed to be that
the latter possessed two ends while the former had none. Artificial
ends were therefore made in the circular machine by cutting a radial
slit through the rotor annulus (retaining mechanical rigidity by
re-joining with non-conducting material). Stability was immediately
restored. The final step towards comnstruction of the first
electromagnetic bearing was to cut a further two slits in the rotor,
120° either side of the first, to restore rotational symmetry to

the system.

The machine now exhibited all the expanding-geometry properties
of the Washington model and remained stable up to speeds far higher
than those previously attainable. In fact, the ultimate limit of
angular velocity became that imposed by the inability of the annulus
to maintain 1ift as it approached synchronous speed; loss of lift
occurs, as does loss of propulsion, as the frequency and hence the
magnitude of the induced rotor currents both approach zero at
synchronous speed. At the time, this effect was thought to place an
unfortunate limitation on the performance of the machine; later work,
however, has revealed methods by which the problem can be overcome
(see Chapter 6, page 128), allowing 1ift and stability to be fully

maintained up to speeds within a few per cent of synchronism.

The reason for the dependence of stability upon the presence
of "ends" can be seen by considering the diagrams of Fig 25. The
slitted annulus of Fig 25(b) has flowing within each seghent the
same double-loop pattern of induced current as does the original
linear version of Fig 25(a). Replacement by a continuous sheet,
however, allows current to flow around the annulus in a complete
loop, and it is the absence of current along the inmer and outer
edges that destroys the mechanism of stability. Thus the double-
loop pattern with its edge return currentsS is seen to be a
requirement, rather than just a characteristic, of expanding- .

geometry self-stabilising systems.
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Fig 25. The double-loop pattern applied to annulor rotors.

In the case of a machine designed to allow freedom of
rotation for a floating annulus, but which is not required
actually to drive the rotor, a second method of providing
artificial "ends'" can be employed. Instead of connecting the
six stator blocks in continuous phase progression to produce
a rotating field, as in Fig 26(a), they can be arranged in two
‘sets of three, producing opposing fields each travelling around
half the circumference, as in Fig 26(b). The net rotational
force is of course zero, but artificial ends have now been
introduced in the stator, allowing the rotor to be a continuous
annulus carrying two current paths, one in each half-circumnference
but each of the double-loop pattern. The resulting behaviour
is similar to that of a rotor provided with two slits (located
in the positions of the dotted lines on the figure), but with
the difference that the rotor has absolute freedom to Test in
any angular position, with no tendency even, for instance, for

slits to position themselves above the gaps between stator blocks.
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Fig 26. Circular levitators of the new design.

There is of course no reason why a separate propulsion device,
even an induction machine using the same aluminium as its secondary,
should not be used to rotate an annulus floating above a non-
propulsive circular levitator. An obvious application for such a
combination is to arrange that the propulsion unit dictates a
rotational speed of 331@ revolutions per minute, thus creating a

perfectly rumble, wow and flutter—free record deck.

Such a machine was in fact constructed. It behaved eminently
well from an engineering point of view, but it possessed two rather
serious drawbacks from the point of view of the hi-fi enthusiast.
Firstly the large currents induced in the rotor resulted in the
aluminium heating up to the point where an ordinary vinyl record
placed upon such a turntable would have a life of only a few seconds
before melting. Secondly the enormous magﬁétic fields produced by
the stator completely precluded the possibility of bringing a
magnetic cartridge anywhere within yards of the system. Thus ended

the first sortie of linear motors into the world of hi-fi!
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3.4 The Electromagnetic Whirlpool

It is a lesson that has been taught many times during the
course of investigations into electromagnetic levitation (and
electromagnetism in general) that the world exists im at least
three dimensions. Virtually all commercial machines have need
to exploit only one of these (air-gap flux is assumed so far as
possible to be purely radial, with no circumferential or axial
components), so perhaps it is not surprising that it is an
exploration into the second and third dimensions that frequently
leads to new and exciting forms of machine. The circular levitators
described above were obtained by "wrapping up" the Washington model
in a horizontal plane, but there still remained two further ways
by which a linear device could be wrapped up. Investigations were
not pursued into the effects of bending the machine around an axis
parallel to its own length, since the result would have been a
tubular motor with transverse flux, better versions of which had

already been invented some years before.(9)

However the third dimension seemed to offer more interesting
possibilities. The mental process of forming such a machine is to
imagine the ends of the Washington model to be bent upwards (instead
of sideways as before) to form a complete circle, then to tip the
whole device over onto its side, to form a horizontal circular ring.
Forces normal to the pole-faces of the machine become radial
centering forces, while any levitation is provided by forces
tangential to the pole-faces, previously stabilising forces. The
rotor becomes simply a cylinder, of axial length equal to the width
of the C-cores. A cross—-sectional view of the resulting machine is

shown in Fig 27.

Once again the rule applies that stability (or in this case
suspension) can be obtained only when the double-loop pattern is
made to flow in the rotor. The same methods are available to achieve

this condition - for a driven rotor the aluminium must have at least
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Fig 27. Washington model "wrapped up” in a vertical
plane and tipped over to form a horizontal ring.

one axial slit (preferably three) to allow the six stator cores to
be connected in phase-sequence, or for a non-driving system the six

cores may be re-connected to produce two equal, opposing travelling

fields allowing the rotor to remain in one continuous ring.

Three-dimensional thinking, however, can suggest a better way
by which both the above modes of operation may be achieved. Instead
of the six pole-pairs of the Washington model, imagine just one pole-
pair (such as one pole of Fig 13 in Chapter 2) to be stretched in its
longitudinal dimension, to form a stator of the same proportions as
that shown in Fig 20, but with a single return current path below
the C-core. The ends of this stator are then bent upwards to form
a circle. Upon joining the sets of conductors, two independent coils
are formed, one within the slot, producing useful flux, and the other -
around the hack of the C-core, producing nothing. This second coil
can be removed entirely, achieving a considerable saving in copper,
and when tipped over onto its side as before the resulting machine
is a non-driving levitator requiring, however, a slitted rotor,

(since the stator has no "ends').
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Fig 28. The Electromagnetic Whirlpool.

To achieve rotary drive, all that is necessary is to cut a
set of axial slits in each limb of the C-core and mount within them
the stator windings of a conventional induction motor. The resulting
combination is shown in Fig 28. The torque required from the driving
winding is not large, since the rotor is fldating on a frictionless
suspension. The induced rotor currents are therefore small compared
with those induced by the main levitating coil, so they do not .

materially affect the behaviour of the suspension system. Suspension




_58._

can of course be maintained with the rotor spinning at any speed,
including synchronous and beyond, since the suspension currents

are entirely independent of the driving currents.

When the machine based upon these principles was built and
tested its behaviour and performance were, for once, exactly as
predicted. In fact it was the strong axial "suction' and spinning
action experienced by any conducting cylinder of roughly appropriate
size brought near to the opening of the machine that led to the
christening of the device as the "electromagnetic whirlpool".
Further investigations into these two rotary forms of the
Washington model, the turntable and the whirlpool, have not yet
been carried out, but clearly the subject remains open and could

offer rewarding possibilities for future work.




CHAPTER 4

DISTRIBUTION OF FORCE ON FLOATING PLATES

The long pole-pair machine (p 43), with a rotor carrying a set of
search coils to measure the distribution of normal flux (p 65).
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CHAPTER 4. DISTRIBUTION OF FORCE ON TFLOATING PLATES

4.1 Rotor surface voltage distributions

At the beginning of Chapter 3 a machine was described that
had been designed to simplify the current and field patterns
over a linear levitator by arranging that over a relatively long
centre portion of the stator the current flow could be assumed
to be purely longitudinal, and hence all fluxes to be purely in
vertical transverse planes — see Fig 29. TFirst investigations of
this machine, using plates of varying lengths, have already been
described (see Chapter 3, Figs 20, 21 and 22); further investigations,

in more detail, form the subject matter of the present chapter.

Earlier experiments with slotted plates and rotary levitators
had shown the need for the double-loop pattern of rotor currents.
However nothing was yet known about the way in which this pattern
changed, if at all, when the rotor was displaced sideways, or
about how any resulting change in current distribution acted to
produce the sideways restoring forces. Therefore it was decided
to attempt to plot the current distributions, both with the plate
in a central position and with it held in a displaced position
(with the stator current unchanged). Direct measurement of the
distribution of current within a continuous conducting sheet is
not an easy task, but a good guide to the current flow lines can
be obtained by determining the voltage equipotentials, knowing
that current flow must be normal to these. This was the method

initially adopted.

Fig 30 shows the construction of the voltage probe used,
comprising two stainless steel pins mounted 1 cm apart in a
paxolin holder provided with a handle. Connections from a

co—axial cable passing through the handle were soldered close
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Fig 29. Section through long pole~pair machine.

to the tips of the pins, to minimise any loop area through which
alternating flux could induce false voltages. For test purposes
the rotor was supported at an appropriate height upon paxolin
spacers, and strapped down firmly, thus allowing the voltage
probe to be pressed hard into the aluminium surface to make
reliable contacts. A rough plot of equipotentials near one end
of the plate confirmed the general form of the double-loop
pattern; it also suggested that instead of attempting to plot the.

complex equipotentials around the end-regions of a displaced
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plate (which gives information on magnitude only of current, in

a complicated area), it would be better to align the probe
longitudinally and measure both the magnitude and the phase of the
voltage potential between the pins. The current density could then

be deduced for several positions across the width of the plate.

Fig 31 shows the resulting plot. The plate used, 3 mm thick
and 7.5 cm wide, just covered the stator pole-pieces without overlap,
and measurements were taken at thirty positions across its width.

A sensitive digital voltmeter was used to measure the magnitude of

the voltages (of the order a few hundred microvolts along 1 cm of

the rotor), and a magslip (a variable-phase transformer) coupled to .
an oscilloscope was used to measure phase.

A striking feature of the graph is the high value of voltage at
the edges of the plate, indicating that the maximum current deqsity
in the return current paths can be as much as double the maximum
density in the centre path. The improved performance of a wider

plate is clear. By offering a greater area for current flow in
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Fig 31. Distribution of probe voltoges across plote.

regions of highest current density the resulting reduction in

resistance occurs at the point where it is most useful. The

abrupt phase-change between the centre and the return currents is

also interesting as confirmation that the concept of the double-

loop pattern is indeed an accurate representation of the situation.

The suggestion was made that if the current density across
the thickness of the plate was assumed to be uniform, and the
inductances of the current flow paths were assumed to be small

compared with their resistances, then the voltage drop across

the 1 cm length of current path could be used to calculate directly

the distribution of current density across the plate width. The
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appropriate formula is a slight modification of Ohms's Law thus:

= v
J = Y
where J = current density,

v = probe voltage,
p = resistivity of aluminium,
% = span of probe.

The magnitude of the current flowing longitudinally within a

section from x; to %, across the plate is then given by:

X2
I = h.[J dx
X1 where I = current flowing within width
X] to X5,
h = thickness of plate,
or ) X2
_h
I = Y I vdx .
X

A quick check on this formula is to use it to confirm that the
total current flow through the complete width of the plate must be
zero - 1.e, that the area under the centre arch of the graph of
Fig 31 must equal that under the two triangular regions on either
side. Upon measurement, the centre area = 13.6 units and the sum
of the return areas = 21.0 units (where one unit of area = lmV-mm),
showing that the assumptions upon which the method is based are not
strictly valid. Measurements subsequently made on a piece of )
equipment to be described later in this chapter (the self-inductance
probe of Fig 37) showed that it was not in fact the inductance of the
current paths that could not be considered insignificant, rather it
seemed that the difficulty arose from ignoring the effects of secondary

leakage reactance between the rotor and stator current paths.

Nevertheless it is still interesting to pursue the calculation

to the point of obtaining the value, albeit only to a first order
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Fig 32. Distribution of probe voltages across displaced plate.

of approximation, of the current flowing within the rotor circuit
when the plate is just supporting itself. The centre area is

13.6 mV-mm, whence the total centre current I, is 150 amps. This
applies for a stator current of 12 amps. But the stator current
needed to just float the rotor plate is 42 amps, which scales up to
I. = 530 amps. Thus in this case around 500 amps flow along the
centre and back around the edges of a plate only 3 mm thick simply
for the plate to support its own weight. This figure is probably
typical for a levitation machine of only some centimetres width} the
situation improves progressively, however, for machines of larger

size.
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A second set of measurements of probe voltage magnitudes and
phases across the width of a plate was taken, this time with the
plate supported at the same height as before but displaced sideways
by 12 mm from the centre position. The stator current was maintained
constant at its former value. Completion of the graph - see Fig 32 -
provided a new insight into the mechanism of stability. It was at
once apparent that on displacing the plate the main induced current
becomes shifted sideways within the plate so as to remain directly

above the stator winding (symmetrically between the pole-pieces).

The return currents are then radically changed, since most of the
centre current now returns along the side of the plate furthest from
the centre of the machine. The reversal of phase between the main and
the return currents is no longer sharply defined, there now being a
smooth change of phase in the boundary region in place.of an abrupt
transition. A particular point to note is that the overall
magnitude of the current appears to be little changed. This
illustrates an important feature of the electromagnetic river - that
the total upwards levitation force is not materially affected by

small sideways displacements of the secondary.

4.2 Rotor surface flux

It seemed that the technique of measuring probe voltages could
not usefully be extended beyond this point (without a knowledge of
the inductances associated with the various rotor current patterns -
extremely difficult quantities to measure or calculate), other than
to continue to take sets of measurements with different shapes and
sizes of plates, at different displacements, heights and orientations.
However it was felt that perhaps an investigation into the
distribution of the magnetic field around the rotor could lead to
interesting results, particularly since established methods exist
relating magnetic fields directly to the currents which produce them.
It was decided that since only alternating quantities were involwved

it would be better to use small search coils to measure flux rather
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than to employ Hall-effect probes in conjunction with commercial
meters (personal experience of the latter has been that they are
unreliable, less than straightforward to operate and constantly

in need of re-calibration).

Two sets of search coils were constructed, one for measuring
tangential (horizontal) flux near the surface of the plate, and one
for normal (vertical) flux, both sets consisting of forty independent
coils spaced equidistantly across a thin paxolin former 10 cm wide.
Fig 33 shows the construction of the coils, making use of "Lektrokit"
electronic circuit construction kit boards and pins. Connections
from each coil were brought out to a separate pair of pins, positioned
so that the voltage probe described earlier (see Fig 30) could be
used to complete a circuit from any coil to an oscilloscope and
digital voltmeter.

In view of the extremely small induced voltages to be measured
(again of the order a few hundred microvolts), special care was
taken to minimise the poséible error introduced by pick—up of
unwanted flux. Connections from the coils to the pins were of thin
wires tightly twisted together, and the lead from the voltage probe
onwards was co—axial cable, leaving available only the small area
between the connection pins (shaded in the top insert of Fig 33) '
through which any unwanted flux could pass. And any such flux could
be only that with a component in the longitudinal direction, itself

extremely small within the centre region of the long machine.

It seemed a reasonable assumption that the flux pattern above
the stator poles was of the general form shown in Fig 34, at least
to the extent that the tangential flux component within the region
between the poles would be opposite in direction (i.e. in anti-phase)
to that outside the poles, and that the normal flux component on one
side of the system would be in anti-phase to that on the other.
‘Complete plots were made of the magnitude and the phase of the normal

and tangential components of the field, both across the upper and
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across the lower surfaces of the rotor plate. The plate used was
that employed earlier to obtain directly the plots of voltage
distribution - see Figs 31 and 32. The stator current was kept low
throughout the series of measurements so that there was no
significant rise of temperature during the considerable time -
necessary to take all the readings. A sample of the results is

displayed in Fig 35.
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As can be seen, the general shapes of the plots in Fig 35 are
just as expected from Fig 34, with the tangential flux undergoing
a change of phase above each stator pole and reaching its maximum
magnitude at the centre, and the normal flux changing phase at the
centre with maximum magnitude over each pole. The results displayed
are those obtained along the upper surface of the rotor; those along
the lower surface were similar in form but the flux was greater in
magnitude. It will be noticed that the normal flux changes phase
abruptly as its magnitude passes through zero, but the phase change
for tangential flux is more gradual and the magnitude never reaches
zero. The implication here is that there are regions where the phase
angle between the two flux components is not exactly zero or 180° -
i.e. there exist rotating components of magnetic field - and these
regions are close to the edges of the floating plate. This result
is interesting but not unexpected, since it is known that shaded-pole
action caused by a plate edge within an alternating magnetic field

frequently gives rise to rotating field components.

4,3 An analytical approach

Now the original intention was to use this detailed information
about the magnetic field to deduce the actual currents flowing in
the rotor, and then to calculate the forces between these and the
main stator currents, thus giving the resultant force on the floating
plate. This was to be done for several lateral positions of the rotor
in order to gain some insight into the nature of the sideways guiding
action. In fact it was thought that it might be possible to analyse
the situation theoretically, by considering each independent search
coil of the set to be associated with the current flowing within
the corresponding width of aluminium below. Thus a 10 cm wide rotor
plate could be considered to comprise forty independent "bars' of
aluminium, electrically connected at each end of the plate, and each
carrying its own individual current, as illustrated in Fig 36. Pairs
of adjacent bars may then be considered to carry loops of current,

Igy, Igy +++++ Igy for a total of N loops, while the two stator loops
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carry currents Igy; and Ig, . Since the total voltage around each

rotor loop is zero, a series of vector equations can be written thus:

RIR]_ + R(IRI - IRZ) + ijlIRl + ijlZIRZ + seeee + jleNIRN

+ juMgyiIsy + juMgiolsy = 0

R(Igz = Ig)) + R(IRp ~ Ir3) + juwLpIgy + juMpiIgr)

+

juMp3Igg + ****+ + juMonIgy + JuMgpiIgy + juMgpoIsy = O

se e e
s e e e

R(IRN - IR(N"].)) + RIRN + jU)LNIRN + ju)MNlIRl 4+ essees

+ juMy(N-1) IR(N-1) + juMsniIsy + JuMgneIsz = 0

where R = resistance of one rotor "bar",
Ly = self-inductance of the xth rotor loop,

Mgy = Myx = mutual inductance between rotor loop x and
rotor loop ¥y,

Mgy, = mutual inductance between rotor loop x and
stator loop z,

w = 271 x frequency,

V-1, representing a phase lag of 90 degrees.

A pair of equations for the two stator loops can be similarly derived:

RgIsy + juLsiIgy + juMgiiIgy + +-++ + juMgniIgy + JjuMgsIgs Vi

RgIsz + juLsaIsy + juMgioIgy + *==+ + juMsnoIRy + juMssIs) V2
where Rg = resistance of one stator coil,

Lg; and Lgp = self-inductances of the stator coils (equal
when the rotor is central),

Mgs = mutual inductance between the two stator coils,

Mgy, = mutual inductance between rotor loop x and
stator loop z (as before),

V; and V, = voltages applied to stator coils.
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Fig 36. Rotor current distribution considered as a series
of discrete “"bars” carrying independent currents.

A final pair of equations may- be formulated depending upon the

connection of the two stator coils. TFor coils in series,

Vy + Vy =V

m Where Vy is the applied mains voltage, and

Ig; = -Igp ; for coils in parallel V; = Vy = V.

The complete set of equations may be solved by using a

standard matrix inversion procedure on a computer, to obtain

the rotor currents in terms of the applied mains voltage and

of
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the constants, i.e. the resistances, inductances and mutual
inductances. Of these constants, the resistances R and Rg may
readily be measured directly. Mgj; **++* Mgy1 and Mgyp =-<-*

MgN2, the mutual inductances between the rotor and stator coils,
may be easily obtained by passing a known current through the
appropriate stator coil and measuring the resulting induced voltage
in each of the respective search coils. A similar procedure gives

the value of the mutual inductance Mgg between the two stator coils.

But it is with the remaining constants — the self-inductances of,
and the mutual inductances between, the rotor coils - thatdifficulties
arise. Methods of direct calculation or of numerical approximation
were ruled out because of the complexities introduced by the presence
of stator iron and the expanse of conducting material forming the
rotor. Suggestions were made that the self-inductances of the
individual coils might be obtainable by resolving the in-phase and
the quadrature components of voltage needed to cause a small alternating
current to flow within the search coils themselves. However
calculation of the resistance and approximate inductance of a similar
coil in free space revealed that its reactance at 50 Hz would be
approximately ten thousand times smaller than its resistance, which
would render any such measurement entirely impracticable. It seemed
that the only method of measuring these constants was to employ a

separate piece of apparatus, built especially for the purpose.

Fig 37 illustrates the apparatus proposed. A pair of copper
bars are bent into the shapes shown in the figure and used to pass
a heavy current up and back along paths equivalent to one "coil" in
the rotor. Between the bars is sandwiched a search coil of dimensions
identical with those used in the set for measuring ﬁormal flux.
With the device in position at a selected point across the plate the
voltage picked up in the search coil per unit current passed through
the copper gives the self-inductance of the appropriate rotor "coil'.
Voltages picked up in each of the original set of search coils.across

the plate also enable the appropriate mutual inductances to be

calculated.
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Fig 37. Suggested apparatus for measuring
self-inductances of rotor “coils”.

Each of these forty search coil voltage readings must be repeated
for each of the forty positions of the inducing device across the plate,
and any movement of the plate to a new position necessitates taking
this entire set of readings again. For a set of constants of values
roughly three orders of magnitude below other elements in the

overall matrix the effort required seemed scarcely worthwhile.

Even if all these values are assumed to be negligible, there
still remains a large amount of practical work in the "theoretical"
approach. Measurements of the resistances, stator self-inductances,
and mutual inductances between rotor and stator coils are made an
easy matter by the existence of a laboratory machine, but the aim of
the method should be to predict the performance of machines before
they are built. The problem then becomes one of large-scale three-
dimensional field solving by numerical approximation on a computer,
and again each movement in position of the rotor entails a complete
re-working of all the quantities involved. ~While development of such
a computer program would undoubtedly prove an interesting project in
itself, it was not considered suitable to take over from the practical
work already begun¥-'The "theoretical" approach was therefore

abandoned.

% See, however, Uolume II (page 272) |or debails oF some (ater
work carried oul along thwese Llines,
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4.4 Torces by Maxwell Second Stress

At this point the direction of thought took a new turn. Perhaps
it would be possible to relate directly the magnetic fields around
each rotor "bar" to the forces upon it, using a form of the '"Maxwell
Second Stress' method. Maxwell showed that the electromagnetically
produced force on any body or part of a body, including iron and
current-carrying conductor if present, can be obtained from a
knowledge only of the magnetic field distribution around that body.
More specifically, if any closed surface is drawn enclosing the part
in question and no other part, and the magnitude and direction (and
phase if a.c.) of the magnetic flux can be found at every point on
the surface so drawn, then a process of integration over the whole

surface yields the required force.

The necessary equations, most easily expressed in terms of the
normal and tangential components of the force and flux at each point

on the surface, are:

where F,, Fy = normal and tangential components
of force at a particular point,
H,, H = normal and tangential components of

field intensity at the same point,

¥, = permeability of free space.

Derivation of the above equations from the set of general
Maxwell equations is a standard piece of analysis which may be found
in many reference works (e -g. 10), and is therefore not reproduced
here. The Second Stress is the name given to the equations taking
account of electromagnetic fields only; a similar pair of equationms,
usually referred to as the First Stress equations, may be derived to

determine forces arising from electrostatic fields.



..76..

A positive normal component of force, F,, derived from the

n’
equations indicates an outward-acting force upon the body enclosed
(regardless of the signs of H, and Ht), while a positive tangential
force, Ft, indicates that the force is in the direction of H¢ when
H, is positive. It is important to realise that the theory allows
a physical meaning to be attached only to the total force given

by the surface integral of the equations over an entire closed
surface. Forces calculated for one point alone, or over any
isolated portion of a surface, are meaningless. Note that a

closed surface may, however, be arranged if desired to include only

a selected part of the system in question, in which case the forces

derived will be the sum of the forces acting only on that part.

Now with the aid of the two sets of search coils of Fig 33 it
is a straightforward matter to obtain the magnetic field distribution
around the surface of a plate supported above the single-phase
stator. Fig 35 gives this information for the top of the plate, and
the distribution for the bottom surface may be equally readily
found. The flux distribution at the edges of the plate can be
determined by winding a separate pair of search coils, or by using
one coil of each of the sets of forty, vertically mounted. The
total vertical force and horizontal force upon the plate as a whole

may then be derived.

However these results are of only limited interest, since the
vertical force is in any case simply the weight of the plate (when
the plate is floating) and the horizontal force may be measured
directly by using a spring balance or a force transducer. Of far
more interest would be an attempt to use Maxwell's theory to give the
distribution of forces acting over the surface of the rotor, but this
is apparently precisely the kind of application that has already
been rejected as giving meaningless results. In making such an
attempt the following procedure therefore extends rather beyond the

normal scope of the Maxwell Stress Method, and requires justifjcation.
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Fig 38. Section through rotor plate, considered as
separate current-carrying “bars”.

Consider the diagram of Fig 38, showing in particular three
adjacent rotor "bars", P, Q and R, In order to obtain the force per
metre length on bar Q let the Maxwell surface be chosen as the sum
of the four surfaces of the bar, AB, BC, CD and DA, making it
necessary to determine the normal and tangential flux components on
each of the four sides of the bar. The search coil XX gives the
normal flux component on side AB; coil YY gives the tangential
component. The two components may similarly be found for side CD.
But there is no similar easy way of determining the fluxes on the

other two sides, because the gaps between adjacent bars exist, of
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Fig 39. Normal ond tangential flux components
for faces AD ond KL of bars P aond Q.

course, only in the imagination. (It might be considered possible
to wind a coil along the top of the rotor, passing over point A
returning around the ends and back along the bottom, to measure the
total flux normal to AD, but this would involve undesirable
complications produced by the distorted fields near each end of the

plate.

However if the face AD of bar Q and the opposing face KL of
bar P are considered together as a pair, each forming part of their
respective surfaces ABCD and JKLM enclosing bars Q and P (see Fig 39),
then the values of Hp to be used in the force equation for the two
respective surfaces must be of opposite sign since flux passing
outwards normally through AD must pass inwards through KL. Likewise
the respective values of Hy are the same sign - e.g. on the diagram,
Hy is upward for both. The equation for normal force will therefore
yield results identical in magnitude and iévsign for both faces (the

signs of H, and Hy being irrelevant), showing that the normal forces

on the two faces are equal and opposite (a positive normal force on
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face AD being to the left on the diagram while that for KL is to
‘the right). The equation for tangential force will yield results
opposite in sign, again giving equal and opposite forces (since a
positive result here means "in the direction of H.", and a negative

"in the opposite direction").

Similar results will be obtained for face BC and its opposing
member on bar R. It seems reasonable, therefore, to ignore the
components of force evaluated for vertical faces such as AD and BC,
on the grounds that for every unit of force in any direction
calculated from one such face, there is an equal and opposite force
calculated from the face opposite. Such forces can act only to
produce stresses within the rotor (tensile or compressive stresses
in the case of Fp; shear stresses in the case of F;) and can take
no part either in the production of lift or in the mechanism of
stability. The "useful" resultant force on bar Q, then, can be
considered as the sum of the forces calculated from faces AB and
CD only. Fortunately these are the faces for which flux measurements

may readily be obtained from search coils.

If the useful resultant forces thus obtained are presented in
some form relating each of the forces to the position at which it
acts, then the resulting display can be taken as the real distribution
of external forces acting upon the plate. Representation in this way
of only the vertical force components gives the distribution of lift
force, which should reveal for instance which parts of the plate
experience the majority of lift and which parts, if any, experience
a downwards force. Similar representation of the horizontal force

components should indicate the regions of guidance force action.

It must be emphasised that the method does not invalidate
itself by attempting to attach meaning to forces on one portion in
isolation of the closed surface surrounding each '"bar'" - it merely
displays those components of the total force which are not immgdiately

cancelled out by equal and opposite components in adjacent bars. It
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should also be noticed that the method can give no information
relating to the internal stress distributions within the plate.

Even if it were possible to measure the fluxes on the two vertical
faces of each bar, to attempt to derive the resulting force on one
such face would be to attempt to attach meaning to evaluations
carried out over that one portion of the Maxwell surface in isolation

from the other three portions. Such use is forbidden.

In order to apply the method directly to measurements taken
from the search coils it is useful to develop the equations a little

further. The original equations were:

Fn - %O{an -— th} LI 2 B BN (1a)
Fe = wHyHe seees (1b)

Now the flux density B measured in each search coil is

\'/ . . .
B = NE where V = voltage induced in coil,
N = number of turns in coil,
A = area of coil,
w = 27 x frequency,

The Maxwell surface is entirely within material of unit relative
magnetic permeability (air or aluminium), hence the field strength

H is: v
- wNiILA where 1y, = permeability of free space.

Thus equation (la) for normal force becomes:

2 2 2
Y SR i '\
o2 | wlNy, Ay Ay

1 Vol (Vef
il e @)

where V, = induced voltage in coil measuring
normal flux,

o)
|

A, = area of coil measuring normal flux,

and likewise for tangential subscripts "t".
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Now the formulae as originally stated were derived for d.c.
fields and steady state conditions. When dealing with alternating
quantities, modifications may be needed to allow for the possibility
of phase differences between the sinusoidally-varying quantities.

It will be noticed that in the formula -for tangential force,
equation (1b), there is a direct product of the two components of
magnetic field. This must be translated into a scalar product term

when alternating quantities are involved.

The tangential formula therefore becomes:

1 VoVt }
'COSI[) * s e 0. (zb)
szzuo { Aphy

=
rt
1

where { is the phase angle between V, and V..

A corresponding modification to equation (2a) is not required since
the scalar product of each voltage vector with itself is simply the
square of its own magnitude., Equation (2a) can therefore be applied

as written to alternating conditions.

Forces cbtained from equations (2a) and (2b) then have to be
evaluated for the top and for the bottom faces of each rotor bar,
giving four forces whose vector sum is the "useful resultant force'
given in both magnitude and direction, per metre length of the bar,
This process must be repeated for all the bars across the rotor. A

simple computer program was developed for the purpose. The output

" This is of course a specific case of the general rule that when
equations involving the product of two sinusoidally-varying
quantities are translated from instantaneous form (for which the
Maxwell equations are valid as quoted) into time-averaged R.M.S.
form, the direct product of two instantaneous values must be
translated into the scalar product of two alternating quantities.
For example the relationship Power = VXI 1is true instantaneously
at all times under all conditions, but in-the R.M.S. expression for
alternating conditions it is necessary to write the scalar product:
Power = T lIl-c031p, where {y 1s the phase angle between the two
quantltles voltage and current.
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Fig 40. Graphical display of distribution of force
across levitated rotor.

was arranged to give details of each of the four component forces,
as well as the magnitude and direction of the resultant force, for
every bar, and to sum the resultants to give the total force acting

upon the plate.

Fig 40 shows a sample of the results, displayed in graphical
form, taken for a plate 7.5 cm wide - these are the forces calculated
from the magnetic field distribution displayed in Fig 35. It is

immediately apparent that far from experiencing a roughly uniform
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distribution of lift force across its width, as might have been
expected, the plate experiences the great majority of upward force
in its centre region. The angle of the resultant force (using the
normal polar co-ordinate convention proceeding anti-clockwise from
an initial direction horizontally to the right) actually exceeds
180° over considerable portions of the plate, indicating that the
vertical component of force in these regions is downwards. The
slight asymmetry of the display reflects an unevenness in the shape
of the stator coils, probably as a consequence of employing a hand-
built machine. This is encouraging in that it demonstrates the
better ability of the method to show up irregularities of this kind,
compared with procedures such as plotting measurements taken from
the voltage probe (Fig 31) or with direct plots of flux distributions
(Fig 35).

As a simple check upon the vali&ity of the method, a comparison
was made between the computer-evaluated magnitude of the vertical
component of the total force acting on the rotor, and a direct
measurement of the real force in operation. The computed resultant
upwards force was 0.360 Newtons, or 36.7 gmf . An initial attempt to
measure the upward force directly using a spring balance, by comparing
the apparent weight of the plate with the stator current switched on
with that for no current flowing, gave a result of about 40 gnf - with
a likely margin of error of possibly 50%! (The total weight of the
plate was 475 gm, the levitation force being so small because the
stator current of 12 amps had been chosen to be sufficiently low that

no significant heating of the rotor took place during the experiment.)

The more accurate method of raising the stator current until the
plate just lifted clear of the supporting spacers gave the result
that 41.9 amps were needed to float the plate. On the assumption
that force is proportional to the square of current (in the absence
of iron saturation), the lift force corresponding to the experimental
current of 12 amps must therefore have been 38.9 gmf . This compares

well with the computer-evaluated upwards force of 36.7 gmf . The
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horizontal component of force acting upon the plate was given by

the computer as 0.0204 Newtons, or 2.08 gmf - an order of magnitude
lower than the vertical component. In fact a computed stabilising
force of only 2 gmf acting on a plate of 475 gm mass probably merely
confirms lucky centering of the plate on the spacer blocks when the
experiment was prepared. Both these results lend confidence to the

me thod as a whole.

Now it will be recalled that one of the earlicst discoveries
concerning the electromagnetic river was that a wide plate tends
to float at a greater clearance from the stator than a narrower plate,
for the same stator current. Alternatively the wider plate experiences
a greater levitating force if constrained to remain at the height of
the narrower plate. It was decidea to find out how well this
established fact showed up on the Maxwel! force distribution. A
complete set of flux measurements was therefore taken around a plate
10 cm wide, supported on the same spacer blocks as was the original

7.5 cm plate, and with the same value of stator current below (12 amps).

Fig 41(a) shows the resulting force distribution. The increased
1ift compared with the narrower plate of Fig 40 is immediately
apparent, particularly in the centre region, where the lifting force
is rather more extensively distributed than before. In the side
regions significant lifting forces have appeared which were not
present at all in the narrower plate. The regions experiencing
downward forces are now confined to two small strips, positioned
where the magnitude of the force is in any case at a minimum.

Fig 41(b) shows the results obtained with the larger plate in a
slightly displaced position. While it is clear that the movement

has had a significant effect on the force distribution (particularly
in the centre region, which has become markedly asymmetric), it is
not easy to interpret at a glance the physical mecaning of the changes.
The following pictorial representation makes interpretation rather

easier.
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4.5 Pictorial representation of force distribution

The representation consists simply of drawing each of the
computed values of force as a true vector (i.e. with length
representing magnitude, and pointing in the direction of the force),
whose origin is at the position of the search coil from whose
voltages the force was computed. Each vector is thus positioned
at the centre of the particular rotor "bar" on which its force acts.
The effect is analogous to being given a photograph of a complex
piece of equipment in place of a set of engineering drawings - the
detailed information is perhaps less easily accessible, but the
overall essential features of the system are brought to immediate
attention in a way impossible within the confines of graphical

representation.

Fig 42 presents three displays, corresponding to the graph of
Fig 40 and the two graphs of Fig 41. Display.(a), showing the
distribution of force over the 7.5 cm plate (equal in width to the
stator C-cores), reveals that the concentration of lift force
towards the centre of the plate is perhaps mot quite as promnounced
as the graph of Fig 40 might tend to suggest, and that while it is
true that there are extensive regions of the plate experiencing
a downward pull, the magnitude of this pull is small compared with

the central 1ift.

Fig 42(b) shows the forces acting upon the wider plate. The
slight asymmetry apparent on the upper graph of Fig 41 shows up
rather more clearly here, particularly at the edges of the plate.
The central uplift forces are seen to extend over a larger area than
before, and as predicted by the graphs the edge regiomns also
experience upwards 1ift forces, though of considerably smaller
magnitude than those near the centre. The forces on the edges
themselves can now also be included, as shown, and these appear to

accentuate the asymmetry caused by the hand-built stator coils.
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Most intercsting of all is the third display, showing the result
of giving the rotor a small sideways displacement. The area of main
uplift force is seen to move within the plate in order to remain
above the centre of the stator, and there is a tendency for the
large forces to the left of centre to become greater than those to
the right, creating a component of tangential force in the direction
tending to re-centre the plate. But a far greater stabilising effect
is taking place at the plate sides. The upwards and inwards forces
on the right-hand side have grown both in magnitude and in area of
application, giving a strong re-centralising component, while those
on the left, having the opposite effect, have shrunk almost to zero.
The forces on the plate edges also contribute, the inwards force on

the right-hand edge becoming almost doubled in magnitude.

It should be pointed out that all these effects have taken
place as a result of a sideways displacement of only 6 mm; the plate
can in fact be digplaced to ten times éhis distance before the
maximum value of restoring force is reached. The computer summation
of the tangential components gives the total restoring force as
10.6 gmf , by comparison with an upward force of 78.9 gmf. It is
interesting to observe in passing that the uplift in the centralised
position — Fig 42(b) - was slightly less, at 75.8 gmf . This tends
to confirm the "feel" of the magnetic river banks as described in
Chapter 1 (see Fig 7), where it will be recalled that the plate

tends to '"ride up" a bank as a result of a sideways displacement.

It is evident from the above work that this specialised use
of the Maxwell Second Stress formulae provides a powerful research
tool capable of extracting, from a specification only of the surrounding
magnetic field, force patterns which could be obtained by direct
experiment only with the greatest difficulty. At this point the
decision had to be made whether to pursue the method further, by
embarking upon a detailed series of experiments applying the technique
to the many and various machines in the laboratory each with their

set of possible shapes and sizes of rotor (there being sufficient work
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here to form the basis for a complete thesis on its own), or

whether to proceed to entirely new investigations, leaving this
particular line of research open for others to explore. Since

by this time a number of promising suggestions had been put forward
for extensions to the Washington model, particularly for improvements
to its performance as a propulsion unit, it was thought better to
pursue these new ideas, thus maintaining the character of a research
programme that was already tending to concentrate on opening up new

paths, rather than on exploring in detail major routes already open.



CHAPTER 5

THE PHASE-MIXED ELECTROMAGNETIC RIVER

The seven-metre electromagnetic river (p 97).
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CHAPTER 5. THE PHASE-MIXED ELECTROMAGNETIC RIVER

5.1 Improvements in propulsion

Although there is no doubt that the invention and building of
the Washington model was a major breakthrough in the subject of
electromagnetic levitation, those working on the machine held no
illusions as to the value of the model itself other than as a
prototype and a demonstration of what may be achieved when a machine
is designed to make use of all three available dimensions instead of
only one. As a propulsion unit the model could hardly be described
as "efficient", since about ninety-five per cent of the input power
was absorbed in lifting the rotor. The machine could indeed have
been described merely as "a levitator, with a slight longitudinal

thrust",

The reasons for this poor performance were largely the crude
nature of the windings, the poor magnetic circuit and the smaltl
overall size of the structure. Firstly the coils were wound upon
their C-cores in gramme-ring fashion, i.e. with all their conductors
returning underneath the core - a design known to lead to high
primary leakage flux. Secondly by using only one coil around each
core, the winding configuration was equivalent to only one stator
slot per pole per phase, and such windings have been shown to lead
to large non-force-producing losses when the pole-pitch is greater
than about 0.5 m.(11) (The Washington model had a pole-pitch of
about 0.3 m, but this would be increased for motors on a larger scale.
For example a working linear speed of 100 m/s from a supply frequency

of 50 Hz would require a pole-pitch greater than 1.0 m.)

Thirdly the lack of magnetic material in the floating rotor led
to an equivalent air gap of approximately 20 cm, resulting in a low
value of goodness factor. Lastly the comparatively small overall
size of the machine served only to accentuate the foregoing problems
(though at the time of construction, of course, the size of the
machine was deliberately limited to meet the requirements of the

American exhibition).
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Fig 43. The two-loyer concentric winding, os opplied
to o conventionol longttudinol-flux motor.

The step forward from the gramme-ring wound coil to the double
stator coil system, with the return currents flowing along the outer
sides of the C-core, has already been explained at the beginning of
Chapter 2 (see Fig 15). In order to improve the poor coil
configuration it was decided to adopt a version of a two-layer
concentric winding. This winding, invented in the laboratory a
few years previously,(lz) was designed among other things to allow
the maximum use to be made of the space available for the copper
conductors between the limbs of each C-core. Fig 43 shows how the
two-layer concentric winding may be applied to the stator of a
conventional longitudinal-flux motor. The number of windings per
concentric group can be made as high as desired, without theoretical
limit, but it was decided initially to minimise the extra complexity

by arranging each group in the form of a single coil.

The nmew machine was built to an overall size no larger than the
original Washington model. Indeed the stator irom consisted of

C-cores of identical cross—section, the reason for this being partly
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Fig 44. Final form of phase-mixed electromagnetic river.

to avoid introducing too many changes at the same time, and partly
that those particular cores were the largest recadily available on

a commercial basis. Although the cross-section was not altered,

the axial length of each C-core and the spacing between each pair
were halved, giving a less coarse distribution of stator teeth along
the machine. Combined with the phase mixing produced by placing in
each slot coils carrying different phase currents, this resulted in
a much smoother travelling field along the motor. The final version
of the machine is shown in Fig 44 (see Appendix A for engineering

details).
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The most immediate impression on trying the new machine was
one of a tremendous incresse in longitudinal thrust. Measurement
confirmed that the thrust was indeed an order of magnitude greater
than had been achieved hitherto on an electromagnetic river. A
more meaningful measurement, however, is the fraction of the input
power that is converted to "synchronous driving power", defined by

the expression:

fvg

S = ' .
p Pin where Sp = "synchronous rotor power fraction",

h
i

standstill thrust on rotor,

<
[}
it

synchronous speed of field,

Pin = stator input power.

The product fvg, the synchronous driving power, represents the
maximum power output theoretically available from the rotor (never

actually attainable in practice).

The Washington model was capable of converting only five
percent of its input power into synchronous driving power, the
remainder being lost mainly in the heating effect produced by the
large currents needed to support the rotor. But the new phase-
mixed levitator increased this fraction to twenty-one bercent,

a most encouraging indication that further development combined
with increases in size should allow the construction of an
efficient propulsion system capable of providing simultaneously

its own support and guidance forces.

5.2 Lift and guidance "for free"

There is an important point here. When electromagnetic systems
are considered for the purpose of supporting heavy weights, an
immediate impression is gained of large currents dissipating
quantities of heat in the stator windings, resulting in a costly
and wasteful system. Indeed all electromagnetic levitators built
prior .to, and including, the Washington model tend to strengthen

impressions of this kind. But there is no inherent reason why
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large amounts of energy need be expended in such systems,
Theoretically, of course, it requires no energy whatsoever to
maintain a force, provided the object upon which the force acts
remains stationary or moves only at right angles to the direction

of the force. But én electromagnetic machine designed to float and
stabilise a heavy secondary must have flowing within the stator
sufficient primary current to create a magnetic field powerful
enough to induce large currents in the rotor. These react with the
stator primary current in order to maintain the electromagnetic lift
forces. The total power input to the machine is the sum of the heat
losses in the stator and in the rotor, and must be written off as

1007 total loss since the machine produces no power output.

Compare this with an electromagnetic machine in the form of
a single-sided linear motor,* where it is well-known that an
electrically~conducting non~ferrous rotor positioned within the field

experiences a strong repulsion force from the stator, simultaneously

‘ Footnote on single-sided and double-sided motors.

A double~sided linear induction motor is one employing energised
primary windings facing both surfaces of the rotor, so that the rotor
moves in a slot between the two stator blocks. Such a system is
highly efficient in propulsion, is unstable in a direction in the
plane of the rotor but transverse to its motion (unless special
stabilising grids are incorporated in the stator surfaces), and can
be arranged to produce no force at all in the direction perpendicular
to the plane of the rotor sheet. (Strictly the perpendicular force
on the rotor is zero only when the rotor is placed exactly mid-way
between the stator surfaces, but this is indeed the usual situation
with a mechanically guided rotor.)

A single-sided motor employs an energised stator winding on one
side only of the rotor, and is generally somewhat inferior to the
double~sided motor in producing thrust. The rotor is again unstable
in a transverse direction (with the exception of the electromagnetic
river itself) but there can now be large forces, either attractive
or repulsive, perpendicular to the plane of the rotor. Its
particular advantage is the ease with which the rotor can be
attached to a load or a support, since the whole of one face is
available for mounting instead of only an edge. A more detailed
comparison of the performances of the two designs, as high-speed
propulsion units, is made at the end of Chapter 6.
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with the forward propulsion. (For an aluminium plate placed above
the surface of the stator this repulsion force becomes the force of
levitation.) Consider a large single-sided motor designed to be

as effective as possible a thrust device acting upon an aluminium
rotor. The power output of the machine is the force upon the rotor
multiplied by its velocity, and for a modern long pole-pitch
transverse-flux linear motor this output may well comprise over
eighty per cent of the input power. A detailed power balance can
be evaluated to show that the sum of the mechanical output, the
heat losses in the rotdr and the stator, and the small iron losses,
account for 100% of the input power. No power is being absorbed in
the production of 1ift. Indeed a second motor can be built with

a double-sided stator, in which a rotor placed mid-way between the
stator surfaces experiences no force whatsoever perpendicular to
its plane, yet the motor can require the same input power to produce
the same thrust at the same speed as its single-sided levitating
counterpart (though it is likely that it will have a better power

factor and therefore require fewer volt-amperes from the supply).

On this basis, the I%R and other losses must all be ascribed
to the production of longitudinal thrust resulting in longitudinal
motion, since such motion cannot be provided without them. It then
appears that the electromagnetic 1lift of the single-sided motor has
been achieved for zero extra power input. So what is the difference
between the lifting capability of the single-sided linear motor, which
costs nothing in terms of power, and that of the static levitator,
which consumes large quantities? It is this: Whether the requirement
is to levitate a conducting object, or whether it is to propel such an
object horizontally, the basic operation of setting up stator currents
to induce rotor currents inevitably involves severe heat losses, both
in the stator and rotor. These must be supplied by the input power.
But all such sets of currents carry inherent within them the
characteristic of mutual repulsion, and once a current system has
been set going énd the losses are being supplied in order to pxovide
thrust, this repulsion can then be utilised for 1ift purposes, thrown

in as a free bonus. The losses do not have to be paid for twice,
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(a) Flat-plate floater (see : @ @ . %
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(c) Electromagnetic river. Input
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Fig 45. Loteral cross-sections of three machines.

The electromagnetic river takes this process one stage further,
by utilising the free forces in the third dimension, the lateral
guiding forces - see Fig 45. The same logic applies - that the
propulsion currents set up by the special stator carry within them
inherent properties of guidance as well as of lift, and utilisation
of these costs nothing extra provided that there is no sideways
motion of the rotor (i.e. no motion in the direction of the forces).
In a practical situation involving a significant length of travel it
is likely that there will be considerable sideways oscillation as
the guidance system is continually called upon to perform its duties.
It has not yet been established whether or not these sideways
excursions are regenerative — whether they dissipate energy or -

whether the energy is merely stored and returned as the displacement
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reduces back to zero. The whole concept of free 1ift and guidance
1s an exciting one, the more so if it can be applied to scaled-up
systems supporting several tonnes and travelling at high speed.

The subject will be returned to in later chapters of this thesis.

It will now be appreciated that the improvement in the
synchronous rotor power fraction (defined in section 5.1) from 5%
in the Washington model to 21% in the new machine was encouragement
indeed for those working on the concept of free lift and guidance.
But nothing yet has been said about the lifting and guiding properties
of the new motor. In fact about the only comment can be that in both
these axes the behaviour was, as nearly as could be judged by "feel",
identical with that of the Washington model. Certainly there was no
suggestion that the improvement in propulsion had been made in any

way at the expense of the other capabilities.

5.3 The seven-metre stator

The next development was one of those unpredictable events that
tend to characterise researches in subjects as new as electromagnetic
rivers. It will be remembered that the original research leading to
the invention of the Washington model was initiated and supported by
a commercial firm, Tracked Hovercraft Ltd, who wished to present ah
all-electric model system at the Transpo '72 exhibition. Although,
as their name suggests, Tracked Hovercraft Ltd originally set out to
investigate high-speed systems using air-—cushions for support aund
guidance, they took great interest in the progress of the
electromagnetic river and were even beginning to formulate plans for

building a full-scale River for test purposes,

Then in February 1973, a series of political decisions resulted
in the closure of the whole organisation. Some months later a
Govermment Select Committee of Enquiry into the matter requested a
visit to the laboratory at Imperial College in order to see fotr

themselves what was behind the future plans of the company that had
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been disbanded. In a kind of final effort to reverse the closure,
and with only one week's notice of the date of the intended visit,
the laboratory staff set out to make an electromagnetic river to
outshine all other electromagnetic rivers — a machine built purely
to impress non-scientific visitors with a display of 'magic".

The new phase-mixed levitator was by far the most promising machine
built to date, so it was decided to extend this machine from its
original length of just over half-a-metre to a total length of
seven metres, and to use it to float one of the futuristic-locking

fibre-glass vehicles that had been made for Transpo '72.

Thus it was that the laboratory came to be equipped with an
electromagnetic river seven metres long, whereas for normal research
purposes no more than one or two metres would have been built. In no
sense, however, was any consideration given to optimisation of
design features. The machine was simply a direct extension of the
phase-mixed levitator, partly because the iron C-cores were readily
available commercially in large quantities and the wooden formers for
the coils had already been built, and partly because the machine was
known in any case to work well, there being certainly no time in

which to experiment with anything new.”

Quite apart from the greatly improved propulsion, the major
difference between the finished long electromagnetic river (for
details of which see Appendix A) and its ten-metre forerunner at the
Dulles exhibition was that the new machine was almost continuously
rated. This meant that none of the problems were involved of

successive coil activation and photo-cell vehicle detection that were

* The whole seven-metre length was built and made operative within

the seven days, and the resulting motor remains one of the most
spectacular electromagnetic demonstrations built to date. Indeed
when the machine was no longer required for research purposes it
became so much in demand for exhibitions and lecture—demonstrations
that it began to suffer considerable damage while in transit from
one place to another. The motor has now been almost entirely
re-built, to a more robust mechanical design, to become a permanent
demonstration machine.
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experienced in the earlier model. It was therefore possible to
make full use of the exceptional length of the machine to observe
the behaviour of rotors under dynamic conditions, by introducing
for instance a disturbance in alignment half-way along the machine
and noting the subseduent behaviour of plates during their high-

velocity travel along the remaining half.

The acceleration given to each rotor varied, of course, with
the dimensions and material properties of the rotor. A typical
velocity achieved by a plate upon flying off the far end of the
machine, having started from rest, was about 10 m/s (this
particular figure measured on an aluminium plate 12 cm wide and
3 mm thick). Over a distance of seven metres this gives an average
acceleration of 7 m/s?, which is just about three-quarters of the
gravitational acceleration at the surface of the earth. (Even the
dressed-up fibre-glass vehicle attained a velocity of 7.5 m/s, and
it became a regular hazard of laboratory life to be asked to catch
the model in mid-air as it leapt off the end of the machine after
yet another demonstration run on behalf of one of the many

interested visitors.)

In general, initial tests performed by sending various plates
along the whole length of the machine revealed nothing that was not
already known about electromagnetic rivers. However such tests
were of value in providing visual confirmation of aspects of
behaviour that hitherto had been little more than confident
predictions, or deductions made rather from a "feel" of earlier
machines than from real measurements. Examples of this are
considerations of the roll, pitch and yaw modes of instability,
whose actions are illustrated in Fig 46. (The figure also shows
an impression of the fibre-glass vehicle built upon an aluminium

base, regularly used for demonstration purposes.)

In Chapter 1, where reference was made to the effect upon.

roll-damping of varying the width of the secondary plate, it was
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pitch

Fig 46. The Roll, Pitch and Yaw couples, as acting on a model
vehicle over the electromagnetic river.

observed that wide plates tended to be better damped in roll than
narrower ones, and that they also experienced greater 1ift and thrust
but weaker guidance forces. Use of the seven—metre stator enabled
observations upon roll-damping to be more easily made, simply by
releasing a plate from a position initially slightly angled about

the roll axis and watching its subsequent motion along the machine.

Investigations into pitch disturbances were helped by the fact
that the machine had been constructed in two mechanically and
electrically independent halves, each 3.5 m long. This enabled a
controllable pitch disturbance to be introduced by raising one half
of the machine a centimetre or so above the level of the other half,
so that the leading edge of each rotor encountered a "step" of
magnetism as it passed over the junction. Resulting observations
showed immediately that the oscillations in pitch (and in overall
bounce) were generally quickly damped out, almost critical damping
being achieved on aluminium plates 3 mm thick. Thicker plates tended
to be less well damped, and copper plates experienced the lowest
damping of all. Variations of length and of width appeared to have
little effect upon pitch-damping, the only exception being that plates
shorter than about one and a half pole-pitches began to exhibit-a

n¥

distinct "dolphin motion"” as they passed over successive stator teeth.

* - see footnote on dolphin motion on next page.
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Fig 47. Artificial “corner” for demonstrating yaw displacements.

But perhaps the most useful (and certainly the most dramatic) of
the instability mode investigations was that into instabilities of yaw.
For this purpose the outer end of one of the halves of the machine was
swung round through an angle of about 5° or 10° to form an artificial
corner, as shown in Fig 47. It appeared immediately that aluminium
plates of 3 mm thickness, regardless of length or width, experienced
critical damping in yaw after passing the corner. Experiments
performed to discover the greatest angle that the plates could tolerate
gave the expected result that narrow plates could follow much sharper
changes in direction, some as sharp as a 15° angle, than their wider
counterparts, this being dependent mainly upon the magnitude of the

sideways guiding forces, known to be greater for narrow plates.

Behaviour of the model vehicle, however, proved to be more
instructive than observations of flat plates since its relatively high
centre of gravity caused it to suffer considerable roll disturbance,

simultaneously with yaw, upon encountering the corner. Oscillations

Footnote - dolphin motion: a continuous pitch oscillation of

frequency directly proportional to
longitudinal velocity, and of wavelength equal to the stator
tooth pitch. The oscillation is caused by variations of 1lift
force with longitudinal position, the regions of maximum force
being concentrated in "humps'" over the stator teeth.
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in yaw were observed to be as near to critically damped as was
possible to judge by observation alone. Roll-damping, however, was
distinctly low, the vehicle continuing to rock from side to side

throughout the remainder of its travel along the machine.

(The maximum angle that the vehicle could tolerate was limited
to about 8°, but even at this small angle it was an impressive sight
to watch the vehicle approach the sudden deviationm at high speed and
follow smoothly round it, with scarcely a trace of effort, on its
invisible guidance and support. The whole demonstration, which became
most popular with the many visitors to the laboratory, proved
particularly valuable in providing the perfect answer for those
sceptical guests who, having seen and even felt the rigid sideways
stability of the vehicle over the stator, would then insist on asking

... but can it go round cornmers?".)

5.4 The Electromagnetic Shuttle

The extended length of the electromagnetic river enabled the
above observations to be carried out more easily than was previously
possible (and indeed allowed some that were hitherto impossible).
However there still remained the limitation imposed by the short time
taken for a rotor to travel the seven metre length. The real scope of
the long machine was not revealed until the idea occurred to reverse
the phase sequence of the supply to one half of its length, so that
two travelling fields were created, each moving inwards from one end
towards the centre, thereby creating a back-to-back oscillator.
This process achieved for the electromagnetic river what the first
longitudinally stable expanding-geometry machine (see Chapter 2) had
done for the Washington model. Observations and measurements could .
now be taken over long periods of time. Effects of changes in various
parameters could be studied under dynamic conditions, with the rotor
shuttling to and fro undergoing alternate acceleration and deceleration,
and achieving a usefully high velocity each time it passed the centre

of the machine.
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When the machine was first tried in this back-to-back mode, it
was found that most rotors were unable to maintain the amplitude
of their longitudinal oscillations. The plates tended instead to
execute successively smaller oscillations, finally coming to rest
at the centre of the machine. The degree of longitudinal damping,
i.e. the rate at which this process took place, varied considerably
between rotors, the medel vehicle being the most strongly damped of

all (it executed only five or six complete oscillations before coming

to rest).

A summary of the behaviour of a number of rotors is presented
in Table 1. Of the columns of the table the first five are self-
explanatory, the sixth and the seventh (Static stability) refer to
the presence or otherwise of forces tending to stabilise the rotors
against lateral or roll displacements respectively, the eighth and
ninth (Dynamic stability) refer respéctively to the damping of
oscillations caused by a lateral or a roll disturbance, and the tenth
(End-to-end oscillations) describes the ability of each rotor to

maintain a continuous shuttle motion up and down the machine.

The ideal rotor would have "excellent" in every column from 4 to
9, and possibly "poorly damped" or "self-oscillatory" in column 10
(depending on its purpose). None of the rotors included in the table
achieves this ideal. Nor is it likely that one will be found to do so
since, as first described in Chapter 1 and now confirmed by the table,
high stability and damping laterally and high stability and damping

in roll appear to be mutually exclusive attributes.

Table entries in capitals are those to which attention is drawn
for the particular rotor concerned. In the second row, for example,
all plates wider than 15 cm have excellent lift and propulsion, and
are well stabilised and damped in roll, but their vital characteristic
(in a negative sense) is that they are all laterally unstable and
therefore totally useless. Lt should be noted that the entire table

has been drawn up for the particular primary current of 30 amps in



TABLE 1. Comparison of rotor behaviour over long electromagnetic river,

( All results correspond to o stotor current of 30 aomps per coil, ot o supply frequency of 50 Hz)

- %01 -

Rotor Thickness wWidth Lift Propulsion Static stability Dynamic étob?l?ty End-to-end
material — | oscillations
Lateral Roll Lateral Roll
quidance | restraint | damping damping
oll tested <7.5 cm ZERO - - - exceilent - - - very high - - - - - -
thicknesses :
215 em excellent excellent UNSTABLE excellent - - - very high - - -
. . . SELF-
1.5 mm 15 cm good excellent very poor high medium high OSCILLATORY
10 cm fair fair very gqood paor high low high domping
gluminium 3 mm 12.5 cm good good fair good medium medium poor damping
. SELF~
15 ¢cm very good very good poor very good low high OSCILLATORY
10 cm fair fair very gaod poar medium law well domped
6 mm |
15 cm goad good poor goad very low htgh ;g:nypir?c;”
SELF- . SELF~
9 mm 15 ¢cm goad good poor good 0SCILLATORY high OSCILLATORY
. . SELF~ .
copper 6 mm 10 ¢cm faoir fair excellent paor 0SCILLATORY law poar domping
2;33? ony dimensions ZERO ZERO resistivity too greot -
steel any dimensions NEGATIVE - ZERO magnetic attroction to pole pieces
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each stator coil (approximately 200 amps line input to the whole
machine) . Many of the characteristics shown will change if a new
value of current is chosen, but the gencral trends of differcnces
in behaviour between various rotor sizes and materials will remain

the same.

The most interesting rotors of those included in the table are
those marked "self-oscillatory" in the last column. This means that
after release from near one end of the machine these plates will
shuttle back and forth with increasing longitudinal amplitude,
unless careful active control of input stator current is exercised
to maintain the amplitude constant.® One of these self-oscillatory
rotors, the 15 cm aluminium plate 9mm thick, was found to be almost
equally self-oscillatory in lateral motion, with the result that once
released it was apparently a matter of chance whether or not it fell
off the machine sideways before its increasing amplitude caused it to
fall off one end. (This particular plate was one that was carefully
not shown to visitors!) But there are in the table two more
longitudinally self-oscillatory plates that are stable and positively
damped both laterally and in roll, and it is these plates that might
prove to be the beginnings of useful industrial applications for the

electromagnetie river.

The most obvious application in industry is suggested immediately
by the sight of a plate supported in mid-air shuttling rapidly to and
fro with an amplitude of seven metres and at a frequency of about one
complete oscillation every two seconds. Such motion calls to mind the
action of the shuttle of a weaving loom. The possibility that the
violent and noisy mechanical system for sending a shuttle back and
forth might be replaceable by a silent, efficient and maintenance-free
electrical system seemed an attractive proposition indeed. There
might even be further advantages to be gained - for example the

maximum width of a conventional loom has always been limited by the

* For an explanation of the mechanism of self-oscillation in a
back—-to-back motor see references 13 and 14.
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distance across which a loaded shuttle can be propelled and
reliably caught on the other side (the actual limit being about

17m). A linear motor system would be restricted by no such limit.

The proposal to use a back—-to-back linear motor system for
shuttle propulsion had in fact been first investigated in the
1950'5(15), but for several reasons the project never became
capable of commercial exploitation. The principal problems emerged
as being economic rather than technical, but other problems, mainly
of an electrical nature, resulted from the less well-developed
understanding of linear motors at that time. TFor example it was
not known how to make a reasonably efficient machine capable of
producing continuous acceleration on the rotor during the first
half of its travel and continuous deceleration during the remaining
half. For this and other reasons, thoughts of incorporating

electromagnetic shuttle systems in weaving looms were postponed.

It might appear that one of the problems could have been the
provision of a guidance system to counteract the strong tendencies
to lateral instability of a rotor propelled by a conventional
longitudinal-flux linear motor. This is not so. During its passage
across the loom the shuttle is contained within a trapesoidal "shed”
bounded above and below by the warp threads and to one side by the
comb., The normal method employed to guide the shuttle along its
path is to build the loom with a curved comb and to fire the shuttle
against this so that centrifugal force keeps it against the comb

throughout its travel.

Problems have, however, been experienced with guidance in
mechanical looms at the start of this travel, where the shuttle
has to enter the shed. On wide looms the frictional force
experienced by the shuttle against the warp threads demands that
the shuttle be dispatched with a very high initial velocity in order
to guarantee safe arrival on the far side after its long travel.

This velocity is achieved by imparting an impulse to the shuttle
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with a heavy block. The silightest misalignment of the shuttle when
receiving the impulse can cause the shuttle to break out of the shed
through the warp threads, or ecven to miss it altogether. Quite

apart from the danger of the lethal flying missile, such an occurrence

constitutes a major interruption to the weaving process.

Here is where the long phase-mixed electromagnetic river operable
in back-to-back mode could come into its own. The properties of 1lift -
and guidance inherent in this new breed of linear motor at once solve
any mechanical problems of rotor guidance, and it is known that the
rotor is capable of carrying the weight of a fully-wound shuttle.
Indeed it is possible that some simplification of the mechanical
design of the loom could result from the elimination of the need for
a curved comb for shuttle guidance. Other advances largely overcome
the electrical deficiences of the early machines. In particular, the
overall efficiency of the propulsion system can be greatly improved
by the use of a graded pole-pitch stator. By this means a travelling
field can be created itself increasing in velocity towards the centre
of the machine, which can ensure that the roter is accelerating always

with a fairly low slip, and thus always near its peak of efficiency.

A further important feature of an electrical shuttle system
could be the smoothness of its action. In the present mechanical
system the shuttle acquires the whole of its acceleration within the
first half-metre or so of its travel, and then has all of its
remaining kinetic energy removed within a similar distance on the
opposite side. There is a maximum acceleration that can be imparted
at the beginning of this motion if the weft thread is not to break,
and on wide looms the resulting velocity, and hence time taken per
traverse, becomes the limiting factor on overall weaving speed. The
same acceleration electrically applied continuously across half the
width of the loom, followed by an equal deceleration, could greatly

reduce the traverse time.

Continued discussion of these ideas is probably of little

further value since no specifically relevant practical work has yet
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been carried out. Electromagnetic shuttle propulsion is in any case
just one of a range of possible applications for the electromagnetic
river. The inherent properties of lift and guidance are particularly
well-suited to those industrial situations where, maybe for reasons
of chemical purity or perhaps to avoid the effects of friction, there
is a need for support or motion in the total absence of physical
contact. In cases wvhere the material being processed consists of
aluminium, copper or some other electrically-conducting but non-
magnetic material, it might be possible to use a form of the
electromagnetic river directly; in other cases means may have to be
provided for mounting the required object upon a suitably conducting
rotor. But even in already existing situations employing a linear
motor drive merely for thrust production, the replacement of a
conventional machine exhibiting its strong tendency to lateral
instability by a new machine equally efiicient in propulsion but

tending always to align rotor with stator can only be to advantage.

The stator can, of course, be made totally silent and virtually
invulnerable to damage within normal industrial enviromnments simply
by encasement of the coils and cores in solid blocks of epoxy resin.
This is already done as standard practice on conventional machines,
and the only extra precaution then necessary is to protect against
overheating from within caused by excessive currents or periods of

operation.

On looking back upon the work described in the whole of this
chapter, it will doubtless be noticed that following the building
of the long electromagnetic river the entire manner of research
appears to have lapsed from its aura of "scientific respectibility"
as achieved in Chapter 4 back into the '"try it and see" approach of
Chapter 1. The reasons for this are simple. The new river, like
the Washington model before it, confronted the laboratory staff with
a machine so new, so completely outside the experience of anything
before, that the immediate reaction was to explore everything about
it, to experiment with rotors of all shapes, sizes and materialé,

without at first stopping to think out any logical, carefully
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designed sceries of experimonts and measurements. In any case it was
desirable to obtain first-hand observations of the behaviour of the
machine in as many conditions as possible, in order to be able to
give at least partial answers to the many otherwise embarrassing

questions posed by visitors to the laboratory.

The eventual return to more organised methods resulted in the
series of experiments to be detailed in Chapter 7. These had as
their ultimate objective the further possible appiication of
electromagnetic rivers - high-speed ground transport. Such an
application has been hinted at many times already, but all the
relevant work described so far has been concerned with the development
only of small-scale models. Extrapolation of such work to a scale
appropriate to a full-size vehicle may seem a big step, involving
much furthker time and effort. It may be helpful, however, to
remember that the long phase-mixed electromagnetic river was built
within eighteen months of the conception of the subject of expanding-
geometry levitation machines; it is not unrealistic to suggest that
a further few years might see in reality the support, guidance and

propulsion at 400 km/h of a fifty-tonne passenger-carrying vehicle.



CHAPTER 6

LOW FLYING AIRCRAFT

The full-scale research test vehicle RTV 31 of Tracked Hovercraft
Ltd. on its experimental track at Earith, Huntingdonshire (p 117).
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CHAPTER 6. LOW FLYING AIRCRAFT

The development of aircraft since the beginning of the
century has revolutionised long-distance travel and led to rapid
world accessibility for all. By contrast there has been little
corresponding progress in methods of tramsport from airports to
city centres. The result is the situation, only too well-known
to aircraft passengers, where it can take as long to reach Heathrow
Airport from the City of London as to reach Glasgow Airport from
Heathrow. There is, however, growing interest nowadays in the
development of technology to replace the three-stage journey
(centre—airport-airport—centre) by a single—étage ground transport
system., Two further topics of today, if anything even more
relevant to present times, are "stop pollution" and "prevent
noise". It is hardly surprising then that many countries throughout
the world are expressing interest in the development of silent,
pollution-free high-speed ground tramsport systems from city-

centre to city-centre.

All such research is directed towards tracked systems such
as railways, rather than unguided systems such as cars on a
motorway, simply because a succession of similar vehicles all
moving at the same speed and guided om a rigid track can safely
travel at higher speeds and in closer proximity than can a random
collection of vehicles each with individual freedom both to
wander sideways and to vary speed at will. At the same time,
effort is being expended to devise transport systems capable of
speeds considerably in excess even of today's high-speed railways.
This is because such systems are seen as direct competitors to .
short-haul aircraft routes rather thanm as extensions to the present
railway system. Thus it is hoped to offset the acknowledged
inflexibility of a tracked transport system by gains in carrying

capacity and cuts in travel time.
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6.1 Steel wheel upon steel rail

In many countries attempts have already been made to improve
city-to-city communication by upgrading and often electrifying
existing railway routes. The Euston-Glasgow West Coast Main Line
electrification is the major British example of this, and work has
recently been completed on the first stage of electrification of the
East Coast Line, from Kings Cross northwards. Simultaneously with
electrification, a large amount of work has in each case been carried
out on track re-alignment and station re-planning to increase the
maximum allowable speed over difficult sections of route and through
stations and junctions. While not undergoing electrification, the
Great Western route from Paddington to Bristol and beyond has also
been "treated" in this way for high speed, in preparation for the
introduction of British Rail's "High Speed Diesel', which has
achieved, for the first time in this country, regular scheduled

services running at a top speed of 200 km/h.

However there is a limit to what may be achieved by localised
track-straightening, since there exist far more permanent speed
limits set by the twisting routes chosen by railway engineers of
over a hundred years ago. In practice the values of the speed limits
imposed by curvaceous trackwork are set not so much by the ability
of trains to negotiate the curves in safety as by the frailness of
passengers - their ability to tolerate the discomfort of centrifugal
forces. In recognition of this, British Rail has supported an
extensive research programme culminating in a new concept of
railway vehicle, the "advanced passenger train''. Among other new
characteristics, the a.p.t. features the capability to tilt each
vehicle as it enters a bend, in such a way as to balance the outwards
centrifugal force acting upon the passengers — see Fig 48(a). By
this means the speed limits imposed while negotiating curves can be
increased by as much as fifty per cent.

The second major feature of the a.p.t. is that its suspension is

specially designed to tolerate high-speed running on worn wheels. The
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Fig 48, Fegtures of the advanced passenger train.

"worn wheel profile" - see Fig 48(b) - is the shape into which

an initially conical wheel profile gradually wears, and which is
one of the causes of "hunting" instability at high speed on normal
carriage suspensions. By designing a suspension which remains
stable on this wheel profile it is hoped to increase considerably

the length of time between routine overhauls and wheel re-turning.

Useful though these advances certainly are, they can at best
extend only by a limited amount the maximum permissible speeds, and
are likely to be profitable only on routes where high-speed high-
quality track is already in existence. If it is required to go still
faster even than safety on a curvaceous route will allow, or if it is
wished to increase the service on a route where the tracks existing
are already in use to their full capacity, then there is no alternative

but to start afresh, building new tracks on a new route. The expense
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involved in such construction is enormous, many times greater than the
cost of designing and building a whole fleet of advanced passenger
trains. However once such a decision has been taken, the opportunity
is presented to eliminate the many archaic features, left over from
the days of steam, that still plague the operation of modern railways.
In particular, with high velocity in mind from the outset, the route
can be chosen such as to maximise the length of straight track and

to arrange that those curves that remain unavoidable (whether in a
horizontal or a vertical plane) have radii appropriate to speeds of

several hundred kilometres per hour.

The outstanding example to date of this "begin again from the
beginning'" approach is the Tokaido Line in Japan. Originally built
as a single route connecting Tokyo with Osaka (a route served
previously only by a twisting narrow-gauge railway, grossly
overloaded), the system has proved so successful that it is now being
extended to run eventually to all the major cities of Japan. Trains
run at a maximum speed of 215 km/h, and cover the distance of 530 km
in less than three hours. However again the system comes up agalnst
a speed limit barrier. The principal determining factors in this
case are firstly the need for frequent track and rolling stock
maintenance work to repair the wear and damage caused by such high-
speed running, and secondly the excessive sparking and eroding at the

pantographs where power is taken from overhead electrified lines.

It may at first sight appear coincidental that Japan's Tokaido
Line, a brand new railway suffering no constraints of compatibility
with older systems, and British Rail's advanced passenger train,
designed to superimpose the speeds of today onto the curvaceous
routes of the past, should both appear to be reaching an uppermost
1limit of speed at around the same value - somewhere about 250 km/h.
But a more penetrating analysis of the subject of the transport of
heavy masses at high velocities may reveal that there is a fundamental
reason why this should be so, a reason perhaps as basic as that which

dictates that "there is a maximum size of bird that can fly" because
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as the bird grows larger its weight increases as the cube of its

linear dimensions while its wing area increases only as the square.

There are indeed two major factors, either of which on its own
would be sufficient'to place an upper limit on the allowable speed
of a system dependent on a steel wheel running upon a steel rail.
It is well-known that the force of air-resistance acting upon a
moving body increases as the square of the velocity of that body,
and that the power requirement to keep the body in motion therefore
increases as the cube. At speeds of 100 km/h and upwards, air-
resistance becomes the dominant feature determining the total
power input requirements of any vehicle. In the case of a vehicle
depending on drive through its own wheels for propulsion, the
transmission of this power is totally dependent upon the frictional
forces acting between the wheels and the stationary surface upon
which they run. This in turn places a limit on the maximum speed
attainable, set by the maximum traction force that can be developed

before the wheels begin to slip.

In the days of steam one of the means used to push this limit
higher was simply to build heavier locomotives, thereby increasing
the force required to slip the wheels. In more modern times
suggestions have been made to employ high-temperature electric arcs
or gas torches playing on the rails immediately in front of the
leading pair of wheels, in order to burn off any dirt or grease

deposits which lower the coefficient of friction.

The problem can of course be tackled in many other ways, one of
the more obvious of which is to streamline the vehicle. While it is
true that even many steam locomotives (notably the record-breaking
"Mallard") employed some degree of streamlining, the advanced
passenger train will be the first British train to be designed from
the outset using all available knowledge of the nature and effects of
air-flow around objects. The London Underground and similar systems

tackle the problem in a different way. Their problem is not so much
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to drive against air-resistance (though this can be significant in
the tube tunnels) as to develop adequate acceleration on a packed
train moving away from a station. The wheel-grip is not helped by the
fact that the carriages, particularly those of the modern aluminium-—
bodied trains, are of much lighter construction than their main-line
counterparts. The solution employed in their case is to replace

the single powered vehicle at the front by a succession of powered
axles beneath the carriages throughout the length of the train. The
number of powered axles can be as high a percentage of the total as
is necessary to transmit the desired accelerating force without
slipping - in practice modern Underground trains have aboutr fifty

per cent of their axles powered.

However solutions such as these are capable only of pushing the
maximum driving force a little higher, and each gain costs
progressively more in terms of money and engineering complexity.

Such processes cannot be continued indefinitely. British Rail now
set the eventual speed limit on friction drive at about 250 km/h,
and they are at present carrying out tests on the use of conventional

linear motors for propulsion above this speed.

The inability to maintain sufficient frictional contact is the
first of the barriers to ever-increasing speed. The second is if
anything even more fundamental. It is the inability of engineering
materials to withstand for long periods the vertical shocks and
stresses caused by high-speed travel. The major vertical forces
acting on a railway track arise at places of track irregularities,
particularly at joints, points and crossings. The dynamic forces
caused by the passage of a high-speed train can be exceedingly large,
as much as four times the corresponding static forces, and these
lead to high maintenance costs both of the track and of the rolling
stock. Already this factor has been the cause of a reduction in the
operating speed of the Tokaido Line from its projected value of

250 km/h to its present value of 215 km/h. : .
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The magnitudes of such dynamic forces can be shown(18) to be
proportional to the velocity of each vehicle and to the square-root
of its unsprung mass (to a first approximation the sum of the masses
of all parts of the bogie between the track and the main suspension
springs). For this.reason the construction of modern high-speed
locomotives and trains is aimed at minimising unsprung (and overall)
mass, and in the a.p.t. an unsprung mass per bogie of 1.5 tonnes
has been achieved, compared with 2 -4 tonnes for a conventional
modern locomotive. The effect of this reduction is that the a.p.t.
1s expected to run at speedS twenty per cent greater than conventional
locomotives while exertiﬁg about the same vertical forces on the

track.

Nevertheless once again it is thought unlikely that even the
a.p.t. will be able to run much faster than 250 km/h unless new
progress is made either in the further design of vehicle suspension
or in improving the resistance of the track to wear and damage by
vertical forces. It is coincidence that the value of this limit -
250 km/h - is about the same as that imposed by loss of sufficient
frictional contact. Having once realised the significance of these
limits, however, it will be appreciated that it is no coincidence
that both the Tokaido Line and the a.p.t. experience difficulties
as their speed approaches this value. The fallacy may now be
understood in the suggestion that there need be no practical limit
set even on today's requirements for frictional force transmission
since one can always employ larger driving wheels to give greater
area of contact, and run heavier locomotives upon them. Clearly
such a suggestion is in direct conflict with the requirement to
minimise damage by reducing weight, and indeed the tendency nowadays
is to reduce the unsprung mass by making wheels as small as their

mechanical resistance to centrifugal stresses will allow.

Here is not the place to become involved in justifications for
man's incessant desire to travel ever faster. Suffice it to say that

the railways have long recognised the commercial desirability of speed,
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and that where they decide to step to one side there are several
other concerns only too willing to press ahead. Since the present
technology of the steel wheel upon steel rail seems unlikely to be
able either to propel or to support vehicles at speeds much in excess
of 250 km/h, there éeems no alternative but to abandon altogether

the principle of physical contact between the moving vehicle and its
track, and find some other means for support and propulsion. (In the
same way, to return to the earlier analogy, if a bird were to evolve
to the size of a jet aircraft and still retain the capability of
flight, then it would have to abandon flapping wings altogether and
replace them with a new system, such as the shaping of air-flow

across a fixed wing surface.)

6.2 Contact—-free systems

Much research is in progress in many countries on the
development of systems for high-speed land transport that eliminate
physical contact with the ground. A comprehensive review of the
world situation in 1974 is presented in reference 17 (which also
includes over two hundred references to articles on modern transport
in all its forms); it is sufficient here to give only a brief

description of the four major systems at present under investigationm.

The first of these systems is support by air—cushion suspension,
the hovercraft principle. This was the method employed by the only
major British effort on high-speed contact-free transport - the
Hovertrain developed by Tracked Hovercraft Ltd. Air-cushions
provided both support and guidance, the latter by means of air-pads
mounted on the inward-facing surfaces of the sides of the vehicle,
which extended downwards to embrace the two sides of the track —
see Fig 49. Propulsion was by means of a conventional single-sided
linear motor on board the vehicle, acting upon an aluminium reaction
sheet mounted within a groove at the top of the track, and towards
the end of 1972 the resulting full-scale test vehicle RTV 31 achieved
a speed of over 160 km/h within the 1.6 km length of track available

at that time.
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Much work on air-cushion suspension has also been carried out
in France, notably in the development of the Aerotrain (by Bertin,
with French government support). Experience there goes back to the
time before linear induction motors were established for propulsion
at high speed, and experimental runs were made using air-screws,
jet engines and even rocket boosters. In the main, however, these
served only to confirm the non-acceptability of such machines en

account of noise and pollution, and the linear motor is now the only
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Fig 50. Magnetic attraction system for vehicle support.

means of contact-free propulsion under consideration in any part
of the world. These same grounds, particularly that of noise,
have also been the main cause for dwindling interest in the air-
cushions themselves for means of primary support. While there is
still some work in progress in France and in the U.S.A., it is
now'thought unlikely that further trains operating on the hover-

craft principle will be built.

The second major system, upon which considerable effort has
been expended in Germany, is the "magnetic attraction' system, which .
utilises the forces attracting objects of steel towards the poles of
an energised solenoid. Fig 50 shows one configuration for vehicle
support by such a system but many others are possible. Uncontrolled,
the solenoid cannot of course stabilise itself at a constant distance
from the steel since any movement tending to increase or decrease

the gap results respectively in a decrease or an increase in the
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attractive force — the opposite to what is required for stability.
The mechanism is therefore provided with a distance sensor which,
coupled to an amplifier supplying current to the solenoid, detects
changes in the air-gap and adjusts the current accordingly. By its
attractive nature the system is clearly capable of producing strong
guidance forces as well as support, leaving only propulsion to be
supplied. The German researchers have experimented with both single

and double-sided linear motors for this purpose.

Simple in concept, the whole system nevertheless presents the
designer with a number of problems. Firstly the highly reactive
nature of a solenoid wound upon a steel core makes curreni control
not at all an easy matter. The long natural time-constant associated
with changes in current renders simple voltage control useless. The
rapid current changes necessary if stability is to be maintained can
be achieved only by transiently raising the voltage to many times its
required steady-state value in order forcibly to drive more current
through the reactance, and conversely a short-duration high negative
voltage is needed to reduce current. This process, applied to a
solenoid large enough to support the weight of a full-scale vehicle,
requires a feedback amplifier of enormous proportions. 4 particular
penalty, even using the most modern techniques of transistor and
thyristor technology, is the resulting weighr of the amplifier,

estimated in the region of several tonnes.

A second problem is that the action of a d.c. magnetic field
in a solid steel beam is to produce drag forces when the energising
coil is made to move along the beam. - These forces are dependent upon
velocity, and could necessitate a consi&erably greater propulsive
effort at speed, though it might be possible to laminate the whole

of the steel supporting structure to reduce the effect.

Neither of the above difficulties, however, is insuperable.
Models employing the magnetic attraction system have been built
and successfully run at high scale-velocities. But there is a

third objection to the system, of a nature more fundamental than
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those so far stated, and which could have far-reaching consequences

for this and other magnetic systems.

In Chapter 2 (page 39) a brief explanation was given of the
meaning of "goodness factor" as applied to electromagnetic machines.
It is necessary to make a distinction here between two fundamentally
different types of machine.(18) For want of better distinguishing
. expressions, specialised meanings have been evolved by those working
in electromagnetism for the words "electromagnetic' and "magnetic".
In this specialised use (which is employed consistently throughout
this thesis) an "electromagnetic' machine is one in which electric
currents flow in the secondary (whether induced, as in an induction
motor, or separately excited, as in an alternator), and a ''magnetic"
machine is one which employs no currents in the secondary (as for
example a reluctance motor, a solenoid, or any motor employing a
field supplied by a permanent magnef). The one exception to this
rule is the synchronous machine with permanent magnet excitation on

"electromagnetic' heading. A

the rotor, which comes within the
magnetic machine depends either on the action of the primary current
on the magnetic field, or upon direct action of the magnetic flux
itself (for instance on its tendency always to minimise the length of
air-path), while an electromagnetic machine uses the magnetic flux
only as the medium by which two sets of électric currents are made

to react with one—another.

Now in the derivation of goodness factor(®) the assumption from
the outset is that the machine concerned is of the electromagnetic
type. It has not been possible as yet to derive a corresponding
mathematical expression for a magnetic machine, but practical
experience can predict in any case what some of its results would be.
In particular, whereas an increase in linear dimensions improves the
goodness factor of an electromagnetic device, a corresponding increase
is certain to have the opposite effect on a magnetic machine. (This
result can in fact be theoretically derived from considerations of the
way in which a magnetic circuit changes with increasing dimensions -
see reference 19.) In short, for electromagnetic devices "the bigger

the better", and for magnetic "the smaller the better". (As an
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example of this consider the tiny permanent-magnet motors that

work superbly inside a model railway locomotive. No induction
device could operate on so small a scale. But never is scen a
permanent-magnet motor the size of a full-scale railway 1ocomotive,l
and even if onc were to be built it would be a poor machine indeed

at so large a scale.)

So here lies the difficulty with the magnetic—attraction system.

It is a magnetic machine. It is certain, therefore, that as it is
made larger the engineering problems will increase, and there will
be found an ultimate limit of a nature identical to that which
dictates that the ostrich will never fly - because it is too big.

The value of this limit, of course, is yet to be determined. The
system has been shown to work well on a model scale, but so far
full-scale performances at high speed have been investigated only

by simulation. It remains to be seen whether a 50 tonne vehicle
travelling at speeds of say 400km/h is or is not within the limit

on size.

The third method of support, again simple in concept, is to use
the repelling properties of similar poles of a pair of permanent
magnets. Recent advances in materials, particularly the development
of ceramic ferrites of coercivity many times superior even to modern
steel magnets, have made the reliable support of several tonnes-
weight a practicable possibility. Fig 51 shows in cross-section
one confighration of such a system; again many others are possible.
Clearly such a system needs rigid sideways support, for the position
of maximum repelling force is also a position of unstable equilibrium,
any sideways motion resulting in a tendency for the whole vehicle to
slip sideways a distance of one "pole-pitch" and lock into a region

of powerful attraction.

At first sight it would appear feasible to obtain guidance
from a similar magnetic effect by repelling the sides of the vehicle
from the inside surfaces of a U-shaped track. However there is a
well-known proof(zo) that it is impossible to stabilise one set of

permanent magnets by means only of the action of another set of
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permanent magnets, This is in fact a particular case of Earnshaw's
Theorem, which in one of its forms states that such stabilisation is
impossible by the use of any force-production mechanism dependent on
an inverse-square law relationship between force and distance. (For
example it is similarly'impossible to suspend one electric charge
stable in space by the use only of other electric charges surrounding
it.) The only exception, mnot applicable here, is in the case of
materials that are diamagnetic, i.e, have a relative magnetic
permeability of less than unity; this case will be considered as

part of the fourth suspension system,

Mechanisms proposed to provide sideways stability for permanent
magnet suspension include rollers acting upon the two surfaces
of the vertical secondary of a double-sided linear motor or acting
on the concrete box sides of the track itself, or control of currents

in solenoids reacting with vertical ferromagnetic members in the
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track. But whatever mechanism is evenlbually employed, 1t must
be capable of overcoming the instability tendencies of the main
support as well as of controlling the normal lateral movements

of the vehicle.

As a means for support the permanent magnet levitation system
has a number of promising features. The lift mechanism itself
clearly consumes no energy whatsoever, even when there is vertical
movement of the vehicle, and the resulting independence of the
support on any primary power supply is seen as an important safety
feature (though this is strictly valid only if the guidance
mechanism is similarly independent of supplies). In addition the
electrical insulating properties of the ceramic magnets prevent
the flow of eddy currents that would otherwise cause drag forces at
speed(17). Set against these, however, are once again the fundamental
properties of a magnetic system, prédicting that as the overall size
is increased towards full scale, the engineering difficulties can but

increase.

The fourth major system, on which a large amount of research has
been in progress in Japan and the U.S.A., is that using cryogenics -
the technique of cooling a conductor to below the critical temperature
at which it loses all resistance to electric current. The mechanism
of lift-production 1s rather less obvious here. As is well known,

a magnetic pole travelling close to the surface of an electrically
conducting sheet causes currents to flow within the sheet, and the
pattern of flow of these currents is such that the resulting force
between them and the moving pole is in a direction such as to oppose
the motion of the magnet. It can be shown that there is im addition
a force of repulsion between the pole and the sheet, which increases
with velocity. With ordinary magnets or solenoids the repulsion
force is not large enough to be of practical use, even at high
velocities. However the use of cryogenics, creating superconductors
through which currents thousands of times greater than is possible in

normally resistive material can be passed, allows the production of
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magnetic fields of such magnitude that the critical velocity at
which a full-scale vehicle can just support its own weight can be
less than 100 km/h,

The system can also achieve stability by the same mechanism,
repelling from the inside walls of a U-shaped track, That this is
possible notwithstanding Earnshaw's Theorem is a result of a
particular feature of superconductors. The theorem, as stated
earlier, precludes the possibility of obtaining stability by steady-
state magnetic forces, except in the case where the materials involved
are diamagnetic. A number of commonplace materials are very slightly
diamagnetic - water, glass, copper for example — but each of these
has a relative permeability differing from unity by less than one
part in ten thousand so any magnetic stability obtainable is far too

small to be of any consequence,

Now a superconducting coil, by virtue of its zero resistance,
has an infinite time constant to changes in its current or to the
magnetic field passing through it. An attempt from outside to
influence the magnetic flux passing through the coil (e.g. by means
of a current in a second coil, or a moving permanent mégnet) would
therefore require infinite time to take effect, and the coil can thus
be regarded as possessing zero permeability to changes in magnetic
flux. (The coil is energised and its own magnetic field first set up
by inserting external resistance into the circuit, to reduce the time
constant to as low a value as desired. The resistance is then short-
circuited from within the cryostat to leave the current circulating

indefinitely.,)

The superconducting coil thus behaves in the manner of a highly
diamagnetic material, and stable levitation is possible. The only
remaining requirement is a propulsion unit, which can conveniently
consist of a single-sided linear motor using as a secondary the same

aluminium sheet that reacts with the superconducting coils to provide
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lift. (An alternative design, under investigation in Japan, is
to employ discrete short-circuited copper coils in the track in

place of the conducting sheet.)

Two difficulties arising with the system are immediately
apparent. Firstly the action of a powerful d.c. field moving
along the surface of a conducting sheet is precisely that of an
eddy-current brake, resulting in drag forces requiring large
increases in the thrust and hence the power consumption of the
propulsion unit. Secondly the essential requirement that the
superconducting coils be kept always at a temperature within a few
degrees of absolute zero can be met only by carrying quantities of
liquid helium on board every vehicle - a severe penalty in terms of
weight as well as cost. However at the same time the whole system
is the only one of the four major types to behave according to the
laws of electromagnetic machines - the larger the linear dimensions,
the better the system will become. The limit now is how small it
can be made before it ceases to be practicable, and once again it is
yet to be determined whether an acceptable size of vehicle falls

above or below this limit.

6.3 The Electromagnetic River for high-speed transport

Section 6.2 has given a brief outline of some of the technical
aspects of the four major support and guidance systems for high-
speed ground transport. A few of the more important features, both
in a positive and in a negative sense, have been pointed out, mainly
to serve as a background to the comparison which follows. All four
systems need a propulsion unit, capable of working against the
powerful air-resistance to a vehicle the size of a railway train
travelling at perhaps 400 km/h, and the only propulsion machine
acceptable in the present-day climate of concern about noise and
pollution is the linear motor. This choice is not without its
difficulties, the most severe of which is probably that of .
transferring adequate power from the trackside into the vehicle
moving at high speed. Discussion of this, however, lies outside

the scope of this thesis.
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But having once made the decision to use a linear motor, and in
the light of the discoveries concerning expanding-geometry stable
levitating machines, the next proposal is obvious. In the
electromagnetic river there exists a linear motor capable of providing
simultaneously the tfiple functions of lift, guidance and propulsion
and if, as is perfectly fair in a situation where 957 of the input
power is used in '"'pushing the air out of the way", all the capital
expense and the running costs of the linear motor are ascribed to the
production of thrust, then the lift and the guidance are obtained

free,

Investigations carried out in the laboratory as to the feasibility
of such a proposal form the subject of the next chapter. Before
proceeding thus far, however, it may be helpful to present in slightly
more detail some of the predicted capabilities of, and problems
resulting from, a purely electromagnetic transport system, Having
discovered a machine capable of performing three separate functions
in three differing dimensions, all from one set only of electromagnetic
coils, the next concern is to devise means by which these functions

can be independently controlled.

For example in use as a transport system there is a need for
control of propulsion such that the vehicle can be accelerated,
cruised at constant velocity, and decelerated (and even made to go
backwards), while the lift and guidance ideally remain constant
throughout. In Chapter 2 it was shown how exchanges between properties
can be carried out by the substitution of rotors of differing
geometries. Wide plates can support a greater weight and experience
a greater thrust than narrower ones at the same height, but at the
same time they are less stable; use of a U-shaped trough increases
thrust without affecting stability or lift, etc., But all these are
important considerations only in the original design of the vehicle
and its track; they are of course not applicable to control of a

-

moving vehicle once it has been built.
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More relevant is to discover the way in which the force normal
to the surface of the electromagnetic river, i.e., the levitating
force, varies as the rotor accelerates within the travelling field.
However in researches of the kind described in this thesis there
inevitably occur certain subjects for the investigation of which
there is insufficient time, This was the case with investigations
into the nature of the variation of normal force with speed. 1In the
absence of any concrete measurements, therefore, predictions of such
behaviour can be made only on the basis of likening the normal force
characteristics of the electromagnetic river to those of the
conventional linear induction motor, about which much is knowm.
There is in fact considerable justification for doing this, since
similar investigations (described in Chapter 7) into the way in
which normal force varies with changing frequency of supply gave
results following a pattern very close to that of the corresponding
behaviour of a conventional linear motor. In any case the mechanisms
of lift and thrust production in the two types of machine are
identical, the differences between the motors being only in the
topological arrangements of the magnetic and electric circuits, so
it is likely that the variations of those quantities with speed will

be similar.

A study of the behaviour of the normal force over a conventional
longitudinal-flux linear motor under dynamic conditions has been
made by Lowther. (21,22)  His work has produced both theoretical
predictions and real measurements of the variations of lift under
conditions of acceleration, deceleration and super-synchronous
operation, at supply frequencies varying from 20 Hz to 90 Hz, and

with the motor connected both as a 4-pole and as an 8-pole machine.

The main point to emerge is that with a suitable design of rotor
and stator it is possible for the lift force to remain essentially
constant over most of the forward speed range, beginning to drop
significantly only when the rotor speed comes within a few per cent

of the synchronous speed of the field. On the assumption then that
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the same applies to the electromagnetic river, it appears that
something very close to the ideal of constant maintenance of lift
throughout the operable speed range is indeed achievable in practice.
Since the guidance forces are also obtained from the same magnetic
flux, it is likely tﬁat they also will vary in the manner of the
forces of 1lift. (Lift and guidance under decelerating conditioms,
i.e, with the motor "plugging', are fully maintained. It is only
when approaching the field speed in the forward directionm that there

is danger of loss.)

Even further independence between the various functions of the
electromagnetic river might be thought desirable, particularly the
provision of progressive control over the longitudinal thrust of the
motor. Various schemes have been proposed for this purpose, but the
problems involved are essentially the same as those of building a
variable-speed rotary induction motor. This is a subject well
covered elsewhere in technical 1irerature,(23) and need not be gone

into here,

(An interesting and novel suggestion was made that it might be
possible to excite the three-phase linear stator with a deliberately
unbalanced three-phase supply. In this way several harmonics of
travelling field could be super—imposed on the fundamental component,
allowing the possibility of latching the driving speed of a vehicle
to, say, a harmonic travelling at half the synchronous speed of the
supply, while maintaining 1ift and guidance from currents induced by
the fundamental field itself. Differing degrees of unbalance could
allow the choice of different harmonics for propulsion, while a return
to balanced conditions would cause the vehicle to accelerate back

towards synchronous linear speed.)

The cost and weight of any control system able to handle the
full load power of the propulsion unit (probably several megawatts)
would of course be major items for consideration, and it has been

said that the same weight of machinery could be put to better use
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as an alternator coupled to a synchronous motor to create a
three-phase supply from a single-phase input, thus easing the problem
of power pick-up. (But again, the major problems of pick-up arise
with the loss of the wheel-on-rail return current path, and the
resulting requiremenf for two contacts instead of one. The step

then to three contacts from two is a relatively minor one.)

There can even be made a virtue of lack of speed control, on the
grounds that a tracked transport network on which all vehicles run
at precisely the same cruising speed and with the same characteristics
of acceleration and deceleration is much easier to supervise than
one in which each individual vehicle is driven at a speed determined
solely by its own driver, Sophistication such as controllably
unbalanced supplies may therefore prove in any case to be unnecessary,
especially if 1ift can be maintained without difficulty over the
entire operating speed range of an electromagnetic river in the same

way as it can over a conventional linear motor.

6.4 Protection against loss of supply

A further topic that must be carefully considered for any
contact-free high-speed transport system is the maintenance of
1lift and guidance in the event of loss of primary input power,
It is essential that some provision be made for such an event, for
no electricity supply can be guaranteed. It transpires that the
linear motor itself can be used for this purpose, and that it is
possible to turn the kinetic energy of the vehicle back into
electric support and guidance currents flowing within the stator
windings. TFurthermore the process can be made instant and automatic,
no switching of electric circuits, or any other actiom, being required
(and the process is equally instantly and automatically reversible

should power chance to be restored).(24)

In order to understand the operation of the system it is

necessary to appreciate the action of an induction motor in its
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Fig 52. Super-synchronous operation of induction machine.

super-synchronous condition - i.e. when it becomes an induction
generator. A detailed explanation of an induction generator can
be found in many reference books on induction devices(25) but the
essential result is that any induction motor, linear or rotary,
becomes a generator as.soon as its rotor is made to exceed the
speed of the travelling field (see Fig 52), provided that stator

magnetising current is supplied from an external source.

In effect, the stator of an induction machine requires its
freduency of operation to be defined from outside; the speed of the
rotor in relation to the synchronous speed so defined will then
determine whether the machine acts as a motor or as a generator.

On board a vehicle this external frequency source can take the form
of a rotary synchronous alternator. The requirements of the
alternator are to supply magnetising current and leakage flux to

the induction stator, which in turn requires the rating of the
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alternator to be of the order 30% of the full-load current of the
main machine. Indeed the opportunity could be taken to employ a
rather larger alternator operating with its field deliberately
over—excited, to provide useful power factor compensation to the
main motor. In either case the resulting combination of machines
forms a system capable of becoming almost instantaneously a

gencrator in the event of power failure.

The sequence of events is as follows. Under normal operating
conditions the linear induction motor draws current from the main
supply and propels the vehicle at a constant speed, say vy, as
shown on the diagram of Fig 52. The alternator spins at synchronous
speed ( vg on the diagram) and absorbs no power other than to supply
its own small internal losses. Upon loss of supply power the
alternator, still connected in parallel with the motor, for a fraction
of a second attempts to drive the motor by its own inertia, and in so
doing rapidly decelerates until its speed is fractionally less than

the frequency defined by the rotor speed vr.

At this point the linear induction motor finds that its rotor
speed (which has not changed in such a short interval) is slightly
greater than the synchronous speed defined by the alternator, and
the machine therefore begins to act as a generator, thereby preventing
the alternator from decelerating further. The linear speed of the
vehicle, the rotary speed of the alternator and the frequency of the
generated current then slowly and steadily decrease, at a rate
determined by the dissipation of the kinetic energy of the vehicle
in the form of air-resistance and of heating in the current coils.
The 1ift and guidance properties of the electromagnetic river are
maintained by the currents flowing in the stator at all times except

for the fraction of a second taken for the alternator to slow down

after the loss of power.

The resulting deceleration of the vehicle can be improved from

a passive coasting to an active braking action by the introduction of
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a switching operation into the process. In this casec, after loss of
power one portion of the stator has the phase connections to any two
of its supply leads interchanged, to reverse the direction of drive
of that part - i.e. it is made to operate in plugging mode. The
result is that the undisturbed portion of the motor generates in

the same way as before, but now supplies output power to the plugging
portion, which produces a braking force. In this mode most of the
kinetic energy of the vehicle is being dissipated as heat in the
aluminium track, and the deceleration is greatly improved. Such

a combination of machines has been experimentally shown(25) to
maintain generation and plugging down to a speed of a few percent

of the original synchronous velocity, after which the point is reached

when the whole electrical system suddenly coilapses.

In this way the speed of a vehicle travelling, say, at 400 km/h
can be brought down to perhaps 40 km/h before any secondary support
system need be called into play. In practice it is unlikely that
primary clectromagnetic support would in any case be employed at
speeds much below 100km/h, since although the electromagnetic river
is capable of accelerating from standstill, to attempt to maintain
levitation of an entire vehicle at low speeds would involve severe

problems of heat dissipation in the -aluminium track.

6.5 Secondary support system and speed restrictions

The obvious choice for a secondary support system is to return
to the steel wheel on steel rail since this remains by far the best
tracked transport system for medium and low speeds. In fact the
presence of steel rails on each side of the aluminium reaction
sheet could be distinctly advantageous for a number of reasons. The
normal running procedure could then comsist of wheel-on-rail support
and guidance while accelerating from standstill to about 100 km/h or
thereabouts (propulsion provided either'by wheel drive or by use of
the main linear motor acting on the aluminium sheet), at which speed

the primary support system could take over to lift the vehicle clear
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of the track as acceleration continues to cruising speed. Deceleration

to standstill simply follows the reverse procedure,

Continuation of the steel rails throughout the length of route
can also form a back-up safety system, for in the event of a disaster
such as total burn-out of the motor the vehicle could land on these
rails even from full speed. A single such landing would be easily
tolerable by the rails, even though they be known to be incapable of
withstanding continuous high-speed heavy traffic. The steel rails
could come into their own even more if it were arranged that their
gauge was the same as that of a conventional railway, for it would
then be possible to graft the high-speed routes onto those of a
standard railway at the outskirts of a city and run into the centre
on existing tracks, thus avoiding the need for new routes into the
city itself. This and other simplifications make such "compatibility"
with present-day operation an important consideration in the choice

of systems for high-speed transport.

Most of the foregoing discussion has featured the support and
guidance systems, but there remain a few points to be made of a
more general nature. One of these concerns the possible speed
ranges of the various ground transport systems mentioned. The
lower speed limits are fairly clearly defined - the air-cushion
and the two magnetic systems can maintain support from standstill,
the cryogenic system requires a velocity of between 50 and 100 km/h
before lift~off, and the electromagnetic river, while theoretically
capable of lift at standstill, would in practice be restricted
to a lower levitation limit of again somewhere in the region of

50 to 100 km/h to avoid problems of excessive track heating.

The upper speed limits are less clearly defined. Indeed once
free of physical contact there seems no theoretical reason why
such systems should not be capable of velocities approaching that of
sound itself, However the power demanded by working against air-
resistance sets a practical limit far below this, and while the

exact value chosen is somewhat arbitary, the deciding factor is



simply the point beyond which it is no longer comsidered worthwhile
to pay the extra cost of the power required to go faster. To take
for example the speed of 400 km/h which has been quoted a number of
times already in this chapter, an increase of 12.57 to 450 km/h
involves a corresponding power increase of 427 (on the assumption
that all the output power is being dissipated as air-resistance,

and therefore increases as the cube of speed), and a further increase

to 500 km/h would all but double the original requirement,

The whole subject of high-speed ground transport can well be
likened to that of low-flying aircraft - aircraft flying at an
"altitude" of only some centimetres - and clearly there comes a point
where high-flying craft must take over, for their ability to choose
to travel where the air is thin and its resistance less inhibiting
is the very reason for their existence. Ground transport systems

are not regarded as competitors to machines such as these.

6.6 Choice of linear motor design

The last two points to be made before leaving this chapter of
review, conjecture and discussion apply to the linear motor as a
general machine for high-speed propulsion, and are therefore again
relevant to all forms of lift and guidance, The first concerms the
choice between a single~sided and a double-sided motor., As explained
briefly in Chapter 5 the double-sided motor seems at first sight the
obvious choice for a propulsion unit, simply because it makes better
use of the space available by employing active windings on both
sides of the rotor. Indeed until recently all the high~speed ground
transport systems under investigation throughout the world were
using or were plamning to use a double-sided linear motor as the
thrust unit, with the single exception of Tracked Hovercraft Ltd.,

who employed a single~sided motor from the beginning.

However when detailed design calculations for the motor are
carried out, the resulting rotor shape assumes the proportions shown

in Fig 53(a), where distance "x" is about 1 cm and distance "y" is 40 cm.
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Fig 53. Two basic forms af linear motor.

It is necessary to minimise the rotor thickness in order to keep
the total air-gap between the stator pole-faces as low as possible
(the thickness of aluminium, of course, being included as part of
the "air-gap"), and the need to develop thrust appropriate to a
full-scale vehicle then results in the height of reaction plate

shown.

Such a design presents severe mechanical problems. (Fabrication
is not one of them, however — continuous lengths can be formed by
extrusion.) Aside from difficulties of mounting and alignment,
neither of which is troublesome in the rotor of a single-sided
motor - see Fig 53(b) - one of the major troubles experienced to
date has concerned track joints. The passing of a joint causes a
serious transient in the magnitude of the propelling force and this,
combined with the practical difficulty of maintaining accurate

alignment across a joint free to move longitudinally to allow for



- 137 -

expansion and contraction, has led to attempts to eliminate joints
entirely. ‘These attempts have followed the standard practice
employed by many railways, namely to overcome the need for expansion
joints by laying the track under tension sufficient to ensure that
the resulting longitudinal extension of the metal is greater than
that producible by the highest temperature likely to be encountered.
Under cold temperature conditions, of course, the metal is under
high tensile stress, and it has transpired that aluminium, unlike
steel, lacks the tensile strength to withstand these stresses. In
fact an experimental track in the U.S.A. split in three places on

one particularly cold day.

A second difficulty experienced with reaction rails of the
shape shown in Fig 53(a) has been the formation of standing waves
of lateral oscillations in the aluminium in advance of an
approaching high-speed vehicle. The combination of these two
problems has been the principal reason for a steady change-over
on a worldwide scale from the use of double-sided to single-sided
motors. A particularly worrying possibility is that the occurrence
of a temperature almost as cold as that which split the tracks,
together with the extra stresses of lateral oscillation experienced
on the approach of a vehicle, could result in a fracture causing

a catastrophe on the scale of a major aircraft disaster.

On the grounds of danger alome, therefore, double-sided
motors are now being abandoned for high-speed use in all-weather
conditions. A further consideration is that a recent patent(27),
applicable only to single-sided motors, has been filed which
discloses the construction of a track joint possessing almost
none of the detrimental effects associated with a conventional
joint. This is described in some detail in Section 6 of the
following chapter. Lastly the single-sided motor requires less
weight to be carried on board the vehicle since half the steel

comprising its magnetic circuit is embedded within the track.
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Fig 54. Longitudinal and transverse flux linear motors.

The second topic concerning the overall choice of motor design
is the distinction between the properties of longitudinal-flux and
transverse-flux linear motors. The basic difference between the
two machines is exactly as their names imply. In the one case the
magnetic flux paths between adjacent poles are aligned parallel to
the length of the machine, as shown in Fig 54(a), and in the other
case they pass across the machine, either from one side to the other
as in the electromagnetic river (see, for instance, Fig 29 of
Chapﬁer 4) or from either side towards the centre as shown in
Fig 54(b). (For a full treatment of the development and the

properties of transverse-flux motors see reference 28.)

Now the velocity vg of the travelling field set up by a
longitudinal-flux linear motor of.pole-pitch p and supply frequency
f is given by vg = 2pf. TFrom this it can be seen that if the supply
frequency is not to change then a high linear speed of travelling
field requires a proportionally long pole—pitch. On this basis
a motor capable of driving a vehicle at 400 km/h, requiring a
synchronous field speed of perhaps 450 km/h, would need a pole-pitch
of 1.25 m if it were to operate from the 50 Hz mains supply. But a
pole-pitch of 1.25 m defines a length of magnetic circuit of over

2.5 m, a distance quite impracticable with present-day magnetically-
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conducting materials. The only way out of the dilemma is to
employ a higher frequency of supply, with all the expense, weight

and complexity that a rectifier—inverter system entails.

The tramsverse—flux motor, on the other hand, has a magnetic
field velocity and a magnetic path length that are mutually
independent. There are now two pole-pitches, a '"lateral pole-
pitch" depending only on the dimensions of the stator laminatioms,
which determines the magnetic path length, and a "longitudinal
pole-pitch" measured from the centre of ome set of current coils
to the centre of the next set carrying anti-phase current. The
velocity of the travelling field is determined only by the second
of these parameters, and may consequently be increased without
theoretical limit while operating at the same supply frequency.
There is a practical limit imposed by the heavy chording of the
electrical circuit necessary for very long pole-pitches, but this
applies equally to longitudinal-flux motors as well. Certainly
the tramsverse-flux machine is capable of driving a high-speed
vehicle at any realistic speed desired while powered direct from

the standard 50 Hz mains supply.

Taken together the two considerations concerning the nature
of the propulsion unit lead to the conclusion that for any high-
speed ground transport system, no matter what its form of support
and guidance, the thrust will be provided by a single-sided
linear motor, either synchronous or tramsverse-flux. It should be
noted that the electromagnetic river is both single-sided and of
transverse flux. This fact, combined with the built-in lift and
guidance, has led to the electromagnetic river being regarded, by
those who were responsible for its development, as a high-speed
ground transport system eminently suitable to take over from that
centuries-old means of transport — the wheel - and it is with
experimental considerations of such a proposition that the following

chapter is concermned.



CHAPTER 7

LABORATORY SIMULATION O LARGE-SCALE
ELECTROMAGNETIC RIVERS

The "catamaran' machine (p 140) - the two halves of
the long electromagnetic river mounted side-by-side.
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CHAPTER 7

LABORATORY SIMULATION OF LARGE-SCALE ELECTROMAGNETIC RIVERS

The first part of Chapter 6 mainly comprised a review of some
technical aspects of.systems for high—épeed ground transport upon
which experimental work is in progress throughout the world. The
second part concentrated in particular on the use of the electromagnetic
river in this field. Since no experimental work has yet been carried
out on a full-scale electromagnetic river, much of the discussion in

the latter half of the chapter was necessarily of a hypothetical

nature,

However all such discussion is based at least on a foundation of
fact, which is that there exists an electromagnetic machine capable
of providing lift, guidance and propulsion upon a conducting secondary,
yet with an effective width of only ten centimetres. Scaling up to
full-size, for instance by multiplying every linear dimension by a
factor of fifteen to bring the effective width to a metre and a half,

results in a machine whose goodness factor has been multiplied by 225!

7.1 The "Catamaran'" Machine

At the same time, experience with many types of electromagnetic
machine has shown that proportionate scaliﬁg is seldom the best
technique; improved though the system will become as it is made
larger, it is likely that there will be better geometries still at the
higher size. Two features in particular of the laboratory electro-

magnetic river led to an investigation of alternative geometries.

The first was consideration of the ratio of the lift force
experienced by any secondary plate to the thrust acting on the same
plate. This ratio, of course, determines the value of the longitudinal
acceleration of the secondary after release from standstill. If F, is
the force mormal to the surface of the stator, i.e. the lift force

supporting the weight of the secondary, and F, is the longitudinal
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F
driving force, then the acceleration is simply F&°g , Where g is
n

the gravitational acceleration at the surface of the earth.

To a first order of approximation these two forces acting on an
aluminium plate over the electromagnetic river were equal, giving an
initial acceleration of the order lg. (Once in motion plates tended
to experience decreasing acceleration with increasing velocity,
giving an average acceleration over the whole length of the machine
of around 0.75g, as quoted in Chapter 5.) However a full-scale
passenger—-carrying vehicle is likely to require to accelerate at no
greater than about 0,lg, this being generally regarded by transport
authorities as the maximum value consistent with passenger comfort.
(For comparison, 0.1lg is about the value of acceleration with which
modern London Underground trains begin to move away from a platform.)
Thus one of the design criteria for an electromagnetic system is
likely to be that it should prove capable of maintaining the normal
force between rotor and stator at a value about ten times greater

than that of the longitudinal accelerating force.

The second unsatisfactory feature of the electromagnetic river
was its degree of stabilisation in roll. While most flat aluminium
plates experienced reasonable or good roll-stabilisation and damping
when supporting only their own weight, this was often no longer the
case when the plates were made to carry some form of load. Indeed
under some conditions of load certain aluminium plates proved to be
totally unstable., The model vehicle, consisting of a fibreglass
shell constructed over a base plate of aluminium, exhibited particularly
low. roll-damping (most easily demonstrated, as mentioned in Chapter 5,
by causing it to follow a disturbance in alignment half-way along the
electromagnetic river). These deficiencies were to a large extent the
result of mounting the extra load above the aluminium plate, thus
raising the overall centre of gravity of the supported system - a
procedure well-known to lead to roll-instability. This form of mounting
is, however, exactly that most likely to be used in practice, since the

alternative of suspending the load at a level beneath the conducting
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plate, itself floating at a small clearance above the stator,

involves considerable extra mechanical complexity.

These two shortcomings of the electromagnetic river, i.e. the
low ratio of 1lift to thrust and the poor roll-damping under certain
load conditions, led to investigations of a double-stator "catamaran"
system comprising two electromagnetic rivers positioned side-by-side,
as shown in Fig 55. The reasoning behind this development was that
when supported on a composite system such as this, any overall roll
movement of the rotor becomes mainly vertical movement over each of
the individual stator units. In this way an instability of roll is
converted into a motion of bounce, known to be stable and well-damped

(see section 2 of Chapter 5 — pitch disturbances).

Realisation of a suitable system for laboratory experiments merely :
involved re-mounting the two halves of the electromagnetic river side-
by-side a short distance apart, instead of end-to-end as before.
Preliminary experiments using flat sheets of aluminium confirmed that
the roll stability was indeed greatly improved. It was also qujickly
discovered that the conditions necessary for lateral stability were

similar to those over a single-stator machine, in that an "expanding-
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geometry" situation again existed relating the width of an aluminium
sheet to the height at which it could float, TFig 56 illustrates
this, and also shows the form of the resulting instability when the
rotor sheet is too narrow. Too wide a sheet simply slips sideways

off the whole machine.

The general "feel" of the lift and thrust capabilities of the
machine were most encouraging. A sheet of the same thickness and
length, and with a width chosen to give the same overhang, as one of
the original test plates on the single electromagnetic river appeared
to experience a longitudinal thrust three or four times greater than
that acting on a plate over the original stator. As the sheet was
pushed downwards towards the surface of the stator the force of
vertical lift was found to be many times greater. Indeed it was a
difficult matter for one person alone to force the sheet right down
to touch the stator pole-pieces - the impression was that an average
person needed to transfer something of the order of half his own

weight to the plate in order to reduce the air-gap to zero.
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These impressions were confirmed by measurements made on the
machine. An experiment to investigate the relationship between
thrust and lift was carried out using a large sheet of aluminium
whose edges had been bent upwards to form a tray, into which
quantities of sand were then poured to form a load. Fig 57(a)
shows the dimensions of the tray. When unloaded, the tray was
found to experience rather greater propulsion and lift than a flat
plate of the same length and width, but the stability remained
unchanged. The comparison here is of exactly the same kind as that
between a U-channel trough and a flat plate acting as secondary over
a single stator (see Chapter 1). The large increase of horizontal
and vertical forces on both the tray and on the flat plate compared
to the corresponding forces on plates over a single stator is
probably the result of the improved current return paths along the

centre of the sheet — see Fig 57(b).

The height at which the unloaded tray floated was about 5 cm,
and as sand was slowly poured in this clearance was of course
steadily reduced. The longitudinal thrust on the aluminium

(measured by a spring balance) increased only slightly during this
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process, showing the relative independence of thrust upon levitated
height for any given size of plate. 1In order to maintain the same
degree of stability while the clearance was being reduced it was
found necessary to move the two stator units progressively further
apart so as to adjust the degree of overlap of each plate edge to

a value appropriate to the height reached (see Fig 56).

The loading was continued until the tray was floating at &
clearance of only about 0.5 cm, at which point the total weight
of the sand plus the aluminium was 35 kg while the thrust force was
about 7 kgf at standstill. This already represented a 1lift to
thrust ratio of 5:1, and the fact that such a simple modification
to the topology of the system resulted in a five-fold increase of
the ratio of lift to thrust was taken as a clear indication that
with further sophistication the development of a machine capable
of providing the required 10:1 ratio would not be a difficult

matter.

Fig 58 shows one possible example of how such extra complexity
might lead to a realistic system for a large—scale machine. The
unit in the centre is a transverse-flux linear motor designed
only to provide 1lift and propulsion; e.g. a waffle motor(zg),
while guidance and further 1ift are obtained from electromagnetic
rivers positioned on either side of the central unit. It may or
may not be advantageous in such a situation to insulate those
portions of the secondary sheet acted upon by the electromagnetic
rivers from that above the waffle motor. The number of other
possible variations on this theme is of course enormous, and once
again the subject must be left open for future investigation. The
experiment succeeded in its original purpose however, which was to
demonstrate the existence of different geometries of machine that
could at the same time both improve the ratio of 1lift to thrust
and also provide much greater roll stability than has been found

possible on a single electromagnetic river.
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7.2 Variable stator core dimensions — use of gramme-ring

wound stator blocks

Following the catamaran machine a new series of experiments was
begun, with the aim of discovering some of the effects of variations
in the relationship between the transverse width of each individual
pole-piece and the width of the slot carrying the main stator
currents (i.e. the lateral distance between the pole~pieces).

Fig 59 shows two extremes of variation, and also indicates the .
practical difficulties that arise as these extremes are approached.

In the case of Fig 59(a), where the slot width is made small compared
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with the pole width, the space available for the stator winding
becomes restricted to the point where the current density needed to
provide sufficient 1ift becomes too great (i.e. there is a limit on

stator winding temperature).

In the other case, where the pole width is made small as in
Fig 59(b), a limit is reached when saturation of the irom circuit
prevents the passage of sufficient flux to support the rotor. The
two further dimensions of the iron core, slot depth and core depth
shown on Fig 59, have less flexibility of design, since once the
slot width and the maximum sustained stator current are known then
the slot depth is simply the minimum consistent with an acceptable
value of current demnsity, while the core depth would normally be the
same as the width of each pole-piece, to maintain constant flux

density throughout the iron circuit.

Now it would have been a laborious process to obtain or construct
a series of iron cores of various cross-—-sections but of the same
overall width, and then to wind an individual pair of coils to fit
each one. - Instead, a somewhat unusual use was made of a numbér of

blocks of standard linear motor laminations which had had their stator
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Fig 60. Gramme-ring wound linear motor stator block.

coils wound around them in gramme-ring fashion (instead of in the
more normal form of a layer winding) - see Fig 60, The particular
feature of such an arrangement in use as an electromagnetic river
was that by suitable interconnection of the individual coils,
simulation was possible of almost any configuration of slots and
poles, of any overall width up to a value equal to the length of

the linear motor block (about 50 cm).

Fig 61(a) shows an example of such a connection. Of the
twenty-four individual coils, numbers 6 to 10 are connected in
series and in the same sense, while numbers 15 to 19 are also in
series but connected all in the opposite sense to the first set,
Each of these sets simulates a single current-carrying coil filling
a single slot of width equal to the distance embracing the five
component coils. A further three sets of coils, numbers 3 to 5,

11 to 14 and 20 to 22, are left open-circuited, thus simulating-
three magnetic poles of corresponding respective widths. Finally

the last two coils at each end of the stator are short-—circuited
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Fig 61. Simulation of E-core transverse flux motor.

upon themselves to present a high magnetic impedance to any flux
attempting to pass through them. The effect of this is to reduce
the apparent width of the simulated iron, since the flux is
effectively contained within a region bounded by coils 3 and 22.
The set of return currents below the stator has little or no effect
on the flux passing through the top surface, and therefore need not
be considered. The complete arrangement simulates an E-core
transverse-flux motor such as that shown in Fig 61(b). It is then
a simple matter to re-connect the coils to investigate the effect,
for instance, of narrower slots and wider poles, or of changing

the relative proportions of the width of the centre pole compared

with those of the two outers.

Simulation of a C-core electromagnetic river is rather less
complicated, since the required arrangement is simply a central.
block of coils all connected in series to simulate the single slot,

bounded on each side by sets of coils left open-circuited to simulate
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Fig 62. Effect of pole width upon boundaries of stability.

the poles (and possibly further coils short-circuited at the extreme
ends to limit width). After many variations of this basic arrangement
had been tested, the only significant conclusion to be drawn from the
results was the somewhat negative observation that the relative widths
of the slots and of the poles do not play a large part in the

determination of rotor stability.

One point did emerge however, which was that the widths of the
poles do appear to influence the rate at which the width of floating
plates must increase with increasing.height of flotation to maintain
the same degree of stability. Fig 62 illustrates this - the stator
on the left, with wide poles, has as its boundaries of stability an
inverted prism of wide angle, while the narrow-poled machine on the
right has a narrow-angled inverted prism for its boundaries.

A search for the configuration to give the maximum flux at the

pole &ips, and hence the maximum lift, led to the predictable result
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that the width of each pole should be equal to the depth of the iron
core below the stator slots, in order that all parts of the iron
circuit should approach saturation at the same value of stator
current. In the case of the particular stator blocks employed this
requirement was met by leaving four coils open-circuited at each end.
It was found that the best use was then made of the remaining

sixteen coils by connecting them all in series as a wide central slot,
to provide the maximum excitation for the poles. The resulting

machine was a simulation of an electromagnetic river of 50 cm width.

7.3 Simulation of a wide electromagnetic river

by gramme-ring wound blocks

At about this point the experiments tended to develop into an
exercise simply to achieve the greatest possible height of levitation
of an aluminium sheet, to see whether stability would be maintained
at these sizes in the way that the expanding-geometry theories
predicted that it should. It will be realised that one of the linear
blocks of laminations on its own can simulate an electromagnetic
river only 10 cm long (this being the width of the block itself).
Extension to a more useful effective length was simulated by the use
of several blocks positioned side-by-side, all electrically connected
together in parallel, as shown in Fig 63. On the diagram, each
individual block has sets of currents flowing instantaneously to the
left over its top surface and returning underneath, forming a system
having the same effect as one comprising a single set of currents

flowing from right to left across all four top surfaces of the blocks,

and returning below.

In practice it was found that each set of sixteen coils drew
about 80 amps from a 415 volt supply, and since the main laboratory
supply was fused at 200 amps only three blocks were connected in
parallel at any one time. This combination, of three blocks in
parallel each consisting of sixteen coils in series bounded on each

side by four coils open-circuited, was found capable of supporting



- 152 -

LT i ERORI T o HEANSITILAS
T INRTIRAG j RN T
Tf:; T ’T'%T:JT'T‘ RITRTI "F'T"F}:TT 4 o/c
rut i M P RN AT \
> =3 = /" »3
ﬂ”” /Z/ (; I Ji B
> > > >
<,,Ao~ <_,.&~ <,—¢f=—’ C.,--(-’
> > > [>
g | ] = S <"“"g >16 coils
> > = in series
A P A 1P A lep LI =7
=3 =3 = P
T !Il:[l‘il’\ HUH 'lem\ RN -Hll%‘lr;l l}\
Iy ! i1 Bl ROt R PO L
’1;”:::;{ ‘.'l%'il*l:r; w-ml:\!H ;m:‘:'l‘ i } 4 a/c
T \ HUTIRHIRE Y TSR UL
1 2 3 4
o) &
v { l
O 5 4 O

{ current directions instantaneously as shown)

Fig 63. Parallel connection of several blocks
to simulate a long single slot.

and stabilising a 3mm aluminium sheet 60 cm wide at a height of
nearly 25cm. Furthermore the force then needed to push the sheet
down to touch the stator poles exceeded 40 kgf - mnearly half the
weight of an average adult. That such a performance was possible
from a machine that was, after all, no more than a rough 'lash-up"
of parts that happened to be available at the time is an
indication of the advantages to be obtained from an increase in
overall scale. A five-fold reduction in the dimensions of the
blocks and their windings to bring the system back to the 10 cm
width of the original Washington model and of the long electro-
magnetic river would carry with it a twenty-five-fold reduction in

goodness factor, resulting in an utterly incapable machine.

The simulation can be extended. If, instead of a simple
parallel connection, the individual stator blocks are connected
to the mains supply in phase~sequence (block 1 to Red, block 2 to
Yellow, etc.), then the longitudinal travelling field itself can be
incorporated into the system. Note, incidentally, that the direction

of travel of the field, while longitudinal with respect to the system
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as a whole, ls transverse to cach individual stator block, This,
of course, is a consequence of the blocks having becen used in the

construction of a transverse~flux machine.

Simple phase-sequencing of the coils in this manner proved of
little value other than to demonstrate that the ideas conceived in
theory did actually work in practice ~ the simulated electromagnetic
river performed admirably, providing thrusts of up to 10 kgf while
maintaining loaded plates stable and level. More interesting was an
attempt to make use of poly-phase connections to create inwards
travelling fields at each end of the system in order to provide
longitudinal as well as lateral stability. Hence it was hoped to
achieve levitation stable in all axes on a much larger scale than

hitherto.

The method of phase connection was similar to that employed
in the small stable levitator (the "magic carpet" machine) described
in Chapter 2 - see Figs 13 and 14. The phases of the currents in the
centre two stator blocks were made to lag sixty degrees behind those
in the outer blocks, though in this case the phase difference was
obtained by suitable interconnection between the 415 V live lines of
the three-phase supply instead of by making use of the supply

neutral as was done before.

It was found that longitudinal stability could be achieved only
when the ends of the floating sheet were directly over the two end
stator blocks. Provided this condition was met by suitable
positioning of the blocks, almost any desired length of aluminium
sheet could be stabilised. The width of the sheet was less flexible,
since this had to be chosen to fit the boundaries of lateral
stability for the particular height at which the sheet floated
(itself dependent upon the mass of the sheet and the stator current).
Under these conditions, it was realised, the major part of the 1lift
force was being provided by the centre two blocks only. The support
system could therefore be improved by spacing these two blocks well

apart to give an effect nearer to that of a uniformly distributed
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Fig 64. Connection of four blocks to provide
inwards travelling fields from both ends.

1lift force rather than to that of a single large force acting only
in the centre region. Since the main effect of the two end blocks
was then merely to provide longitudinal stability forces, it was
found sufficient to connect these in series acrosé the supply so
that they each carried a current of magnitude half that of the

two lift-producing blocks. The final physical spacings and the

electrical connections between the blocks are illustrated in Fig 64.

Over this system the 60 cm wide sheet of aluminium was found
to float stably at a height of about 20 cm. The stability was
“however very weak - in particular the sheet exhibited a strong
tendency to slip round to a position in a horizontal plane but with
one diagonal aligned parallel to the length of the stator. A better
floating rotor was found in the aluminium tray used to teét the side-

by-side version of the electromagnetic river (see Fig 57). While
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the floating height of this tray was not quite so great as that of
the flat sheet (a consequence of the reduction in width from 60 cm
to 45 ecm), the stability, both longitudinal and lateral, was greatly
improved. Indeed the tray could be released from a position as much
as 15 cm displaced in any direction, and its resulting oscillation
would be steadily damped to bring it once again to rest in its

equilibrium position, about 16 cm above the stator surface.

The tray could of course also be weighted with sand, as before,
to investigate the effect of additional loads. It was found that the
stability at first increased as the extra load was applied, but a
point was reached (at about 20 kg of load) beyond which roll stability
began to deteriorate, and eventually failed altogether. The reason
for this behaviour was simple. The extra load reduced the clearance
between rotor and stator, and no account was being taken of the
corresponding change in width of the rotor (or alternatively of the
stator) necessary in order to maintain the edges of the tray on the
boundaries of stability. Simulation of an increase in the stator
dimensions was not attempted since the full width of the stator
blocks was already being employed, and fabrication of extra hardware
simply to provide further confirmation of an already established

experimental fact seemed scarcely worthwhile.

It may have been noticed that there are a number of similarities
between the machine under discussion and the original '"magic carpet"”
machine of Figs 13 and 1l4. The use in both cases of currents of
differing phase to create inwards longitudinal travelling fields has
already been noted; in addition each machine had the same requirements
for longitudinal stability regarding the positioning of the floating
sheet with respect to the end stator blocks below. Furthermore in
each case the main support was supplied from the centre blocks only,
allowing an electrical connection such that the two end blocks carried
only half as much current. These similarities are of course no
coincidence since the two systems are in essence identical, thg only
fundamental difference being one of scale. Indeed the new machine

could aptly be named a "child-scale magic carpet’ since in the case of
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the flat aluminium sheet the upwards levitation forece (40 kgf) is

sufficient to support the weight of a well-grown child.

7.4 Human levitation

Successful floating of the aluminium tray concluded the
experiments carried out on variations of geometry of the
electromagnetic river using the gramme-ring wound stator blocks,
though the tray-floating machine itself remained in use for a
considerable time as a demonstration model. Meanwhile the line of
research took a new turn, into a direction originally intended as
no more than an interesting sideline - to levitate an adult human
on an electromagnetic field, In reality this merely involved the
provision of a 1lift force sufficient to float a sheet of aluminium

with the additional weight of a man sitting on top.

The machine employed for the purpose was a conventional
longitudinal-flux linear motor, capable of providing only lift
and thrust, The stator lamination block was 13 cm wide by 12 cm
deep by 2.6 m long, and the winding overhang was such as to give
the machine an overall width of 40 ecm. The windings themselves had
a continuous current rating of 80 amps, and the whole machine weighed
400 kg. The motor was in fact one half of an originally double—sided
linear motor built by Associated Electrical Industries Ltd. (AEI) in
1957 for research at Manchester University. The double-sided machine
had later had its two component stators unbolted one from the other;
one of these had been left unmodified wﬁile the other had had its
coils electrically re-connected to double the pole-pitch from the
original length of 24 cm to 43 cm, This long pole—pitch motor was

the one selected for the levitation experiments.

Over the stator a large sheet of aluminium, 2.5 m by 1,25 m
by 6 mm thick, could be floated at a clearance of 15 cm with a
stator current of 180 amps. It was found that the combined efforts
of four people, one holding each corner of the sheet, were scarcely

sufficient to force the aluminium down to touch the stator. The
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task of holding the sheet down was made no easier by the enormous
increase in longitudinal propulsion force (approximately an inverse
fourthjpower law with distance) experienced by the sheet as it was
forced deeper into the magnetic field., Bearing in mind this

powerful dependence 6f thrust upon clearance, the four people were
asked to remain at the corners, providing no support but only
restraining lateral and longitudinal movement, while a fifth person
stepped onto the centre of the sheet and sat down. The sheet settled

to a clearance of 7 cm, and the stator current increased to 210 amps.

Much encouraged by the large clearance still remaining even
under the weight of one person, a second person was asked to step
onto the aluminium and to sit down. (It was found unwise for the
"passengers' to remain standing since the resulting high centre of
gravity made the floating system highly unstable in roll. The
responsibility for maintaining lateral stability and restraining
longitudinal movement was already proving severely taxing to the
four people at the corners of the sheet, without adding further to
their task.) The clearance was now reduced to 2 cm, and the current
increased to 240 amps. Not until the weight of a third person was
added did the sheet touch the stator surface, bringing the current

to 250 amps.,

Now the whole attempt at human levitation may seem a somewhat
flippant exercise, and indeed as such it was regarded by all concerned
when it was begun. However as has often happened before, an original
"try if out of curiosity to see whether it can be done" approach led
to demonstrations and further researches of considerable value.

Indeed demonstration of the support of two people itself became a
valuable display of the magnitude of forces capable of production

by an electromagnetic system, Large forces tangential to the
interface between rotor and stator are commonplace, since it is

upon these that almost every electric rotating machine depends, but
large forces normal to the surfaces are a phenomenon unlikely to be
encountered by most people. There are few better ways to be convinced

of their reality than to be sitting on top of an aluminium sheet
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supported entirely on an electromagnetic field (although possibly
equally convincing is the violence with which the sheet hits the
stator after dropping through the last 2 cm upon interruption of

the electricity supply!).

7.5 Levitators turned "the right way up"

0f a more serious nature, however, were the ensuing experiments
to find out how nearly the same linear motor could approach the
objective of 1lifting its own weight. Behind these attempts was a
desire to demonstrate a principle vital to the operation of an
electromagnetic river in the form of a high-speed ground transport
system. It will be recalled that all the levitation machines described
so far have had as their stationary member the heavy stator, comprising
quantities of copper and steel, and as their floating member a light
sheet of aluminium, albeit sometimes with extra loads added. Such
an arrangement on a full-scale transport system would be costly in
the extreme, and would involve in addition severe problems of
activation of successive sections of track on the approach of each
vehicle - activation, moreover, capable of producing acceleration or

deceleration of the vehicle according to conditions at the time.

The only realistic approach at full-scale is to invert the system.
The secondary member then becomes an extensive length of aluminium
sheet while the expensive primary windings are confined to the
underside of the vehicle, and can be controlled directly from inside.
Indeed it would be preferable to regard this arrangement as the
"normal" configuration (as has been tacitly assumed in most of the
discussion of Chapter 6, in particular the diagrams of Figs 49, 50

and 53). It follows that all the laboratory models have been built

to operate 'upside down'.

There are good technical reasons why this inversion is necessary
in a laboratory. A small electromagnetic machine, such as one “the
size of most of the laboratory models, is not capable of lifting its

own weight, the fundamental reason for this being once again simply



a question of scale.(18)  tyen the most sophisticated design
techniques cannot alter the basic problem, which is that all the
dimensions arc too small. The only solution within the confines
of a laboratory is to build the machine upside down, so that only

a light rotor has to be lifted.

Once outside the laboratory, however, machines can be made
bigger and therefore better. To double every dimension of a given
machine is to increase its mass by eight times, but the normal force
between the rotor and stator increases by a factor of sixteen times
for the same stator current density. There is therefore a critical
size at which the normal force becomes equal to the weight of the
stator, and machines larger than this can be built the "right way
up" to support themselves and a payload in addition. It remains

only to determine the value of this critical size.

Now when the AEI machine was floating two people at a height
of 2 cm, the total weight supported was that of two substantial
adults plus the large sheet of aluminium, and a considerable portion
of the &eight of a third person was needed to reduce the clearance
to zero. A reasonable estimate of the normal force at a small
clearance might therefore be about 200 kgf - this at an input current
of 250 amps. These figures suggested that it might be possible to
pass sufficient current to increase this force to 400 kgf , equal to
the weight of the stator, and thus to succeed in making the motor

lift itself.

The necessary electricity supply was obtained by making.use of
a 200-amp voltage regulator connected back-to-front to create a
supply voltage greater than the 415V three-phase supply, and by
connecting in parallel with the linear motor as many large capacitors
as could be found within the laboratory in order to raise the overall
power factor of the system. With this arrangement, shown in Fig 65,
it was found possible to supply over 300 amps to the stator without
exceeding the 200-amp limit of the laboratory supply and of the

regulator.
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Fig 65. Supply to linear motor.

The mechanics of the experiment were simple, The motor was
rolled over to direct its active surface downwards, then supported
from an overhead crane. Several aluminium sheets were placed on
top of one another to form a thick secondary member; these were
stacked on the floor while the motor was hoisted to a position
“directly over but well above them. The current was switched on and
the machine lowered towards the sheets, while several people
restrained the motor against the effects of its own powerful
longitudinal thrust. After several attempts at increasing currents
(with long cooling periods between each attempt), the motor proved
just able to support its own weight at an input current of 320 amps.
Such a current could of course be sustained for only a few seconds
by a winding with an 80 amp rating, but a single success was
sufficient for the purpose. (It was thought wise to restrict the

number of performances to only onel)

The critical size can now be calculated at which that particular
design of motor could support itself indefinitely - i.e. at its

continuous rating of current density. The continuously rated current
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of 80 amps is one quarter of that needed for the motor to lift
itself, and on the assumption that the normal force is proportional
to the square of primary current, the force available at continuous
rating is thus one sixteenth of that necessary. To double every
dimension while keeping the current density constant is to double
this ratio, as explained earlier in this section, from which it
follows that in order to produce a continuously-rated machine all
dimensions must be increased by 16 times. In practice to build
such a motor would be idiotic, since the multiplication factor of
sixteen would result in an iron core 2.1 m wide by 1.9 m deep, a
pole-pitch of over 7.5 metres, and a total weight greater than

100 tonnes. Nevertheless it can confidently be predicted that were
such a machine to be built it would be capable of supporting its
own weight indefinitely without overheating, and would require a

current input of about 20 kA to do so.

Further experiments of this kind, carried out on stators of
transverse~flux design, have indicated that the critical size for
a C-core electromagnetic river to lift itself is in the range
40 to 50 cm for the width of the iron core. Above this range such
machines should be capable of supporting themselves and a payload
in addition, providing both propulsion and stability over a track
consisting of no more than a long sheet of aluminium, almost
certainly backed by steel. (At this point, perhaps, the term
"electromagnetic river' becomes something of a misnomer, unless the
"river" is now presumed to be held into its inverted trough by a

form of anti-gravity!)

7.6 The Electromagnetic Track Joint

Having established that a practical system would employ a track
involving extensive lengths of aluminium, it might be worthwhile to
mention one line of research upon which work is still in progress.
This concerns the problem of track joints. Mention was made in
Chapter 6 of the detrimental effect of a track joint ~ that a moving

primary passing over a joint in the secondary aluminium experiences
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Fig 66. Effect of track joint upon secondary induced currents.

a serious transient loss of propulsion. The reason for this loss
should be readily apparent upon reference to Fig 66, which shows
the instantaneous current patterns induced by a conventional linear
induction motor stator, (a) in a continuous sheet of secondary, and
(b) across a secondary joint. In the latter case the usual large
loop of secondary current is prevented from flowing, and all that
remain are the two small loops shown. To the primary coils that
happen to be over the joint at that instant it appears that their
magnetic circuit has a much lower impedance than normal, and they
therefore draw less current than their neighbouring coils.

(A reduction of magnetic impedance implies an increase in the

impedance of the corresponding primary electric circuit.)

At first sight it may appear that the reduction in current, and
the consequent reduction in thrust, should be confined only to those
coils in the immediate vicinity of the joint. -However in practice
linear motors nowadays invariably have their electrical connections
such that within each phase all the coils along the whole length of
the machine are in series. (There are good technical reasons why
parallel-connected linear motors are undesirable(30) ) Thus a high
electrical impedance of one coil reduces the current in all the coils
in that phase, and the performance of the whole motor suffers as a
result. The drop in input current is so great that its effect has

been used in the past as a convenient means for measuring the velocity
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and acceleration of a moving stator over a regularly jointed track.

A pen or ultra-violet recorder trace of the input current waveform
shows an obvious transient whenever a joint is passed, from which

it is a simple matter to measure the time interval between successive

joints.

The effects of such a joint become even less desirable when an
electromagnetic river stator replaces the conventional linear motor
as the moving primary, for now each joint crossed involves the
transient loss of 1lift and guidance as well as propulsion. It
therefore becomes even more important that a way should be found to
eliminate these effects before attempting a full-scale transport

system,

It is not necessary to describe in detail the various suggestions
and proposals that have been put forward in answer to the problem,
since all are variations upon the same theme — to use flow paths in
the third dimension to complete the truncated current loops on either
side of the joint. In the end the simplest design emerged as the most
effective. The invention as finally patented(27) is illustrated in
Fig 67, and involves merely the bending of the whole width of the
aluminium sheet through a right-angle to extend vertically downwards.
Any backing steel below the aluminium is similarly bent and continued
downwards, so that when this operation has been performed for both
halves of the track the resulting vertical section comprises two

sheets of aluminium facing each other, each backed by steel.

The current flow paths in the vertical aluminium sections are
approximately as shown in the lower part of Fig 67, the essential
feature to note being that the two vertical loops carry currents in
opposing directions. The pattern shown is for a comventional
longitudinal-flux linear motor; under an electromagnetic river stator
the characteristic double-loop pattern would flow in both the
horizontal and the vertical aluminium portions. The electromagnetic
action, however, is the same. It will be realised that these

components, two sets of currents flowing in opposing directions,
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surrounded by steel, are exactly those of which a transformer

is composed. In fact the whole vertical portion of the
electromagnetic joint is in essence a simple transformer of

1:1 turns ratio, and although the magnetie circuit has part of
its route as paths in air, these paths are of large area and small
length and consequently present only a small magnetic reluctance
to the flux. The transformer can therefore possess a high
goodness factor, and should be easily capable of obtaining an
efficiency of well over ninety per cent. The joint, though
mechanically discontinuous (with an air gap of possibly several
centimetres) appears electrically almost continuous, presenting
a secondary electrical impedance only fractionally greater than

that of unbroken aluminium.

Laboratory tests undertaken to confirm these theoretical
predictions have not yet been completed, so no numerical data
can be presented as yet. However already the "feel" of the AEI
linear motor stator suspended over an electromagnetic joint of
appropriate dimensions (30 em width of aluminium 6 mm thick,
with a vertical portion 30 cm in depth, all backed by laminated
steel) has given encouraging indications of the validity of the
argument when compared to the "feel" of the same motor over an
ordinary joint. In addition results obtained by British Rail
from large scale dynamic tests have confirmed that the transient
losses of input current that are so noticeable upon passage over
simple joints become scarcely detectable when passing over a

series of electromagnetic joints.

Little more can be said at this stage. The invention is
here presented simply as another line of work in progress on the
practical aspects of the use of full-scale electromagnetic rivers,
and as yet another example of the way in which three-dimensional
electromagnetism can achieve objectives impossible when the number

of dimensions is restricted to only two,
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7.7 Electromagnetic Scale Modelling

There is one further major line of research at present in
progress regarding increases of scale. This involves the use of
high frequency stator currents to simulate the behaviour of large
machines, and is but one example of the application of a powerful
research tool that, while not new in itself, has been applied only
recently to linear motors., "Electromagnetic scale modelling' is
the name normally given to the technique, which depends on the
concept of the goodness factor for a machine in exactly the same
way as scale modelling methods in the subjects of aerodynamics and
fluid flow depend on the dimensionless quantity known as '"Reynolds
number". The basis of the approach is that any two electromagnetic
machines of the same kind and having the same value of goodness
factor are electromagnetically equivalent, even though they may be

of radically different physical size.

It will be recalled from section 4 of Chapter 2 that the

mathematical expression for goodness factor is:

Aehn
G = wop-zdm
where G = goodness factor,
w = frequency of supply,
o = conductivity of electric circuit,
p = permeability of magnetic circuit,
Ae, Ap, %e, &p = areas and lengths of electric and magnetic

circuits.

Now it is clear from the above expression that if two machines
are constructed to be similar in every way except that one has all
its dimensions a factor of N times smaller than those of the other,
then the two machines will not be electromagnetically equivalent
since the goodness factor of the smaller machine will have been
reduced by a factor of N with respect to the larger. However
equivalence can be restored by appropriate increases in one or more

of the remaining quantities w, o or u.
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The technique of scale modelling by frequency control involves
changes only in the first of these three parameters, the other two
remaining constant, and as such the method represents only one of
several aspects of electromagnetic scale modelling. It is, however,
by far the simplest means of compensation, for materials of
conductivity and permeability better than copper and steel are not
readily available, (Effective increases in these quantities can be
obtained by other means, however — see references 31 and 32 for a

more detailed treatment of the whole subject of scale modelling.)

The use of frequency control involves an increase in frequency
by a factor N? to compensate for a decrease in linear dimensions by
a factor N.* It is for this reason that scale modelling has not been
used extensively in the world of rotating machines, for this frequency
rise dictates a corresponding increase, also by a factor N2, in the
rotational speed of the machine. In spite of the N-fold reduction in
size this still leads toincreased centrifugal stresses which rapidly
become too great for normal engineering materials., In linear work,

however, it is the linear synchronous velocity that rises, which need

not present problems.

It has justifiably been assumed from the beginning that in any
practical situation a scaled-down model operating at high frequency

would be used to simulate the behaviour of a large machine at mains

* An alternative outlook on the whole method is to examine the
variations with frequency of the "skin depth" of the rotor material,
i.e. the depth of penetration of the magnetic field into a solid
block of secondary material. An essential requirement for electro-
magnetic equivalence between two machines is that the skin depth
should bear the same ratio to the total depth (or thickness) of the
rotor in both cases. It too must therefore be made to decrease by

the linear factor N.

Now the standard formula for the skin depth 6 of a magnetic
field of frequency w in a medium of conductivity o and permeability

is;
H 5 - f—z;—
waou . .
and once again, if 0 and u are not to change,

then w must increase as N2 in order that & decreases as N.
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frequency rather than the other way about. It happened that the only
variable frequency supply with a useful current and power output
-available in the laboratory was a motor=—generator set having an
output frequency range of 25 Hz to 250 Hz, On the assumption that

a large-scale machiné would never be operated at a frequency of less
than 50 Hz, this limited the scaling factor N to a value of about

2.2 (i.e. /{250/50}). Nevertheless such a small factor is by no
means useless, and in fact most of the high-frequency testing was
done at a frequency of 200 rather than 250 Hz, so that the simulation

was of a machine exactly twice as big.

Work done by others in the laboratory has now taken this "times
two'" scaling factor one stage further, to give the method a firm
practical foundation of experimental fact. For this work a machine
was constructed to be as nearly as possible a direct scale-up of the
phase-mixed electromagnetic river, The mechanical lengths, i.e. all
the dimensions of the iron C~cores and the spacings between them,
were doubled, to make a machine of core width 20 cm and pole-pitch
60 cm (but of overall length limited to only two pole-pitches, as
was the original phase-mixed levitator described at the beginning of
Chapter 5). The winding configuration was not scaled in so precise
a manner, since to have done so would have resulted in a machine
having inconvenient current and voltage ratings. Instead changes
were made of a simple nature, such as varying the proportions of the
number of individual strands of wire connected in parallel within
each coil to the number of turns around the coil made by each set of
strands - changes for which appropriate allowances could easily be

made.,

With such a machine set beside its half-scale model (the
electromagnetic river of Fig 44) the test procedure becomes obvious.
‘Theory predicts that the large machine operating at 50 Hz can be
simulated by the small machine operating at 200 Hz, and this prediction
can now be confirmed or otherwise by direct experiment. In fact
equivalence of behaviour.in the vertical and longitudinal directions

(i.e. in lift and in thrust) has already been established by
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corresponding experiments on conventional linear induction motors;
the new part of the experiment is to determine whether the simulation
extends into the third dimension, that of horizontal lateral

stability.

On the assumption that validity in the third dimension 1is
established (work is still in progress)®, the testing can then be
continued on the large machine at 200 Hz, to predict the behaviour
of a 40 cm wide machine of 1.2 m pole~pitch - predictions which can
be made with a degree of confidence never achievable by methods
based on theory alone. It will be appreciated that at a width of
40 cm the motor is approaching a size which might be appropriate to
a small vehicle, and that only one further doubling, or a frequency
source of 800 Hz, might be sufficient to achieve direct simulation

of such a machine.

7.8 Tests at high frequency

To return to the 10 cm scale of the original electromagnetic
river, one of the most revealing experiments to be carried out to
date has been one making use of a supply neither at a constant
50 Hz nor at 200 Hz, but at a steadily increasing frequency. Now
a low power factor machine such as an electromagnetic river stator
has an input impedance that rises almost linearly with frequency.
So also does the output voltage of a generator with a fixed field
supply. The current dfawn when these two machines are connected
together is therefore almost frequency-independent. By the simple
action of steadily increasing the speed of the driving motor coupled
to the generator, the supply frequency to the electromagnetic river
is made to rise while the stator current remains constant, and the
behaviour is thus made to change in the same way as it would if it
were possible to expand every dimension of the machine slowly and
steadily while keeping the current density and frequency constant.
Through the eyes of the electrical engineer the machine is observed

to ngrown .

* o recently completed, see reference 37.
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Fig 68. Variation of levitated height with supply frequency
for four free plates over the electromagnetic river.

When this is done in practice the most obvious change in
behaviour is the large increase in the levitated heighE of a free
plate as the frequency rises. Fig 68 shows examples of this
variation for four plates. It will be noticed that each curve
appears to be tending towards an asymptotic value defining a
maximum height obtainable at any frequency for each particular
plate — in fact the two 3 mm plates almost reach their limiting

values within the frequency range available.

This effect is related to the frequency dependence of the skin
depth in the rotor. Initially as the frequency increases the overall
goodness factor increases in proportion, so that the rotor finds that
it can support itself at greater clearances from the stator. However
at the same time the skin depth in the rotor material decreases (with
the square-root of frequency) until eventually its value becomes
equal to the thickness of the aluminium plate. Beyond this point the

magnetic field can no longer penctrate throughout the thickness of
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rotor so that as the frequency continues to rise the proportion
of "active" rotor shrinks, while the remainder becomes a steadily
growing 'dead weight'". The plate is thus prevented from rising

further.

The technique becomes more useful when measurements are taken
of the variations of thrust and of lift force with frequency while
the rotor is constrained at a fixed clearance from the stator.
Under these conditions the simulation is of a single machine
increasing in size rather than of a series of machines of changing
airgap. The experimental technique employed for measurements
of this kind was to place the rotor upon paxolin spacer blocks at
the required height, and then to raise the stator current slowly
until the plate just floated clear of the blocks. At this point
the lift force was of course exactly equal to the weight of the
plate and the thrust could easily be measured with a spring balance.
Both these quantities were then scaled up to a convenient reference
value of stator current using the relation:

Electromagnetic force « {current}?
- a relation long
established as valid, in the absence of iron saturation, for forces

in any direction - longitudinal, lateral or vertical.

Fig 69 presents a sample of the results, taken for two sheets,
each just lifting clear of the stator. The curves showing variations
of lift are of the same basic shape as those of Fig 68, i.e. an
initial rise in magnitude with frequency but soon tailing off to
allow the curve to become asymptotic to a particular maximum value
of 1lift, and the reasons for this are the same as before. The
curves for thrust might at first sight appear contrary to expectations, :
since they fall with increasing frequency. However reflection upon
the way in which the force / speed curve of an induction drive varies
with increasing goodness factor reveals that the standstill thrust,
i.e. that for which slip = 1, must fall as the position of peak

thrust moves beyond standstill towards lower values of slip.
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Fig 69. Variation of thrust ond Iift with frequency
for rotors at constont height.

Some examples of this effect as they might apply to the

electromagnetic river are shown in Fig 70. The back-to-back

oscillating experiments described in Chapter 5 (section 4) suggested
that at 50Hz the machine had a goodness factor near to unity; thus

it might possess a force / speed characteristic of the general form

of the curve marked "G = 1" in Fig 70. At 100Hz its goodness

factor will have been doubled to form a curve such as that marked
"G = 2", which has had its position of peak force shifted zlong the

speed axis, resulting in a reduction in value of the standstill
4, resulting in a curve with its peak

force. At 200Hz , Goodness =
further shifted and its standstill force further reduced.

But all this is standard theory which can be derived analytically

from the force equations of a linear induction motor. (The

mathematical formulae that result are that the peak value of force
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Fig 70. Effect of goodness fagctor upon
shgpe of force/speed curves.

occurs at a speed V given by:

where G goodness factor,
Vg = synchronous speed,

and that the standstill force fy is given by:

_J 26
fo = 2 'fp .
1+6 where fp = peak force obtainable.)

The important point to note is that the behaviour of the lift and
thrust forces of the electromagnetic river caused by changes in
supply frequency are readily explainable by the theories established

for conventional linear motors.

As further experimental evidence for the similarity between the
lift and thrust mechanisms of the electromagnetic river and those of
conventional linear induction motors, it is interesting to compare
the curves of Fig 69 with those of Fig 71. The latter figure shows
samples of results taken from tests on one of the large AEIL

conventional longitudinal-flux linear motors - this time the one of
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Fig 71. Dependence of Iift and thrust upon frequency
- results taken for conventional iinear motor.

smaller (24 cm) pole-pitch, the twin of that used for the human
levitation experiments described earlier in this chapter. Again
the 1lift and thrust measurements were obtained by adjusting the
current just to lift the secondary sheet, and then scaling the
results for a reference current of, in this case, 100 amps. The
similarity between the sets of curves from the.two machines is
obvious, though the conventiounal machine has a goodness factor
considerably greater than unity even at 50Hz so that its thrust

curves have not reached their peak at this point.

Upon this basis of similarity under conditions of variable
frequency, then, was the assertion made in Chapter 6 (section 3)
that the variations of rotor thrust and lift with changing rotor

speed would follow the same pattern over an electromagnetic river
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stator as they do over a conventional linear motor. From the
viewpoint of the secondary any relative velocity between the rotor
and the stator results in a change in frequency of the rotor currents
which is in any case indistinguishable from a change caused by a
variable input frequency. The assertion still needs experimental
testing, but such tests can be treated merely as confirmations to

be carried out at any convenient time when suitable equipment becomes

available.

7.9 Tests on load-bearing rotors

The subject of frequency simulation of large machines will be
returned to in Chapter 11, when similar tests carried out on a new
machine will be described. Meanwhile two further short series of
tests on the long electromagnetic river remain to be discussed.
Both these sets of measurements were intended to give no more than
a "feel" for the phenomena involved; neither was carried out with

the care or detail appropriate to a complete investigation.

The first series was concerned with the effects upon the lift,
thrust and guidance forces acting on a floating plate of the addition
of extra static "dead weight" to Be supported by the plate. In
practice these extra weights took the form of a set of standard
brass reference masses each of 200 gm weight, which were added one

by one to the aluminium plate and secured by small blobs of plasticine.

Two plates were selected for testing that were known to maintain
their stability over a considerable range of conditions. One of these
was 10 cm wide and the other 12.5 cm; both were 50 cm long and 6 mm
thick. During the experiments the whole length of the electromagnetic '
river was energised, thereby effectively ensuring constant current
conditions without the need for continuous monitoring of input current
(since the movements of half a metre of thin secondary are unlikely
to have a great effect on a 7 m length of series-connected primary).

The overall current was set at about half its normal maximum value

in order to allow plenty of time for measurements to be carried out
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Fig 72. Effect of additional dead weight upon
height and thrust of floating plate.

before the stator heated sufficiently for the effects of temperature
to become significant. A series of measurements was taken of the
free height of flotation of plates under various load conditions,

and of the longitudinal thrust corresponding to each load.

The results are shown in Fig 72. The decrease in height with
increase in load is entirely to be expected; it is interesting
however that at this particular value of stator current the narrower
plate can support only about one and a half times its own weight
before losing stability, while the wider plate is capable of supporting
more than double its own weight while remaining stable. An increase
of primary current would of course increase the stability of both
plates somewhat (as described in Chapfer 2 - Tig 18). The steady
increase in thrust with load is again to a large extent as would

be expected, but is also interesting in that its rate of rise is

.
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comparatively gentle. Here is experimental confirmation of the
"feel" of the aluminium tray over the double-stator machine described
earlier in this chapter (section 1), where it was noted that the
longitudinal thrust did not appear to rise greatly as the tray was
loaded. Corresponding measurements of thrust on a rotor that is
steadily being forced down into the field of a conventional

longitudinal-flux linear motor would show a much faster rate of rise.

An additional set of measurements was taken, this time concerning
the lateral stabilising forces acting upon loaded plates. Under
each condition of load, the plate was pulled slowly and steadily
sideways by means of threads attached to a spring balance, so that
readings could be taken of the variations of restoring force with
lateral displacement. These readings were continued to the point
of maximum restoring force. Beyond this point there exists a region
of stability within which the restoring force decreases with increasing
displacement; the nature of a spring balance prevents readings being
taken in this region, but by replacing the spring balance with an
inextensible thread the point could be found at which the restoring
force once again reached zero — i.e. the displacement was measured
for the condition in which the plate was just about to fall out of

the machine.

Fig 73 displays the results of these tests, obtained from the
same two plates and under similar load conditions as were the lift
and thrust results of Fig 72. Once again the overall shapes of the

_graphs are roughly as could be predicted from earlier experiments.
The narrower plate under all its load conditions experiences a
greater initial rate of rise of restoring force with displacement,
and achieves a higher maximum value of restoring force, than does
the wider plate — this is further experimental confirmation of the
"feel" mentioned in Chapters 1 and 2 that wide plates are generally
"floppier" in their stability than narrow ones. The new point of
interest to emerge from the graphs is that the lateral restoring

forces show a significant increase as the plates are loaded - an
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Fig 73. Variation of Igteral restoring force with displacement for
two plates, each carrying vaorious loads in addition to
their own weight, floating over an electromagnetic river.

encouraging aspect of behaviour from the point of view of the

designer of a load-carrying vehicle. A second point, the

significance of which has not yet been evaluated, is that the
final maximum displacement before stability is lost appears to

have the same value for all conditions of load.

7.10 Dynamic stability tests

The second short series of tests involving loaded plates upon
the electromagnetic river was made in an effort to gain some idea
of the behaviour of the stability forces under dynamic conditions.
It will be appreciated that the provision of restoring forces
under static conditions of displacement goes only part-way towards

realisation of a system that will remain stable under conditions of
real-life usage. Equally important is that any oscillations resulting

from a transient disturbance of aligmment must not be allowed to

continue for much more than a couple of cycles but must be damped
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down as rapidly as possible — ideally critically damped. Some

simple observational experiments upon dynamic stability were described
in section 2 of Chapter 5, where aluminium plates were sent along the
whole length of the seven-metre electromagnetic river, which had had

a deliberate misaligﬁment introduced between the two parts of the
river at their junction half-way along. The following experiments

were an attempt to quantify these observationms,

It was decided to treat separately the two modes of linear
oscillation - vertical and lateral. Measurements of circular
oscillations (movements in roll, pitch and yaw) were not attempted.
After giving a loaded plate a disturbance in one of these linear
dimensions two quantities were measured: firstly the frequency of
the resulting oscillations (measured by timing ten Oor more complete
cycles), and secondly the number of cycles completed before the
oscillations reduced to the point of invisibility to the unaided

human eye.

The results are displayed in Table 2. Tabular form was chosen
for presentation because there did not seem sufficient regularity
in the various measured quantities to comstruct a graphical
presentation having much meaning. In fact it is difficult to see
any significant pattern at all within the table, with the possible
exception of the damping of vertical oscillations, where it appears
that increased loads upon the aluminium plates tend to lead to

better damping.

A couple of interesting aspects of the experiments do emerge
however. One of the plates, the first in the table, was found to
transform vertical oscillations rapidly into small horizontal
movements which then took some time to decay. Violent horizontal
oscillations also disappeared rapidly, leaving similar small-
amplitude horizontal movements. By contrast neither of these
effects was apparent with the second plate, only 2.5 cm wider than
the first. The third plate, half the thickness of the first two,

behaved differently again, having almost critical damping to
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1060
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TABLE 2.

horizontal oscillations.
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Vertica
osciltations
T
freq cycles
to die
(Hz") out
4,15 10
4.1 10
3.77 8
3.22 ’
unstable
3.8 40
3.8 30
4.0 25
4,16 20
3
4.7 2
unstable

Lateral
oscillations
Trea  cycles

to die
(Hz) out
4.15 100 or more
4.0 50
3.77 40
3.22 undomped
n rofll
1.96 10
1.92 undemped
1.85 40
1.67 20

4.5 1.0 (eritical)

3.1 3

in roll

Experiments in damping.

Comments

Vertical mation guickly
damped but transforms
into horizontal., Vigient
horizontal motion guickly
damped (2 or 3 oniy),
leaving small amplitude,
low demping movements.

No comparable
separation aof
viglent and small
amplitudes.

Clearly here is a subject upon which much

further work needs to be carried out, and it is evident that more

sophisticated measuring techniques are necessary, possibly in the

form of a test rig that can be used at least to impart closely

controllable disturbances to the floating plate.

pursued no further at the time.

7.11 Review of Chapter 7

The subject was

Now this has been a long chapter covering many different aspects

of experimental work relevant to the electromagnetic river. To

summarise, the double-~stator

‘catamaran' machine described in section

7.1 can be used to increase the ratio of 1ift force to thrust ahd to

overcome the problems of poor stability in roll.

It may be that an

additional motor, possibly a conventional transverse-flux motor,
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would then be mounted between the two electromagnetic rivers to

form a complete support and propulsion system.

Two forms of simulation of large machines have been
investigated — the first a mechanical system employing gramme-ring
wound stator blocks whose coils could be connected in many
combinations to simulate variations in the mechanical proportions
of stator design (sections 7.2 and 7.3), and the second a method
of simulation by scale modelling techniques using high-frequency
power supplies to maintain electromagnetic equivalence (7.7 and
7.8). Static variable frequeﬁcy tests have also been used to
demonstrate the similarities between a conventional longitudinal-
flux motor and an electromagnetic river with regard to their
thrust-producing and lift-producing mechanisms. The tests provide
support for the assumption that these similarities extend into
conditions of relative velocity between rotor and stator. Work
done by others has demonstrated that it is possible to maintain
1lift over a conventional linear motor at rotor velocities up to a
few per cent of synchronism, and on the basis of extended similarity
it is predicted that the same will apply to the electromagnetic

river.

With a view to the "right way up" to build a system intended
for transport, investigations have been carried out concerning the
magnitude of the lift forces obtainable from various stators
(7.4 and 7.5), the aim being to produce a machine capable of lifting
its own weight in order that the primary itself can become the moving
part. Following from this the stationary member must then comprise
extensive lengths of conducting secondary, which immediately presents
problems of track joints to allow for construction and expansion -

hence the work being carried out on the "electromagnetic joint'.

Finally a brief series of tests on loaded aluminium plates,
measuring both their static and their dynamic behaviour, has been

included (7.9 and 7.10). These proved to be of little value other
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than to confirm the need for further work to be set in progress on
the subject. This concludes the research work carried out upon the
long electromagnetic river and the machines associated with it,
except for one further new machine, which will form the subject of
Chapter 11. Meanwhiie the chapter immediately following is concerned

with machines designed for a different and highly specialised purpose.




CHAPTER 8

THE LECTURE NOTE FLOATER

A gramme-ring wound linear motor block (pp 146 and 193).
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CHAPTER 8. THE LECTURE NOTE FLOATER

In 1972 the desire of Tracked Hovercraft Ltd. to exhibit an
all-electric levitated transport model at the Transpo '72 exhibition
set in progress the ﬁork leading to the invention of the Washington
model (see Chapter 1) and to the opening-up of the whole subject of
electromagnetic rivers. In 1974 Professor Laithwaite similarly had
in mind a new demonstration for one of his lectures. The work set
in progress to design and build a machine to meet his requirements
led to new ideas and discoveries going far beyond the original
purpose. The lecture in question was due to be given at the Royal
Institution, and it was given the deliberately provocative title
"All Things are Possible". The main subject matter was concerned
with experiments involving gyroscopes, but by way of introduction a
couple of electromagnetic demonstrations were to be included - the
first of these, to take place at the beginning of the lecture, being

the one towards which the work described in this chapter was directed.

The lecture was planned to commence as follows. The Professor
was to walk into the lecture theatre, carrying in his hand a wad of
notes to which he was frequently to refer as he began. After a few
sentences of introduction he was then forgetfully to release hold of
the notes, continuing to speak apparently unaware that instead of
falling to the lecture bench the notes were remaining hovering
unsupported in mid-air! The mechanism of the demonstration was
intended to be a straightforward adaptation of one of the laboratory
levitators - within the bogus notes a hidden sheet of aluminium, later
to be revealed to the audience, was to be levitated by an appropriate
design of machine mounted directly under the bench surface. The whole
concept may well appear to be an exercise in triviality, but once
again a task originally thought to require little more than simple
modifications to already existing machines (such as the "magic carpet"
machine described in Chapter 2) instead developed into a research
effort involving many different machines, and from which much valuable

experience was gained.
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8.1 An Annular Magic Carpet

Now the main requirements of the system were to levitate a
suitably sized sheet of aluminium at. as great a clearance as possible
from the stator, horizontal, stable in all axes, and able to support
a load of twenty or so sheets of notepater as camouflage - all this
to be achieved by a machine with stator windings of current rating |
sustainable for several minutes rather than only a few seconds. The
principal problem quickly revealed itself as being again a question
of scale. To levitate a large sheet of aluminium 20 cm above a
series of modified gramme-ring wound linear motors was a relatively
simple matter (see section 3 of Chapter 7), but to maintain similar
clearances while scaling the floating sheet down to the size of an

A4 sheet of notepaper proved altogether less easy.

The machine that seemed the most promising for development was
in fact the original "magic carpet" machine of Chapter 2 (see Figs 13,
15 and 16). It will be recalled that in its final version each of the
three sets of windings of this machine was formed of two coils side-
by-side in a horizontal plane, mounted one upon each limb of a standard
C-core pole piece, and electrically connected so that the current in
each coil flowed in the same direction along the centre of the slot -
see Fig 74(a). The three such sets of windings were aligned
longitudinally in a straight line, forming a machine that was found
capable of levitating and stabilising a 40 cm by 19 cm aluminium sheet
at a height of 7 cm. However the lateral stability was very weak for
this size of plate, narrower ones being better, and the longifudinal
stability was never strong for any size of plate. It was decided
therefore to investigate first of all a square shape of machine, in

IS

an attempt to produce two sets of "lateral" stabilising forces acting

at right angles.

The magic carpet machine was accordingly dismantled and the

cores re-arranged in the plan of Fig 74(b). Evidently the pattern

as shown is not complete, but it was felt that the time and effort

necessary to wind a fourth core was not really justified since an
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Fig 74. First attempt at lecture note floater.

experienced operator should be able to tell by the feel of a plate

held over the machine what would be the effect of the missing core,

When tried the performance of the machine was disappointing.
A square plate was able to float at only a small height, a maximum
of 1 cm if the stator coils were not rapidly to overheat, and with
only weak stability. However the impression was gained that the
addition of the fourth coil would indeed provide stability in both

axes.

A circular plate of diameter equal to the length of one side of
the square plate behaved in almost exactly the same fashion. Since
the absence of corners removed one degree of complication from the
system, and also it would not matter for the demonstration if the
lecture notes were gently to rotate in mid air rather than to keep
to a definite alignment, the sequence of experiments was continued

using circular plates - both annuli and solid discs.
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laminated
C-core

Fig 75. Triongular formation of stator blocks.

The next attempt was a triangular formation of the same statror
blocks, as shown in Fig 75. It will be realised that such an
arrangement is no more than a condensed version of one of the circular
forms of the Washington model described in section 3 of Chapter 3
(see Fig 26). As such, therefore, it is necessary to arrange that
either the rotor or the stator has "ends" introduced at some point
so that the induced currents are not allowed to flow in a single
circular path around the rotor but are forced instead to form the

double-loop pattern necessary for stability.

It was soon discovered that to introduce these "ends" in the
form of slits in an annular rotor, as was explained in Chapter 3, was
to step backwards. A single slit represented gross asymmetry and
caused severe loss of 1ift in the surrounding region, resulting in the
plate sitting in a tilted position, while the symmetrical arrangement

of three slits evenly spaced constricted the rotor current flow paths
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to such an extent that the lift force was almost entirely destroyed.

Provision of "

ends" in the stator was scarcely any more successful,
for now there is a fundamental problem of symmetry, If all three
.blocks are not to be connected sequentially in phase, and the use of
currents obtained from different lines of a three-phase supply is
also forbidden (to avoid rotational drive), then the only remaining
possibility is to connect two of the coils in phase and the third in
anti-phase to them both. Again the configuration forms an asymmetric
system, and again the result is a plate that floats severely tilted,
in practice receiving most of its 1ift on the side above the two in-
phase coils. Nevertheless even in this unbalanced condition it
could be clearly felt that stability forces in all dimensions were

present.

8.2 A square levitator

At this point the main difficulty appeared to be to obtain
sufficient 1ift whilst maintaining stability, and it was felt that
perhaps a different design of iron core might lead to machines of
greater lift capacity. There were at that time in the laboratory
several laminated steel cores of "E-core" design, as shown in
Fig 76(a), and it was decided to investigate the effect of their

rather different geometrical proportioms.

Two electric colils were wound per core, each with as many turns
as could be fitted into the available slot, and each connected so
that the directions of current flow were as shown in Fig 76(b).
It will be realised that this pattern of currents induces two magnetic
poles of opposite polarity on the outer two limbs of the E-core, while
the centre limb is magnetically dead, i.e. the effective shape of the
iron is a C-core. The intention was that 1f such an arrangement
proved successful then further improvement could be effected by
cutting away the centre limb altogether and increasing the number of

-

turns on each coil to fill the extra space thus obtained.
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Fig 76. Use of "E-core” laminations to form wide “C-core’ .

Experiments were carried out first of all using one core only,
over which was placed an annulus of aluminium, of mean diameter
equal to the distance between the centres of the two outer limbs of
the core. Naturally such a system could provide stabilising forces
only in one direction - parallel to the straight line containing the
centres of the three limbs - but once again the first priority was
merely to obtain a "feel" for the stability of the system rather

than to attempt a complete system all at once.

The first such annulus to be tried had an inner diameter of
18 cm and an outer diameter of 22 cm. The stability force experienced
by this was found to be enormous. In fact with the rated ten amps of
current flowing in the stator coils a lateral force of several
kilogrammes was needed before the annulus could be entirely removed »
sideways from the machine. However when in its equilibrium position
this rotor experienced a lift of almost zero, although the interesting
point did emerge that upon displacement of the rotor the 1lift force
increased dramatically, even only about 1 cm of lateral displacement

being sufficient to raise the height of flotation to over 5 cm.
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It seemed that the only reason for the lack of 1lift was that
the "width" of the annulus, i.e. the difference between its inner
and outer radii, was not sufficiently great. A larger annulus was
therefore tried, of outer diameter 25 cm (and inner diameter 18 cm
as before)., With this was at last achieved some degree of success,
for the plate floated at a height of about 5 cm, with strong lateral
stabilising forces in the one direction (but no stability, of course,
in the direction at right angles to the line of poles). This result
gave much encouragement since it was felt that the addition of two
more poles to create stability in all directions, plus the removal of
the redundant central pole and the consequent increase in the quantity
of copper in each coil, possibly combined with a further increase in
the size of the floating annulus, might well increase the 1ift and

clearance to that required for the lecture demonstration.

A slight digression was made at this point. When floating the
wide annulus it was noticed that the aluminium became heated only in
the two regions directly over the stator pole-pieces, the remainder
staying cool - see Fig 77(a). The implication here is that only these
two regions were carrying significant current. If this were the case
then the behaviour of the system should not be altered if slots were
cut in the positions of zero current, as shown on the diagram, and
the two half-annuli re-joined by non-conducting material, Having done
this, the topology of the system again should not be changed by
straightening out each of the half-annuli into rectangles (e.g. of
length equal to half the mean circumference and width equal to the
difference between the radii of the original annulus), and extending
the insulating joints into long bars to maintain rigidity, as shown in
Fig 77(b). Such a composite rotor would certainly be a more suitable

shape to conceal within a pad of lecture notes.

When tried, however, the system was a disaster, no stability
whatsoever being achieved in any direction at all although the 1lift
was not inconsiderable. It is not yet entirely clear why an apparently
small topological change should have led to such a drastic change in

behaviour, but the most likely explanation seems to be that although
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Fig 77. Development from single annular rotor
to double rectangular rotor - unsuccessful.

the rotor currents confine themselves to the indicated regions when
the rotor is in its equilibrium position, they must be allowed freedom

to flow elsewhere as necessary in order to counteract the effects of

a displacement.

To return to the circular annuli, the next stage was to attempt
stabilisation in all directions. The method attempted was the obvious
one - to use two sets of opposing pole pieces aligned mutually at
right-angles, in the hope that each set would provide stability in
a direction parallel to the line joining its own pole-pieces, without
affecting the action of the other set. Clearly such an arrangement
could not be constructed directly using the "E-core" stator blocks
since their horizontal portions would have to pass through each other
at the point of intersection below the centre of the system. It was
thought undesirable to complicate matters by allowing magnetic flux to
pass between the pole-pieces only in pairs and in only one of the two

directions in which stability was sought, as would be the case were
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Fig 78. Use of four coils to create stability
in all directions - unsuccessful.

two pairs of pole-pieces to be placed side-by-side a short distance
apart to form a square of pole faces. Instead, therefore, the
system shown in Fig 78 was set up, using four individual blocks of
laminations of cross sections identical to those of the vertical
portions of the E-cores, mounted upon a solid steel base allowing

the magnetic flux freedom to pass between any pair of poles.

Now there are only two arrangeménts by which a system of four
coils such as this may be connected together electrically in such
a way that two of the poles are at every instant opposite in polarity
to the other two. (To have three poles of one polarity facing a
single opposite pole would not appear sensible, and only a single-
phase current source is allowed since three-phase would induce rotary
or linear drive.) The first such arrangement is the obvious one
comprising alternate polarities in succession around the machine
(i.c. one pair of diagonally opposite coils are electrically
connected for their currents to flow in the same sense while the
other pair are connected together in anti-phase to the first pair -

see Fig 79(a)).
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Fig 79. Alternative connections for four-pole square stator.

It was hoped that when thus connected, each of the four pairs
of adjacent coils would act as an individual "C-core'" unit, providing
stabilising forces such that an annulus placed over all four poles
would be unable to move in any direction. In practice, however, the
system achieved the opposite, for the annular plate was found totally
unstable in all directions. Indeed all the rotors that were tried,
whether annular or solid disc, and of whatever size, were unstable
over this machine. It seemed that stability forces acting along
lines joining adjacent pole-pairs, forming a square around the centre
as shown in Fig 79(a), were not at all what was required (though
these did serve to guide the rotor neatly between a pair of pole-
pieces as it fell off!). 1Instead forces were needed at right angles
to these, acting inwards towards the centre of the system along
horizontal lines passing mid-way between each pair of adjacent poles,

The second alternative conmection is as shown in Fig 79(b), in

which the members of each pair of diaponally opposing poles are
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connected with opposite polarity. Certainly each diagonal pair when
excited on its own provided superb stability along a line joining

the pole centres, but when all the coils were excited simultaneously
the effect was to concentrate the stability along one axis between

the poles and to eliminate it entirely along the other - see again
Fig 79(b). This second result was in fact not entirely unexpected,
for it was realised that each pair of adjacent poles similar in
polarity could be regarded merely as a single extended pole - thus

the machine is reduced to one extended pole facing another of opposite
polarity, which is a single-phase version of an electromagnetic river,
providing stability in one dimension and (in the absence of a

longitudinal travelling field) neutral equilibrium in the other.

By this time there was among those working in the laboratory
the general feeling that the series of failures was not so much a
consequence of an inability on the part of the designers to achieve
precisely the right dimensions of the rotor and stator of a given
basic design, as of a fundamental inability of the entire class of
machine to perform in the way that was needed. Though promising at
its outset the whole concept of extending into two dimensions the
one-dimensional stability of the simple C~core was beginning to
look like a task impossible of achievement. Accordingly the
experiments were turned to a different direction, to make use once

again of the old gramme-ring wound linear motor blocks,

8.3 Return to gramme-ring wound stator blocks

It will be recalled that the previous chapter describedtthe
technique by which four standard blocks of linear motor laminations,
on each of which had been wound in gramme-ring fashion twenty-four
electric coils, could be used to simulate a variety of electromagnetic
levitating machines (see Figs 60 to 64). In particular the diagram
of Fig 64 showed the configuration of stator connections over which a
large tray of aluminium was floated stably at a height of 16 cm., The

new series of experiments had as their aim to discover whether different
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Fig 80. Gramme-ring block as narrow levitator.

connections of the same stator blocks could be used to float stably
a much smaller rotor plate - the size of one (or two) sheets of

A4 notepaper.

The size of stator appropriate to the floating of a large tray
was clearly too large for the smaller aluminium plate, so the first
step was to restrict the effective width of the stator. This was
done by short-circuiting the first four coils at each end of every
stator block upon themselves. The next four coils from each end
were left open-circuited to form a pair of magnetic poles, and the
remaining eight coils in the centre were connected electrically all
in series and in the same sense to form a slot of excitation. (The
specific numbers of coils to be left open and short-circuited were
arrived at by experiment - the values quoted were found to be the
best for the particular plate under investigation.) Fig 80 shows

the complete set of connections.

The four stator blocks thus connected were placed side-by-side
to form a complete machine (in the manner of the machines shown in
Figs 63 and 64), and immediately the system achieved more than did

any of the simple C-core systems, The plate could be floated at a
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height of 8 cm, stable in all directions. However the stator
currents required to achieve this were enormous, over 80 amps in
each coil (obtained for all the blocks in parallel by means of
capacitor banks, as with the old AEI large-scale linear motor
described in the 1as£ chapter), which gave the machine a rating of

only about ten seconds.

The idea then occurred that the outer four coils, short-
circuited to limit the effective machine width, could be put to
better use if they were made to carry currents in anti-phase to
those flowing in the eight coils forming the centre slot. In this
way the total flux passing through each pole would be increased, as
shown in Fig 81(a). When tried this idea was indeed found to work,
and the current required to float the plate at the same 8 cm height
was reduced to about 60 amps per coil. However raising the current
beyond this value in the hope of raising the height of flotation
even further resulted instead in an instability of roll. The
machine appeared to have a '"wide-angled inverted prism of stability"
such that even a small current increase was sufficient to remove the

edges of the plate from the stability boundaries.

Now in such a situation one of two solutions would normally be
employed to regain stability at a greater height. Either the plate
itself would be replaced by a wider substitute so that the increased
width at the greater height would restore the plate edges to the
boundaries of stability, or in a case where there is flexibility of
positioning of the stator poles, the poles would be brought closer
together, bringing the stability boundaries inwards to meet the plate
edges. Neither of these options would have been desirable in the
present case, however. The size of the plate was restricted to that
able to be hidden within the lecture notes, and to bring the poles
together, though an easy matter with the gramme-ring wound blocks,
would impose too great a restriction on the number of coils

remaining to provide excitation in the central slot. -

.
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A third technique was therefore attempted, making use of
observations made in earlier experiments using the gramme-ring
blocks. The original aim of investigations involving these blocks
was to discover whether variations in the relative proportions of
the pole width and the central slot width had a significant effect
upon the magnitude of the stability forces experienced by a floating
rotor. While it was found that such variations had little or no
direct effect, at the same time it was noticed that the "sharpness"
of the inverted prism of stability was influenced by the width of
the stator poles — wide poles defining a prism of wide angle and
narrow poles one of narrow angle (this was shown in section 2 of

Chapter 7, Fig 62). R

Acting on this observation, the innermost coil of each pole,
open—circuited in the diagram of Fig 81(a), was added into the series
connection of the central excitation coils, thus narrowing the Poles
and at the same time introducing more current excitation to compensate

for the consequent increased reluctance of the flux path. The
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resulting connection is shown in Fig 81(b), and it was hoped that
the boundaries of stability would thereby have been made '"steeper"

so that the plate could float stably at a greater height.

In essence the épproach did indeed work, for after modifications
to all four blocks had been completed the plate could be floated at
a height of about 10 cm in its equilibrium position. Its equilibrium
position however was no longer quite as had been intended, for the
rotor now preferred to position itself with one or other of its
diagonals aligned along the axis of the stator. In this position the
plate tended to tilt somewhat, particularly if required to support
any kind of load, and the stability was at the best of times weak,
there being a considerable tendency after a slight disturbance for
the plate to slip round from one diagonal position to the other and
to continue to oscillate between the two. Again, attempts to
raise the plate further to restore normal longitudinally-aligned
stability resulted in excessive stator currents allowing only-a few

seconds working time of the machine.

Although the use of the gramme-ring wound linear motor stator
blocks had achieved rather more than did the use of simple C-cores,
these results were still disappointing in that the price of such
achievements was one of large increases in the size and weight of
the stator, in the excitation currents necessary, and most of all
in the overall complexity of the whole system. Again it was felt
that to ask a large system of stator coils to support and stabilise
only a small size of plate was to request behaviour in conflict with

the natural capabilities of such a machine.

8.4 Success at last

Further experiments were carried out on yet another system, this
time a direct scale-up of the old circular disc-floater machine
mentioned in Chapter 1 (see Fig 11). Details of the experiments
need not be given here because this design of machine is not one of

the "expanding-geometry" type and is therefore not relevant to the
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subject matter of this thesis. In any case the attempts failed.
Such a system is of course of the kind limited by the "cone of
attraction" boundaries for stability, and the main reason for the
failure was simply that the cone could not be made sufficiently
high. It appeared that the note-floating demonstration called for
an altogether unfortunate size of floating plate — too small for
expanding-geometry systems such as the gramme-~ring blocks, and too

large for machines of the cone of attraction type.

Finally it was decided that with a little added "stage craft"
the demonstration could still prove effective even with a floating
height of only six or seven centimetres and with a machine of current
rating only about fifteen seconds, Having been reduced to this level
the requirements could then be met by use of the "magic carpet"
machine of Chapter 2. In fact it was fouund convenient to use three of
the coils of the original Washington model mounted in the mechanical
arrangement depicted in Fig 13 of Chapter 2. The longitudinal spacing
was adjusted so that the distance between the centres of the outermost
coils was equal to the length of the floating plate (whose dimensions
were 40 cm by 28 cm, being slightly less than two sheets of A4 note-
paper side-by-side), and in this condition the shaded—bole action of
the plate ends proved sufficiently étrong to supply the necessary
longitudinal stabilising forces without the need for poly-phase
supplies creating inwards travelling fields. Thus the three coils
could be connected direcctly in parallel across a single—phase supply
(lateral stability of course being supplied by normal electromagnetic
river action). All three coils and cores were encased in blqcks'of
epoxy resin to reduce mechanical noise as far as possible, and finally
the complete machine was built into a large lectern, the top surface

of which was of thin material just covering the stator pole pieces.

In the event the demonstration was an unqualified success. Even
after encasement of the cores in resin, the large currents flowing
through the coils, combined with the sounding box effect of the lectern
case, resulted in a machine that emitted a distinctive buzzing sound

when switched on. Rather than to give the game away to the lecture
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audience by suddenly allowing this noise to intrude a moment before
the notes were to be released, it was thought better to cover up the
sound by the introduction of suitable background music, emerging at
first unobtrusively to build up rapidly to a climax as the machine

was switched on. An'eminently suitable such composition was the
well-known opening to Richard Strauss's symphonic poem "Also Sprach
Zarathustra'". 1In fact the initial feeling of surprise as the first
sound of the solo trumpet permeated through the lecture theatre a

few minutes after the beginning of the lecture rapidly turned into ome
of total disbelief as the notes remained floating, unsupported, to the
accompaniment of a crashing chord on full orchestra and organ. There
resulted spontaneous applause of such enthusiasm that the orchestra
was faded back into oblivion without any of the lecture audience
noticing its disappearance. (It goes without saying that the bogus
sheets of notes were then ripped away and the lid of the lectern

raised to reveal to the audience the mechanism of the demonstration.)

From one point of view the "exercise in triviality" of which this
chapter has been composed was no more than an extended waste of time,
the more so because none of the machines investigated succeeded in
their purpose, and the machine eventually employed was taken directly
from research completed earlier. However in Chapter 1 a similar
haphazard succession of trials and error was described, which
culminated in the invention of the Washington model, the basis of all
the work described in Chapters 2 to 7. While the haphazard researches
of Chapter 8 have not culminated in a breakthrough of equivalent
proportions, they have served to consolidate several ideas and concepts
concerning electromagnetic levitation, and particularly to define some
of the limitations of such systems., Some of these ideas will be
returned to in Chapter 9, which is a review of the many theoretical
descriptions and explanations which have been put forward in attempts

to help the understanding of electromagnetic levitation and stability.



CHAPTER 9

THEORY

The Jumping Ring (p 201).
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CHAPTER 9. THEORY

9.1 A Hypothesis

Consider the foilowing: "Any system of electric coils wound
upon magnetically-conducting cores produces a magnetic field through
and around the cores when an electric current is passed through the
coils. Any electrically-conducting material placed within the bounds
of the magnetic field will have voltages induced within it if the
field changes, and secondary induced currents will therefore flow.
The direction of these currents can be predicted in simple cases by
one of many '"rules of thumb", but in all cases the general rule
applies that the directions of flow of the secondary induced currents
are such that their magnetic effects act to oppose the changes in the

original magnetic field.

"If the changes are the result of an alternating current flowing
in the primary, then the directions of the secondary currents will
always be opposite to the primary currents (or equivalently in anti-
phase) since one set of currents is producing the magnetic changes
and the other is opposing them - and two currents flowing in opposite
directions exert upon each other a force of repulsion. This is the
mechanism by which a lifting force is produced on a conducting sheet

placed in the field of a conventional single-sided linear motor.

"Now if the system of primary cores is such that the pole-faces
of all the cores lie in a horizontal plane and form a pattern
symmetrical (in position and polarity) about some line within that
plane, then a secondary plate positioned symmetrically above such
a stator will experience a repulsion force acting directly upwards
through its centre - see Fig 82(a). If the plate is then displaced
to one side, the repulsion force will change direction, to continue
to act roughly in a line joining the centres of the rotor and stator,
i.e. it will act upwards and outwards as shown in Fig 82(b). Such a

system is unstable. Since no assumptions have been made regarding
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the arrangement of the stator coils or the nature or shape of the
floating rotor, it follows that to achieve any form of lateral

stability over such a system is impossible." End of hypothesis.
Evidently the above argument is fallacious, since the electro-
magnetic river possesses lateral stability as its key feature, and
devices employing "cone of attraction" stability, such as the disc
floater of Fig 11, have been known for many years. Indeed the
argument contains two fallacies, one of which will be considered
later in this chapter (p 219).‘ The other fallacy, and the correct
argument to take its place, may be most readily understood by
reference to one of the simplest forms of electromagnetic levitator,
the "jumping ring'" machine shown in Fig 83. It is worthwhile to
consider this machine in some detail, since many of the concepts

involved are also relevant to the electromagnetic river.

9.2 The Jumping Ring

The stator of the jumping ring machine consists of a single
coil, wound upon an iron corce (usually comprising a bundle of thin

iron rods to minimise ecddy currents) which extends a distance of
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half a metre or so beyond one end of the coil. The rotor is an
aluminium ring, cut from solid plate. On activating the machine,

" a ring previously placed over the core on top of the primary coil
is violently ejected into the air - hence the name of the machine.
If the ring is then replaced over the core with the primary current
still flowing, it floats, as shown in the diagram. This is, of
course, an unstable position — only the central iron core keeps the

ring in place.
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According to elementary theofy, the primary current I; sets up
a magnetic flux along the core, which threads the floating ring and
induces a secondary current I,, in opposition to I;. The force F
between the two currents is then proportional to the magnitude of
each and inversely p£0portiona1 to the square of the distance d
between them, i.e.—

I,

F=k5k 2

where k 1s a constant of proportionality.

As it stands the argument sounds convincing, and indeed it may
be used to predict certain aspects of the behaviour of the machine.
For example if asked to predict what would be the effect of substituting
a second aluminium ring of identical horizontal plan dimensions to the
first but of only half the vertical thickness, the answer would be-:
obtained that the new ring would float at the same height for the

same value of primary current,

The reasoning is simple. Assume that the new ring is first
positioned at the equilibrium height of the old. Then in this
position the same area of ring will be threaded by the same primary
magnetic flux, and therefore the voltage induced in the second ring
will be the same as that induced in the first. But the electrical
resistance is twice as great (on account of the thickness having
been halved, all other dimensions remaining unchanged), therefore
the secondary current I, will be halved. This results in a halving
of the repulsion force F - but the ring itself is only half the mass
of its predecessor, and therefore the force does indeed just support
the required weight. So the second ring remains floating at the

same height as the first.

By extension of this argument all rings of the same plan dimensions
will float at the same height, regardless of their thickness. 1In
practice there is an upper limit of thickness, reached at the approach
of the skin depth of aluminium at the frequency of supply (and in any

case the argument breaks down as the thickness becomes a significant
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proportion of the separation between the two circuits, since it is
then no longer possible to assume that the same flux is enclosed by
the ring). However there should be no lower limit - a ring of one
hundredth the thickness of the original should have one hundredth
the current flowing in it to support one hundredth the mass at the

same height,

But such is not observed in practice, for a ring of one
hundredth the thickness is scarcely able to float at all. In order
to re-COnsfruct the argument to account for this departure from the
expected behaviour it is necessary to return to the equation
relating the repulsion force to the two currents. To state that the
force is directly proportional to the product of the two currents is
naive, for this applies only when both currents are unchanging. The
jumping ring is an alternating current device. The required
modification is the replacement of the direct product of two direct
currents by the scalar product of two phasor (alternating) currents,®

to give:

Iy|°{Iz|*cosy
F_k.llllz ¢

= 2

where |I| = magnitude of current I,

v

phase angle between I; and I,.

To be striectly accurate the force thus expressed, between two
currents flowing in the same direction, is ome of attraction. Only
when Y exceeds ninety degrees, to make cosy negative, does repulsion
occur, and this then reaches its maximum value when ¢ = 180°% i.e. when
the two currents are in anti-phase. Here lies one of the fallacies in
the original argument stated at the very beginning of the chapter, for
it was implicitly assumed that the angle ¢ was 180° (i.e. that the
rotor and stator currentS were in exact opposition) - by no means

always the case in practice,

* see footnote on similar modification needed to the Maxwell Second

Stress equations, section 4 of Chapter 4 (page 81).
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Modified to include cosy, the argument as applied to the
jumping ring now reads as follows:

"The primary current I, sets up a flux through the iron core
which is in phase with I;. The flux induces a secondary voltage in
the ring whose phase'lags the flux by 90° (E = g%) , and this voltage
sets up the secondary current I, which is itself in phase with the
secondary voltage and hence 90° out of phase with I;. The cosine of
ninety degrees is zero, therefore the lift force is zero for all

rings!"

The fault now is that only half of the necessary modifications
have been carried out, for implicit in the above argument are two
statements of Ohm's Law, each of which is again true only for d.c.
quantities. Firstly the relationship between secondary current I,
and secondary induced voltage is dependent on two properties of
the ring, its inductance as well as its resistance. The presence of
inducfance causes the current to lag the induced voltage, and therefore
to differ in phase from the primary current by something other than
90°. Hence lift is obtained. This effect is however small, and in
practice all aluminium rings of depths up to at least one centimetre
are resistance-dominated (for which reason the observed behaviour is
that lift hejght is independent of thickness for a large range of
rings - to this extent the original simple theory ignoring inductance

is sufficient).

The second implicit statement of Ohm's Law is less apparent
since it involves the magnetic circuit rather than one of the electric
circuits. Here is not the place to embark upon an explanation of
magnetic equivalent circuits(33) - gsuffice it to say that in this
machine the magnetic flux can conveniently be split into two
component paths in parallel, one of which carries all the flux passing
through the ring, and the other all that does not. Fig 84(a) is
a representation of the flux paths around the jpmping ring, and

Fig 84(b) is the corresponding magnetic equivalent circuit. .
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In the equivalent circuit of Fig 84(b), the magneto-motive
force F (the magnetic equivalent of electro-motive force E) is
given by ¥ = NI, where N is the number of turns on the primary
coil and I, is the primary current. The three reluctances Ry, R
and f23 represent respectively the magnetic resistances of the path
through the primary coil (for all the flux), the path outside the
primary coil for all the flux by-passing the ring, and the path
outside the coil for all the flux passing through the ring - each

reluctance given by the expression:

1l

R =L where &£ = effective length of relevant
portion of magnetic path,

A = cffective area of path,

1t

i = absolute permeability of medium.
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The presence of the aluminium ring shows itself as a magnetic
inductance [ , whose value is inversely proportional to the electric
resistance R of the ring. (For a full derivation of these quantites

see reference 33.)

The magnetic inductance is the key to the operation of the
jumping ring, for its effect is to cause the flux passing through
the ring to lag the primary magneto-motive force, i.e. the flux ¢
lags the current Ij;. Thus the secondary current I, in the ring, while
ninety degrees out of phase with the flux (for a resistance-dominated
ring), is further out of phase with the primary current I, and the
cosine of the larger resultant phase angle is once again no longer
zero. A very thin ring, of high electrical resistance, will constitute
a low magnetic impedance so that the flux is caused to lag the m.m.f.
scarcely at all - hence no lift is obtained. Rings of thicknesses
greater than only about a millimetre, however, have an electric
resistance so low that the resulting high magnetic reactance (or
"transference") becomes the dominant term in the magnetic circuit.
This causes the flux to lag the primary current by nearly ninety
degrees, giving an overall phase difference between the two currents
of almost 180° - which is the result that the first, naively simple
theory assumed. It is seen that only the combination of a resistance-
dominated secondary electrical circuit with a transference-dominated

magnetic circult acts in the way predicted by the simple theory.

This explanation has been presented in some detail because the
jumping ring is an example of an electromagnetic machine the action
of which is completely understood and explainable (at least in so
far as any electromagnetic phenomenon can be completely understood;
the basic fundamentals of the subject remaining one of the "mysteries
of the universe'"). 1In a more general form the same argument accounts
for the 1ift forces observed in other shapes of 1evitafor (such as the
flat-plate floater of Chapter 1, Fig 1), in conventional single-sided
linear motors, and in the electromagnetic river. In like manner the
method of production of a travelling magnetic field (linear or rotary)

from a polyphase alternating supply is considered to be fully
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understood(3“), as is the production of accelerating forces on
conducting objects placed within such travelling fields - induction
motor action(1 and 34) | Both these mechanisms operate for the
electromagnetic river in precisely the same way as they do for
conventional 1ongituaina1 or transverse—flux linear motors. The
mechanism of stability for the electromagnetic river, however, is
not understood, and consideration of some relevant theory comprises

the major part of this chapter.

9.3 Arguments with limitations

Before proceeding to theories of stability it is useful to
consider further the mechanism of lift-production in the jumping
ring., The following two attempts at explaining the action of the
ring, though both promising at their outset, ultimately provide
less insight into the mechanism at work than does the explanation
already presented, The reason for giving these attempted explanations
here is that each of the approaches to be outlined can be applied
also to the stability mechanism of the electromagnetiec river., It is
helpful to appreciate to what extent a method can be of use in
explaining a phenomenon already understood before attempting its

application to the unknown,

Firstly an argument can be formulated based on the well-known
premise that when a current-carrying conductor experiences a force
within a magnetic field, the directions of the force, the field and
the current are mutually at right—angles. 1In the case of a floating
ring the force is evidently vertically upwards, i.e. axial to the
ring; the current is circumferential (as can be easily demonstrated
by substituting a ring with a single radial slit, which does not
float at all), and therefore the component of flux producing the

upward force must be radial to the ring, i.e. in a horizontal plane.

Theoretical confirmation of the obvious fact that the force does
indeed act upwards and not downwards may then readily be obtained by

the use of one of the elementary "rules of thumb', as follows,
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Fig 85. Instontaneous current and flux directions in jumping ring.

Taking the direction of the primary current to be instantaneously
as shown in the first diagram of the jumping ring (see Fig 83), the
polarities of the induced flux and of the secondary current become
as shown in the cross—section of Fig 85. Considering the right-hand
side of the ring, the direction of the horizontal component of flux
is outwards to the right and the direction of the secondary current is
out of the plane of the diagram, from which, using Fleming's left-hand

rule, the resulting force on that part of the ring is upwards.
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In a similar manner all other parts of the ring can be shown
to experience an upwards levitating force. This, however, is as
much information as can be obtained from the method without a
detailed knowledge of the magnetic field distribution along the
length of the extended iron core, and of the way in which this
field itself varies with changing positions of the ring.
Determination of such information is a laborious process, and once
obtained it applies only to that one particular ring.

The second approach makes use of the concept of '"shaded-pole
action'". The name derives from the frequent use of the principle
for the purpose of starting machines such as single-phase induction
motors, where one or more of the stator poles has part of its face

area ''shaded" by an encircling thick ring of copper - see Fig 86(a).

The effect of this ring may be understood by reference to the
magnetic equivalent circuit of Fig 86(b). As in the jumping ring,
the flux emanating from the pole is split into two parallel paths.
The left-hand path on the diagram comprises a reluctance representing
the air-gap, while the right-hand path comprises a transference
(magnetic reactance) representing the shading ring, in series with
the air-gap reluctance. The flux passing through the transference
lags in phase behind that passing through only the reluctance - and
any pair of alternating fluxes in close proximity but differing in
phase by an angle other than zero or 180° constitutes a travelling
magnetic field, the motion of which passes from the leading to the
lagging flux. The top surface of the rotor in the diagram of
Fig 86(a) is thus acted upon by a travelling field passing from
left to right, which produces a torque acting clockwise on the

rotor as a whole.

More generally, any electrically-conducting material placed
within a magnetic field presents a transference to flux passing through
itself, and if placed so that part of the flux from the same m.m.f.
source is allowed to by-pass the conductor then a travelling field

will be set up which moves in a direction from the by-passing flux
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Fig 86. Shaded pole action.

towards the conductor itself. The secondary floating ring acts as
a shading device over the jumping ring stator, causing the flux
emerging above the ring (see Fig 84) to lag in phase behind that
emerging below. The resulting travelling field is vertically
upwards, and the ring will settle itself at the height for which
the upward force produced from the travelling field equals the

downwards force of gravity.

The concept of shaded-pole action is a perfectly valid approach
to an explanation of the mechanism of the jumping ring, but again its
useful application is limited. Prediction of the direction of the
resultant force is about the extent of the information that may
readily be obtained, the method lending itself only with the greatest
difficulty to calculation of the magnitudes of the forces present, or
of the effect on them of changes in the position of the ring. Further
complication, for instance by the addition of a second ring to the

system, takes the problem right outside the scope of theories such as
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those based on shaded poles or on Fleming's left-hand rule. Only
the approach based on the magnetic equivalent circuit can handle
situations such as this (in this case by splitting the flux into
thrée parallel paths; for flux passing through both rings, through

only the lower ring, and through neither ring).

9.4 Stability by attracting and repelling currents

Having seen how several different methods of approach may be
applied to an apparently simple phenomenon such as the jumping
ring, it may now be appreciated that it is possible to consider a
complex device such as an electromagnetic river in a number of
different ways. 1In none of these ways however has a satisfactory
explanation yet been forthcoming that can account for even the
principal trends of stability and instability behaviour. All the
explanations presented in the following pages are therefore
incomplete. Some indeed are little more than mere ideas needing
much work to develop them to the point where they can be of any
practical use at all. They may nevertheless be worthy of some
consideration, not so much for the purpose of providing an understanding
of the phenomena involved, for that cannot be done as yet, but rather

to stimulate further thought along some of the lines suggested.

The first approach to be considered, and ome of the more useful
of those developed to date, starts -from simple ideas concerned with
attracting and repelling forces produced by pairs of currents. In
fact this approach is hardly more than the original naively simple
theory stated at the beginning of thié chapter. There is however the
major difference that experience with tﬁe.jumping ring has indicated
some of the limitations of the method, so that appropriate allowances

.

can be made in the new application.

The idea behind the method may be more readily appreciated by
reference to the simplest design of electromagnetic river, the .
Washington model of Chapter 1 (see Fig 10). In this design the

Stator current returns along a single bunch of conductors below each
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iron C-core. When a rotor plate is positioned above the pole-
pieces of the machine, the active part of the stator current,

i.e. that flowing along the slot, induces an image current in the
centre of the plate. It may be said either that the direction of
this current is opposite to that of the stator current in the slot
(the "naive" outlook), or that the phase difference between the two
currents approaches 180° (the ''comprehensive" approach). In the
latter case the secondary electric circuit is assumed to be
resistance-dominated in the same way as was an aluminium ring of
similar thickness, and the dominant component of the magnetic
circuit is taken to be the transference presented by the plate,
known to be significant because the plate could not be floated

if it were not. In either case the resulting force between the
central induced current and the main primary current is one of
repulsion. This constitutes the levitation force upon the plate,

as shown in Fig 87(a).

The induced secondary current must then complete its circuit
within the plate, which it does by splitting to return along the two
plate edges, forming the characteristic 'double-loop' pattern as
discussed in section 2 of Chapter 3. At each plate edge a current is
thus formed which is roughly in phase with the stator current, and
hence a force of attraction exists between each of the edge currents
and the primary current in the core centre. The complete system of
electromagnetic forces acting upon ‘a floating plate in equilibrium
thus comprises a central region of repelling forces acting upwards
and outwards from the frimary slot, bounded on each side by attracting
forces acting downwards and inwards. - It will be recalled that such
a system of forces is similar to that ekperimentally obtained by the
use of the Maxwell Second Stress formulae from measurements of the

magnetic field surrounding the plate - Chapter 4, Fig 42.

Having determined the force system acting upon a centrally
placed rotor, the next stage in the prediction of stability effects
is to determine how these forces change when the plate is displaced.

Fig 87(b) shows the plate in a position of lateral displacement.
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In this position the main image currents are still induced in that
part of the plate directly above the stator slot, so that they and
the repulsion forces produced by them are no longer central with
respect to the rotor. This causes a change in the pattern of the
return currents, since now the greater part of the secondary induced
current elects to return along the .outer edge of the plate, i.e. the
edge remote from the central slot. (The experimental confirmation
of this revised flow pattern, it wiil be recalled, was presented in

section 1 of Chapter 4 - see Fig 32.).

The resulting changes in the magnitude of the attracting forces .
at the plate edges are not so readily predictable. Considering, for
example, the outer edge of the plate, the increased current flow
strengthens the attractive force towards the stator slot, but the
increased separation as a result of the displacement weakens the
attraction. Similar considerations apply to the forces on the inner
edge. The only criterion for the existence of lateral stabilisation

(on the assumption for the moment that the central levitation forces
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do not play a significant part) is that the net effect should be to
leave the attractive force at the outer edge greater than that at
the inner, the absolute increase or decrease of either force with

respect to its original value being irrelevant here.

At this point the theory approaches the 1imit of its usefulness.
Practical experience has shown that lateral stability is achieved only
for certain widths of plate, in general the narrower the better, and
that for any given plate width there is a minimum value of stator
current below which stability can never be achieved. It would be of
interest to investigate the way in which each of these variations
affects the magnitudes of the edge currents, with the plate both
central and in a variety of displaced positions. But such research
would be essentially practical rather than theoretical, and it seems
improbable that investigations of this kind would lead to development
of the theory of attracting and repelling currents that could provide
the means for predicting the lateral stability or otherwise of a new

shape or size of rotor, untried in practice.

The method appears even less promising in its application to
stability in roll, for here predictions can be distinctly misleading.
For example if the plate in Fig 87(a) is made to suffer a disturbance
in roll about its longitudinal axis, there is nothing to suggest that
the induced current pattern should be significantly altered. If this
is the case then whichever edge of the plate has moved downwards will
experience an increased attractive force towards the stator slot
(being closer to it than before), while the upper edge will experience
a smaller force. These force changes-act to increase the roll
disturbance, and the system is therefore unstable. But in practice
many plates are found to be well stabilised against roll disturbances,
the general rule appearing to be "the wider the better". The
attracting and repelling current theory sheds no light upon such
behaviour,

Misleading results are also obtained from considerations of the

roll torque resulting from a lateral displacement., Fig 88(a) shows



- 216 -

levitating
small return forces

current here
-~ small force
net torque
\ / / clockwise

[® @@@@ ® B ® Q) - A

\\ »»//»//
N

in reaglity latera! displacement
results in anti-clockwise tiit

see “soft
agttractive moulded
>< forces this >< rubber
side stabilise anglogy
plate ({ Chapter
1, Fig 7)
. [ ]
(a) Theary suggests that (b) Observed behaviour is
displacement to right an anti-clockwise tilt.

causes clockwise tilt,

Fig 88. Displaced plate - behaviour about roll axis.

again the pattern of rotor currents caused by a small displacement
to the right, from which it can be predicted that the resulting
torque acts to tip the plate clockwise. The observed behaviour,
however, is quite the opposite. It may be recalled that at the
beginning of the thesis the "feel" .of the support and stability
forces was described as being somewhat akin to a plate sitting
within a trough of soft moulded rubber (see Fig 7 of Chapter 1).
Certainly it is an observed fact that:the effect of a lateral
displacement is to cause the outer edgettb 1lift, giving the plate
an anticlockwise tilt after a small movement to the right, as shown »
in Fig 88(b). Again the only conclusion to be drawn is that the

theory is inadequate for predictions of effects in roll.

The uses of the method appear therefore to be restricted to
considerations only of the horizontal effects of horizontal

displacements. Even here predictions are confined to little more thanp
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statements of the possibility, rather than the actuality, of lateral
stability for a particular configuration of machine. One aspect that
the theory does highlight, however, is the necessity for the rotor
current paths to have complete freedom of flow. This necessity was
deduced from experiments with slitted plates, described in section 2
of Chapter 3, but now a clearer understanding of the phenomenon is
possible., As was discussed in Chapter 3, a single slit cut into the |
end of a plate (such as in Fig 22(b)) was sufficient to destroy all
lateral stability. It can now be appreciated that the effect of the
slit was to prevent the flow of end currents needed to complete the
double-~loop pattern shown in Fig 87(b), and in the absence of the
shift of return current to the outer edge of the plate there could be
no stability of any kind. (Similar considerations apply also to the
failure mentioned in Chapter 1 of the double-trough rotor over omne of

the early stabilising machines - see Fig 9.)

9.5 Stability over a conventional linear motor

Before moving on to consider other theoretical explanations of
the electromagnetic river, it is interesting to apply the ideas of
attracting and repelling forces between currents to the conventional
longitudinal or transverse-flux linear motor. Experimental experience
is that such machines are laterally actively unstable - rotor plates
do not merely fall off sideways but are violently thrown off by the
electromagnetic forces. This behaviour can be deduced from

considerations of the forces acting between currents as follows.

The single-loop pattern of stator current Sets up a corresponding
opposing loop in the rotor, as shown in:Fig 89(a). These currents
then react to produce two sets of repulsion forces, one on each side
of the plate and both acting vertically upwards to provide lift, and
two sets of cross—attraction forces whose resultant is a small
downwards force. Upon lateral displacement of the plate the pattern
of rotor currents can scarcely alter (apart from possible slight
bunching of the current paths at the ipner edge and spreading at the

outer edge), but the physical movement of the plate causes the repulsion
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forces to change direction, resulting in an outward component of
force as shown in Fig 89(b). The cross—attraction forces are
affected not so much in direction as in magnitude, one set finding
its parent currents moving closer together, increasing the attraction

between them, while the other pair of currents moves further apart.

It can be seen from the diagram that each of these changes acts
to increase the original displacement, and the system is therefore
actively unstable. Furthermore the-argument will apply to any
single-loop pattern, regardless of the shape or size of the rotor
or stator or of the magnitude of the stator currents. Stability
within only a single loop of rotor cufrgnt.is therefore impossible.
(That is not to say, however, that stability cannot be created by
other means, such as by cutting slots in the stator surface or
even inserting conducting grids. Such devices can and have been
used with great success, but their application is not relevant to
the present discussion.)

Thus stated, the argument is of course a particular case - in

this instance a valid case - of the general argument presented at
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the very beginning of this chapter. Only now does the second of

the fallacies in that original argument become clear. When the

rotor current pattern 1s confined in such a way that its pattern is

not changed by displacement of the plate, then it 1is true that the
repulsion forces between the rotor and stator currents change direction
in such a way as to increase any displacement. There are several ways
by which such restraints on current patterns may be applied, for
example by defining the current flow paths themselves as in a wound
rotor, by restricting the freedom of the current patterns in a

sheet rotor as in the plate with the slit at each end, or by setting

up a current pattern so basic that there is no scope for it to

change, as in a rotor over a conventional linear motor. But when the
rotor current patterns are free to change, for instance by varying

the sizes of individual loops in a double-~loop pattern and altering

the proportions of the current flowing in each loop, then the situation
is no longer so simple. The electromagnetic river is an example of

~a machine where under some conditions the action of the force changes

is reversed ~ i.e, the rotor is stabilised.

It might be hoped that an entirely different approach to the
problem of stability could lead to an explanation with less serious
inadequacies than those of the attracting and repelling currents
method. Unfortunately such has not been the case so far. The
theory as presented is, indeed, a typical example of all the ideas
developed to date - grossly incomplete, for use only with care, and
always with the knowledge in the background that satisfactory

explanations for the phenomena as a whole have not yet been found.

9.6 Stability by Shaded-Pole Action

The next approach to be considered is one based on the concept
of shaded-pole action. (It is tempting to write "the next approach
to be eliminated ..." since the method is of little help in predicting
the stability or otherwise of an unknown system.) Consider once again
a conventional linear motor, with an aluminium vrotor positioned

centrally above it as shown in Fig 90(a). Flux passing upwards
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through the plate experiences a transference (the magnetic reactance
of the plate itself) in series with the reluctance of its air path,
while flux "leaking" side&ays without passing through the plate
experiences only an air-path reluctance. The central flux therefore
lags in phase behind that by-passing the plate, and at each plate

edge an inwards-travelling magnetic field is created.

After lateral displacement the inner edge of the plate has
moved into a region of increased flux density while the outer edge
is in a region of lower flux density.: The, travelling field acting
on the inner side therefore becomes strénger than that on the outer,
with the result that the plate is thrown off, as shown in Fig 90(b) . .
The theory is thus seen to predict correctly the unstable behaviour

of a conventional linear motor.

At first sight it may appear that precisely the same argument
should apply to a plate floating above an electromagnetic river,
for instance as shown in Fig 91(a). Without doubt the inner edge

of the plate finds itself after displacement within a stronger
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magnetic field than does the outer, and de-stabilising effects occur
as a result. But now a second effect is present, which under some
conditions can override the de-stabilising action. For the secondary
current is now flowing in two loops, which in the displaced condition
can be of entirely dissimilar characteristics; in particular the

electrical resistances of the loops can be widely different.

Now the magnitude of the shaded-pole action produced by two
adjacent magnetic fluxes differing in phase is dependent upon two
factors — the magnitudes of the respective fluxes and the phase
difference bgtweEn them. Maximum effect is obtained for any given
strengths of fields when the phase difference 1s ninety degrees.

But the phase difference between the fluxes is itself dependent

upon the magnitude of the series magnetic reactance in relation to

the magnetic resistance of the remainder of the air path (as explained
earlier in the chapter ~ see Fig 86). The value of this series

transference is in inverse proportion to the electrical resistance of
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the current flow paths within the shading sheet. Thus a shading

sheet with paths of low resistance is seen as a large transference,
causing a large phase lag and inducing a powerful sideways travelling
field, while conversely a high-resistance electric circuit constitutes

a small transference, with a correspondingly small shading effect.

Just such a pair of contrasting circuits is found in a laterally
displaced sheet rotor above an electromagnetic river. Fig 91(b)
shows the familiar situation. The main induced current atove the
central slot of the stator has two return paths, one a narrow,
constricted path (on the left in the diagram) of high resistance
relative to the other, spacious path along which most of the return
current flows. Thus the inner edge of the plate, although in a
region of higher flux density than the outer, can have considerably
less shaded-pole effect on account of its higher electrical
resistance. The low resistance current path at the outer edge
constitutes a high transference, resulting in a strong shading action

that provides overall lateral stability for the whole machine.

Once again it is seen that the simple theory, taking into
account only the positions of the edges, is valid only when the
pattern of secondary induced currents is not dependent on rotor
position. As soon as an extra degree of freedom is allowed - moving
rotor current patterns - an extra degree of complication is introduced
into the situation. In the particular case just discussed explanation
is possible only with foreknowledge of the pattern of rotor currents
after displacement. Again it must be admitted that progress is still
at the stage of adjusting a theory to f£it observed behaviour rather

than of using an established theory to predict the behaviour of an

untried configuration.

There is one further experimental effect observed during the
researches described in this thesis that is interesting to consider
from the viewpoint of shaded-pole action. At the beginning of -
Chapter 2 an electromagnetic levitator was described consisting of

a single pair of long pole-pieces embraced by a coil passing along
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the centre slot and splitting to return down the two sides (see

Fig 20). It will be recalled that a critical length of rotor was
found, below which plates were capable of stabilising themselves
longitudinally as well as laterally. It may be that explanation

of this stabilisation is possible in terms of the shading effects

of the plate ends.

Fig 92 shows a cross-section and a side elevation of the machine.
It seems reasonable to assume that the longitudinal distribution of
the stator field might be uniform over most of the length of the
machine, but would become more concentrated at the two ends as a
result of the fringing fields. If this is so then the stabilising
action of the plate as it approaches ome end of the machine consists
merely of the leading edge entering the more concentrated field and
experiencing an increased inwards—travelling field from the shading
action of its own end. The critical length of plate for iongitudinal
stability is such that when the plate is in a position of longitudinal
equilibrium, each of its ends is at the region of maximum flux

density within the corresponding end-region of the stator. .

Thus stated the theory sounds convincing, until it is remembered

that precisely the same argument should apply also to the original
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flat-plate floater described in Chapter 1 (see Figs 1 and 2). This
machine, however, behaves in just the opposite manner - a plate of
any length approaching either end of the stator is drawn into the
end region, through it, and thrown off beyond. Again the only
conclusion to be drawn is that the shaded-pole approach is not
sufficient to explain all the observed facts. Further investigation
into the end effects of these two machines, while of no particular
relevance to electromagnetic rivers, might prove interesting as a

minor project for some future time.

9.7 Stability by Rules of Thumb

To return to the subject of the lateral stability of the
electromagnetic river, a third approach to the problem is one
making use of no more than simple '"rules of thumb" such as are
found in elementary teachings of electromagnetism. To begin with
it is necessary to make two assumptions - that all magnetic flux
produced by the electromagnetic river is composed only of vertical
and transverse components, and that all rotor currents have only
longitudinal and transverse components. The latter assumption
is certainly true for most rotors since thin sheets are not
conducive to the flow of vertical current (trough-shaped rotors
being ignored for the time being). In regions remote from the
stator ends it is also reasonable to assume low longitudinal

components of flux.

The machine to be considered is an electromagnetic river
complete with a polyphase stator supply, creating a longitudinally-
travelling field. Over such a stator there exist sets of transverse
rotor currents spaced at regular intervals of one longitudinal pole-
pitch throughout the length of the rotor. These serve to link the
sets of main and return longitudinal currents. (The contrast might
be noted here with machines of long pole—pair single—phase design
such as that considered in the previous section (Fig 92), in which

transverse rotor currents exist only in the end regions.)
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In this situation two equations can be written relating the
vector products of individual pairs of components of flux and induced

current to the forces produced by them on the rotor, as follows:

Longitudinal force
i.e. Thrust eee (1)

Transverse current X Vertical flux

Vertical force
i.e. Lift e (2)

Longitudinal current X Transverse flux

Both these formulae, of course, are expressions of Fleming's
Left Hand Rule, Such formulae of expression for forces produced
by electromagnetic means may seem a little unusual, but the equations
predict directly two effects with which the linear motor designer is
well familiar. Firstly, equation (1) states in effect that only the
transverse components of rotor current produce thrust - which is
another way of saying that the longitudinal current components, often
referred to as "end ring currents" in imitation of the terminology
applied to their counterparts in rotary machines, are wasteful.
Secondly equation (2) states that the horizontal component of
magnetic flux (transverse in an electromagnetic river, longitudinal in
a conventional linear motor) is alone responsible for levitation of
the rotor. This explains why no 1lift is produced on a rotor
symmetrically positioned within the horizontal airgap of a double-
sided linear motor, whose flux comprises only vertical components
passing across the air gap directly from one pole face to its opposite

memnber.

But a third equation, closely analogous to the first two, can
be formulated from the fluxX and current components existing over an

electromagnetic river, as follows:

Longitudinal current x Vertical flux = Transverse force

i.e. Stability cee (3)
This third equation can be used as the basis for another approach
towards understanding the electromagnetic river. (The last
remaining pairing of products - Transverse current X Transverse
flux - of course gives nothing since the vector product of two

parallel vectors is zero.)



- 226 -

vertical flux
component octs
downwards

magnify right-hond
edge of plote

+ = = e —_— -

4 =_[- -

resultant force

(a) Staotor currents, rotor currents {b) Right-hand edge of plate -
ond mognetic field have directions Fleming's Left Hand Rule predicts
instontoneously os shown. thot resultont force is to left.

Fig 93. Components of flux and rotor currents
octing on plote over electromagnetic river.

Once again, the first step is to investigate from this viewpoint
the forces acting on a plate in lateral equilibrium, Take, for
example, a section of the electromagnetic river for which at some
instant of time the effect of the poly-phase stator windings is
equivalent to a pair of coils carrying currents of directions shown
in Fig 93(a). Then at that instant the magnetic polarities, the
directions of the lines of flux, and the pattern of rotor currents

are also as shown.

Fig 93(b) shows the resulting situation for the right-hand edge
of the plate. The vertical component of magnetic flux in this region
is downwards (the horizontal component being ignored as irrelevant
for stability purposes) and the rotor current flows into the plane of
the diagram, from which Fleming's left hand rule predicts that the
resulting force is to the left, i.e. inwards. On the other edge of

the plate, the flux component is upwards but the current flows in
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Fig 94. Flux and current components for displaced plates.

the same direction as before, so that the horizontal force is in the
opposite direction - i.e._again inwards. (The horizontal force on
the centre region of current is of course zero since the net vertical

flux over this region is zero.)

A simple extension takes the argument to the next stage, which
is to consider a displaced plate. Instead of considering a small
displacement such as shown in Fig 94(a), it is more interesting to
examine the effect of a large horizongal movement — sufficiently
great for the return currents along the inner edge of the plate to
have been reduced to zero, leaving only‘a single—loop pattern of
rotor current as shown in Fig 94(b). In this situation the net
vertical flux over the current-carrying region near the inner edge
of the plate is small or zero. The horizontal force on this region
is therefore likewise small. The outer edge of the plate, on the
other hand, is in a region of flux whose vertical component is -
downwards. The resulting force is inwards, tending to return the

plate to its central position.
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A point of interest is that on this basis it is possible to
gain a feel for the condition at which the displacement becomes so
great that stability is lost. Further outward movement beyond the
position shown in Fig 94(b) will result in the inner edge of the
plate (the left hand edge in the figure) entering the region of
downwards flux. The rotor current is here opposite in direction
to that at the outer edge, and the resulting force is therefore to

the right, i.e. of de-stabilising action.

The critical position, at which stability is just lost, is
reached when the inner plate edge has moved sufficiently far into
the downward field for the magnitude of the de-stabilising force
to equal that of the stabilising action of the outer edge. Precisely
how far this is is not readily predictable; the theory does not lend
itself to numerical calculations. It is encouraging, however, to
have found a viewpoint giving at least some insight into the loss of
stability beyond a certain value of displacement, for considerations
neither of attracting and repelling currents nor of shaded-pole

action give any clear indication of how or where the change occurs.

In general, however, the method based on the simple '"rules of
thumb" suffers from the same deficiency as the shaded-pole approach -
that foreknowledge is required of the field pattern, the rotor
current pattern, and the way that both change as the plate is
displaced, before an explanation of observed phenomena can be
attempted. Prediction of the behaviour of untried machines seems

equally beyond the reach of either approach.

9.8 "Hills of flux"

In a situation where theoretical techniques established
elsewhere in electrical engineering prove to be of such limited
value, it may be thought justifiable to consider any theory or
idea, however dubious its foundation, that can help to give a feel
for the phenomena involved. The following idea is one such dubious
approach; it has no established theoretical basis whatsoever, only

the justification that at least up to a point "it works'.
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Fig 95. "Hills of flux ™ above a C-core stator.

Let it be assumed then, that for some reason which need not be
understood, the levitation force acting upon a small vegion of
conducting material in position above a stator is proportional only
to the magnitude of the flux density within that region. A simple
plot of flux density magnitude across the poles of an electromagnetic
river has roughly the shape shown in Fig 95; for the purposes of this
argument this is then assumed to be a plot of "levitation force
distribution" across the stator. It is difficult to define any
precise quantity that corresponds to the height of the resulting
"hills" in the figure, and it is not suggested that the idea can be
justified in any numerical manner. It is rather a question of doing

"something" than "nothing".

The mechanism of stability of a floating plate is then explainable
simply in terms of the action of gravity. Any conductor initially
above the centre of the stator finds itself in a region of greater
levitation when pulled to one side, and therefore tends to float
higher. Release from the displacing influence allows gravity to pull
the conductor back down to the position of minimum potential energy,
symmetrically in the centre. The regions above the poles can almost
be thought of as "hills of flux", creating between them a valley in
which conducting plates position themselves. Narrow plates will then
tend to position themselves well down within the groove, the lower
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limit on width being that for which the plate settles at the level of

the pole pieces, and wide plates will settle higher in the groove.

The maximum width for stability is given by the distance between
the "peaks" of the flux hills, since any plate wider than this distance
will rest across the tops of the hills and will not have its potential
energy changed after displacement —'see Fig 95. This concept also
explains the feeling mentioned in Chapter 1 and referred to several
times since, that wide plates are generally "floppier" in their
stability than narrower ones — evidently so on the above basis since

they cannot sit so deeply in the valley.

Similar considerations can predict the sequence of roll motions
of a plate as it is displaced progressively to one side. Fig 96 shows
a plate (a) in the central position, and (b) and (c) after progressive
lateral displacement to the right. It is seen that the outer edge of
the plate has been made to rise up the surface of the hill, giving
the plate an overall inwards tilt. Position (d) is attained when
the centre of the plate reaches the top of the hill - the limit of
stability. Note that the plate is again horizontal. Further
displacement, into the unstable region(e) on the far side, is

accompanied by an outward tilt, as shown.
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When the corresponding experiment is carried out in the laboratory,
it is found that the plate behaves in precisely the manner described.
The "feel" of the initial strong inwards tilt upon lateral displacement,
reducing back to the level position as the limit of stability is
approached, is particularly striking. Indeed the theory predicts the
observed behaviour so well that the "hills of flux" approach is
regularly the first to be invoked for an explanation of any new
stability phenomenon observed in the laboratory. It was, of course,
from just such a feeling of hills, albeit from two long hills running
parallel and a short distance apart, that the name "electromagnetic

river" was derived.

It now becomes possible to attempt an explanation of the failure
of one of the machines described in the previous chapter. Fig 78
showed the machine in question, comprising four steel blocks each
surrounded by its own electric coil, mounted upon a backing sheet
of steel. It will be remembered that the intention was for each pair
of poles to provide stability against displacements in directions
parallel to the lines joining their own centres, so that the action of
all four poles together should be to stabilise in all directions a

sheet floating in the middle.

The appropriate mechanical system analogous to the electromagnetic
"hills" seems to be to attempt to stabilise, say, a small sphere in the
hollow between four surrounding hills. It should be evident that such
stabilisation is possible only if the centre point of the system is
lover than the four points mid-way between adjacent hills., The
observed behaviour of the electromagnétic machine suggests that it is
this requirement that is lacking. Rathér.the system appears to
resemble a situation where the centre of the machine is at a level
intermediate between the summits of the hills and the points mid-way
between them, so that four valleys are formed, each sloping downwards
away from the centre point. The centre becomes an unstable position
so that any sphere placed there will always roll away, down one. of the

four valleys. This corresponds with the observed behaviour of sheets
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of aluminium placed over the original machine, for they too always

fell out of the machine along one of the four lines passing mid-way

between the poles.

One further phenomenon that can usefully be considered from the
point of view of "hills of flux" is thag discovered during initial
experiments with the gramme-ring wound linear motor blocks - that the
"steepness" of the boundaries of stability of an electromagnetic
river is affected by the widths of the pole faces below (see section 2
of Chapter 7 - Fig 62). If the angle of the inverted prism of ’
stability is considered as being the maximum angle attained by the
walls of the valley formed between the hills of flux, then the higher
the hills, the narrower this angle will be. For two stators with

identical central slots but different pole widths, such as those shown

in Fig 97, the same value of voltage applied to each excitation coil
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induces the same total flux to pass around each of the magnetic
circuits,” This results in regions of greater flux density over
the narrower pair of poles, and hence higher hills, Thus the

narrow-poled machine has the narrower angle of stability.

The "hills of flux" approach completes the list of different
theoretical methods and ideas developed to date for understanding
the stability properties of the electromagnetic river. It is clear
from the elementary mature of these explanations that the whole
subject is one where practical work has gone well ahead of theoretical
understanding. By methods consisting almost exclusively of trial and
error (and happy accident) the original discovery of stability over
only a single coil system (see Chapter 1, Fig 10) has been developed
through all the stages described in this thesis into a whole new

branch of electrical machine engineering.

By contrast few of the theoretical approaches described are
capable of explaining much more than the simplest of the phenomena
observed, and none seems likely to form the basis of a universal
theory of electromagnetic-stability. Continued haphazard practical
research may well lead to further developments at laboratory scale,
but progress to larger and better machines is likely to be severely
hampered until more adequate theoretical support is obtained. The

need for further work in this field is evident.

* Total flux induced by a given a.c. voltage is independent of

magnetic path reluctance (see reference 35). .



CHAPTER 10

CONCLUSIONS AND RECOMMENDATIONS

A full-scale wooden model of a transverse—flux E—core linear motor
design tc lift and propzl (but not guide) a 50-tonne vehicle.
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CHAPTER 10. CONCLUSIONS AND RECOMMENDATIONS

In Chapter 1, in place of the more normal 'review of relevant
research conducted by others", was presented the story of the
invention of a new machine. No review section appeared until
Chapter 6. Continuing these slight departures from convention the
present chapter, though not the last, forms the "conclusions and
summing-up" section of the thesis. The reason for this'is that
the chapter to follow describes a further new machine, upon which
research is only in its infancy; it seemed inappropriate to place
an overall summing-up section directly following a chapter to which

none of the remarks referred.

10.1 Review and suggestions for further work

General conclusions are in any case few, for the whole project
has been one of opening new paths for others to follow rather than
of exploring and concluding paths already opened. Indeed almost
every chapter has ended with or included recommendations for future
work, and it might be helpful to collect these together and elaborare
on them a little. This can be conveniently combined with a brief

review of the subject matter of each chapter taken in turm.

Chapter 1, as already stated, was the story of the invention of
the electromagnetic river - the prologue to the researches described
in this thesis. 1In Chapter 2 a stable levitator was developed,
providing longitudinal as well as lateral stabilising fields, and
with this levitator were carried out the first experiments into the
effects of different widths, thicknesses and materials of plate.
Particular attention was paid to the development destined to free
electromagnetic levitation from the constraints of "cones and prisms

of attraction" - the concept of single—-coil levitation systems.

Chapter 3 described the building of the long pole-pair machine,
the simplest single—coil levitator, from which was developed the

idea of double-loop patterns of induced current existing in rotors
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floating over electromagnetic rivers. The importance was also
realised of the need for secondary induced currents to be allowed
complete freedom of flow within the rotor in order to maintain
stability. (This was further confirmed, in a different machine,

in Chapter 8 - see Fig 77.) The rest of the chapter was concerned
with various rotary forms of the electromagnetic river, such as the
electromagnetic bearing and whirlpool - subjects which could prove

interesting for further development and research.

An attempt was made in Chapter 4 to put the path of research
onto a more formal scientific footing. The chapter began with
measurements both of the voltage potentials within a floating plate
and of the surrounding magnetic field, and then proceeded to develop
a method relating the magnetic flux distribution to the real force
distribution across a floating rotor, using the Maxwell Second Stress
formulae. Here is a subject that could be a basis of much useful
work in the future, for the method is applicable to many situations
where the complete distribution of magnetic field around a component
can be measured. A small amount of computing was carried out in the
calculation of the force distributions using the Maxwell formulae,
and computer-based graphical display facilities were employed for

direct presentation of the results (see Fig 42).

There is scope here for considerable extension. A start has

already been made in the laboratory by linking a tape recorder to

a selector system which reads in succession the voltages picked up
by the search coils measuring the magnetic field components. These
search coil readings are transferred in sequence onto the tape, and
in this form they become data that can ﬁe read directly by the
computer. Further development of this technique, such as linking
the selector output directly to a computer interface, might lead to
an invaluable "on-line" system where the force distribution over a
plate could be viewed on a cathode ray tube while the plate itself

is being moved about over the electromagnetic river. .
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Chapter 5 described the introduction of phase-mixing into the
electromagnetic river in order to create a more effective propulsion
unit. The subsequent extension of the resulting new machine to a
length of seven metres allowed the possibility of dymamic tests,
followed by operation of the machine in back-to-back -oscillation
mode. One example of a possible industrial application of the
device - shuttle propulsion - was examined at some length, and again

there is scope for continued work on this and other industrial uses.

Chapter 6 was concerned with the ''glamorous engineering' of
high-speed transport. Full scale practical work on a subject such
as this clearly falls outside the scope of a university laboratory,
being rather the province of large industry or government. A number
of relevant laboratory-scale experiments were described in Chapter 7,
including in particular the double-stator "catamaran' motor, the
use of gramme-ring wound stator blocks for simulation of various
machines, and the application of static variable-frequency tests

to simulate increases in scale.

A gap remaining to be filled is the investigation of changes in
lift and thrust forces under conditions of relative velocity between
the rotor and stator of an electromagnetic river. This and other
desirable measurements suggest that a useful project might be the
construction of a dynamic test rig, probably in the form of an
annulus-rig. Chapter 7 ended with a description of a brief series
of tests attempting to measure the dynamic stability behaviour of
floating plates. Results obtained proved most difficult to interpret,
and suggested that the subject is onme-about which far too little is

known - again a good topic for some pioneering work.

Chapter 8 was complete in itself, in that it set out to design
a machine for a specific purpose - to float a set of lecture notes =
and eventually succeeded in its purpose. Firally Chapter 9 presented
some of the ideas that have been put forward for explanation of- the

phenomenon of electromagnetic stability. None of these ideas carries



- 237 -

any pretence at completeness, and perhaps here lies the greatest
scope for future work, since levitation machines and linear motors

in general are poorly supported by workable theoretical backing.

It will now be appreciated why little attempt has been made
to adhere to one of the accepted '"fashions'" of present day research
in science and engineering - the use of the computer. Computing is
useful only if there are established theories or numerical techniques
on which to base computer programmes. Since none such existed, any
computing work would necessarily have been in the nature of the
development of workable programmes, which would indeed have been a
valuable contribution to the subject as a whole. However the work
involved in such a project could have been easily sufficient to
absorb all of the three years available, and the decision had to be
taken early on whether to make the research programme a practical

or a computing one. Choice fell on the former.

10,2 Addition of backing steel

There remains a further major line of research which has not
been tackled, and that is investigations involving the addition of
backing steel to the far side of the rotor. A linear motor built
to be an effective propulsion unit must have its rotor backed by
iron or steel to reduce the reluctance of the magnetic circuit to
a value sufficiently low to permit -a workable goodness factor. The
addition of a sheet of backing steel to the top surface of a floating
rotor, however, introduces an additional effect, for the steel is of

course magnetically attracted to the stator.

At the same time the extra flux passing through the aluminium as
a result of the improved magnetic path induces larger secondary
currents, which in turn act to increase the repulsion force experienced
by the aluminium. Which of the two effects, the attraction or the
repulsion, is the greater is determined almost solely by the overall
scale of the whole system. The repulsion force between the primary

and secondary currents is an electromagnetic effect, which becomes
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greater with increasing size of machine, while the attraction of
steel is a magnetic effect which reduces with increasing scale.”

For any given proportions of steel and aluminium in the rotor,
therefore, there is a critical size of machine at which the presence
or absence of the steel makes no difference to the lift force. For
machines smaller than this critical size, the addition of steel
causes greater attraction to the stator, and for larger machines the

result is greater repulsion.

Now the long electromagnetic river, the Washington model, and
the associated machines present in the laboratory are all well below
the critical size for a realistic amount of steel behind their
respective designs. This has meant that any attempt to introduce
backing steel behind a stabilised floating sheet has resulted in
an immediate violent clamping down of both metal sheets to the
stator. With the steel and aluminium free to move separately, the
aluminium is usually ejected sideways from between the steel and the
stator; if bolted together the compound rotor tends to tip over
sideways to bring one edge into contact with one of the rows of
pole-pieces, so that at least that edge of the steel is as close as

possible to the stator. Under these conditions research into levitation

is of course impossible.

However the subject is an important one; a full-scale transport
system, for example, would inevitably require backing steel behind
the aluminium track, and it will become essential to discover the
effects that this will have on the stgbility properties of a
floating stator. The most promising approach to the problem would
probably be to employ high-frequency subplies to simulate increases
in scale, and to use these to find the critical size at which the
addition of backing steel has no effect upon lift. The next stage
might then be to build a machine as big as, or bigger than, this
critical size, for testing at mains frequency. Such a project would

undoubtedly prove a worth-while subject for further research. -

* see section 2 of Chapter 6 (p 121) and reference 18 for definitions
of the terms "electromagnetic' and "magnetic' in this context.
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In conclusion let it be repeated that in the electromagnetic
river is found a truly remarkable machine - a machine capable of
providing 1ift, guidance and propulsion all from one set of
electromagnetic coils, capable like all transverse-flux motors of
propelling at speeds of 400 km/h and beyond from a mains frequency
supply, able to perform as a frictionless rotary bearing or as a
linear self-sustaining floating shuttle, and no doubt capable of
being applied in many ways yet to be discovered. Moreover all
these applications, with the exception of velocities greater than
50 km/h, have been demonstrated on a laboratory machine of width
only ten centinetres. The machine is an electromagnetic one, which
must necessarily improve with increasing scale. It is to be hoped
that the work described in this thesis will form the beginnings of
the development of an important new subject in electrical engineering
- an exciting subject and possibly a profitable one for industry,
certainly a fascinating one for research - the subject of electro-

magnetic rivers.



CHAPTER 11

POSTSCRIPT - THE XI-CORE MOTOR

The prototype Xi—core levitator (p 246).
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CHAPTER 11. ©POSTSCRIPT - THE XI—-CORE MOTOR

In this chapter a machine is described that does not form part
of the sequence of machines discussed in Chapters 1 to 10. Rather it
stands on its own, as the prototype of a whole new category of motors,
much as the Washington model stands as the prototype C-core electro-
magnetic river. The new machine was invented and patented(36) towards
the end of the three-year period of research, and the available time
remaining allowed no more than a preliminary appraisal of its
capabilities. It is for this reason that the chapter has been headed
"postscript", for most of the subject matter to be presented would be
well placed as "Chapter 1" of a thesis based on research yet to be

. . . . . . . 'y
carried out in continuation of these initial investigatioms.’

11.1 Kilowatts per tonne

The train of thought leading to the invention of the new machine
was somewhat more logical than the sequence of events which produced
the Washington model - indeed in retrospect the idea appeared so
simple that its only remarkable feature was that the time of invention
had been so long delayed. To, understand the process of development it
is necessary to introduce a new concept, which for want of a better
term is usually referred to by the units in which it is expressed -
"kilowatts per tonme'. This is simply a measure of the input power
required to a machine per unit weight of rotor lifted. Evidently the
quantity is measurable for any levitating device, and for an
electromagnetic machine its numerical value will in general change
with different designs of rotor over a given stator. Its value will
also be highly dependent upon the clearance between rotor and stator

at which the measurement is taken.

As it stands the quantity is particularly relevant todesigns of
the various high-speed ground transport systems described in Chapter 6.
Four systems were described in section 2 of that chapter. Of these,

the air cushion support, the magnetic suspension and the superconducting

see reference 37 for some continuation work recently completed.
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d.c. coil systems all require considerable power inputs simply to
float their respective vehicles. In the case of the Hovertrain the
power requirement for support is simply that drawn by the air pads,
and this is essentially constant for all vehicle speeds. The
superconducting system appears to absorb only small quantities of
refrigeration power to maintain the d.c. currents in the super-
conductor, but as the vehicle accelerates the linear motor propulsion
unit has to work against the electromagnetic drag of the strong d.c.
field sweeping through the secondary conductor. The resulting extra
power drawn by the motor must be attributed solely to the provision
of support and guidance, since it has to be supplied in addition to

the normal requirements of the motor for propulsion.

The magnetic attraction system claims a low value of support
power input, being merely that dissipated by the current in the
solenoid providing the levitation force. Here however the relevant
quantity is rather the power absorbed in the feedback amplifier
system that controls the currents in the solenoid so as to maintain
a constant air gap. This last figure, particularly as applied to
a moving vehicle exposed to all the disturbances entailed by high
velocity travel, can be many times the value required by the system

undisturbed at standstill.

The fourth of the systems, using repulsion forces between
permanent magnets, of course requires zero power in order merely
to obtain 1ift. But once again another consideration must be taken
into account = in this case the power absorbed by whatever guidance
system operates to overcome the powerful instability tendencies of

the main support.

Each of the power input quantities outlined above must be
supplied to the respective vehicle in addition to the power required
by the propulsion unit. But the electromagnetic river is different,
In general the concept of kilowatts input per tonne weight lifted has
meaning only for configurations of the machine built to provide

levitation without propulsion. A number of such machines have been
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described in earlier chapters; for example the 'magic carpet"

machine of Chapter 2 (see Fig 13), the long pole-pair and the

various circular machines of Chapter 3 (see Figs 20, 26(b) and 27),
and all the motors of Chapter 8. Some of these machines employ a
single-phase current supply while others create two or more opposing
travelling fields arranged so that the net motion of the rotor is
zero. For either type the input power is drawn solely for the purpose
of floating the rotor, and the number of kilowatts drawn per unit

weight supported can be measured.

In a true electromagnetic river, however, in which the rotor is
propelled by a travelling field while simultaneously experiencing
1ift and guidance, the situation is less simple. The power input
is that required to supply the losses involved in setting up the
stator and rotor currents which between them produce the forces of
1ift, guidance and propulsion, and any attempt to specify the
distribution of input power between these three functions is usually
meaningless. Only in a few selected cases can a sensible assessment
be made. TFor example although the original Washington model of
Chapter 1 provided weak 19ngitudina1 propulsion, it was clear that
the great majority of the input power was used merely to lift the
rotor. Measurements later confirmed this when it was found that
only five per cent of the input power appeared as ''synchronous rotor
power" - the theoretical maximum output power able to be developed by

the rotor for the production of thrust (see section 1 of Chapter 5).

At the other end of the scale is the sophisticated electromagnetic
river in use as a system for high—speéd ground transport. Here it is
necessary to provide large quantities of bower just to maintain a high
velocity against air resistance, and it is the "magic" of the electro- -
magnetic river that without dissipating any extra power the forces of
guidance and lift are extracted from the very currents that are
reacting against each other to produce thrust. The "kilowatts per

tonne" value for this machine under these conditions is zero.
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Lift and guidance for zero power input is not, however, the
complete story. Since the time of the Washington model it has been
recognised that all the "expanding geometry'" machines built in the
laboratory, whether circular or linear, propulsive or static, have
suffered from a considerably lower value of power factor than most
of their counterparts of earlier design. In the testing of small
laboratory models this is of little consequence unless the resulting
current requirements exceed the rating of the available supply. But
on board a vehicle the motor power factor becomes of prime importance,
since once the necessary power rating and the maximum voltage rating
of the machine have been fixed it is the power factor that determines
the input current - which in turn defines the ratings of the brushes,
pantographs, catenaries or whatever system 1S used to convey power

into the moving vehicle.

The term used to quantify these new considerations is similarly
expressed as the name of the units in which it is measured -
"kilovolt—amperes per tonne' or "kVA per tonne'". It is this term,
rather than the simpler "kilowatts per tonne'", which the engineer

must seek to minimise in the design of a high-speed vehicle.

11.2 A new geometry

During discussions about various means to improve the power
factor of the long electromagnetic river it was pointed out that some
years beforehand a change in geometry had resulted in a considerable
improvement to the single-sided conventional linear motor. Perhaps
a similar change could be applied to the electromagnetic river. The
change in geometry involved new shapes of iron core, and there
eventually emerged a logical sequence of shapes whose first three
steps included the longitudinal and transverse-flux conventional
linear motors and the electromagnetic river, and whose fourth step
became the new machine that is the subject of this chapter.

Fig 98 shows cross—sectional representations of the first four

basic machines of the progression. Fig 98(a) is a conventional
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Fig 98. Origin of the Xi-core motor.

longitudinal-flux linear motor built on an "I-core" of laminated
iron. Fig 98(b) is the electromagnetic river - the C-core stator.
Now even in an I-core longitudinal flux motor a considerable gquantity
of magnetic flux can '"leak" transversely from the top of the pole
faces, passing around the outside of the end-windings, below them

and back into the core. The idea had occurred several years ago to
modify the shape of the iron core in such a way as to make use of

this wasted flux. -
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Fig 98(c) shows the modification. Two extra limbs were
added, transversely laminated, each extending sideways from
the base of the "I-core'" and upwards round the outside of the
end winding to form new pole faces at the same level as the
original 1limb, The end windings became enclosed in slots, and
the "leakage" flux was made to pass across the top of the motor
with a much shorter air-path than before, thereby improving the
power factor of the machine. In addition some of the re—-directed
flux passed through the secondary conductor, providing extra
1lift and thrust. This kind of motor has become known as the
"hybrid" machine because it has both longitudinal and transverse
flux paths. 1Its E-core stator is also seen with all its laminations
transversely aligned to eliminate longitudinal flux entirely,

this being of course the basic design of a transverse-flux
motor. (28 and 29)

The same process can be applied to the C-core of Fig 98(b).
The addition of two extra limbs to enclose the leaky end-windings
in slots results in a four-limbed machine, which was given the
name "Xi-core'", derived from the Greek letter £ (Xi) which could

be considered to have the form of an elaborate E.

There seemed no reason to suppose that the effects of the
change on the 1lift and thrust capabilities and on the overall
- power factor of the machine would not correspond to the
improvements in developing the I-core té the E-core design.
But prediction of the effects on properties of stability or
guidance was a different matter. As has been discussed in
Chapter 9, analytical procedures capable of handling changes of
this kind have not yet been forthcoming, and even simplified
semi-practical considerations (such as magnetic field plotting
by the use of a conducting paper analogue) were of no help in
a situation where one main stator flux path had been replaced
by three. It was decided therefore to build and test a Xi-core

motor.



- 246 -

11.3 Design of the Xi-core motor

The design of the model was planned with rather more care than
had been the case with some of the earlier models already described
(many of which were conceived and hurriedly constructed to meet
deadline dates for various lectures or exhibitions that called for
live demonstration machinery). Tirstly, to allow as easy as possible
a comparison between the new machine and its predecessors, the
central two limbs, the slot between them and the backing section
below were designed with the same cross—sectional dimensions as the
C-cores used in the long electromagnetic river. The two outer slots
were made the same depth and half the width as the centre slot (since
each was to embrace windings carrying half the return current), while
the two outer limbs were somewhat arbitrarily given half the width of
the two central limbs. Finally the longitudinal dimension of each
block of laminations was made similar to (in fact slightly longer
than) that of the long electromagnetic river blocks, so that similar
electric coils could be used in the construction of the complete
motor, arranged in the same manner as shown in Fig 44 for the long

C-~core machine.

One complete stator block for the new motor is illustrated in
Fig 99. Six similar blocks were constructed, with the intention
eventually of building a three-phase machine two pole-pitches in
length. However it was felt prudent to construct a single-phase
version first, so that initial investigations could be carried out
without the complication of a longitudinal travelling field. The
six blocks were therefore mounted togétben, to form four long poles

carrying two windings both passing the whole length of the machine.

Before proceeding with construction of the coils, an attempt was
made to estimate the probable inductance of the windings embracing
all six stator cores, so that sensible quantities could be chosen
for the number of turns required per coil and for the current rating
of the wire. The method used was an extension of a well-known

formula for estimating the approximate inductance of a group of wires
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Fig 99. One stotor block of the Xi-core motor.

in a single slot. The standard formula is that the inductance of a

coil in a slot such as that shown in Fig 100(a) is given by:*

1

L = N2A where L is the inductance,
N is the number of. turns in the slot,

and A is given by:
h h h
A=2U‘{]+'—2+—§'}

where &, h;, hy, hg and w are the dimensions
defined on the diagram of Fig 100(a),

and y is the absolute permeability of the space
inside the slot (normally p, for "free space').

X . .
sce footnote on derivation of formula on next page.
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(b) Xi-core considered as
(o) Single slot - C-core three slots in series.

Fig 100. Dimensions used in formula for estimating
inductances of C-core and Xi-core.

Adaptation of this formula to the four-limbed block was made
by considefing the total inductance of the Xi-core to be the sum of

the inductances Lj , Lp and L3z of the three component slots taken

Footnote on derivation of approximate inductance formula:

The derivation of the inductance expression of the previous page
is straightforward. The first term is the self inductance of a slot
of depth h;, filled with N turns of conductor, ignoring the mutual
coupling between individual turns. This is obtained by integrating

2
. . L
the expression for the elemental inductance &L = E:?E-éy of an

element of slot of depth &y at height y from the bottom of the
slot, over the range O to h; (wvhere n 1s the number of turns

enclosed up to height y, equal to ﬁ%-N).
The second two terms take account of the widths hp and hg of
the pole faces on either side of the slot, on the assumption that

their effect is the same as if the slot were extended to a depth
{h, +h3} above the top of the conductors, all flux then being

. .. . Nzﬂp .
contained within this depth. The term —7;—»{h2-+h3} 1s the

expression for the extra inductance so introduced.
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in series, as shown in Fig 100(b). Clearly L; and L3 are equal,
so that the total inductance Ly 1s given by:
Lt = 2L, + Lo
= 2N211 + (2N)212

where A7 and A, are the relevant quantities
appropriate to L; and Lo respectively,

or Ly = Nle

where AT = 2A] + 4Ao.

Using the dimensions given in Fig 100(b),

S

}\1 =§'2U
5

Ap = & Ru
20

whence AT = 37 Ly

With the six stator blocks making a total length of 2 = 0.45m
(and taking the permeability to be that of free space, i.e.

p = 4nx10"7 H/m), the resulting value for A is:

AT = 3,77 uH.

A quick practical test was made to verify this result. A length
of heavy-duty double flexible mains conductor, p.v.c. plastic
insulated, was wrapped several times around each of the two centre
poles of the Xi-core, passing along the centre slot and back along
both side slots exactly as would a normal winding. Twenty turns
were required around each pole to fill the slots. The theoretically
predicted inductance of twenty turns of winding on a Xi-core is
given by (20)2AT, which with the value for AT calculated above
gives an inductance of 1.51mH. The practical measurement was made
by passing a known current through one circuit of the double
conductor while reading the voltage induced in the other. Thig
gave the result that 13 volts were induced by a current of 29 amps

(at 50 Hz), yielding a self-inductance of 1.43mH.
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Such agreement was taken to indicate that the theoretical value
obtained for Ap was sufficiently reliable for design to proceed.
(In fact this "instant plastic winding'" test technique can in itself
be a valuable aid to design, applicable to many types of machine.
Its particular feature is that by filling each slot to capacity the

space distribution of each winding is properly simulated.)

The rest of the design for the Xi-core winding was straight-
forward. 1In view of the usefulness of high-frequency test procedures
such as those described in section 8 of Chapter 7, it had been
decided from the outset to build the stator of the new motor with
electrical characteristics matching the output of the only available
high-frequency generator. This dictated a winding reactance at 50 Hz
of 0.3 @, from which it followed that the necessary number of turns
round each pole was sixteen (given by 0.3 = 2mfN2Ar). It happened
that about 700 strands of a conveniently available size of enamelled
copper wire would fill comfortably the space within the slots, giving

44 strands per turn of the winding.

In practice the coils were constructed with each turn composed
of 41 strands, arranged in two independent groups each of 20, and one
individual strand. The two groups could then be connected in
parallel to match the frequency-changer, or in series giving an
impedance of 1.2 , being rather more suitable for connection to
the 50 hz laboratory supply. The remaining strand was intended as
a "shadow coil", having induced in it a directly measurable voltage
equal to the "back e.m.f." present in the main coils (i.e. the
""shadow voltage' as measured is the component of supply voltage
remaining after deduction of stator resistive drop) . Fig 101 shows

the completed machine, with its electrical connections.

11.4 Performance of the Xi-core motor

Upon initial testing of the complete machine the most immediate
impression was that the guidance forces acting upon floating plates

were far stronger than their counterparts produced by the long
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Fig 101. The single-phase Xi-core motor.
electromagnetic river and its predecessors. The lift force for
a given input current also appeared to have been considerably
improved. It seemed probable that both these effects were the
result of the extra flux produced above the two side slots acting
on the edge regions of the plate, this action being in addition

to the main flux acting in the centre region.

However the expected impfovement.ih'ﬁower factor was not
quite as great as had been hoped. The measured value at 50 Hz,
with no secondary plate present, was 0.1 pf, compared with about
0.03 for the long electromagnetic river. Both figures would of
course be greatly improved with the addition of backing steel to
an aluminium secondary, but as explained briefly in Chapter 10
(pp 237 and 238) experiments involving the use of steel are )

impracticable on a small scale.

1 six Xi-core
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It was soon realised that, as so often happens in researches
of this kind, the effects originally considered mere fortunate
bonuses incidental to the main purpose of the Xi-core were in fact
ample justification in their own right for continued interest in
the machine. The series of investigations that followed revealed
the Xi-core motor as a powerful levitator with guidance properties

far superior to any machine hitherto constructed.

One of the first series of measurements to be made on the completed
motor was of the kilowatts input required per tonme weight of
secondary floated, for various widths and thicknesses of aluminium
plate. (A set of plates was prepared for the purpose, similar to
the test sets described for the '"magic carpet" machine in Chapter 2.
All were of the same length, and all plates of the same thickness
were cut from a single sheet to ensure equal resistivities of
aluminium.) For each plate the voltage applied to the stator was
increased gradually until the plate just floated, and measurements
of voltage, current and power input were taken at that point. A
simple mechanical structure was built around the machine to maintain
the longitudinal position.of floating plates (since the machine
provided of itself no action in a longitudinal direction), and also
to restrain laterally those plates that were mot themselves inherently
stable when floating at only a small clearance. Sets of measurements

were taken at several frequencies, from 50 Hz to 250 Hz,

Fig 102 shows a selection of the results, obtained for two
thicknesses of plate and at two frequgncies. An obvious deduction
from the shape of the curves is that the criterion for minimum
pover input per unit weight lifted is simply "the wider the better",
at least for widths of plate up to about 15 em. This of course is
in direct conflict with the criterion for maximum lateral stability,
which in all machines of the expanding-geometry type requires the
plates to be as narrow as possible. Fifteen centimetres was found
to be the maximum width of plate that could be stabilised over the

Xi-core without resorting to unduly large currents.
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Graph of kilowatts input per tonne weight
lifted plotted agoinst plate width, with
plates just lifting off Xi-core motor.

For a three-phase Xi-core motor, however, built as an efficient
propulsion unit such as might be required for purposes of high-speed

transport, the information displayed in Fig 102 is of little value

since the effective power input per unit weight 1ifted is in any case
zero (as explained earlier in this chapter).

Relevant data for this
situation is total volt—amperes per unit weight of secondary. A
display of such data is given in Fig 103, taken for the same two
thicknesses of alumipium plate over the same range of widths and
under the same sets of conditions as the results of Fig 102.

(Note
that the numerical values for the vertical scale of Fig 103 are ten

times greater than those for the corresponding scale of Fig 102,
horizontal scales being equal.)
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Fig 103. Kilovolt-amperes per tonne weight lifted plotted against
- plate width, with plates just lifting off Xi-core motor.

A particular feature about the kVA/tomne data is that each of
the curves displayed has a "knee" at a width of about 12 cm. Below
this width the kVA input increases‘rapiQIy while above it decreases
only slowly if at all. The curve for plates.6 mm thick excited at
a stator frequency of 200 Hz reaches a definite minimum value of
kVA input, at a width of about 14 cm. BEYOnd this point, increases
in width have an adverse effect on capabilities of lift - the first

observation of such a trend.

Taken together, the curves of Fig 103 suggest that the centre
two poles of the Xi-core (whose edges are 10 cm apart) should be well
covered by the floating plate in order to achieve reasonable values
of kVA/tounne. Indeed an empirical criterion might be that the edges

of the plate should "split" the outer two slots, whose centres are
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12.5 cm apart. (There is an interesting inverse comparison here
between this, the new expanding-geometry machine, and the flat-
plate floater of Chapter 1, one of the previous generation of
levitation machines. For the latter it was found that the optimum
width of plate was that which "split" the centre pole of each E-core

stator block - see Fig 3.)

With regard to the numerical values of volt—amperes per tomne
(Fig 103), it can be seen that all the curves have regions falling
well below the 1000 kVA/tonne mark. This fact is encouraging in
itself since the majority of earlier electromagnetic levitators of
corresponding size required inputs considerably in excess of this.
Even more promising, however, is the series of results obtained for
the 6 mm plate at 50 Hz, for which the far end of the curve drops
below 500 kVA/tonne. The minimum value obtained was 421 kVA/tonne,
achieved with a plate 15 cm wide. The corresponding power input was
125 kW/tonne, yielding a power factor of almost 0.3. It is to be
expected that continued progress of design will result in further
improvements to these figures.

11.5 Boundaries of stability

The remaining series of tests carried out on the Xi-core motor
was performed with much haste and little planning, the objective
being simply to collect sufficient.information in the limited time
remaining to point the way for futﬁre research. For example,

Fig 104 shows the variations of height of flotation with width of
plate, and of maximum available 1atefa1 restoring force at that
height, taken at constant stator currenf'(at 50 Hz) . The increase

in height as wider plates are substituted, shown in Fig 104(a),
follows the pattern that would be expected. Starting with a rapid
rise, each curve then tails off to approach a maximum height, reached
as the plate area covers the useful extent of magnetic field. Less
expected, perhaps, is that the curve for the 3 mm plates crosses that
for the thicker plates, resulting in a region where thinmer plates

are the better performers in lift.
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lateral restoring force with width of plate,
for constant stator current.

Predictable also is the general shape of Tig lO&(b); showing a
decrease in the lateral stabilising forces with increasing width.

The particular results displayed appear to indicate an approximately
linear variation, but there is as yet insufficient data to deduce that
such a rule is general. Extrapolation of the two straight lines to
the horizontal axis suggests that the limiting widths of plate before
encountering lateral instability are about 18 cm and 16 cm for piates
3mm and 6 mm thick respectively (at that particular value of stator
current) . Practical experiment confirms this.

Note that all the results displayed were obtained for a stator
current of 80 amps. A change in current of course modifies both sets
of curves of Fig 104, the general trends being those observed in all
expanding-gcometry machines - i.e. that increases both in height of

levitation and in magnitude of restoring forces result from increased

stator currents.
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Fig 105. Variotion of height with frequency, showing modes of
instaobility, for four plates, at constant stator current.

The graphs of Fig 104 also illustrate regions of instability in
roll, It will be observed that the overall trend here is opposite to
that for lateral stability, in that decreases of width lead to roll
instability. Behaviour of this kind was first observed during
experiments with the Washington modeljof.Chapter 1, and appears to

be a further general feature of expandiﬁg-geometry levitators.

Regions of both kinds of instability are indicated by the curves
shown in Fig 105. On this graph are shown the variations of levitated
height with frequency, taken for four different plates at the same
value of stator current. The general shapes of the curves are .again
as expected; the similarity will be noticed between these and the

corresponding measurements taken for plates over a length of the long
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electromagnetic river (see section 8 of Chapter 7, Fig 68). In
particular the same tendency is exhibited for the thicker plates
to reach their limiting value of height at a lower frequency, the
determining factor again being the decrease in skin depth with
increasing frequency. The distribution of regions of stability,
however, is complex. General trends are that wide plates tend to
be the first to lose lateral stability, while narrow ones tend to
meet roll instability first, but there is little obvious pattern
relating the specific points on the four curves at which stability

of either kind is lost.

It will have been realised by now that the conditions under
which plates can be floated with complete stability are bounded in
several directions by a number of differing criteria. In addition
to the effects of width of plate mentioned above, it has been
established that the magnitude of stator current has a large effectl
on lateral guiding forces, but appears to influence roll stability
scarcely, if at all. The precise effects of changes in plate
thickness are not yet clear. It seemed that a valuable presentation
of the experimental data obtained from the Xi-core, and indeed from
a number of other expanding-geometry levitating machines, might be
one showing general regions of stability, and defining in particular

as many as possible of the different stability boundaries.

An attempt at such a presentation is made in Fig 106. The
tests from which the display was obtained consisted of selecting each
combination of plate width and stator frequency, and reducing the
stator current to find the point at wﬁiph.stability was just lost.
The current, the height of flotation and.the mode of instability
at this point were recorded. Resulting information can of course be
displayed in many different ways, since at least six variables are
involved (plate width, thicknesé, height of flotation, stator current,
frequency and mode of instability). Fig 106 presents a separate
display for each thickness of aluminium, setting plate width and
excitation frequency as the co-ordinate axes. For each combination

of width and frequency a pair of figures is quoted, being the minimum
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stator current (in amperes) for the chosen plate to remain stable
(large figures), and the corresponding minimum levitated height

(in cms = small figures).

Regions shown shaded are those for which stability was not
possible at all within the chosen stator current limit of 60 amps.
An increase in this limit would push back the boundary of lateral
instability, since lateral restoring forces rise with stator current,
but the roll stability boundary would remain substantially unchanged
since this appears to be dependent on the shape rather than on the

size of the "electromagnetic river banks" above the stator poles.”

It is difficult to assess as yet the eventual usefulness of data
displayed in the form of Fig 106. However a number of valuable
deductions can immediately be made upon scanning the figures. For
example the optimum width of 3 mm aluminium plate for use at 50 Hz
is seen at a glance to be 12.5 cm, since this is the width requiring
minimum stator current to create stability. It is interesting to note
that at 250 Hz the optimum width is slightly less, at about 11 cm,
while the height at which_the corresponding optimum plate can float
is slightly greater, at 1.2 cm in place of 0.9 cm, On the basis of
scale-modelling by frequency control, these observations might be
interpreted as suggesting that a machine 2.2 (i.e. /{250/50}) times
the size of the motor under test, built to operate at 50 Hz, would

have for the appropriate plate thickness an optimum rotor width

* There is another kind of roll instability, mentioned in Chapter 7
(section 1, Fig 55) and observed in Chapter 8 (section 3, Fig 81),

the investigation of which has not been. attempted here. This is the
kind encountered in machines having a "wide-angled prism of stability"
(Figs 62 and 81) where an increase of stator current can result in

the edges of a floating plate being too far removed from the stability
boundaries, causing the plate to become unstable in roll. In fact
none of the plates investigated became unstable in this fashion over
the Xi~core motor, though the reason for this is almost certainly that
adequately large stator currents were not tested. Inclusion of such
behaviour as a further boundary on Fig 106 could be effected by

adding a second pair of figures to each combination of width arid
frequency, denoting the maximum stator current and the corresponding
maximum height before stability is lost in this way.

.
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proportionally slightly smaller than the present machine, but the

minimum float height would be proportionally greater.

The inherently better performance obtained by increases in size
can be seen across the whole range of data for the 3 mm plates.
Inspection of the minimum current capable of stabilising the optimum
width of plate reveals a steady decrease as higher frequencies are
selected (simulating larger machines) from a value of 34 amps at
50 Hz to 23 amps at 250 Hz. The corresponding heights of levitation,
by contrast, change by only a little. The effect is masked somewhat
in the data relevant to 6 mm plates by the approach of skin depth

with increasing frequency.

The stability region display of Fig 106 and the deductions made
from it conclude the work carried out on the Xi-core motor up to the
time of composition of this thesis. As was stated at the beginning
of the chapter the investigations have been only of a preliminary
kind, rather in the nature of the experiments described in Chapter 1
in connection with the first expanding-geometry machines., It appears
that a major line of development of the linear motor may have been
opened up by the invention of the Xi-core, and a programme of
detailed investigations into the machine might prove to be a worth-
while project. Particular recommendations for future work are firstly
to split the original Xi-core motor back into its six component blocks
and re-build it with a three-phase winding to create a Xi-core
electromagnetic river, and secondly .to develop further methods
defining regions and boundaries of stability applicable to all

expanding-geometry machines.(37)

It is to be hoped that improved designs of Xi-core motors will
be built and tested, and it may be that investigations into changes
of topology, perhaps circularising procedures such as those described
in Chapter 3, could lead to a whole new family of electromagnetic
machines, An example is the electromagnetic whirlpool of Fig 28,

where the vertical 1ift forces are provided by the same shearing
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mechanism as the horizontal guidance forces of a standard electro-
magnetic river. The Xi-core is already known to provide considerably

stronger forces of guidance.

But perhaps most of all it is to be hoped that advantage will
be taken of any opportunity to build machines on a larger scale,
for it is in large sizes that electromagnetic devices are shown to
their maximum advantage. High-speed transport is again the obvious
application, and it would be a fitting end indeed to the work
begun in this chapter to see a fifty-tonne passenger—carrying vehicle
being supported, guided and propelled at 400 km/h on the silent,
invisible, non-polluting magnetic field of a Xi-core electromagnetic

river.



- 263 -

REFERENCES

- analogy between real and electromagnetic rivers
(pp 15 and 208):

Eastham, J.F. and Laithwaite, E.R., "Linear induction motors
as electromagnetic rivers". Proc IEE, Vol 121, No 10,
pp 1099-1108, Oct 1974.

- the Russell and Norsworthy factor (pp 19 and 48):

Russell, R.L. and Norsworthy, K.H., "Eddy currents and wall-
losses 1in screened-rotor induction motors'. Proc IEE,
Vol 105A, Paper 25250, pp 163-175, Apr 1958.

- see also:

Laithwaite, E.R., "Induction Machines for Special Purposes",
p 107. Newnes, 1966.

~ levitation of 1 m aluminium sphere (p 28):

Laithwaite, E.R., "The Engineer in Wonderland", Chapter 6
and prologue, pp 138-168. English Universities Press, 1967.

- an exposition on Magic Carpets (p 34) - see for example:

"The Tale of Ala al-Din Abu Shamat' from The Book of the
Thousand Nights and One Night (Arabian Nights Entertainments).
Translated into French by Mardrus and thence into English by
Lane (1840), Burton (1888), Mathers and others.

~ free rotor over single-sided linear induction motor has
same power and lift for all stator currents (p 38):

Laithwaite, E.R., "Induction Machines for Special Purposes",
pp 165-166 and Fig 7.13. Newnes, 1966.

~ derivation of goodness factor (pp 39 and 121):

Laithwaite, E.R., "The goodness of a machine". Proc IEE,
Vol 112, No 3, pp 538-541, Mar 1965.

- criterion for self-oscillation is G>1.0 (p 40):

Laithwaite, E.R., "Induction Machines for Special Purposes",
p 185. Newnes, 1966. )



- 264 -

8. - elementary experiments with permanent magnets (p 46):

Laithwaite, E.R., "Propulsion Without Wheels", Section 2.5,
pPp 24-26. English Universities Press, 1966.

9. - tubular transverse-flux motors (p 55):

Eastham, J.F. and Alwash, J.H., "Transverse—-flux tubular
motors". Proc IEE, Vol 119, No 12, pp 1709-1718, Dec 1972.

10. - derivation of the Maxwell Second Stress formulae (p 75):

Stratton, J.A., "Electromagnetic Theory'", pp 153-159.
McGraw-Hill, 1941.

11. - presence of large non-force-producing losses in windings
with only 1 slot per pole per phase (p 90):

Laithwaite, E.R., Eastham, J;F., Bolton, H.R. and Fellows, T.G.,
"Linear motors with transverse flux". Proc IEE, Vol 118, No 12,
pp 1761-1767, Dec 1971.

12. - the two-layer concentric winding (p 91):

Eastham, J.F., "Linear induction motor stator". U.K. Patent
number 1340860 (Feb 1970).

13. - general theory of back-to-back oscillating motors (p 105):-

Laithwaite, E.R., "Induction Machines for Special Purposes",
Ch 8, pp 174-195. Newnes, 1966.

14. - mechanism of back-to-back oscillation (p 105):

Laithwaite, E.R. and Nix, G.F., "Further developments of the
self-oscillating induction motor". Proc IEE, Vol 107A,
Paper 3273U, pp 476-486, Oct 1960.

15. - early work on.back—to—back oscillation (p 106):

Laithwaite, E.R. and Lawrensomn, P.J., "A self-oscillating
induction motor for shuttle propulsion". Proc IEE, Vol 1044,
Paper 1988U, pp 93-101, Feb 1956.

16. - magnitude of dynamic forces on railway track (p 116):

Jones, S., "Economic and high-speed running of railways".
Electronics and Power, Vol 21, No 2, pp 100-104, 6 Feb 1975.



- 265 -

17. = comprehensive review of worldwide progress on high—speed
ground transport (p 117):

Ellison, A.J. and Bahmanyar, H., "Surface-guided transport
systems of the future'". IEE Review: Proc IEE, Vol 121,
No 11R, pp 1224-1248, Nov 1974,

18. =- definitions of the terms "electromagnetic" and '"magnetic"
(pp 121, 159 and 238):

Laithwaite, E.R., "Magnetic or electromagnetic? - the great
divide". Electronics and Power, Vol 19, No 4, pp 310-312,
9 Aug 1973.

19. - derivation of "the smaller the better" for magnetic machines
(p 121):

Laithwaite, E.R., "Linear Electric Motors", Ch 2, p 39.
Mills and Boon, 1971.

20. =~ derivation of Earnshaw's theorem (p 122):

Earnshaw, S., "On the nature of the molecular forces which
regulate the constitution of the luminiferous ether".
Trans. Cambridge Phil. Soc., Vol 7, Part 1, pp 97-112, 1842.

- see also:

Geary, P.J., "Magnetic and electric suspensions", Section 1.4,
pp 5-6. British Scientific Instrument Research Association, 1964.

Stratton, J.A., "Electromagnetic Theory'", Section 2.12,
pp 116-117. McGraw-Hill, 1941.

21. = original work on variation of normal force over linear induction
motor (p 128):

Lowther, D.A., "A study of the 3-axis forces in linear induction
machines using electromagnetic scale models', Ch 8, pp 241-269.
PhD Thesis, Brighton Polytechnic, 1973.

22. - publication of work of reference 21:

Freeman, E.M. and Lowther, D.A., ""Normal force in single-sided
linear induction motors". Proc IEE, Vol 120, No 12, pp 1499-1506,
Dec 1973.

23. - speed control of induction motors (p 129):

Laithwaite, E.R., "Induction Machines for Special Purposes",
Ch 12, pp 265-300. Newnes, 1966.



- 266 -

- regenerative braking of induction motor after external
supply failure to vehicle (p 130):

Bliss, D.S., "Improvements in and relating to traction systems'.
U.K. Patent number 1002588 (May 1962).

Bliss, D.S., "Improvements in and relating to traction systems
comprising vehicles for travelling along a prepared track".
U.K. Patent number 1033925 (July 1962).

—~ explanation of an induction generator (p 131):

Eastham, J.F., "Principles and characteristics of induction
generators'. Electrical Review, 11 Nov 1960, pp 809-813.

- explanation of regenerative linear induction motor braking
without external supply to vehicle (p-133):

Laithwaite, E.R., "Propulsion Without Wheels", Section 9.4,
pp 161-163. English Universities Press, 1966.

- the electromagnetic track joint (pp 137 and 163):

Laithwaite, E.R. and Fellows, T.G., "Linear induction motor
secondary member'. U.K. Patent number 1371266 (Mar 1972).

- development and properties of transverse—flux motors

(pp 138 and 245):
Laithwaite, E.R., Eastham, J.F., Bolton, H.R. and Fellows, T.G.,
"Linear motors with transverse flux'. Proc IEE, Vol 118, No 12,
pp 1761-1767, Dec 1971.

—~ the Waffle motor and other linear motor variations
(pp 145 and 245):

Eastham, J.F. and Laithwaite, E.R., "Linear motor topology".
Proc IEE, Vol 120, No 3, pp 337-343, Mar 1973.

- differences between series and parallel connections of
linear induction motors (p 162):

Laithwaite, E.R. "Differences between series and parallel
connection in machines with asymmetric magnetic circuits".
Proc IEE, Vol 112, No 11, pp 2074-2082, Nov 1965.

- see also:

Laithwaite, E.R., "Induction Machines for Special Purposes",
pp 16-21, 49, 51-54, 78-82, 83-85, 179. Newnes, 1966.



31.

32.

33.

34.

35.

36.

37.

- 267 -

- representation of large machines by electromagnetic scale
modelling (p 167):

Lowther, D.A., "A study of the 3-axis forces in linear
induction machines using electromagnetic scale models",
Ch 4, pp 99-128. PhD Thesis, Brighton Polytechnic, 1973.

- subsequent work on electromagnetic scale models (p 167):

Freeman, E.M., Lowther, D.A., and Laithwaite, E.R., "Scale-model
linear induction motors". Proc IEE, Vol 122, No 7, pp 721-726,
July 1975.

- derivation of magnetic equivalent circuits (pp 205 and 207):

Laithwaite, E.R., "Magnetic equivalent circuits for electrical
machines". Proc IEE, Vol 114, No 11, pp 1805-1809, Nov 1967.

- explanation of production of travelling field from polyphase
supply (p 208):

Laithwaite, E.R., "Propulsion Without Wheels", Sections 1.3
and 3.1, pp 4-10 and 29-32. English Universities Press, 1966.

- derivation of "the voltage sets up the flux" (p 233):

Laithwaite, E.R., "Induction Machines for Special Purposes",
Ch 1, p 12. Newnes, 1966.

- the Xi-core motor (p 240):

Attwood, A. and Laithwaite, E.R., "Electromagnetic levitation".
U.K. Patent application number 41421/74 (Sep 1974).

- continued research on electromagnetic rivers (pp 169, 240
and 261):

Greatorex, N., "A study of transverse—-flux linear motor
performance’". PhD Thesis, Imperial College, London, Dec 1977.



- 268 -

APPENDIX A. ENGINEERING DETAILS OF FOUR MACHINES

A.1 The "magic carpet” machine . -
(see figures 13, 14, 15 and 16)

fach of the three magnetic cores
camprises two laminated blocks
maunted end-to-end:

( all dimensions
in milimetres )

laminated
iron

160 turns in slot

[ A 4 A

~
./

Each limb of each care corries
a winding of 80 turns - total
160 turns in centre slot.

X

®
\BO turns, each 6 strands of
¥——-J \ \g__l__g_ JJJ N/ 0.67 mm? enamelled copper wire

Inter-core spacing and winding connections:

§2ﬁowﬂ — 102 [—108 — 102 |=—108 —= 102  j—
NIYIR o

neutral

End two windings in series, connected Red-to-Neutral.
Centre winding connected Neutra-to-Yellow.
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A.2 The long pole—pair machine
(see Figs 20, 29, 33 and 92)

The mognet?g c?ogle ﬁompr?ses' /\/ Ny
eight laminate ocks = 7
mounted end-to-end, 10 ,///%//,// 3 7
each block as shown: 5 %/4/ /@/
N = =
Hi > ,/// ' '
" o
s S
39
Call d?mens?tons )
in millimetres \k

i
£-

s //»::
/ﬁ’

Ny /
wooden slot-wedge \/

jammed tightly into l.ominoted
top of slot iron
2Ll

V-
Z

of 47 turns - total 94
turns in centre slot.

: Each limb carries o winding

\A? turns, each 10 strands of
0.67 mm? enamelled copper wire

C

//
o

,/

I/

i

i

\\
&

(i s i W — N )
i s s i R O ———)

~ llJ efght blocks - 560 mm
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A.3 The phase-mixed electromagnetic river

(see Fig 44) wooden 60 turns, eoch 6 strands of
slot-wedge\O.é? mm2 engmelled copper wire
\
. . T ey I
Eoch of the six magnetic i < =
cores is 0 single block i -| [\ Hi i
of iron laminations of the A ity
some dimensions gs those 5;i 'l ot
used in the "mogic carpet” _—— ] VAN A/
machine (see section A.1), ' '\;i; || - N Wg'fi l;/—"\
il INEN
i li
i ,i ! ‘
i {1, 0l :
S I—
{ all dimensions "\\\\‘\ 1/ /1
in milimetres) RN == L
lominoted iron N ~
Eoch Iimb carries two coils,

|51 ~-51+ |51

ond each coil embroces two
longitudinolty adjacent limbs.

RN

plon view
l —L/d
— | ea— ——— ———— —— Y
26 1 -YELLOW -RED -BL.UE
t RED BLUE YELLOW RED

Wiring connections
e.q. Red phose:

side elevation

All colls of the same phase connected
in series throughout, Mochine gs

I

o whole is in

star” connection.

)

——e

)=l

(
j

O

Neutral

N.B. A second mochine wos subseqguently built on magnetic cores
of identical dimensions and layout, but a better electricol
charocteristic was obtained by winding each coil with 120
turns of three stronds insteod of 60 turns of six stronds.
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A.4 The seven-metre stator

(see Fig 46)

The phose-mixed electromognetic
river (see section A.3) wos
extended to o length of seven
metres Dy repeoting its pottern
of laminoted blocks to moke g
totol of 60 magnetic C-cores.

These were mounted in two
mechonicolly-independent sections,
eagch of 30 ceres. The
adjocent diogroms show one

of these sections, i.e. holf

the length of the mochine,

Eoch mechonicol section wos

further divided electrically into

two independent ports, moking

four electricol ports to the

entire machine. Within each port,
oll coils of the same phaose were
connected in series (ten cofls in oll),
embrocing five pgirs of C-cores.

The four groups of series colls were
then ccmbined in pargllel to form
one “phase” of tne electrsmagnetic
river. The three resulting “phoses”
were connected 'n deltc formation
(unusuol 'n ¢ linear motor) for use
with o 415-volt three-phose supply.

The "extro® holf-sized coils on
the Red-Yellow phase of eoch
section were included by connecting
four full-sized pairs and one small
poir ot one end of the section

in sertfes with the smalli-sized

poir ot the cpposite end.

The completed mochine drew
opproximotely 240 omps from

0 415 volt supply. Porollel
connection of 1200 uF of
copocitance per phose (connected
in delto in the manner of Fig 65)
reduced this input current by

o faoctor of eight, thus bringing
voltoge control of the mochine
within the copobility of a
30-omp three-phase vorioc.
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APPENDIX B. AN ALTERNATIVE THEORETICAL APPROACH

B.1 Introduction

The main text of this thesis was principally devoted to a
discussion of some practical and experimental aspects of expanding-
geometry levitating machines. Two substantial portions, however,
were concerned with theoretical considerations. The first of these
was in Chapter 4, where an analytical representation of the "long
pole~pair" machine was proposed (see section 4.3, pages 70 to 74).
This analysis was ultimately abandoned in view of the lack of an
effective theoretical means for evaluating the practical constants
of self- and mutual inductance. The second theoretical portion of
text was the whole of Chapter 9. The objective of this chapter was
to find a straightforward physical explanation for the mechanism of
stability forces, which could have been used to predict the stability
behaviour of new designs of levitator. Such an explanation, had it
been found, might hopefully have proved possible to represent in terms
of mathematical equations, thus allowing an analytical solution for

stability.

Neither of the above approaches was particularly successful.
Nor, however, was a large effort expended upon either, since it was
evident that the limited time available could be more profitably spent
on creative experimental work. The justification can be seen in the
results achieved. Indeed it is fair to say that in the entire
sequence of discoveries from the Washington model of Chapter 1 to the
Xi-core levitator of Chapter 11, theoretical analysis and analytical

considerations played no useful part whatsoever.

Following the invention of the Xi-core motor, experimental
progress became rather slower, and it was evident that a complementary
background of workable theory was needed. The work presented in this
Appendix is the third effort at providing the beginnings of such a
background. Since there seemed little purpose in restarting along
the lines of either of the previous two efforts, a new approach was

taken with a rather different initial objective. This was to show
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that by suitable choice of theoretical model, force distributions
may be derived of the same kind as those created in practice by

the electromagnetic river and other expanding-geometry levitating
machines, even though the model may fall far short of simulating

any practical machine.

In the first instance the objective is merely to derive a shape -

the characteristic "“'river bank"

double-hump shape of forces that
gives the electromagnetic river its name. It was decided to begin
by disregarding all practical considerations and searching for a
theoretical model of the simplest possible kind that would produce
the required patterns of force. The model as finally chosen was
indeed simplified to the extent of bearing a closer resemblance to an
O-level examination question than to any conceivable working machine.
Both the primary and the secondary comprise conductors of infinite
length and zero cross—sectional area} the secondary plate has width
but no thickness; iron is both infinitely laminated in all directionms
and infinitely permeable to magnetic flux - if indeed it is present
at all! Such simplification is, of course, to be regarded only as
the first of a series of increasingly sophisticated models, each
additional complexity bringing the representation one stage closer

to a practical working machine. A parallel might be drawn with the
simplicity of Ohm's Law, which was a prerequisite to the generality

of Maxwell's Equationms.

The form of model employed in the analysis stemmed from
discussions with Messrs R.J. Jackson and J.G. Steel of the Central
Electricity Research Laboratories, Leatherhead. They suggested that
a particular theoretical methcd which had been applied by them in
cylindrical co-ordinates to rotating synchronous machines might also
be applicable in linear co-ordinates to static expanding-geometry
levitators. A feature of their work was the use throughout of
"strip" conductors, and this feature has been extended here to
its linear application. The strip conductor is considered to be
a conductor of infinite length, finite width and infinitesimal

thickness. Its perpendicular cross section is thus a finite straight
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line. The conductivity of such a conductor is necessarily infinite,
but the resistance per unit length resulting from the product of
infinite conductivity with infinitesimal cross-sectional area is
chosen to be finite and equal to the corresponding resistance of the

practical conductor or set of conductors being modelled.

The reason for the introduction of strip conductors in the
original cyclindrical work was that the magnetic field set up by
a uniformly distributed current in a strip conductor placed immediately
across the top of a slot in irom is generally an excellent
representation of the field set up by a similar current distributed
throughout the conductors filling the slot. The substitution of an
infinitely thin current sheet to represent a set of currents flowing
in a slot is indeed an established technique used to make the analysis
of electromagnetic problems tractable. The case is succinctly argued

in a paper by Saunders*. To quote Saunders directly:-

"The transition from conductors embedded in slots to an
infinitely thin current sheet on the smooth surface of the rotor or
stator has been demonstrated by Hague**. He shows that, as far as the
air gap field is concerned, the slot—embedded conductors may be replaced
by a current sheet consisting of a very thin continuous conductor
fastened to the surface of an otherwise uniform steel surface; as sﬁown
in Fig B.1l. Hague argues that the field conditions in the air gap just
over the slot of Fig B.1(a) and those just over the current element
of Fig B.1(b) must be the same, since the line integral represented
by the paths shown will be the same. Of course, this argument does
not take into account the field associated with the slot itself, which
in this paper is being considered as a non-interacting energy storage
realm with respect to the air-gap fields. Thus, using Hague's
reasoning, the slot—embedded conductors may be replaced by a current

sheet of infinitesimal thickness having the same distribution of

* Saunders, R.M., "Electromechanical Energy Conversion in Double

Cylindrical Structures'. Trans I.E.E.E., Vol 82, pp 631 - 638,
Oct 1963.

** Hague, B., "Electromagnetic Problems in Electrical Engineering",
pp 183 - 185, 297. Oxford University Press, New York, 1929..
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(a) (b)

Fig B.1 Replocement of embedded conductors with o surface
current element.,

surface current as the slot-embedded conductor configurations. While
it may be difficult to formulate the exact equivalent current sheet,
such a current sheet is a helpful adjunct to the anmalytic solution

of the fields within the air-gap machine."

Both the rotor and the stator of a rotating synchronous machine
normally comprise sets of conductors arranged within slots in iron.
In the original cylindrical analysis by Jackson and Steel, the use
of strip conductors in the manner of Saunders and Hague was therefore
appropriate to the modelling of both parts of the machine. Likewise,
when applying the theory to linear expanding-geometry machines, the

use of strip conductors to model the stator is appropriate.

The rotor, however, comprises a thin sheet of continuously
conducting material, possibly backed by a sheet of iron. The use of
strip conductors here, in the absence of slots of any kind, is based
on rather more intuitive reasoning. By the nature of the analysis to
follow it is necessary to model the continuous rotor material by a
set of equivalent discrete conductors. The analysis will solve for

the currents within these. The number of discrete conductors may of
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course be as large as desired (limited only by the available
computational facilities), and in general the larger the number

the more accurate the representation. The shape of the conductors
must also be specified. The choice is great - circular, square,
rectangular, "line" coﬁductors whose cross-section is a mathematical
point - but it seems intuitively satisfying to represent a wide, thin
rotor sheet in terms of wide, thin equivalent conductors. Taking the
limiting case as the thickness tends to zero, these thin rectangular
conductors become the same strip conductors as those already proposed

for the representation of the stator.

A set of such strip conductors placed horizontally side by side
then comprises a theoretical rotor sheet that is infinitely long and
infinitely thin. Since the current within each strip conductor is
uniformly distributed, this arrangement simulates a practical system
in which the horizontal rotor plate is sufficiently thin for any
variations in the vertical distribution of current flow to be
considered insignificant. However the concept may readily be
extended to simulate thick plates, by specifying an array of strip
conductors comprising several rows one above another. Solution for
the individual currents will then allow for non-uniform vertical
current distributions. This approach becomes particularly valuable
when the plate thickness becomes a significant fraction of the skin-
depth of the rotor material, since the action of the internal eddy
currents opposing the pemetration of the externally applied field

can be properly simulated.

B.2 An elementary theoretical model using strip conductors

The first attempt to model an expanding-geometry levitator by
means of discrete strip conductors is shown in Fig B.2. If this
representation can be said to have any practical basis, it would be
the "long pole-pair" levitator discussed in Chapters 3 and 4 (see
Figs 20 and 29). The practical machine was made "long" so that
measurements taken near the centre of its length could be assumed to

be free of any electromagnetic distorting effects from the end
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oluminium pliote reploced by

discrete strip conductors,
1o ST etTeeTTTeToTeceTeseeereToTeeeeseec--- {/” - equidistontly spoced.
"[ JL JL JL J
—pm T e s [ C——— T T T T T T .
stotor conductors reploced by

equivolent strip conductors

Fig B.2 Elementary system ‘using strip conductors.

regions. It should be emphasised, however, that in the first instance
the theoretical model is less concerned with practical details than
with finding the ultimate expression of simplicity consistent with the
generation of laterally stabilising forces. The complexities of the
practical world may be considered later.

In the interests of theoretical simplicity, then, "long" becomes
"infinite" and the iron stator core is removed. This latter step may
seem rather drastic, but it was pointed out that the process of
replacing slot-embedded conductors by strip conductors has already
robbed the iron of its "shape" by simplifying it to a semi-~infinite
block, and it seems unlikely that a semi-infinite block of iron could
play a fundamental part in the mechanism of stability. This view led
to considerable discussion on whether an air-cored levitator could
ever be expected to generate lateral stabilising forces. Such a
machine has never been tried in practice, and would probably prove
impracticable to build an account of the high current densities that
would be required to produce a.significant force of 1lift. Nevertheless
it was considered an interesting point to determine, at least in theory,
whether the lateral stability forces depend for their production on the
presence of "edges" of iron, or whether they are a direct consequence

of the topology of the stator and rotor currents.
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Referring to Fig B.2, the stator current system may conveniently
be represented by four strip conductors, forming two coils. The
conductor widths and spacings are chosen such that the two adjacent
conductors in the centre just span the central slot of the original
iron C-core (now removed) and each coil just embraces the space
formerly occupied by an iron tooth. Note that two coils alone are
sufficient to represent the stator currents since in this case the
current pattern is "known'. By the nature of the wound coil system
which is being represented, all current flowing in the left-hand
central strip conductor of the stator is known to return in the

left-hand outer conductor, and likewise for the right-hand coil.

By contrast the current patternm in the rotor is unknown. For

this reason it was decided to represent the rotor currents by a
general secies of inter—dependent loop currents, as shown in Fig B.3.
The figure is in fact a representation of ome of the infinitely
distant "ends", where the currents in the infinitely long strip
conductors turn around to return in other conductors. Note that for
simplicity a single row of strip conductors has been used in the
rotor simulation. The vertical distribution of current flow is

thus assumed to be uniform at this stage.

The close resemblance may be noticed between Fig B.3 and Fig 36
of Chapter 4 (page 72), where in particular the rotor "bars" in the
latter figure correspond to the strip conductors in the former. The
parallel can be extended further if the strip conductors are assumed
to butt up against one another with no gaps in between, for then each
conductor -can be assigned a finite resistance, equal to the
resistance of a single "bar" of Fig 36 of width equal to the width
of the strip conductor and thickness equal to that of the plate.

A series of equations may now be written down for the various
loops of current. Any number of loops may be chosen to represent the
rotor - the more loops the better the representation. The general
set of equations for Fig 36 is set out on page 71 of Chapter 4, and
the same set applies without modification to Fig B.3. However the

development of the equations in the remainder of this section will

.



- 280 -

be presented for the particular number of four current loops in the
rotor (i.e. five strip conductors); the generalisation to any number

of loops is obvious throughout.

Consider firstly the rotor loop currents I;, Ip, I3 and Iy
as shown in Fig B.3. The total voltage around each loop is evidently

zero, hence applying Kirchoff's voltage law to the four loops in order:

RI]_ + R(Il "Iz) + ijlIl + ij].?.IZ + ijlBIB + jMMlliI'-l
' ' + juMgy)Igy + JuMgplsy = 0

+

R(I» -13) R(I, —13) + juMoyI) + JuloIo + juMpgIg + JuMa Iy

+ juMgp1Ig1 + juMgpoIga = O

R(I3-Ip) + R(I3-1Iy) + juM3iI; + juMzpIp + juLgIs + JuMsy Iy
+ juMg3iIgy + juMs3pIgy = O

R(Iy = I3) + RIy + juMy3Ip + juMypIp + juMy3Iz + juwLyIy

+ juMsyiIsy + juMgy2Ise = O
where R = resistance of one rotor '"bar",
Ly = self-inductance of the xth rotor 1loop,
Myy = Myx = mutual inductance between rotor loop x and rotor loop Yy,

Mgyxz = mutual inductance between rotor loop x and stator loop z,

2m x frequency,

€
]

Y-1, representing a phase lag of 90 degrees.

(&
n

Similarly for the two stator loop currents Ig; and Igp:

IgjRg + juMgyiIp + juMga1Ip + JjuMg3iIz + juMgyIy
+ juLgIgy + juMggIgs = Vi

IgoRg + juMgypIy + juMgopIp + juMs3oIz + juMgyoIy

+ juMggIgy + juLgIgy = V2
where Rg = total resistance of one stator coil,
Lg = self-inductance of one stator coil,
Mgs = mutual inductance between the two stator coils,

It

V; and V, = voltages applied to stator coils.
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rotor loop currents
Iy to I4

stotor currents
ISI ond Isa

Fig B.3 Example system comprising four inter-dependent rotor
T current loops above two independent stator current loops.

A final pair of equations depends upon the connection of the stator
coils. For coils in series V; + V, = Vyp where Vy is the applied

mains voltage, and Igy = -Igo . For coils in parallel V; = Vy = Vp.

As explained in Chapter 4, this complete set of equations may be
solved by using a standard matrix inversion routine on a computer,
yielding the rotor and stator currents as functions of the applied
stator voltages. Such a solution is termed "voltage forced", since the
stator voltages are the independent variables. Each new position of the
rotor changes the values of all the mutual inductances between the rotor
and stator current loops, and a complete re-working of the matrix

inversion is thus necessary for every rotor position examined.

However the amount of computation may be much reduced by solving
for a "current forced" system, where the stator currents are specified
together as the single independent variable. This corresponds in practice

to a series—connected stator coil system such that the current in one coil
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is the negative (by the chosen convention) of the current in the other,
and to a rotor which is "short" compared with the stator so that
variations in rotor position have an insignificant effect upon the
stator currents. Alternatively the current forced option corresponds
to the common experimental technique of adjusting the stator current

to a constant reference value for each experimental reading.

With the stator currents defined as Ig and -Ig in stator coils
1 and 2 respectively, the four equations for the rotor current loops

may be re-written thus:

I1(2R+ jwLy) + Ip(-R+ jwM;p) + Iz-juM;3 + IyejwMyy = —JuMgiiIg
+juMg121s
I;(-R+ juMa)) + Ip(2R+juwLp) + Ig(-R+juMpg) + IyejuMpy = -juMgyIg
+jwMg221g
I;*juMg; + Io(-R+ juMsp) + I3(2R+ jwLz) + I, (-R+ juMzy) = -juMg3Is
+juMg32Ig
I;°jwMyy + IoejuwMyo + I3(-R+ jwMy3) + Iy(2R+ jwLy) = =juMgyiIg
+juMgy2Is

or equivalently in matrix form:

¢ 3
) .- . ] () ) (

2R+ jwly  -R+juMpo JwMj 3 JuMyy ‘1 I | = JwIg*|{-Ms11 +M3121
-R+juMpy 2R+jwly -R+juMpz  juMpy Iz “Mg2) +Ms22
ju)M31 —R+jwM32 2R+ij3 -R+ju)M31+ I3 -Mgg3) +Mg32
JwMyy juMyz  -R+ juMy3 2R+ july i Iy -Mgy) +Msy2

\ P / \ P,

® e e 00 (1)

Note that the matrix on the left-hand side of equation (1)
comprises only terms relating to the rotor, i.e. resistances, self-
inductances and mutual inductances. Thus for any given simulation of
the rotor this matrix has to be assembled and inverted only once.

Different positions of the rotor then involve different values for
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the elements of the column vector on the right-hand side, and assembly
and multiplication of this column vector with the inverted rotor matrix
is all that is necessary to determine the set of currents for each new

rotor position.

Figures B.2 and B.3 and equation (1) together complete the
elementary theoretical model of an expanding-geometry electromagnetic
levitator. It remains only to derive expressions by which the
numerical values of the self- and mutual inductance terms may be
calculated. Appendix C presents the analytical derivations of such
expressions for coils of horizontal strip conductors, and Appendix D
gives details of the computer subroutines written to evaluate these.
With the addition of a matrix inversion routine it is then a matter of
straightforward programming to compute the elements of equation (1) in
terms of a given rotor/stator geometry, assemble the left-hand matrix
and the right-hand column vector, invert the matrix and hence solve

for the current distribution in the rotor plate.

The obvious next step from the above computation is then to
evaluate the forces exerted upon the various currents by the action
of the surrounding currents. Clearly the forces exerted by the rotor
currents upon each other are of no interest since these can lead only
to internal stresses within the rotor material. However the forces
exerted upon the rotor currents by the stator currents are of
fundamental interest since these comprise the levitating and stabilising
(or otherwise) forces upon the rotor plate. It is hoped that from these
forces, evaluated at different positions of the rotor across the stator,

the "double-hump" pattern of 1ift and stability forces will emerge.

B.3 Preliminary results from the elementary strip conductor analysis

Included in Appendices D and E are descriptions and source code
listings of two computer programs which carry the strip conductor analysis
through to the point of computing the forces acting upon the rotor plate.
Many runs of these two programs were made, producing a large quantity of
numerical output. This section presents some of the trends of behaviour

observed within the numerical data, and compares these where possible
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with the equivalent trends observed on practical machines and discussed
in the main text of the thesis. It should be remembered, however, that
the comparison is only at a qualitative level — the analysis is too h
crude as yet to attempt a quantitative comparison between theory and
practice. The discussion therefore centres on shapes and trends rather

than on direct comparisons of computation with measurement.

The results may conveniently be considered in two parts — firstly
the distribution of forces across the width of a given rotor plate in
a given position, and secondly the variation of the overall resultant
force acting on the rotor for different rotor positions. In view of
the many variables involved it was found convenient to defiﬂe a
"standard configuration" exhibiting "average' behaviour, against which
the behaviour of other configurations could then be compared. The
standard cs2lected for the rotor was 1 metre length of a 40-conductor
simulation of an aluminium plate 100mm wide by 3mm thick, floating
at a height of 10mm . The standard stator was specified as having a
slot width of 36 mm with a tooth width of 19 mm, and carrying a current

of 100 amps at 50Hz.

Fig B.4 shows a selection of force distributions, evaluated for
the "standard" rotor plate in a variety of horizontal positions. The
representation of the forces in this figure uses the same pictorial
display as that presented in Fig 42 of Chapter 4 — the computed value
of the force acting on each strip conductor in the rotor simulation
is drawn as a vector acting from the centre of that conductor, with
length representing magnitude and pointing in the direction of the
force. In addition a pair of numbers is given to the right of each
display. These are respectively the horizontal and vertical components
of the total force (in mN) acting on the rotor plate, i.e. the sums of

the components of the forty individual forces in each display.

Many similarities will be noted between Fig B.4 and Fig 42. In the
first place the "standard" aluminium rotor plate for the theoretical
analysis has the same dimensions (100mm wide by 3mm thick) as those of

the plate whose practical measurements resulted in Figs 42(b) and (c).
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The stator dimensions are also the same. (This correspondence does
not extend, however, to the stator current or the rotor forces, nor

to the scale for plotting the force vectors.)

Secondly there is a strong resemblance between the theoretically-
derived and the practically-derived force distributions for the plate
in its central (symmetrical) position — these are respectively the top
display of Fig B.4 and the central display of Fig 42. 1In both cases,
allowing for the difference in scales, there is a central region of
upwards levitation forces bounded on either side by smaller regions
of mainly upwards and inwards forces. It is interesting, however,
that the theoretical distribution fails to show the small regions of
downwards force that are apparent on the practical display. Indeed
for no size of plate in any position so far tried has the theoretical

analysis predicted any such regions.

The second display of Fig B.4 and the bottom display of Fig 42
may also be compared directly since the plate is in each case displaced
6mm to the right. The same effect can be seen in both - that the
central region of upwards force shifts within the plate so as to remain
above the centre stator conductors, the cluster of forces on the left-
hand edge of the plate shrinks and the cluster on the right grows.
These latter, having their horizontal components of force to the left,
appear to provide the main stabilising influence on the plate. It will
be appreciated, of course, that a negative horizontal component of
force (i.e. one to the left) is required to stabilise a displacement

to the right.

The remaining displays of Fig B.4 show the plate in four more
positions, displaced successively further to the right. The shrinking
of the left-hand "destabilising' group of forces continues to the
point of complete extinction at displacements of over 20mm . The
right-hand "stabilising" group correspondingly grows, until by 20 mm
displacement it is approaching the proportions of the original central
group (itself noticeably larger than with the plate in its symmetrical

position). Beyond 20mm, however, the growth stops, and between 30
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and 40mm the stabilising group begins to shrink again. At this
stage the group of forces above the stator centre conductors is also
beginning to shrink, helped by the truncating action as the left-hand

edge of the rotor plate intrudes upon the stator centre area.

All these observations are encouraging indications of the
validity of the theoretical approach, since they compare well with
the corresponding observations made from practical measurements. The
similarities between the two sets of force distributions are the more
notable because their derivations are fundamentally different. The
practical derivation of Fig 42 was made by applying the Maxwell Second
Stress formulae to measurements only of the magnetic field made at
many positions around the surface of the rotor plate, while the
theoretical derivation of Fig B.4 involved the computation of a set
of equivalent rotor currents and the evdaluation of the forces on each
of these by reaction with the stator currents. Indeed it could be
argued that these results are further justification for the somewhat
unconventional extension to the application of the Maxwell Second
Stress formulae employed in the derivation of the practical force

distributions (see section 4 of Chapter 4, pages 75 to 85).

Some even more encouraging results for the theoretical analysis
are those deriving the horizontal and vertical components of the
total resultant force acting on the rotor plate, for various positions
of the rotor. Referring again to Fig B.4, it may be seen from the
numbers to the right of each display (representing the sums of the
components of the forty forces displayed) that the overall hpriiontal
restoring force increases with displacement for plate movements of up
to about 20mm . It then decreases rapidly as the displacement progresses
to 30mm , and changes sign to become a destabilising force shortly after
30mm . Correspondingly the upwards lift force increases slowly with
displacement for movements of up to 30mm, then begins to decrease again.

These patterns of force variation are precisely the "river bank" shape
that was described in Chapter 1 (see Fig 7). This, then, is the
achievement of the objective stated at the beginning of this Appendix -
to derive from theoretical considerations alone the characteristic
"river bank" double-hump shape of forces that gives the electromagnetic

river 1ts name.



- 288 -

The variation of total force on the rotor with rotor position
may be more clearly represented by a graphical rather than a pictorial . .
display. TFor example Fig B.5 shows the vertical (lifting) and
horizontal (stabilising) forces acting upon the "standard" rotor plate
in a series of nine horizontal positions at each of four heights.
These include four of the positions for which the complete force
distributions were presented in Fig B.4 (all at a height of 10mm).
Note in particular that regions of static stability at a given rotor
height appear on the lower graph as the range of horizontal positions

for which the appropriate curve is below the horizontal axis.

Several characteristics of expanding-geometry levitating machines
may be deduced from Fig B.5. The four curves of the top graph give
the obvious result that the 1lift force decreases with height, at all
positions of lateral displacement investigated. They also show that
at a given height the 1lift force initially increases slightly with
displacement, reaches a maximum value, and then decreases rather more
rapidly after the peak is passed. This "hump" effect is more noticeable

on the curves plotted for lower heights.

The curves of the lower graph show that over almost all of their
respective regions of stability, plates experience lesser stabilising
forces at greater heights. The exception is for positions at the
extreme edges of the stable regions. The four curves cross over one
another shortly before crossing the zero axis into the regions of
instability (positive lateral force), indicating a small range of
lateral displacements within which the stabilising force increases
with height. (No significance, incidentally, is to be attached to the
fact that all four curves seem to cross at the same point - this appears
to be co-incidental to the particular choice of parameters selected for
Fig B.5.) It might be noted that the limiting displacement for lateral
stability - the position at which the horizontal force curve crosses
the horizontal axis - increases slightly at increasing heights. This
might be taken as an example of an expanding geometry, since the range
of stable positions is thus wider for plates that float higher. The

effect is, however, small, and is not the behaviour that originally led
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- 290 -

to the concept of expanding geometry (which was that greater stator
currents may be used to float wider plates at greater heights - see

Chapter 1, page 25).

A further series of computed results is presented in Fig B.6.
These' were evaluated for a plate only 80mm wide (compared with the
100 mm plate of Fig B.5), in order to see how well the theoretical
analysis reflected the known practical behaviour of a narrower plate.
Comparing the top set of curves of Fig B.6 with the corresponding set
of Fig B.5, it is immediately apparent that the narrower plate
experiences rather less lift in positions of zero displacement. For
each of the four heights plotted this reduction in 1lift is greater
than the corresponding reduction in the weight of the plate (proportional
to the change in width from 100mm to 80mm), implying that the height
at which an unconstrained narrow plate would float is lower than that
for a wider plate. This is certainly known to be the case in practice
(see section 3 of Chapter 2, Fig 17). The top set of curves also shows
that as the plate is displaced laterally the 1lift force initially
increases more rapidly than it did for the 100mm plate. The "hump"
of the river bank thus appears to have steeper sides. A similar
effect was noted during practical experiments with annular rotors

above a single C-core stator - see Chapter 8, pages 188 - 189.

The lower set of curves of Fig B.6 shows that at low heights the
80 mm plate experiences a rather stronger lateral restoring force over
its stable region than did the 100mm plate. The remarkable fact thus
emerges from the analytical derivation, as it did from practical
observations, that the smaller plate experiences a greater restoring
force although there is less material on which the eddy currents can
act. It will be further appreciated that the effectiveness of this
force is increased in proportion to the reduction in the mass of the
plate. At greater heights of levitation the change in the restoring
force for the smaller width of plate is less marked. At all heights,
however, the region of stability is less extensive than for the wider
plate. Corresponding observations were made in practice during
measurements of the restoring forces acting on two plates of different
widths under various conditions of mechanical loading — -see section 9

of Chapter 7, Fig 73 (page 178).
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The comparison between Figs B.5 and B.6 may be summarised as
showing that the theoretical analysis based on strip conductors
agrees with the practical observation that for a given stator
current wide plates tend to float higher than narrow ones, but are
rather less stable (see'section 2 of Chapter 2, page 33). Each
figure on its own clearly shows the "river bank' shape of forces
described in Chapter 1 (Fig 7). Taken together these are encouraging
indications of the validity of the strip conductor analysis as applied

to the modelling of practical expanding-geometry levitators.

B.4 Extensions and conclusions

The latter part of section B.3 concentrated upon a comparison
between two sets of data showing the effect of a change in the width
of the rotor. It is, of course, possible to use the strip conductor
analysis to investigate the effect of varying other parameters, such
as plate thickness, resistivity, stator dimensions, stator current or
supply frequency. The associated computer programs were used many
times during the course of such investigations, and again the trends
of behaviour deduced agreed well with those observed in the laboratory.
However the voluminous results obtained do no more than further prove
the strip conductor analysis and they are considered of insufficient
interest to warrant presentation here. The final section of this
Appendix therefore concentrates instead on outlining the limitations
of the theoretical method, and suggests some extensions and improvements

which might lead to a more refined analysis.

An obvious limitation of the analysis as presented in section B.2
is the use of only a single row of strip conductors in the representation
of the rotor. As explained in section B.1, the use of several horizontal
layers of equivalent conductors would permit a more realistic simulation
of rotor thickness, and hence could take account of skin depth in the
rotor material. Note that nothing is to be gained by applying the same
process to the stator conductors in an attempt to simulate the space
distribution of the stator windings in their slots. In the paper by
Saunders quoted earlier (page 275), the discussion about replacing

slot-embedded conductors by an equivalent strip conductor made no
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assumptions regarding the space distribution of the conductors within
the slot. The current flowing in a single strip conductor spanning
the top of a slot has the same effect within the region above it as
any space distribution of the equivalent current flowing in the slot

below.

Extensions such as additional rows of rotor loop currents would,
of course, involve the solution of a larger set of equations, and a
limit must ultimately apply to the size of complex rotor matrix that
can be stored and inverted by a computer. The two programs that
produced the data presented in section B.3 are both complete in
themselves, and therefore each has to contain the entire seduence of
instructions necessary to assemble the rotor matrix, invert it, and
use it in the subsequent calculations. This makes a heavy demand on
storage space within the computer memory. However since the
investigation of a given rotor configuration requires the construction
and inversion of the matrix only once, it might be worthwhile to split
such programs into three separate parts, to be executed independently
by the computer. The first part would construct the rotor matrix and
write it to a data file; the second part would then invert the matrix,
the whole of the computer memory being available for this task.
Indeed use could if necessary be made here of more "exotic" inversion
routines which do not need to hold the entire matrix in memory in
order to perform the inversion. The third part could then use the
inverted matrix as an operator on the remaining parameters calculated

for the rotor in a variety of positions.

In Appendix C the analytical derivations are given of the
expressions used to determine the magnetic field set up by a
horizontal coil of strip conductors, the force experienced by another
horizontal strip conductor within such a field, and the mutual
inductance between two horizontal coils. Several integrals are
involved in the derivations, all of which are evaluated only for
horizontal conductors and coils since this is sufficient for the
analysis of section B.2. Extensions to the theory could be made,
however, by evaluating further integrals to give the fields, forces

and mutual inductances for conductors and coils in planes other than
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horizontal. For example the evaluation of such quantities for
vertically-aligned rotor coils might allow the investigation of
U-shaped rotors (plates with turned-up edges). Generalisation to
rotor coils tilted at any angle would permit the examination of
rotors in positions of angular displacement about their longitudinal
axes, and this could develop into an investigation of the roll-

stability of floating plates.

A limited amount of information on roll effects could in fact
be obtained from a minor extension to the last stages of the
horizontal analysis presented, without the evaluation of new sets of
integrals. This merely involves summing the moments of the individual
vertical force components about the longitudinal rotor axis, to give
the magnitude and angular direction of the roll torque acting upon the
horizontal rotor. Such an evaluation could predict only the strength
and angular direction by which the rotor tends to tilt from its
horizontal position; it could give no information about the existence
of an equilibrium angle of tilt or about roll stability. However it
might at least confirm (or otherwise) the sequence of roll motions
displayéd in Fig 96 (page 230), for a plate in several positions of

lateral displacement.

0f the simplifications made in the analysis of section B.2,
perhaps the most significant was the complete removal of all the iron.
This was justified in the original analysis by the search for the
simplest theoretical system capable of producing expanding-geometry
stability forces. Moreover it was considered improbable that a
semi-infinite iron block (itself a simplification resulting from the
use of strip conductors) could play a fundamental part in the stability
mechanism. It is certain however, that the absence of the iron has a
profound effect upon the overall absolute magnitudes of the forces
calculated, and it is largely for this reason that no quantitative

comparison of calculated with measured results has been attempted.

Reconstruction of the analysis to include the shape of the iron
core (e.g. a C-core block of laminations) may be considered in two

stages. The first is to re-introduce the semi~infinite block of irom
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below the stator strip conductors and the second is then to transform
this into the original iron shape. Stage 1 may be accomplished by
using the method of image currents to simulate the semi-infinite block
of iron. The iron would here be considered infinitely permeable to
magnetic flux but infiﬁitely laminated against the flow of electric
current, extending to infinity vertically downwards from the plane of

the stator strip conductors and horizontally in all directionms.

Such a system may be analysed by replacing the iron by a second
set of stator and rotor conductors. The positions of these are found
by considering the top surface of the iron to be a mirror, and placing
a new "image" conductor in the position of the image of every original
conductor as seen in the mirror. Each new conductor carries the same
current in the same direction as its image. The semi-infinite block
is thus replaced by a second set of stator conductors superimposed
upon the original set (since both afe at the surface of the "mirror"),
and a second set of rotor currents vertically in line with the originali
set but as far below the iron surface as the original set is above.
The use of image currents does, of course, require the assembly and
inversion of a complex rotor matrix twice the size of that for a

solution without semi-infinite - iron.

The second stage in the re-instatement of "real" iron is less
straightforward. Many factors are involved. Apart from the simulation
of three-dimensional features such as slots, limbs and teeth, a
comprehensive analysis should aim to take into account parameters such
as non-infinite permeability, non-ideal lamination and hence eddy
currents in certain planes, and saturation of the iron. It seems
improbable that an analysis based on equivalent circuits and discrete

mutual inductances can be extended to include complexities such as these.

However even without the last stage, there is at least one practical
machine that may be sufficiently similar to a set of strip conductors
over semi-infinite iron for a quantitative comparison to be possible.
This is the Xi-core motor (see Figs 98 and 99). Three features of the
Xi-core motor are particularly relevant in this connection. Firstly

the iron core has four vertical limbs whose tops all lie in one
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horizontal plane. This plane readily transforms into the top plane

of a semi-infinite block of iron. Secondly the arrangement of the
four limbs ensures that all three sets of stator conductors are fully
embedded in slots, and are thus immediately'suitable for modelling by
the strip conductor teéhnique. Thirdly the two outer limbs were
originally provided to turn wasteful "leakage" flux into useful flux
(see Fig 98). As such their precise dimensions are largely irrelevant,
Extending their widths to infinity outwards may prove to have little '

significant effect upon the behaviour of the levitator.

In conclusion, an elementary analysis based on strip conductors
has been shown to be possible, and a system of conductors has been
found from which forces may be derived that behave in ways similar
to those measured on practical expanding-geometry levitators. The
contrast, incidentally, might be appreciated between the "circuit
theory" approach employed in this analysis and the "field theory"
approach that is perhaps more commonly used in attempts to analyse
the behaviour of machines of this kind. Several suggestions have
been made for extensions and refinements to the analysis and some
of these extensions might be considered worthwhile for research in
the future. Whether the analysis can be developed to the point of

quantitative simulation remains to be seen.
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APPENDIX C. ANALYTICAL DERIVATIONS OF THE MATHEMATICAL
EXPRESSTIONS USED IN APPENDIX B

Appendix B described how a circuit-theory approach could be
employed to construct a theoretical model of a simple.expanding-
geometry levitator. The model featured the use of strip conductors,
i.e. conductors considered to be of infinite length, finite width
and infinitesimal thickness. The method involved the construction
of a matrix relating each current in the model to every other current,
in terms of resistances, self~inductances and mutual inductances.

The matrix was inverted in order to solve for the rotor currents, and
the forces between the rotor and stator currents were then evaluated

to determine the total force on the rotor.

This Appendix presents analytical darivations of the mathematical
expressions used to evaluate the self- and mutual inductance terms in
the matrix and the forces on current—carrying strip conductors. Firstly
the derivation is given of the magnetic field around a strip conductor
set up by a current flowing in the conductor. This is easily extended
to give the field set up by a coil comprising a pair of horizontal
strip conductors. The force is then evaluated upon a third current-
éarrying strip conductor placed within the field set up by such a coil.
Finally the expressions for the mutual inductance between two horizontal
coils of strip conductors is derived, and this of course also gives the
self-inductance of a single coil when the two coils are superimposed.

It should be noted that all the derived equations have been expressed

"in a form suitable for numerical evaluation by a digital computer.

3.1 Conventions for co~ordinates, currents and fluxes

The conventions for co-ordinates, current flows and flux directions
employed in the following analytical derivations are given here. Since
the hypothetical machine of the model is infinitely long and all
current flow is axial, i.e. parallel to this infinite length, it is
convenient to present all diagrams in the form of transverse cross

sections. The x-axis on each diagram is thus the horizontal direction
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Fig'C.1 Current and flux conventions.

transverse to the machine; the y—axis is the ‘vertical direction, and the
z-axis, perpendicular to the plane of the diagram, is the horizontal
axial direction along the machine. To maintain a right-handed
co-ordinate system consistent with the accepted positive x and y
directions on the paper, the positive z direction is out of the front

surface of the paper, towards the observer.

Positive axial current is defined to be in the direction of the
z—axis, i1.e. also towards the observer. Thus a positive current sets up
a magnetic field around it which is anticlockwise in the x-y plane as
viewed on the paper - see Fig C.1l. Note that by this convention the
horizontal component of field By set up by positive axial current I at
the origin is negative in the first quadrant of the x-y plane, while

the vertical component By is positive,

The convention taken for positive current flow in a pair of axial
conductors forming an infinitely long coil in the x-z plane is that the
circulation of current is clockwise as viewed along the y-axis. The
left-hand conductor of a horizontal coil therefore carries cufrent out
of the plane of the paper (positive) and the right-hand conductor
carries the return current into the paper (negative) - see Fig C.l.

This convention produces a positive vertical component of flux By

between the two conductors.
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C.2 Field set up by a current in a horizontal strip conductor

Fig C.2 shows a horizontal strip conductor of width 2c,
centred on the origin, carrying current I . The objective is
to derive the horizontal field component By and the-vertical
component By set up by the current at a general point P,

co-ordinates (p, q) .

Consider an elemental width &x of the strip conductor, at
position x from the origin. The current carried by this width of

conductor is %GCE , therefore the elemental field 8B set up at P

by the current in the element is given by:

M . .
§B = 2':1: .%sz where r 1s the distauce of P from the element
_ of the conductor, and 6B acts in direction 6,
as shown.
Resolving into horizontal and vertical components 8By and 6By :
_ _ MoI  cosb _ oI  sind
8By = e - 8§x 6By e o 8x
= - Yl 9 . Ml p=x
yme g2 8x Lmc r2 Sx
u -
- _ BT | q 5x - Mol | P—X 5x
ymre (p_x)z + qZ Le (p_x)Z + qZ

strip conductor

corrying tatal r
. current 1 6x P 'q
I’ !
F?g C.Z \ :\ :‘I’ : X
. — _ HOX s . -~
Field set up by 2 p

strip conductor. b . xi |__
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Integrating across the width of the conductor to give the field

components B, and By at P:

c c
- oI q _ Ho T pPp—X
Bx = ymc — 2 7 | By = e Y > 9x
_2(p-x° +q x4 q
p-c p~c
uoI q uoI X
= + . = -_— - ——————
Lme J x2 + q2 dx - hre J %2 + q2 dx
ptc pt+c
p-c p-c
_ UOI _1 u I 2
Bx = Gy " [ta“ {_}] By = 'u?rc'[%“g(xz*q )]
p+c ptc

It is convenient at this point to define two functions. Let
AATAN (x,y) be defined as tan‘L{g} and AALOG (x ,y) be defined

as 3} log (x%2+y2) . Then the field components By and By are given

by:
u
BX' = q:r]c: . { AATAN (p—c ,q) — AATAN (p*ec, Q) }
Hol '
By = - ﬁc . { AALOG (p-c ,q) - AALOG (p+c,q) }

The two equations in this form are particularly suitable for use
on a computer, since the functions AATAN and AALOG may be defined
as Fortran functions, and evaluated with the appropriate numerical
arguments whenever required. (Indeed computer users may recognise
that the names of the two functions were chosen with Fortran naming
conventions in mind, and in deliberate imitation of the standard
Fortran functions ATAN and ALOG.) It should be noted that each
function has a singularity when x =y = O . The computer must
therefore be instructed to detect and handle these special conditions
(see section 1 of Appendix D for the details and justification of the

method employed).
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C.3 Field components set up by a horizontal coil of strip conductors

A simple extension to the derivation given in section C.2 above
gives the magnetic field set up by a horizontal coil of two strip
conductors. Consider the system shown in Fig C.3, where the coil
spacing is 2a between the centres of its conductors, and each
conductor is of width 2c. The coil is centred on the origin, the
left-hand conductor carries current I and the right-hand conductor
carries current -I . The field components at point P (p ,q) are

given by the sum of the contributions from the two currents:

u
By = u;i . { AATAN (p+a-c ,q) — AATAN (p+atc , q) }
" Yme {AATAN (p-a-c ,q) - AATAN (p-atc, q) } ceees (1)
By = - ol . AALOG (p+a-c,q) - AALOG (pt+a+c, q)
Y e P » 4 P , q
uol
* b { AALOG (p-a-c,q) = AALOG (p-atc, q) } eeses (2)

C.4 TForce exerted upon a strip conductor in the field set up by a

coil of two strip conductors

The objective of this section is to find an expression for the
force exerted upon a horizontal current-carrying strip conductor
within the magnetic field set up by the current flowing in a

horizontal coil of two strip conductors. The general expression for

the force F acting on a current I in a field B is F = IXxB,
Yl B,e
v P (p,q)
Fig C.3 R 'B
Flux components set ! 2 |
up by a coil of two | ¢ ‘
strip conductors. X
— ®_© O T & ® & }—
I | -1
I

20
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Fig C.4 Force on a strip conductor in the field set up
by o coil of strip conductors.

where ¥ , I and B are all vectors, and X is the vector cross product.
For the present purpose, where all current flow is parallel to the

z-axis, it is convenient to use the component co-ordinate forms:

Fx

_By . IZ

Fy By I, .

Fig C.4 shows a strip conductor in the vicinit:y of a coil of strip
conductors. The coil is centred at the origin, is of conductor spacing
2a, of conductor width 2c; and carries current I, . The separate
conductor is at centre (p, q) , of width 2c, and carries current I5.
Consider first the force 6F acting on an element of the conductor of
width 6x at position (x,q) , carrying current &8I, . The horizontal

component of force 6Fy acting on the element is given by:

§Fx

_ByIZ Sx
2co
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Integrating across the conductor width to give the horizontal
force Fy on the entire conductor:
pt+co
Fx="'_°IBydx see e (3)

Likewise the vertical component of force Fy acting on the entire
conductor 1s given by:
ptcy

I
F = 20 Bxdx ..l..(a)

y 2cop

P~C2 .

These two expressions for the components of force include
definite integrals of the flux components By and By, which are
themselves functions in AATAN and AALOG (see equations 1 and 2 on
page 301). These latter, it will be recalled, were defined by:

AATAN (x,y) tan—l{ ?—}
AALOG (x,y) = } log(x?+y?)

The function AATAN (x ,y) may be integrated thus:

B B
I AATAN (x,y) dx = I tan—l{i} dx
a a
= —x-tan-l{l{-} - Lo (x2 +y?) :]B
_ y 2 %8 ¥l
- B
= X*AATAN (x,y) - Y-AALOG (x,Yy) ] _
- a
- B
= l-TANINT (x,y) ] (say)
a

where TANINT (x,y) 1is a new function, defined by:

TANINT (x ,y) = XxX+AATAN (x,y) - y*AALOG (x,y) .



- 304 -

Likewise the function AALOG (x ,y) may be integrated thus:

B B
J AALOG (x,y) dx = J 1 log (x2 +y2) dx
o a

IE: 2 442 Clrx ’

= _E-log (x4 +y%) + yetan {;} - x]a
— . B

= X*AALOG (x ,y) + Y-AATAN (x,y) - x:|
- o
- B

= ALNINT (x,y) :l (say)
- o

where ALNINT (x,y) is another new function, defined by:
ALNINT (x,y) = X*AALOG (x,y) + Y°*AATAN (x,y) - x .

Like the functions AATAN and AALOG, the two functions TANINT
and ALNINT are suitable for programming directly into a computer as
Fortran functions. (Again Fortran users will recognise that the
name ALNINT was chosen instead of the more obvious LOGINT bearing
in mind the Fortran naming conventions for floating-point functions.)
Note that since TANINT and ALNINT are defined in terms of AATAN
and AALOG, no special handling of singularities is necessary beyond

that already contained in AATAN and AALOG (see Appendix D).

The force components Fy and Fy on the horizontal strip
conductor of Fig C.4 may now be evaluated using equations 3 and 4

as follows:
p+c2

FX = - E . By dx
P-Cz p+02
- - i , Mo I . -AALOG (x+a-cy , @) + AALOG (x+a+cy , q) dx
2cy yme) +AALOG (x—a-cj , q) — AALOG (x-atcy , q)
p~c2
- - Mo I11o . [ - ALNINT (x+a-cy , @) + ALNINT (x+a+cj , q) prez
8mcyco

_+ ALNINT (x-a-c; , q) — ALNINT (x-a+c; , q) p—cz
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ALNINT (p+a-cj+cp , q) - ALNINT (p+atci+cy , q)

F. = oIl3Iy ] - ALNINT (p-a-cj+cp , q) + ALNINT (p-atcy+cy , q)
X 8mcyco - ALNINT (p+a—c1—c2 s q) + ALNINT (p+a+C1—C2 s Q)
+ ALNINT (p'a'cl-C2 » @) - ALNINT (p-atcj-cj » Q)
e 80 (5)
+c
I, ptep
Fy = 2—(:2—' By dx
p-c2

ptco

_ 1, Ho Iy . { AATAN (x+a-cj , q) — AATAN (x+atcy , q) } dx

- 2c2" yTe] - AATAN (x-a-c] , q) + BATAN (x-atc; , q)

p-c2
_ BTl l' TANINT (x+a-cj , q) — TANINT (x+atc; , q) ]P+°2

8meyco - TANINT (x-a-cj , q) + TANINT (x-atc; , q) pcy

I

TANINT (p+a-cj+cy , q) — TANINT (p+atcitcp , q)

U I;1, - TANINT (p-a-cj+cp , q) + TANINT (p-atcitcp , q)
gmecy ey - TANINT (p+a-cj-cp , q) + TANINT (p+atci-cz , Q)
+ TANINT (p-a-cj—cp , q) — TANINT (p-atc;-cp ,q)

cenes (6)

x and Fy are

suitable for definition on the computer as Fortran functions. The

Once again the two expressions for the forces F

names chosen were XFORCE and YFORCE , each function having the
five arguments p, q, a, ¢}, and cp. With these changed to upper

case to suit the limited Fortran character set, and with each of
_Ho
8mecycp
large curly brackets, the evaluation of the components of force

the functions comprising the term multiplied by one of the

acting on a strip conductor in the field of a coil of strip conductors

becomes the execution of two statements in Fortran:

FX

CURNT1 * CURNT2 * XFORCE (P ,Q , A, Cl,C2)

FY CURNT1 * CURNT2 * YFORCE (P ,Q, 4, Cl, C2)

where CURNT1 and CURNT2 are the Fortran variables

corresponding to I; and I,.
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C.5 The calculation of mutual inductance

The final piece of mathematical analysis needed for Appendix B
is the derivation of an expression for the mutual inductance between
two horizontal coils of strip conductors. The mutual inductance may
be found by evaluating the total flux linking the current in one
coil per unit current in the other. It is necessary, of course, to
make allowance for those flux paths set up by the primary current
which intersect the secondary strip conductors and therefore link

only a portion of the secondary current.

Fig C.5 shows two horizontal coils of strip conductors. The
primary coil is centred on the origin, has conductor spacing 2a,
and conductor width 2c¢j , and carries unit current I. The
secondary coil is at centre (p, q) , of conductor spacing 2a, and
width 2¢5.. Consider an elemental coil, part of the secondary main
coil, at centre (x, q) , of conductor spacing 2a; and conductor
width 6x, as shown. The flux passing through this elemental

secondary coil set up by the unit current in the primary coil is
X+tag: 5%
J By dx , and this links Zon of any current flowing in the main
2
x-a
2

secondary coil. Thus the elemental mutual inductance &M contributed

by the elemental coil is given by:

X+ag
_ 6x
&M = 2cs By dx
X—-as
X+ag
- Sx . _Ho | - AALOG (xt+aj-cy , q) + AALOG (xtaj+c) ,q) dx
2cy  umCy + AALOG (x—-aj)-cj , q) — AALOG (x—aj+cy ,q)
X—as
~ - x+
_ _Mo8x [~ AININT (x+aj-cj , q) + ALNINT (x+aj+cy ,q) | 2
gmcycy _+ ALNINT (x—aj-cj , q) — ALNINT (x-aj+c; ,q) x=ap

. [ - ALNINT (x+aj+as=-cy , q) ALNINT (x+aj+asz+c) ,q)
Uodx ] +ALNINT (x-aj+az-cy ,q) ALNINT (x-aj+as+cy , Q)
gmcyco + ALNINT (x+aj—ag—cj , q) — ALNINT (x+aj-agz+cy , q)
~ ALNINT (x—aj-as—cj , q) + ALNINT (x-aj-as+cy ,q)

vesne (7)

+
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Fig C.5 Mutual inductance between coils of strip conductors.

The total mutual inductance M between the two coils is then
obtained by integrating this elemental coil inductance across the
width of the secondary coil, i.e. from x = p=-cg to X =p+cy .
This requires the definite integral of the function ALNINT. The
integral of ALNINT may be handled in general as follows:

B B :
J ALNINT (x, y) dx J {X'AALOG (x,y) + y-AATAN (x, y) - x} dx

o]

* B
I {E log (x2 +y2) + y'tan-l{-g-} - x } dx

It

2

B
: -1
1(x2 -y2) +1og (x2 + y2) + xy-tan {%} - %xz:\
a

- B
= L%(x?' - y2)AALOG(x , y) + XyAATAN(x ,y) - %xz:l
a
B
= [DUBINT (x,9 ] ' (say)
- a

where DUBINT is another new function, defined by:

DUBINT (x,y) = }(x®-y2)-AALOG (x,y) + Xy*AATAN (x,y) - x> .
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Function DUBINT is again suitable for direct programming into
the computer as a Fortran function. The function may now be used
to integrate the elemental inductance of equation 7 across the

span of the secondary coil, to give the total mutual inductance M

thus: ptcr
- ALNINT (x+aj+as—-cy , q) + ALNINT (xtajtas+cy , Q)
M = Hy . + ALNINT (x-aj+ap=cj] , q) — ALNINT (x-ajtag+tcy , q) dx
8Tcyco + ALNINT (x+aj=ap-cj , qQ) — ALNINT (xtaj-ag+cy , q)
J - ALNINT (x-aj—ag=-cj , q) + ALNINT (x-aj—az+cy , Q)
p=c2
~ ~ DUBINT ( - prez
x+aj+as-cy , q) + DUBINT (xt+a;+as+cy , q)
- Ho | + DUBINT (x-aj+ap—cj ,q) - DUBINT (x-aj+as+cy ,q)
8wcyco + DUBINT (x+aj-ap-cj , q) - DUBINT (xtaj-agtci ,q)
_ - DUBINT (x-aj-ag—c] ,q) + DUBINT (x-aj—az+cy , q) p=cp
- DUBINT (p+aj+as—ci+cp » q) + DUBINT (p+aj+agtci+cy 5 q) |
+ DUBINT (p-aj+as-cij+cy ,q) - DUBINT (p-ajtagtcitcy , q)
, + DUBINT (p+aj-ap-ci+cy , q) - DUBINT (p+aj-aptcitcy , q)
- Yo . | ~DUBINT (p-aj-ap-cj+cy , q) + DUBINT (p-aj-ap*ci+cz , Q)
8mcyco + DUBINT (p+aj+as—cj—co , q) = DUBINT (p+aj+as+ci=-cz , q)
- DUBINT (p-aj+as—ci;=cp , q) + DUBINT (p-aj+az+cy-cz , Q)
- DUBINT (p+aj—as-c)-cp , q) + DUBINT (p+aj-ag+ci=cz , Q)
_+ DUBINT (p-aj—ap—cj-cg , q) — DUBINT (p-aj-as+ci-c2 ,q) |

ceeee (8)

This completes the derivations of the mathematical expressions
needed to implement the theoretical analysis presented in Appendix B.
Referring to the matrix equation on page 282 of Appendix B, equation 8
above may be used to determine the numerical values of all the mutual
and self-inductance terms in the matrix, for any given rotor/stator
geometry. Inversion of the matrix allows solution for the set of
2quivalent currents in the fotor. Equations 5 and 6 may then be used
to evaluate the forces on each of these currents, to give the force
distribution across the floating plate. This is the means by which the
results presented in Fig B.4 were derived. Finally the forces may be
summed to give the total resultant force upon the rotor, giving results

of the kind displayed in Figs B.5 and B.6 .
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APPENDIX D. COMPUTER SUBRQUTINES, FUNCTIONS AND PROGRAMS

This Appendix gives descriptions of the Fortran subroutines,
functions and programs written to perform the theoretical analysis
of Appendix B. The programming may best be considered in two
parts. Firstly a library of Fortran functions and subroutines was
developed, containing the computer coding for the five functions
AATAN, AALOG, TANINT, ALNINT and DUBINT derived in Appendix C, for
five further functions designed to use these to evaluate fields,
forces and mutual inductances, and for a subroutine to perform the
inversion of a complex matrix. Secondly two programs were wWritten
to use the library to perform an analysis of a theoretical machine
whose parameters are entered at the computer keyboard. One of these
programs gives the resulting force distribution across the rotor at
every rotor position examined; the other analyses a multiplicity of

rotor positions, giving only the total force on the rotor at each.

The library and programs were developed on the computer system
at Imperial College. This comprises a CDC 6500 and Cyber 174 processor
linked in a double-mainframe configuration, running under the NOS
operating system of Control Data Corporation. It should be noted that
no attempt was made to confine the programming to "ANSI Standard
Fortran IV"; instead full use has been made of the considerable
extensions that are supported by the specialist Fortran compiler "MNF5",

written by the University of Minnesota.

D.1 The functions AATAN and AALOG

The two functions AATAN and AALOG were originally defined in the
course of the derivation of the magnetic field set up by a current
flowing in a strip conductor. They subsequently appeared in the
definitions of three further functions TANINT, ALNINT and DUBINT.
These are themselves constituent parts of the expressions for the force
components acting on a strip conductor within the field set up by

a coil of strip conductors, and for the mutual inductance between



- 310 -

two such coils. AATAN and AALOG are thus fundamental to the

analysis of any system involving strip conductors.

The definitions of AATAN and AALOG (first given in section

2 of Appendix C, page 300) were:

AATAN (x,y) = tan-l{%,{’}
AALOG (x,y) = 3 log(x?+y?)

These may be programmed into Fortran by elementary one-line statements,
except for the handling of the special case x =y =0 . Under this
condition the function AATAN (0, Q) becomes indeterminate and

AALOG (0, 0) becomes negative infinity.

However in the evaluation of forces and mutual inductances
called for in the analysis of Appendix B, functions AATAN and AALOG
are referenced only through calls to functions TANINT, ALNINT and
DUBINT . These were first defined in sections 4 and 5 of Appendix C
(pages 303, 304 and 307)  thus:

TANINT (x, V) x-AATAN (x,y) - Yy AALOG (x,Yy)

ALNINT (x,y) X*AALOG (x,y) + V*AATAN (x,y) - x

DUBINT (x,y) 1(x2 -y2) *AALOG (x, y) + Xy-AATAN (x,y) - %xz

It will be observed that every occurrence of AATAN (x, y) and
AALOG (x, y) in the expressions for TANINT , ALNINT and DUBINT is
multiplied either by x or by y or by a simple function of the two,
and in every case this multiplying factor has the value zero when
X =y =0 . Thus in the limit as x and y tend to zero, each

term involving AATAN and AALOG becomes one of the forms:

Lt x*AATAN (x,y) = Lt xe tan_l{z-}
X0 X0 y
y->0 y->0

Lt x+AALOG (%, y) Lt Ze10g (x2 + y2)
X0 X0 2
y+0 y+0
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The first of these limits is evidently zero, since the inverse

tangent function is limited to a finite range of values (normally
T

_2

limit is a particular case of the standard form Lt xB-log(x) ,
x>0

which has long been established to have the value zero for all

i . .. .
to 50, even when its argument is indeterminate. The second

positive n.

Thus in the evaluation of the functions TANINT, ALNINT and
DUBINT , the values returned by the computer for functions AATAN
and AALOG at the singularity are of no comsequence, since they are
always multiplied by zero. In fact it was decided to make the functions‘
themselves return the value zero at x =y = 0 , thus making doubly

sure that every product term involving AATAN or AALOG gave the correct

result.

D.2 AASORS - the function and subroutine library

Reference may now be made to Appendix E, which includes Fortran
source code listings of all the functions and subroutines needed to
implement the analysis presented in Appendix B. These have been
collected together into a source code library, named AASORS . In
addition to the five functioms AATAN, AALOG, TANINT, ALNINT and DUBINT,

library AASORS contains the following functions and subroutines:

FUNCTION XFLUX (P, Q, A, C) to evaluate the components of magnetic
FUNCTION YFLUX (P, Q, A, ©) field at distance (P, Q) from the

centre of a horizontal coil of two strip
conductors carrying unit current. The centres of the conductors are

spaced apart by distance 2A, and each conductor is of width 2C.

FUNCTION XFORCE (P, Q, A, Cl, C2) to evaluate the components of force
FUNCTION YFORCE (P, Q, 4, Cl, C2) acting on unit current flowing in a
horizontal strip conductor of width
2C2, positioned at distance (P, Q) from a horizontal coil of two strip
conductors also carrying unit current. The coil is of conductor spacing

2A and conductpr widths 2Cl.
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FUNCTION EMLINK (P, Q, Al, Cl, A2, C2) to evaluate the mutual
inductance between two

horizontal coils of strip conductors separated by distance (P, Q).

One coil has conductor spacing 2Al and conductor widths 2C1l; the

other has spacing 2A2 and widths 2C2.

SUBROUTINE CINVRT (AMAT, BMAT, NSIZE, IFAIL) to invert the complex
square matrix AMAT
of order NSIZE, and return the inverse matrix in BMAT . IFAIL is

used to indicate whether any mathematical difficulties were encountered.

The remainder of this section considers. the programming of the

above ten functions and one subroutine in detail.

D.2.1 AATAN and AALOG programming.

The first two functions in library AASORS are the two basic
functions AATAN and AALOG. The programming of these consists of
elementary Fortran expressions of the function definitions (see
section D.1). The singularity condition of x =y = 0 is detected
by testing the function parameters X and Y for magnitudes less than
10725, This particular choice of small number was made to suit the
60-bit word size of the Imperial College computer. More generally
a limit must be chosen sufficiently small, allowing for rounding
errors, for the computer never to attempt to evaluate the arctangent of

an indeterminate number or the logarithm of zero.

Note that the standard Fortran function ATAN2 (X ,Y) has been
used instead of the better known ATAN (Z) where Z=X/Y . This is
because ATAN2 is programmed to handle cases when either X or Y
is equal or close to zero, while the division operation necessary
before the use of ATAN would fail under some of these conditions.
Moreover by accepting the two arguments X and Y independently,
function ATAN2 is able to return a result within the complete
polar range of -1 to m. For example the evaluation of tan"'l{%}

is returned as w different from tan'l{%} .  Results given by the
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b f(x) = tan™?

X
k

Fig D.1 The function TANINT (x,k).

single-argument function ATAN are limited to the principal values,
i.e. those between -% and %, and further inspection of the original
arguments is required to determine the correct quadrant for the result.

Use of the full polar range as returned by ATAN2 does, however,
introduce one minor complication. A discontinuity of 2w can occur
in the evaluation of AATAN (X ,Y) when Y is megative and X passes
from negative to posit_ive. The handling of this is simple, '
necessitating only a single extra line of Fortran in the function

definition; nevertheless it warrants an explanatiom.

Fig D.1 shows the genmeral fumction AATAN (x,k), where k is
a constant. The continuous curve passing through the origin is
obta'ined when k is positive, but the curve with the 2 discontinuity
at x = 0 1is obtained with negative k. Inspection of the definitions
given in sections D.1 and D.2 shows that all of the functioms within

library AASORS that referenmce function AATAN (X,Y) (whether directly,
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as XFLUX does, or indirectly via calls to TANINT, ALNINT or DUBINT)
do so via a succession of calls having various numerical values for
parameter X but all having the same value for Y. Parameter Y thus
corresponds to the constant k on the diagram. TFurthermore the calls
taken in sequence form a series of pairs each comprising onme call
subtracted from the other. For example a sequence of calls all with
positive k might be AATAN (x , k) .evaluated at point A on the
diagram subtracted from AATAN evaluated at point B, summed with

the evaluation at point D subtracted from that at C. The problem
arises when a similar sequence of values of x is required with a
negative value of k. This might yield evaluations at points A', B',
C'and D', and it can be seen immediately that the subtraction of D'

from C' straddles the discontinuity, and is therefore in error by 2w.

The solution employed was to instruct the computer to add 27 to
all results evaluated in the quadrant with both x and k negative.
The effect of this is to raise the relevant portion of the curve from
its position at the bottom left hand side of Fig D.1l to the position
of the dashed curve at the top. Points A', B' and C' then become
A", B" and C". Clearly this makes no difference to the subtraction
of A" from B", but the subtraction of D' from C" now has its

spurious 27 removed, and returns with the correct result.

Referring once again to the Fortran source code (see Appendix E),
the decision on whether to raise the evaluation by 2w was programmed
by testing whether the function result returned by ATAN2 (X,Y) is
less than —%. This is quicker than doing a double test to detect
when parameters X and Y are both negative. On average three out
of every four checks will fail the test, causing an immediate return
with the value of ATAN2 unmodified, but for the remaining 257 of
function calls a second test is applied, to verify that Y is indeed
negative. This is done to avoid the remote possibility that rounding
errors in the evaluation of ATAN2 (X ,Y) with a positive Y and a

large negative value of X (giving a result close to —%) do not

cause 27 to be added in error.
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These small points concerning the programming of AATAN and
AALOG have been discussed in some detail because the two functions
form the core of the numerical calculations called for during the
course of any run of an analysis program. For example every call
to function EMLINK to calculate a mutual inductance requires
sixteen calls to function DUBINT, each of which calls both AATAN
and AALOG. Each evaluation of a component of force on a conductor
requires a further eight calls. Thus during the course of 2 program
run to analyse a multi-bar rotor simulatioﬁ, the number of accesses

to AATAN and AALOG may run into many hundreds or thousands.

Such usage warrants attention to details with the aim of
‘minimising the time taken by the .computer on each access. TFor
example a DATA statement is used to assign the numerical values
of variables HALFPI, TWOPI and TINY. By this means each assignment
is made only once, during compilation, whereas the use of more
obvious Fortran assignmenf statements (e.g. "TINY = 1.0E-25") would
take time to reset the variables at every access during program
executipn. Similar considerations have been applied to the ordering
of tests within multiple-condition "IF" statements. TFor example
Fortran does not expend time unnecessarily testing the second of two
conditions related by the ".AND." operator if the first condition
has already failed. The condition with the greater likelihood of

failure is therefore better placed first.
D.2.2 TANINT, ALNINT and DUBINT programming.

The next three functions in library AASORS are TANINT, ALNINT
and DUBINT (see section D.1, page 310 for their definitions). The
Fortran programming of these is elementary, comprising only one
executable statement in the case of the first two functions and
five for the third. Note that none of these routines contains any
code to detect the singularity‘condition x =y =0 . Section D.1
showed that all three functions have the value zero under this
condition, and it would have been possible to have incorporated an

appropriate Fortran test and assignment statement to this effect.
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Such programming would, however, have been inefficient since the
great majority of function calls would then have undergone, and

failed, the test for singularity one more time than necessary.

The only other point of note is the conversion from parameter
variables X and Y to local variables XX and YY within routine
DUBINT. Use of local variables, internal to the subroutine, is
significantly faster on the Imperial College computer than use of
parameter variables, accessible from outside. An extra statement
for conversion is worthwhile if the same parameter variable is
to be used within a routine more than three or four times. (Use
of Fortran COMMON variables would have been faster still, but COMMON
has been avoided in the interests of simplicity, generality and

intelligibility.)

D.2.3 XFLUX and YFLUX programming.

The next two routines, XFLUX and YFLUX, are functions designed
to return the horizontal and vertical components of the magnetic
field at a chosen point in the vicinity of a horizontal coil of strip
conductors. The physical dimensions of the coil and the position
relative to it at which the evaluation is required are passed as
function parameters (see section D.2, page 311, for the parameter
lists). The field components are calculated for unit current in the
coil. These two routines have been included in AASORS merely for
interest, since the evaluation of the magnetic fields themselves is
not in fact required as part of the theoretical analysis presented

in Appendix B.

Programming of the functions merely comprises direct Fortran
expressions of equations 1 and 2 of Appendix C (see section C.3,
page 301). Again the conversion from parameter to local variables
is worthwhile, and the only other point to mention is that the term

I% has been replaced by its numerical value of 1077,




- 317 -

It should be noted that XFLUX and YFLUX make use of the
basic functions AATAN and AALOG directly, and must therefore be
handled with care near positions of singularity. More explicitly,
each evaluation of a field component calls upon either AATAN (X ,Y)
or AALOG (X ,Y) four times, and this gives rise to four positions
of singularity where one of these calls happens to set X =Y =0 .
These positions coincide with the four edges of the two horizontal
conductors comprising the coil. XFLUX and YFLUX may be used to
evaluate fields at all other places, including other positions along
the horizontal line containing the conductors, but at the four
singularity positions the numerical results returned by the computer
are invalid. The physical explanation for the singularities‘is that
the field is undergoing infinite curvature as it reverses direction
from the top of an infinitely thin conductor, round its end, and
back along the bottom. An evaluation of the field at such a point

is meaningless.
D.2.4 XFORCE, YFORCE and EMLINK programming.

The last three Fortran functions in the source code library
AASORS are XFORCE, YFORCE and EMLINK. These evaluate respectively
the horizontal and vertical components of force on a strip conductor
in the field set up by a horizontal coil of strip conductors, and the
mutual inductance between two such coils. The physical dimensions of
conductors and coils, and their relative positions, are passed as
function parameters (see section D.2, pages 311 and 312). In the case
of the two functions for calculating forces, the evaluations are done

for unit current in both the conductor and the coil.

Programming of all three functions again comprises direct Fortran
expressions of equations given in Appendix C (see equations 5, 6 and 8
in sections C.4 and C.5, pages'305 and 308) . There are no restrictions
of singularity on the use of XFORCE, YFORCE or EMLINK. The basic
routines AATAN and AALOG are referenced only via calls to TANINT,
ALNINT and DUBINT and any singularity evaluations are therefore
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properly handled as explained in section D.1l. In particular EMLINK
may be used to obtain the self-inductance of a horizontal coil of
strip conductors simply by evaluating the mutual inductance of two

identical coils superimposed.
D.2.5 Subroutine CINVRT programming.

The final routine in library AASORS is subroutine CINVRT,
which performs the inversion of a complex matrix. This is defined
as a SUBROUTINE rather than as a Fortran FUNCTION since it is the
only routine in the library that returns more than one numerical
result. The matrix inversion itself is done by one of the subroutines
available in the Numerical Algorithms Group library. This latter is
a library of mathematical routineé that has been installed on many
industrial and university computers, and the Mark 6 version of it is
currentiy,in operation at Imperial College. Subroutine FO4ADF was
selected from the library to perform the matrix inversion. Details
of FO4ADF may be found in the NAG software documentation, but its
general purpose is to solve a set of complex linear equations with
multiple right-hand sides. By specifying the matrix of right-hand
sides as the unit complex matrix, the solution obtained is the

inverse of the matrix of coefficients on the left-hand sides.

The action of routine CINVRT is to sort out the many parameters
required by FO4ADF, copy the matrix to be inverted into a scratch
storage area, set up the unit matrix of right-hand sides, and call
the NAG inversion routine. Upon return from FQ4ADF the solution
matrix has overwritten the unit matrix and the scratch storage area
has been overwritten during internal computation (this is the reason
for the copy operation beforehand). CINVRT then multiplies the
original matrix by the solution (inverse) matrix, forming the product
in the scratch area again, and checks that this product is a close
approximation to the unit complex matrix. This check is done by
summing the absolute values of the real and the imaginary parts of

all the terms comprising the product matrix ~ these should of course
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all be zero except for the real parts of the terms on the leading
diagonal, which should be unity. Thus the resulting sum should
equal the size of the matrix being inverted. Such a check is
necessary because routine FO4ADF does not flag ill-conditioned
matrices, i.e. matrices for which an inverse is returned but which
have accumulated rounding errors so great that the solution is

unreliable.

Four parameters are passed to and from subroutine CINVRT.
The first two, AMAT and BMAT, are respectively the given complex
matrix to be inverted, and the returned complex inverse. Each of
these must be declared as COMPLEX arrays in the calling routine,
and each has a size limit of 40 by 40 set upon it within CINVRT.
A further 40 by 40 complex matrix, CMAT, is defined internally
within CINVRT to form the scratch area for copying and product
checking. The third subroutine parameter, NSIZE, is the actual
size of the array to be inverted (maximum 40). For any value of
NSIZE less than 40, the initial matrix is assumed to lie in the
top NSIZE rows and the left—-hand NSIZE columns of AMAT, and the
solution is returned in the corresponding portion of BMAT . The
final subroutine parameter, IFAIL, is normally returned as zero,
indicating that a reliable inverse of AMAT has been found. Return
with IFAIL = 1 indicates an ill-conditioned matrix (unreliable
solution), while return with IFAIL = 2 indicates that routine
FO4LADF has encountered a numerical error. The latter case is
usually the result of trying to invert a singular matrix, i.e. ome

with a determinant of zero, for which no inverse exists.

D.3 FORDIS and CONDAT - two computer programs to analyse an

electromagnetic levitator

This section describes two computer programs which perform
analytical investigations of a theoretical model of an expanding-
geometry levitator. Each program investigates the elementary
strip-conductor model of a levitator described in section 2 of

Appendix B (see page 277), by means of the analytical method outlined
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in that section. Each therefore makes use of the mathematical
derivations of fields, forces and mutual inductances of combinations
of strip conductors as presented in Appendix C. Each also makes

use of the computer subroutine and function library AASORS , based
on the above mathematical derivations. The programs are thus
presented as specimen implementations of the theoretical analysis

of Appendix B, and as examples of the use of library AASORS.

The first of the two programs, FORDIS, derives the detailed
distribution of forces across the width of a conducting plate
suspended over a suitable stator. Results from this program were
presented in Fig B.4 (see section 3 of Appendix B, page 285). The
second program, CONDAT, analyses a similar system for a multiplicity
of different positions of the rotor, and derives the total resultant
force acting on the rotor in eacﬁ position. Figures B.5 and B.6
(on pages 289 and 291 of Appendix Bj were plotted from results of
this kind. »

Both programs were designed to be used inter—actively under
the Telex subsystem of the NOS operating system on the Imperial
College computer. All input parameters (e.g. physical dimensions
of stator and rotor, relative positions, stator current) are
entered at the terminal in response to appropriate prompts given
by the program. Every parameter has a 'sensible'" default value
which may be selected by pressing "carriage return" instead of

entering a value in answer to the prompt.

Conversational output and a summary of the program results are
directed back to the operating Telex terminal, but the full output
of each program is directed to a local file named "TAPE7". This
file may be inspected from the terminal upon completion of the
program, or it may be listed on the line printer or renamed and
saved as a permanent data file for future access. Each new run of
either FORDIS or CONDAT writes a new local file TAPE7, overwriting

any similarly named local file in the process.
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The following two parts of this section describe the two
programs in detail. Source code listings of them are presented

for reference in Appendix E.

D.3.1 FORDIS - a program to use the simple strip conductor model

of an expanding-geometry levitator to derive a

theoretical distribution of forces across the rotor.

Program FORDIS may be considered in five parts. The first
prompts the terminal for the rotor plate dimensions, the resistivity
of the rotor material, the frequency of the current system, and the
number of equivalent strip conductors to be used in the modelling
of the rotor. The second part constructs the rotor matrix from the
information given, and inverts it. This rotor matrix is the left-
hand matrix of equation 1 in Appendix B (see page 282). The third
part of the program prompts the terminal for the stator dimensions
and the stator current. Part 4 asks for the position of the rotor
plate relative to the stator, and proceeds to evaluate the terms in
the right-hand column vector of equation 1. It then multiplies the
inverted rotor matrix by this column vector to solve for the
individual currents in the strip conductors. Finally Part 5
evaluates the force on each strip conductor set up by reaction with
the stator currents, to give the detailed distribution of force
across the rotor. The individual forces are also summed to give
the resultant force. The program ends with an option to repeat
Parts 4 and 5 for new positions of the rotor plate as many times

as required.

In more detail - FORDIS starts by initialising all the input

variables to their default values. These are as follows:

WIDTH = width of rotor plate default 10 cm
THICK = thickness of rotor plate " 3 mm
ROE = resistivity of rotor material " aluminium
OMEGA = frequency " 50 Hz

NBAR = number of equivalent strip conductors " 40
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SLOIW = slot width of (imaginary) core default 3.6 cm
TOOTH = tooth width of core " 1.9 cm
SCURNT = current in stator coils " 100 amps
P = horizontal rotor displacement " 0

Q o= vertical rotor displacement " 10 mm

Note that the stator coil dimensions are specified in terms of
the imaginary iron core which they embrace — see Fig B.2 on page 278
of Appendix B. This was done because it was found easier to
visualise the coils in terms of the '"slot width" and "tooth width"
of the C-core that they embrace rather than in terms of the conductor
spacing and conductor widths of the coils themselves. The default
values for the stator parameters are the appropriate dimensions of
the practical "long pole-pair" machine of Chapters 3 and 4, and the
default rotor parameters describe an aluminium plate 10 cm wide by
3.mm thick. This forms the "standard 1e§itator" referred to in the
discussion on the results of the strip conductor analysis (see

section 3 of Appendix B, page 284).

FORDIS then asks the terminal for the width and thickness of
the rotor plate to be analysed, the resistivity of the plate, the
frequency of the current system and the number of equivalent strip
conductors to be used in the rotor simulation. The opportunity is
thus given for the investigation of plates of copper or other material
or even "superconducting" plates of zero resistivity, and at
frequencies other than 50Hz . The numerical answers to these
questions are given in "free-format" style, and any input errors
(such as a letter accidentally typed in place of a digit) cause the
question to be asked again. Pressing merely "carriage return” in
answer to a prompt causes the appropriate default value to be selected

for the variable(s) in question.,

From the information given (or the default values if selected)
the program calculates the width WBAR of each rotor "bar", the
half-spacing RA between the two conductors of each rotor coil, and
the half-width RC of each conductor. Fig D.2 shows these named

dimensions on a typical rotor / stator configuration. In practice the
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Fig D.2 Geometric parameters in progroms FORDIS and CONDAT.

specification that the equivalent strip conductors should together just
span the width of the rotor plate, with no gaps between them, means
that variables RA and RC both have the numerical value WBAR/ 2, but
the distinction between them has been maintained in the interests of
clarity and generality. The first part of FORDIS ends by writing

all values given and calculated so far to the local output file TAPE7,

together with a header giving the date and time of the program run.

The second part of FORDIS assembles the complex rotor matrix
AMAT. It will be appreciated that the number of rotor current loop
circuits NLOOP is one less than the number of strip conductors NBAR.
The rotor matrix is of order NLOOP. A limit of 40 has been placed
upon the number of loop circuits, hence AMAT has been dimensioned
40 by 40 at the top of the program. It can be seen from equation 1
of Appendix B (page 282) that the real parts of the matrix elements
are all zero except for those on three adjacent diagonals. The
program calculates the resistance RESIS of unit length of one rotor
bar, and fills in double this value for the real parts of all terms
on the leading diagonal, and the negative of RESIS for the elements
of one diagonal on either side. The entire matrix is initialised
during this process, including all the imaginary terms, which in the

first instance are set to zero.
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The next step is the computation of the self-inductance of each
rotor coil, and the mutual inductances between each and every other
coil. There is a large amount of symmetry here, so the program only
evaluates the NLOOP mutual inductances between the left-hand coil
and all the coils in sequence (the first term of these results being
the coil's own self-inductance). The calculations are done inside a
DO-loop of calls to function EMLINK in library AASORS, and the
results are stored in array RMUT (dimension 40). The imaginary
parts of AMAT are then filled by selecting the appropriate value
for each matrix element from RMUT, multiplying it by the frequency
OMEGA, and adding it to the present element value. The entire .
matrix is written to TAPE7, and a message "rotor matrix complete"

appears on the terminal.

AMAT is inverted by routine CINVRT, the solution being returned
in matrix BMAT (also dimensioned 40 by 40). It might be observed
that both AMAT and BMAT have been declared as unlabelled COMMON at
the top of the program. This uses a particular feature of the
Imperial College computer, that unlabelled COMMON occupies that part
of the computer memory initially used by the LOADER to load the
program. By this means the storage requirements to load the program
‘are reduced by the space taken up by two 40 by 40 complex matrices,
i.e. by 6400 words.

On return from CINVRT, the program checks the fail parameter
IFAIL for the value 2, indicating that AMAT is singular, and aborts
with an appropriate message on the terminal if this condition is found.
Otherwise the whole of BMAT is written to TAPE7 . IFAIL is then
checked for the value 1, indicating an ill-conditioned original matrix,
and if this is found the terminal is asked whether program execution
is to proceed with the unreliable inverse matrix, and a message is
written to TAPE7 . Under the normal condition of IFAIL = O the
message "matrix inversion complete" is printed at the terminal, and

the program moves on to part 3.
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The third part of FORDIS asks for the stator slot width SLOTW
and the tooth width TOOTH . From the values given (or from their
defaults) the program calculates the distance SX of the centre of
each stator coil from the centre line of the stator, the conductor
half-spacing SA of each coil, and the half-width SC of each
conductor comprising the coils (see Fig D.2). FORDIS also asks for
the stator current SCURNT for which the analysis is to be performed.
The values of all variables related to the stator are written to
TAPE7. At this point all of the computation that is independent of

the displacement between rotor and stator has been completed.

The remaining two parts of FORDIS include all the computation
that is dependent upon rotor position, and they may be repeated as
many times as desired for different positions of the rotor plate.
The beginning of part 4 asks the terminal for the horizontal and
vertical displacements P and Q of ihe rotor centre from the stator
centre. The individual rotor coils are then taken in turn. For
each rotor coil three distances X, X1 and X2 are calculated, being
the horizontal distances from the centre of the coil to the centre
of the rotor plate, and to the centres of the two stator coils
respectively. The latter two dimensions are used as parameters in
function EMLINK, to evaluate the mutual inductances between the
rotor coil and each stator coil. These in turn are combined to
construct the appropriate element of the right-hand column vector
RSIDE of equation 1 in Appendix B. The multiplying factors OMEGA
and SCURNT are included in each term of RSIDE . Dimensions X1
and X2 and the corresponding element of RSIDE are written to TAPE?

for each rotor coil.

The inverted matrix BMAT is then multiplied by vector RSIDE
to derive the vector of rotor loop currents RCURNT . These are
combined again to give the solution vector of bar currents BCURNT .
These latter are the individual currents flowing in each of the
NBAR strip conductors comprising the simulation of the rotor plate.
Note that vectors RCURNT and BCURNT are both Fortran COMPLEX

arrays, since in gemeral the alternating rotor currents will differ
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in phase from the stator currents. Output of the solution vector
of bar currents is held over to part 5 to be combined with the

force distribution output.

The fifth and final part of FORDIS takes the rotor bar currents
one at a time, and evaluates the forces on each current set up by
reaction with the currents in the two stator coils. Functions
XFORCE and YFORCE give the components of force acting on unit
steady-state current flowing in a strip conductor within the field
set up by unit steady-state current in a coil of strip conductors.
To obtain the force components between non-unit steady-state
currents it is necessary only to multiply the function results by
the product of the currents. For alternating currents the situation
is a little more complicated in that the scalar product of the two
alternating quantities must be used as tae multiplying factor (see
Chapter 9, page 204 for a similar situation involving the Jumping
Ring machine) . However for program FORDIS the current in the
left-hand stator coil is by definition the phase—zero reference,
so the scalar product of any rotor bar current with the left-hand
stator current is merely the stator current magnitude multiplied by
the real part of the rotor current. The negative of tﬂe same
quantity is the scalar product of the same rotor current with the

(reversed) current in the right-hand stator coil.

Thus for each strip conductor in the rotor simulation, the
program calculates the scalar product SCPROD of the conductor
current with the current in the left-hand stator coil, and uses this
with functions XFORCE and YFORCE . Four components of forceAare
evaluated for each conductor, being FXL and FYL set up by reaction
with the left-hand stator coil, and FXR and FYR set up by reaction
with the right-hand stator coil. These again are .combined to give
the total resultant horizontal and vertical components of force FX
and FY acting on the strip conductor. FX and FY have been
defined as arrays which store the force evaluations for all NBAR

conductors, while the remaining variables in part 5 are overwritten
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as each successive conductor is handled. The values of the conductor
current, the individual force components and the total resultant

force components are all written to TAPE7 for each strip conductor.

Finally the complete set of NBAR forces in arrays FX and FY
are summed to give the total resultant horizontal and vertical
components of force acting on the rotor plate. This is the only
output that appears on the terminal as well as on TAPE7 . The
option is then given to go back to stage 4 to re-—evaluate the
distribution of forces for a mnew position of the rotor, or to end

the program.

At the termination of the program the output file TAPE7 contains
the following output once: header, date, time, rotor parameters,
initial rotor matrix, inverted rotor mairix, stator parameters and
specified ‘stator current. TAPE7 then contains the following
information repeated as many times as stages 4 and 5 were executed:
rotor plate position, individual rotor current loop offsets from the
two stator coils, right-hand column vector RSIDE, individual strip
conductdr current solutions, component and resultant forces on each
strip conductor, and the resultant force components on.the entire

plate. The output file ends with the time of program termination.

D.3.2 CONDAT - a program to use the simple strip conductor model

of an expanding-geometry levitator to investigate
the rotor plate in a multiplicity of different
positions, and derive the resultant force componénts

acting on it for each position.

Program FORDIS described above was written to provide an
inter-active facility for obtaining a complete distribution of
forces across a floating plate (hence the name — FORce DIStribution).
FORDIS produces an output file containing a comprehensive listing
of all parameters input to the program and most values calculated

internally, in addition to the solutions for the rotor currents and
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distribution of forces. As such the program is intended to be
used for only a limited number of rotor plate positions, for the
quantity of information output soon becomes unwieldy in its sheer
volume when, say, a 40-bar rotor simulation is used to examine

several positions.

A companion program, CONDAT, has been written to give a more
selective output. CONDAT prompts the computer terminal for
information specifying a rectangular grid of positions, and proceeds
to derive the total resultant components of force acting on the
rotor plate, for every position of the rotor in the grid so defined.
The output file contains merely the rotor and stator parameters,
the grid of rotor positions and the two resultant force components

for each position.

The Fortran source code of program CONDAT is included in
Appendix E. The first three parts of the program are almost
identical with the corresponding parts of FORDIS, with the same
objective of requesting rotor and stator parameters and performing
all the computation that does not depend on rotor position. The
only major differences are the default definitions of some new
variables and the supression of the rotor matrix (and inverse

matrix) output to TAPE7.

The remainder of CONDAT , however, takes a different course.
Part 4 asks for the left- and right-hand limits to the horizontal
movement of the rotor plate and for the number of positions required
within this range. It repeats the question for the lower and the
upper limits to vertical movement and for the number of vertical
positions. These answers define a rectangular grid of rotor positions,
whose attributes are written to the output file. CONDAT then sets
up two nested DO loops enclosing parts 5 and 6, in such a way as
to invoke these last two parts once for every rotor position in

the grid.
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The extra variables .introduced and their default values are:

XL = left limit of rotor movement default O
XR = right limit of rotor movement " 40 mm
NUMX = number of horizontal positions " 9
YB = bottom limit of rotor movement " 5 mm
YT = top limit of rotor movement " 20 mm
NUMY = number of vertical positions " 4

Notice that these defaults give a grid of 36 positioms, with intervals
of 5mm in each direction. Figures B.5 and B.6 in Appendix B (pages
289 and 291) were plotted from results calculated for such a grid.
Positions for investigation have been chosen to one side only of the

centre line since the system is of course symmetrical.

The Jast two parts of CONDAT correspond to the last two parts
of program FORDIS . For each required position of the rotor, part 5
constructs the right-hand column vector RSIDE of equation 1 of
Appendix B, and multiplies it by the inverted matrix BMAT (derived
in part 2) to solve for the rotor loop currents RCURNT . These are
combined to find the rotor bar currents BCURNT flowing in the set
of equivalent strip conductors. Part 6 then evaluates the components
of force on each conductor set up by reaction with the stator field
and sums these to give the resultant horizontal and vertical force
components acting on the rotor. These last two values are written

to TAPE7 for every rotor position.

At the termination of the program the output file TAPE7 is in
two sections - firstly a header giving date, time, rotor and stator
parameters and the range of rotor positions, and secondly four
columns giving horizontal displacement, vertical displacement,
horizontal resultant force and vertical resultant force on the
plate for every position specified. This information is particularly
suitable for use by contouring routines (hence the name of the
program — CONtour DATa), which can, for example, find a line passing
through all positions for which the plate experiences an upward force

equal to its own weight.
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This completes the descriptions of programs FORDIS and CONDAT .
They have been presented as a record of the programs which produced
the theoretical results displayed in Appendix B (see Figs B.4, B.5
and B.6). They also serve as specimen programs to demonstrate the
use of the strip conductor analysis of Appendices B and C, and the
function and subroutine library AASORS described in section D.2.
It is hoped that reference to the descriptions and source code
listings of AASORS, FORDIS and CONDAT might help to ease the task
of further programming involved in any future extensions to the use

of the strip conductor analysis.

D.4 Keyboard commands for running FORDIS and CONDAT

This last section of Appendix D lists the keyboard commands
which may need to be typed at a computer.terminal in order to rum
programs such as FORDIS and CONDAf. The commands given are
applicable only to users of the Telex sub-mode of the NOS operating
system as tailored to the computer installation at Imperial College.
They will be of little interest or use to users of other computer

systems.
D.4.1 To insert or remove sequential line numbers.

It will be observed that the source code listings given in
Appendix E do not include sequential line numbers for every line
of source code. The listings are thus in keeping with the international
Fortran standard and should be readily understood by all Fortran
users. The Telex sub-mode of the NOS operating system, however,
normally expects sequential line numbers on Fortran source code,

and the resulting style of many statements becomes slightly

differents

Users of the Imperial College system may be more accustomed to
this modified source code style. Conversion between the two styles
may be accomplished by use of the RSF (Resequence Source File)

command thus:
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GET,FILEl or an equivalent command to obtain a
local file named "FILE1l", which is a
Fortran source code without scquential
line numbers.

RSF,FILE1,FILE2,FOR,PUT creates a second local file "FILE2"
which is the equivalent Fortran source
code with sequential line numbers.

RSF,FILE2,FILE3,FOR, TAK creates a third Fortran Source code
"FILE3" with the numbers taken off
again. FILE3 is thus the same as
the original FILEl.

D.4.2 To create an object code library AALIB from the source
code library AASORS .

One means to run a program such as FORDIS which makes use
of routines in a separate library such as AASORS would be to append
the source code of AASORS to that of FORDIS and then compile and
run the entire resulting file. While this will work perfectly
satisfactorily, it is nevertheless wasteful of compilation time if
several different programs are required to use the same source code
library. It is often preferable to maintain a ready-compiled binary
library, named say AALIB, which contains the binary computer coding
of the functions and subroutines in AASORS . AALIB may then be
loaded together with the compiled version of any program requiring

to use AASORS routines.

The creation of library AALIB from the Fortran source code
AASORS may be accomplished in two stages, each requiring a single
keyboard command. The first stage compiles AASORS and produces'a
single binary module, say AABIN, containing all the functions and
subroutines in AASORS . The second stage turns this binary module
into the library file AALIB. The latter stage is necessary in
order to generate the kind of binary file from which the LOADER
can extract only those subroutines which are required by the calling
program. Single binary modules such as AABIN are not suitable for

this purpose.
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The sequence of keyboard commands is:

GET,AASORS or an equivalent command to obtain the
- Fortran file AASORS as a local file.
AASORS 1is assumed to have sequential
line numbers throughout.

RETURN, AABIN,AALIB ensures that there will be no clash of
file names in the commands to follow.

MNF5 ,K,I=AASQORS ,B=AABIN creates the single binary module AABIN
from the input file AASORS.

LIBGEN,F=AABIN,P=AALIB generates the binary library file AALIB

from the single module AABIN.

SAVE ,AALIB - used if the resulting library file is
to be made permanent for future use.

D.4.3 To run a program that uses libraries AALIB and NAGGF .

Programs such as FORDIS and CONDAT require functions and
subroutines from the source code library AASORS and from the
Numerical Algorithms Group library Mark 6. The previous section
explained how to create a binary library AALIB from the source |
code AASORS . A binary library containing the NAG routines is
available on the Imperial College system under the name NAG6F. It
is necessary to instruct the LOADER to include these two binary
libraries in its list of those to search when resolving subroutine

calls.

This may be done by using the LIBRARY command thus:
X,LIBRARY,AALIB ,NAG6F
The effect of this is to include libraries AALIB and NAG6F in the
library search list for all subsequent program loadings until such
time as another LIBRARY command may be given. Note that neither
library need be available at the time that the LIBRARY command is
given, though both must be available at the time of program loading.
AALIB can be obtained by a GET command if it is a permanent file,
or by an MNF5 / LIBGEN sequence if only AASORS is available. No

commands are necessary to obtain NAG6F ; it is available by default.
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N.B. The initial X on the command line is essential. Its purpose
is to prevent the "LIBRARY" keyword from being interpreted as a
command to switch from the Telex to the Library sub-mode of. the

NOS operating system.

A typical sequence of commands to run program FORDIS might

thus be:
GET,FORDIS,AALIB or equivalent commands to obtain local
' files FORDIS (Fortran source code with
line numbers) and AALIB (compiled
binary library file).
RETURN, LGO ensure default binary file LGO is
not present.
MNFS5,K,1=FORDIS,B compile FORDIS, allowing the binary
output file its default file name LGO.
X,LIBRARY ,AALIB ,NAG6F include AALIB and NAG6F in the list of
' library- names to be used by the LOADER.
1GO. "Load and GO" - loads the binary file

LGO together with all necessary
subroutines, and runs the program.
N.B. the terminating dot is essential.

Subsequent runs of program FORDIS may then be made at any time
that LGO and AALIB are still local files simply by typing the

"Load and GO" command again.

D.4.4 A procedure file to run programs FORDIS and CONDAT .

An alternative method of running programs such as FORDIS and
CONDAT which require subroutines from AALIB and NAG6F is to use
an LDSET / LOAD command sequence in place of the LIBRARY command.
This method is particularly suitable for use as part of a procedure
file containing an entire sequence of commands to run a program.

It is not suitable for use in a sequence of individual commands to

be typed at the keyboard.

The following procedure file compiles, loads and runs the local
Fortran source code program with the dummy name X (the name will be

replaced by the desired program name when the procedure file is called):
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GET,AALIB. ensure library AALIB is a local file,
REWIND,X,LGO. ensure X and LGO are at start—of-file,
RFL, 23000D. allow plenty of core for compiling,
MNF5,K,I=X,B. compile X into default binary file LGO,
RFL, 20000D. ' reduce core requirements for loading,
REWIND,LGO. ensure LGO at start-of-file,
LDSET(LIB=AALIB/NAG6F) AALTIB and NAG6F to be included in LOAD,
LOAD(LGO) LOAD the program with all subroutines,
EXECUTE. exécute the loaded program,
REWIND,TAPE7. , rewind the output file TAPE7 to

start~of-file.

The above procedure file may be typed in from the terminal to

a text file named, say, AARUN, as follows:

NEW , AARUN create a new file, called AARUN.
TEXT accept'following lines as input
to the new file.
Type in the above text all lines typed
comprising all the in here are
commands to run program passed to the
X. Press "BREAK" key file AARUN.
to finish. ‘
PACK tidy up the new text file.
SAVE , AARUN save AARUN as a permanent file.

Procedure file AARUN may then be used to run programs FORDIS
or CONDAT by typing:

CALL, AARUN (X=FORDIS) or CALL, AARUN (X=CONDAT) as appropriate.
D.4.5 Disposing of the output file TAPE7.

Upon completion of a run of either FORDIS or CONDAT, the
local file TAPE7 will be present containing all the output produced.
A subsequent run of either program overwrites this file, destroying
any previous information written on it. If output results are to be
kept between successive runs of the program, some action is therefore

necessary to preserve them.
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A single local file TAPE7 may of course be saved as a
permanent file by the command SAVE,TAPE7 . This however can be
done only once. If a permanent file TAPE7 already exists, a
subsequent local file of the same name can be appended to the

permanent file by the command:
APPEND, TAPE7,TAPE7 .

This produces a composite permanent data file containing both sets
of results in succession. The process can be repeated to add yet
more results up to the ﬁoint where the limit of permanent file size
is reached. Alternatively the local file TAPE7 can be saved under

a different file name, say DATAl, thus:
SAVE (TAPE 7=DATA1l) .

Subsequent data files may then be saved under different names.

Finally a hard-copy listing of any TAPE7 file may be obtained

by queueing the file to the line printer:
QUEVE(TAPE7=PS) .

It should be noted that the output file has been formatted for a
full line printer page width of 132 characters, but no carriage
control characters have been specified. TAPE7 files are therefore
not suitable for output on a terminal limited to 80 characters width,
although inspection of some of the results may be possible in this
way. For the same reason the output file format is not immediately

suitable for dumping to cards.
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APPENDIX E. COMPUTER SOURCE CODE LISTINGS

1 Source code listing of library AASORS

oOoo0 agaoooo

aaoaaao

oo

ooon aaoaoaoo o0 oo

anon

XX%¥¥ AASORS -~ Srecial library for Leviduction Thesis theory kXXX

XXkKX AATAN XXkXk
FUNCTION AATAN (X» Y)

*%XX Routinme to comsute ARCTAN (X/Y)e The indefinite case
XXk X = Y = 0,0 is returned as =ero.

DATA HALFFI,» TWOFIy TINY /1.570796r 6.283185%9y 1,0E-25/
AATAN = 0.0

IF (ARS(X) .LT. TINY .AND. ABS(Y) .LT. TINY) RETURN
AATAN = ATANZ (Xy Y)

IF (AATAN .6T. -HALFFI .0OR. YY .GE. 0.0) RETURN
AATAN = AATAN + TWOPI

RETURN :

END

0.l00.0000000'0'00.000000000000000..00._00.0.00000000000000000.0000000‘.
XKXKK AALOG KkXKkK
FUNCTION AALOG (Xs Y)

X%X%X¥ Routine to comrute the furction 1/2 LOG (XX%X2 + Yx%x2),
XX%¥ The infinite case X =Y = 0,0 is returred as zero.,

DATA TINY /1.,0E-25/

AALOG = 0.0

IF (ARS(X) .LT., TINY .AND., ABS(Y) .LT. TINY) RETURN
AALOG = 0.5 % ALOG (XXX + YXY)

RETURN
END

R R N R T I R R R S B I S N S I O N A N S I I N N A I N A N N N N N N N N N N YN
¥%k%kX TANINT X%k

FUNCTION TANINT (X:.Y)
¥%%k% Rouwtine to compute the intedral of the function AATAN.

TANINT = X % AATAN(Xy Y) ~ Y X AALOG(X:, Y)

RETURN
END

PRI BERN R S NN AR BRI BN I S BR AN BE NN B RN N NN 2 2N B BT BN BN N S N BN N I BE L N R R B K I 2N B BE N N AN B 2N DN BN BN DN BN BN BN BK AR BN BN AX IR AN BN 4

XKk%k%k ALNINT k¥kXkx
FUNCTION ALNINT (Xs Y)

XX%X Routine to comeute the intesgral of the function AALOG.
ALNINT = X ¥ AALOG(Xs Y) + Y X AATAN(Xs Y) - X

RETURN
END

[2E 3K N BN 3R BN B NN B RN R R S RC NN B B SRE B SE R N RN Y RN B R N X BN B B RE RN B R BNE N R AR 2R 2N B K NN BN A I N B B K B K BN R R R B A BN
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XKk DURINT XXXX
FUNCTION DIURINT (Xr Y)
Xk%kX Routine to comrute the intedral of fumctiorm ALNINT.,

XX = X
YY = Y
FART1

FARTZ2

DURINT
RETURN
END

0.5 % (XXkXX — YYXYY) ¥ AALOG(XXr YY)
XX X YY % OATAN(XXy YY) = 0.75 X% XX ¥ XX
FART1 + FART2

fnan

N N N R R R R R R R R RN R Y TR
Xkkk XFLUX XXxkx

FUNCTION XFLUX (Pr Qs As C)
¥%¥%k¥% Routine to comrute the horizomtal flux comronent at rostion (Fs Q)

k%% set ur by unit current in 8 horizontal coil of strir conductors.
k%% Coil is at centre (0.0y 0.0)y of sracing 2A and conductor width 2C,

PP = P
aQ = Q@
AA = A
cc = C

%%k¥X Sum four terms in AATANy multirls bs MUO/(4%PI)y divide by width

SUM = AATAN(PF+AA-CCr QQ) ~ AATAN(FP+AA+CC, QQ)
c - AATAN(FF-AA-CC:, QQ) + AATAN(PF-AALCCy QQA)

XFLUX = SUM % 1.0E-07 / CC

RETURN

END

N N O N N
kkkk YFLUX %k¥kX

FUNCTION YFLUX (Fy» Qy As C)
*%%% Routine to comrute the vertical comrornent of flux at rosition (Pr Q)

Xk%k¥ set ur by unit current in 3 horizontal coil of strir conductors.
X%%% Coil is a3t centre (0.0y 0.0)» of sracing 2A and conductor width 2C.

FFP = P
AQ = Q
AA = A
ce =€ - )
k%% Sum four terms irm AALDGy multirly by MUO/(4XFPI)y divide by width
SUM = AALOG(FP+AA-CCy QA) - AALOG(FFP+AN+CCy QQ)

c ~ AALOG(FF-AA—-CCy QQ) + AALOG(FF-AATCC, QQ)
YFLUX = -SUM % 1.,0E-07 / CC
RETURN
END

L B B R B Y R R B BN A N KK A I N K K 2R BN 2R N R B BN BN BE NN BE AN B BN B BN K B R BN BN BN RN SN AN BN B B BN BE N B RN RN AN BN RE BN BN 2N O B BN BN AN AN



agaooaogoaoan Qoo

aooo

Qo0

oo

aoan

aoooooaoa oo

- 338 -

XXk XFORCE kXX -
FUNCTION XFORCE (Fy Qr Ar C1l, C2)

$4%% Routine to comrute the horizontal force on unit current flowindg in
XX%x% a8 horizontal strir conductory sroduced by imteraction with ficlds
¥%4k% set up by unit current in 8 horizontal coil of strir conductors.
¥%x%% The sirmdle conductor is st cemtre (Fr Q)r and is of widlh 2027 the
X%X%X% coil is centred at the oridinry and is of sracing 24 and conductor
X¥%k% width 2C1.

PP =P
e = Q
AAT = A
cci = c1
cc2 = c2

X%X%k% Sum eight terms of AALOG intedral

SuUM = ALNINT(FF+AA-CCL1+CC2y QQ) - ALNINT(FPF+AAN+CCL14CC2y QR
c - ALNINT(FF-AA-CC1+CC2, QQ) + ALNINT(FFP-AA+CCLH+CC2y QQ)
c - ALNINT(FPF+AA-CC1-CC2, QNQ) + ALNINT(FPFIAA+CCL-CC2y QQ)
c . + ALNINT(FF-AA-CC1-CC2y QC) - ALNINT(FF-AA+CC1-CC2y QQ)

Xk%% Multirly by MUO/(B8XFPI)y divide by eproduct of widths

XFORCE = SUM % 0,5E-07 / (CC1 % CC2)
RETURN
END

L N I I N A N O R N N I A S A N R R R A N N A A A I A A A S N R N A O
dxkk YFORCE %kkXXk

FUNCTION YFORCE (Fy Qs Ay Cly C2)
¥k%% Routinme to comrute the vertical force on unit current flowingd in a
k%%k% horizomtal strir conductorr rroduced by interzction with fields set

¥k ur by wumit currernt in 8 horizontal coil of strir conductors. The
Xk% sindle conductor is at centre (Fr Q)y and is of width 2C25 the coil

X%k%x% is centred at the oridiny and is of sracing 24 and conductor width 2C1.

FP = P
R = Q
AA = A
cCi = Cci
cce = c2

Xk%% Sum eidght terms of AATAN intedrsl

SUM = TANINT (FF+AA-CCL+CC2y QQR) - TANINT(FFIAANECCLHCC2y QQ)
c ~ TANINT(FPP-AA-CCL+CC2y QR) + TANINT(FF-NA4CCLI4CC2, QRQ)
c ~ TANIMT(FF+AA-CC1-CC2s QQR) + TANINT(FF+AA+CCL-CC2y QQR)
c + TANINT(FF-AA-CC1-CC2,y QQ) - TANINT(FF-AN+CCL1-CC2y QQ)

Xk%% Multielw by MUO/Z(B8XFI)y divide by rroduct of widths
YFORCE = SUM % 0.9E-07 / (CC1 X CC2)

RETURN
END

I I R I I R S S I N A A A R U I I NN AR S B S SR N ST S A S IR I S A N N I I LI BN BB R B O BN
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kkkk EMLINK Xk -
FUNCTION EMLINK (Py Qs Aly Cly A2y C2)

¥xx% Routime to comeute the mutual inductance linmking two circuits each -
k%%t being horizontal coils of strir conductors. The coils are sraced
¥xg arart by distance (Fy» Q)5 one coil has conductor seracing 2841 and
okk conductor widths 2C1y the other has sracing 202 and widths 202,

FP = P
aR = Q
AAL = Al
CC1 = C1
AN2 = A2
ccz = c2

kX% Sum sixteen terms of double intedral

SUM = - DOURINT(FF+AA1+AA2-CC1+CC2y QQ) ‘

DURINT (FF+AAL+AA24CCLI4CC2y QQ)
DURINT (FF-AA1+AA2+CCLHCC2y QQD
DURINT(FF+AAT-AAR+CCL+CC2, QQ)
ODURINT(FF-AQ1-AA24+CCL1+CC2, QQD
DURBINT(FF+AAT1+AAZICCLI-CC2y QQ)
DUEBRINT(FPF-AALI+AAZ4CCL-CC2, QQ)
DURINT(FF+tAAL1-AA2+CC1--CC2y QQ)
DURINT(FF-AAL1~AA24CC1-CC2y QQ)

I +

DURINT(FPF-4A1+AAR2-CC14CC2y QQ)
DURINT(FF+AAL-AAR2-CC14CC2y QQ)
DURINT(FF-AA1-AA2-CC1+CC2y QQ:
DURINT(FF+AA1+AAR-CC1-CC2y QQ)
DURINT (FF-AA1+AA2~-CC1-CC2y QQ)
DURINT (FF+AA1-AA2~CC1-CC2y QQ)
DUBINT(FF-AA1-AA2-CC1-CC2, QQ)

P 0 o+

ooooO0ono0n
=4+ 1 4+ 1

4

XKkk Multirly by MUO/(B8%PI)y divide by rroduct of widths

EMLLINK = SUM % 0,5E-07 / (CC1 % CC2)
RETURN -
END .

L SRR SN S N R IR B B B S A AN B BN N BN NN SN IR R BUE BN A AR BN IR 2N AR BN AE BN B K BN AN N SR X 2N IR BN AR 2N BN BN BN B X 2N BN BE AN AL BN BN IR N R N B N 4

k%k%kk CINVRT XXk
SUEROUTINE CINVRT (AMAT, EBMATs NSIZE» IFAIL)

¥xkk Subroutine to invert 3 comrlex matridd,. "AMAT® is matrix to be
¥k invertedy solution is returrned in "BMAT" -~ both comrlex saquare
Kl arrausy dimensiorn (40y 40). NSIZE is actual size of arraw to be
kg% ipverted (not dreater than 40). IFAIL flag is returned a3s zero if
*¥ckk 311 OKy as 1 if AMAT was ill-conditioned (solution unreliable)r or
kXxkx¥k as 2 if AMAT was simdular (no solution rogsible), This routine
k%% yses the NAG librarw routine FO4ADF.

COMPILEX AMAT(40,40)> BMAT(40s40)y CMAT(40:40)
LIMENSION SFACE(40)

k%% Set ur rarameters Por NAG comrler: inversion routine FO4ADF

IA = 40
IR = 40
N = NSIZE
M = NSIZE
IC = 40

IFAIL = 0
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Initialise BMAT a3s unit comrlex matrixey cory AMAT to CHMAT

no 10 I iy N

no 10 J i, N

EMAT(IyJ) = (0.0r 0.0)

IF (I +EQ. J) DBMAT(IyJ) = (1.0s 0.0)
CMAT(IyJ) = AMAT(I»J)

C311l NAG routiner overwriting solution into BMAT

CALL FO4ADF (CMATs IA, EMAT, IBs N» Mr BMAT» ICy» SFACE» IFAIL)
IF (IFAIL .EQ. O0) GO TO 20

IFAIL = 2

RETURN

Multirly AMAT and EBMAT back into CMAT (should dive wumit matrix)

0 30 I = 1, N

o 30 J = 1, N

CMAT(IsJ) = (0.0y 0.0)

0 30 K = 1y N

CHAT(IrJ) = CMAT(I»J) + AMAT(K»J) % EMAT(I»K)
CONTINUE

Find RMS sum of real and imagd elements of CMAT

REEL 0.0
EMAG 0.0
0 40 I = 1y N
Do 40 J = 1y N

REEL = REEL + ARS(REAL(CMAT(I»J)))
EMAG = EMAG + ABS(AIMAG(CMAT(I»J)))
CONTINUE

Resulting sum should equal N if 211 OK

ISUM = REEL + EMAG

IF (ISUM .NE. N} IFAIL =1
RETURN

END
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E.2 Source code listing of program FORDIS

C XXXk FORDIS - A rrodram to analuse exranding-deometrw levitators XNk
c :

FROGRAOM FORDIS (INFUT=131Ey OQUTPUT=131H, TAFES=INFUT»
C TAFES=0UTFUTy TAFE7=131R)

COMPLEX., AMAT(A0+40)y DIMAT(40940)

COMPILEX RSINE(A0)y RCURNT(40)y ECURNT(41)

DIMENGION RMUTC(40) s FX(41)y FY(A1)

COMMON  AMAT» EBMAT

c
C k%X%% Imitislise all variahles
c ]
REWIND 7
PI = 3,14159265
WIDTH = 0.1
THICK = 0,003
ROE = 2,469E-08
OMEGA = 2,0 X FI % 50.0
NEAR = 40
SLOTW = 0.036
TOOTH = 0,019
SCURNT = 100,0
. F = 0,0
Q@ = 0,01
c
C XXX e e e e e e e e e +
C %%%XX } Part 1 - obtain rotor rarameters !
C XXKK o e e e e e e — e +
[
C XXXX%X Ask for rotor rarameters
c
10 FRINTy "Enter width and-thickness of rlate (mm)"»
READ (ERR=10y ENLI=20y Sy ) W T
WIDTH = W % 0,001
THICK = T % 0,001
c
20 FRINTy *Enter resistivity (<CR> for alumirnium)®y
READ (ERR=20y END=30» S5y ) R
ROE = R
c .
30 FRINTy *Enter frecuency (Hz - <CR> for 50 Hz)":
READ (ERR=30y END=40, 5y ) F
OMEGA = 2.0 X PI %X F
c
40 FRINT,y "Enter ruumber of rotor current hars®y
READ (ERR=40y END=60y 3y ) N
IF (N +GT. 2 +ANDIDe N JLE. 41) GO TO S0
FRINTy "A number between 3 and 41y rleasse."
GO TD 40
50 NEBAR = N
Cc
C XX%X Set coil deometry variashles
Cc

60 NLLOOF = NBAR - 1
WEAR = WINOTH / FLOAT(NBAR)
RA = WEAR 7/ 2.0
RC = WRAR 7/ 2.0

XXXk Get dater timer write outrut header

oon
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CALL DATE (IID

CALL TIME (IT)

WRITE (7y 70) IDy IT

FORMAT ("xXxx% OUTFUT FILE FROM FROGRAM FORDIS Xx%XX®/»
"kxkX FROGRAM RUN ON "s A10r "AT"s A10)

Write rotor rarameters to TAFPE?7

IFREQ = OMEGA / (2.,0%FI)

WRITE (7 80) WIDTHy THICKs ROEr IFREQs NEARy WERAR

FORMAT (/s "ROTOR FLATE "» 3FF3.1, * MM WIDE BY "y FS.1»
" MM THICK"/» "RESISTIVITY "y IFE%?.2y * OHM-Ms"»
* AT FRIEQUENCY *» I3y " HZ"/r "SIMULATION BY "y I2y
* CURRENT BARSy EACH "» 3FFS.1y " MM WIDE®)

Find bar resistancer set real rarts of rotor matrix

RESIS = ROE / (WEAR % THICK)

Do 100 I = 1, NLOOP

no 100 J = 1y NLOOP

AMAT(I»J) = (0.,0y 0.0)

IF. (I +EQs J) AMAT(I»J) = CMPLX(2,0%RESISs 0.0)
IF (I +EQ. Jt+1) AMAT(I»J) = CMFLX(-RESIS» 0.0)

IF (I +EQ. J-1) AMAT(I:D) CMPLX(-RESISs 0.0)

CONTINUE

Cslculate set of mutual inductances across rlate

o 110 K = 1, NLOOP
X = WBAR X FLOAT(K-1)
RMUT(K) = EMLINK (Xr 0.0y RA» RCs RAs RC)

CONTINUE

Set up comrlex elements of rotor matrix
o 120 I = 1, NLOOP

no 120 J = 1y NLOOP

K = IABS(I-J) + 1
AMAT(Ivyd) = AMAT(I»J) + CMFLX(0.0» OMEGAXRMUT(K))
CONTINUE

Outrut resulting matriy to TAPE?7

WRITE (7 130)

FORMAT (/» "INITIAL ROTOR MATRIX 3-")

g 150 J = 1y NLOOF

WRITE (7y 140) Jy (AMAT(I+J)»I=1,NLOOP)

FORMAT (*R *» I2y "3 "y G6(LIFER.2y "»"y E?.25 *J ")/»
6(6Xy G6(ER:2y ®»"y E?:2y "J ")/))

CONTINUE

FRINT, "%% ROTOR MATRIX COMFLETE®

Invert matrix - check inversion succeeded

CALL CINVRT (AMAT, EBMAT» NLOOFs IFAIL)

IF (IFAIL .NE. 2) GO T0O 160

FRINT, *"%X% NAG INVERSION ROUTINE FAILED - FROGRAM ABORTED®
STOP :



o0

o0O0

o000 000

o000

[y EyEyErialv oy

- 343 -

X%kX% Write inverted matrix to TAFE?

160 WRITE (7, 170)

170 FORMAT (/s “INVERTED ROTOR MATRIX :-")
0o 180 J4 = 1y NLOOP

180 WRITE (7y 140) Jy (EMAT(I»J)»I=1,NLOOP)

X%%k% Now check inverted matriy sensible - not ill-conditioned

IF (IFAIL .EQ. 0) GO TO 220
WRITE (7y 190) .

190 FORMAT (/*"%k%k% ILL-CONDITIONED MATRIX, IFAIL = 1%)
FRINTy "%k ILL-CONDITIONED MATRIX, SOLUTION UNRELIAERLE®
FRINTy "Enter <CR> to continue or X to stor®:»
REALl (ERR=200y END=230y S5 ) N

200 WRITE (7y 210)

210 FORMAT (/» "Xkx%k EXECUTION TERMINATED FROM TERMINAL XXk%%*®)
STOP

220 FRINTy "%¥% MATRIX INVERSION COMFLETE*

KKK e e e e e e e +
Xx%kX% | Part 3 - get stator rarameters |
KERKEK e e e e e e e e e +
{*** Get.stator geonetry

230 FRINTy "Enter stator slot width and tooth width (mm)*,
READ (ERR=230y END=240y Sy ) S T
SLOTW = 8§ % 0.001
TOOTH = T % 0.001
240 SX (SLOTW+TOOTH)Y / 2.0
SA SLOTW/4.0 + TOOTH/2.0
sc SLOTW/4.0

X¥%X Get stator currents outrut stator rarameters to TAPE?

250 FRINTy "Enter stator current (amrs) "y
READIl (ERR=250y END=2460y 3¢ ) §
SCURNT = &

260 WRITE (7, 270) SLOTW, TOOTHy 2.0%SAy 2.0%SCy SCURNT

270 FORMAT (/» "STATOR SLOT WIDTH "y 3PF3.,1r * MM AND TOOTH WIDTH ®»

C FS.1y * MM"/y"SIMULATED RY TWO COILS OF SFACING *»

Cc * MM AND CONDUCTOR WIDTH "y FS5.2y * MM*/»

Cc "STATOR CURRENT *» OFFS.1, * AMPS"/)
KKK o e e e e e e e e e e e e e e e +
*%k%X% | Fart 4 - det rotor offsetrs construct column vectors |
b3 & S solve rotor loor currents and bar currents |
KKK e e o e e e e e e e e e e e e e e e e s i s o e e +

X%%k%x Get rotor/stator offset

300 FRINTy "Enter P and Q disrlacement of rotor centre (mm)"»
READ (ERR=300s END=310y Sr ) X» Y
F=X%X 0,001
Q=Y % 0,001
310  WRITE (7, 320) Py Q
320 FORMAT (101(*.*)//y "ROTOR DISFLACED RY"» 3FF6.2y
Cc * MM HORIZONTALLY AND "» FS5.2» " MM VERTICALLY®"/)

F5027
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XXX Set ur vector for RHS of ecuation . -

WRITE (7r 330)
330 FORMAT ("RIGHT-HAND SIDE OF EQUATION:'/y *COIL", 92Xy
c "OFFSET L*y 9X, "OFFSET R"r 15X, °RSIDE")
Do 350 K = 1,y NLOOF

X =P - WINTH/2.0 + WEARXFLOAT(K)
X1 = X + 8X
X2 = X - 5X .
RTERM = -EMLINK (X1, Qr SAr S5C» RAs RC)
c +EMLINK (X2y Qr SAs SCr RAs RE)

RETDE(K) = CMFLX (0.0s RTERMZSCURNTXOMEGA?

WRITE (7y 340) Ky Xir X2y RSIDE(K)
340 FORMAT (I3y 11Xy 3FFS5.1s 12Xy F5.1» 11Xy OFPF4.15 *s"*y 1FE?.2, *J")
350 CONTINUE

kkckk Multirly inverted matrix by ridht-hand side to obtain. vector
¥%Xx% of rotor loor currents. .

Lo 360 4 = 1y NLOOP

RCURNT () = (0.0y 0.,0)

00 360 I = 1y NLOOP

RCURNT(J) = RCURNT(J) + BMAT(I,J) % RSIDE(I)
360 CONTINUE

i*** Combine loop currents to solve for bar currents

ECURNT(1) = RCURNT(1)
Do 370 K = 2y NLOOP

370 BCURNT(K) = RCURNT(K) -~ RCURNT(K-1)
BCURNT (NEAR) = ~RCURNT(NLOOP)
FRINT, *%X ROTOR CURRENTS SOLVED®

KKK o e e +
Xkxx | Part § — force calculations |
KKEK o e e e e e e -+

X%%kX Set ur loory take rotor bar currents one by one s

WRITE (7r 410)
410 FORMAT (/» "SOLUTION TO ROTOR CURRENTS AND FORCES:!®*/» " EAR"» 3X»
c "COMFLEX CURRENT®, 13Xy "LEFT FORCE®"s 14Xy °"RIGHT FORCE®"»
c 14X, "TOTAL FORCE®/» 33Xy "HORIZ®"» 7X, “VERT®r 9X»y
c "HORIZ"y 7Xy "VERT"y 9Xr °*HORIZ®y 7Xy °*VERT")
00 430 K = 1y NBAR

XXx¥ Find comronent forces on rotor current from each stator current

X =F — WIDTH/2,0 + WBARX(FLOAT(K)-0.,3)
X1 = X + 8X
X2 = X - 8X

SCPROO = SCURNT % REAL(BCURNT(K))

FXL = SCFROD % XFORCE (Xly Qr SAy SC» REC)
FYL = SCFROD % YFORCE (X1, Qs SAy SC» RC)
FXR = ~SCFPROD % XFORCE (X2, Ry SAr SCr» RO)
FYR = —-SCFROD X YFORCE (X2, Qr SAr 8SCr RC)
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XX%% Sum forcesr outrut whole to TAFE?

FX(K) = FXL + FXR
FY(K) = FYL + FYR
WRITE (7y 420) Ky RBCURNT(K)s FXLsy FYLy FXRy FYRsy FX(K)s FY(K)
420 FORMAT (I3, 33Xy 1FE9.2y "»"y E?.2y "J*y 5Xr EF.2y 2X»
c E?.2s 55Xy E?.2y 2X» E?.2y 59Xy E?.2» 2Xr EZ?.2)
430 CONTINUE

X%%%X Now sum forces across whole rlate to get resultant

FXSUM 0.0
FYSUM 0.0
o 440 K = 1, NBRAR
FXSUM = FXSUM + FX(K)
FYSUM = FYSUM + FY(K)

440 CONTINUE
WRITE (6s 450) FXSUM, FYSUM
WRITE (7» 450) FXSUMs FYSUM :

450 FORMAT (/y "RESULTANT FORCE ON FLATE ! "» 1FE?.2»

C * N HORIZONTALLY AND *» E?.2y * VERTICALLY"/)

o

¥%%% Eack for another rotor rosition if recuired

200 FRINT» "Enter <CR> for new rotor rosition or X to stor®»
READ (END=300r Sy 510) IANS

510 FORMAT (A10)
IF (IANS .NE. 1HX) GO TO 500
CALL TIME (IT)
WRITE (7y 920) IT

920 FORMAT (*X%%%X FROGRAM TERMINATED FROM TERMINAL AT®s A10)
WRITE (6s 530)

530 FORMAT (/"%% ENDI OF FROGRAM -~ FULL OQUTFUT LISTING IS ON TAFEZ7."/)
STOP
END
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E.3 Source code listing of program CONDAT

C XX%xX CONDAT -~ Frosram FORDIS sdarted to give contourins doto XkXx
Cc

FROGRAM CONDAT CINFUT=131Ry OUTFUT=131Ry TAFES=INFUT?»

C TAFES=0UTFUTy TAFEZ7=131R)

COMFLEX AMAT(40:40)s EBMAT(40:40)

COMFLEX. RSIDE(40)r RCURNT(40)y BCURNT(41)

DIMENSION RMUTC(A40)

COMMON AMATy BMAT

C
C X%k%% Initialise a1l variables
p .
REWIND 7
FI = 3,14159245
WIDTH = 0.1
THICK = 0.003
ROE = 2,469E-08
OMEGA = 2.0 X FPI X 50,0
NEAR = 40
SLOTW = 0.03646
TOOTH = 0,019
SCUSNT = 100.0
XL = 000
. XR- = 0004
NUMX =9
YR = 0,005
YT = 0,02
NUMY = 4
c .
C XX%x%X +-————m———e— e ————— e e +
C %%%x% ! Part 1 -~ obtain rotor rarameters |
C RRKkK drmmm e e e e e e e +
Cc .
C Xx%x%xXx Ashk for rotor rarameters
Cc

10 FRINTy *Enter width and thickness of rlate (mm)*»
READ (ERR=10, END=20y Sy ) Wse T
WIDTH W % 0,001
THICK T % 0,001

i

it

20 FRINTy "Enter resistivite (<CR> for aluminium)®»
READ (ERR=20, END=30s Sr ) R
ROE = R

30 PRINTr "Enter freauency (Hz ~ <CR> for S0 Hz)"»
READ (ERR=30y ENDI=40s Sy ) F
OMEGA = 2.0 X PI X F

40 PRINTy "Enter number of rotor current bars®y
READO (ERR=40, ENDI=60y Sy ) N
IF (N .GT+ 2 »AND, N .LE, 41) GO TO S50
FRINTy "A number between 3 and 41y rlease.”.
GO TO 40

50 NBAR = N

X*%X%x% Set coil deometrw variasbles

pEy Nyl

40 NLOOF = NBRAR - 1
WEAR = WIDTH / FLOAT(NBAR)
RA WRAR / 2.0
RC WEAR / 2.0

W
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XXXk Get dater timer write outrut header

CALL DATE (ID)
CALL TIME (IT)
WRITE (7, 70) ID, IT
70 FORMAT ("xdokk QUTFUT FILE FROM FROGRAM CONDAT XXXk*/»
c “kkkk FROGRAM RUN ON "» A10, "AT"» A10)

*¥%X%X Write rotor rarameters to TAFE7
IFREQ = OMEGA / (2.0%FI)

WRITE (7y 80) WIDTH, THICK: ROE, IFREQs NEAR» WBAR
80 FORMAT (/» *ROTOR FLATE ®"» 3FF5.1, " MM WIDE RY "» FS.1y

c ! MM THICK®*/y *RESISTIVITY "» 1FE?.2y, " OHM—~Ms ">y
[ " AT FREQUENCY *» I3y ® HZ"/, "SIMULATION RBRY "»
C * CURRENT EARSy EACH "y 3FFS.1y " MM WIDE")

kkkxk + ——— e e e +

*%k%x%x ! Fart 2 - construct rotor matrixy invert it |-

KKK o e e e +

XXXX Find bar resistancer set real rarts of rotor matrix

RESIS = ROE / (WRAR % THICK)

0o 100 I = 1, NLOOP

0o 100 J = 1y NLOOP

AMAT(Iyd) = (0.,0y 0.0)

IF (I +EQ. J) AMAT(IsJ) = CMFLX(2,0%XRESISs 0.,0)

IF (I JEQ. J+1) AMAT(I,J) CHPLX(~RESISy 0.0)

IF (I EQ. J-1) AMAT(IyJ) CMFLX(-RESISy 0.0)
100  CONTINUE

]

XXkX Calculate set of mutual inductances across rlate

Do 110 K = 1, NLOOP

X = WBRAR X FLOAT(K-1)

RMUT(K) = EMLINK (X, 0.0, RAy RCs RAr, RC)
110 CONTINUE

Xx%kk% Set ur comrelex elements of rotor matrix

no 120 I = 1y NLOOP

0o 120 4 = 1s NLOOP

K = IARS(I-J) + 1

AMAT(Ir ) = AMAT(I»J) + CHMFLX(0.0y OMEGAXRMUT(K))
120 CONTINUE
) FRINTy "X¥k ROTOR MATRIX COMFLETE®

XX%Xx Invert matriyx - check inversion succeeded

CALL CINVRT (AMAT» EMATy NLOOF, IFAIL)
IF (IFAIL NE. 2) GO TO 130

FPRINT, "4% NAG INVERSION ROUTINE FAILED - FROGRAM ABORTED®

STOP
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¥%¥%% Now check inverted matrix sensible - not ill-conditioned

130 IF (IFAIL +EQ. 0) GO TO 170
WRITE (7 140)

140 FORMAT (/" )ik ILL-CONDITIONED MATRIXy IFAIL = 1%)-
FRINTy *%% ILL~CONDITIONED MATRIXs SOLUTION UNRELIABLE®
FRINTy *Enter <CR> to continue or X to stor®:s
READ (ERR=130y END=200s F» ) N

150 WRITE (7y 160)

160 FORMAT (/» *XX¥x EXECUTION TERMINATED FROM TERMINAL XXxXxXx*)
STOF -

170 FRINTy *“%¥% MATRIX INVERSION COMFLETE®

KKKK o m i om e et e +
xk%%¥% { Part 3 - det stator rarameters |
KK KK oo o e e e e e e e +

X%X%% Get stator deometru

200 FRINTy *Enter stator slot width and tooth width (mm)*»
READ (ERR=200s ENI=210y Sy ) S» T
SLOTW = S % 0,001
TOCTH = T % 0.001

210 8X = (SLOTW+TOOTH)Y / 2.0
8A. = SLOTW/4,0 + TOOTH/2.0
SC = SLOTW/4.0

x%%% Get stator currentr outrut stator rarameters to TAFPE?Z

220 FRINTy "Enter stator current (amps) "y
READ (ERR=220y END=230y S5y ) S
SCURNT = §

230 WRITE (7y 240) SLOTW, TOOTHy 2.0%8As 2.0%SCy SCURNT

240 FORMAT (/» "STATOR SLOT WIDTH *s 3JFFTS.1y ° MM AND TOOTH WIDTH

Cc FS.1r @ MM*/»*SIMULATED BY TWO COILS OF SFACING *»r F5.2»
c * MM AND CONDUCTOR WIDTH "» F35.2s " MM*/»
c *STATOR CURRENT *» OFFS.1r * AMFPS®)

HKKEK o o o e i e 2 e +

kx%x% )} Part 4 - find recuired set of rotor rositions |

KEKAK o e e e e e e e e e e e e e e et e e e e e e +

¥%x% Get rotor horizontal rande and gSrid sracing

300 FRINTy *Enter left and right limits of rotor movement (mm)*",
READ (ERR=300y ENDI=310y Sr ) R1l» R2
XL = R1 % 0.001
XR = R2 X 0.001

310 FRINT, "Enter rumber of rositions over horizontal rande®y
READ (ERR=310s END=320s S» ) NUM
NUMX = NUM

¥%k%% Get rotor vertical rande and grid sracing

320 FRINTy "Enter bottom and tor limits of rotor movement (mm)*,
READ (ERR=320y END=330r Sr ) R1ly R2
YB = R1 % 0,001
YT = R2 % 0.001
330 FRINTy *Ernter number of rositions over vertical randge®s
READ (ERR=330s END=340y 5y ) NUM
NUMY = NUM
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Outrut randes to TAFE?7r also column headers

WRITE (7

y 3

S0) NUMXy XL» XRy NUMYy YBy YT

FORMAT (/"RANGE OQF ROTOR FOSITIONS:"/» I3y

WRITE (7

* FOSITIONS HORIZONTALLY FROM "» 3FF6.2y " MM TO

Fé&6.2y * MM"/» I3s " FOSITIONS VERTICALLY FROM
F&:2y ® MM TO "y Fé&6.2y * MM")

r 3

60)

FORMAT (/"ROTOR POSITION®y 66Xy "RESULTANT FORCE"/»
* HORIZ VERT"» &Xr» "HORIZ®y 7Xy “"VERT"/)

Set ur main loors to take each rosition in turn

TELX
DELY
YY = YR

0ol

0 460 KOUNTV

XX = XL

00 450 KOUNTH

(XR-XL) / FLOAT(NUMX-1)
(YT-YER) / FLOAT(NUMY-1)

]

1y NUNMY

1,y NUMX

Set ur vector for RHS of ecuation

D0 400 K
X
X1 = X +
X2 = X -
RTERM =

RSIDE(K)
CONTINUE

Multirly inverted matrix by right-hand side to obtain vector

SX
SX
-EM
+EM

iy NLOOP

XX = WIDTH/2,0 + WBARXFLOAT(K)

LINK (X1r YYr SAr SCr RAr RC)
LINK (X2y YYy SAr SCr RAr RC)
CMFLX (0.,0ry RTERMXSCURNTXOMEGA)

of rotor loor currents.

DO 410 J = 1y NLOOP

RCURNT (J

) =

(0.0r 0.,0)

00 410 1 = 1y NLOOP °

RCURNT (J
CONTINUE

)y =

RCURNT(J) + BMAT(I»J) % RSIDE(I)

Combirne loor currents to solve for bar currents

RCURNT (1) = RCURNT(1)

g 420 K = 2y NLOOP

ECURNT(K) = RCURNT(K) — RCURNT(K-1)
BCURNT(NEAR) = —RCURNT(NLOOF)
o e e e e e e i e e e +

! Part 6 - force calculations |
o e e e e i e e e e e +

Set ur loorr take rotor bar currents one LY one s

FXSUH
FYSUM
Do 430 K

it i

0.0
0.0

1» NBAR

’

’
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X = XX - WIDTH/2.0 + WBARX(FLOAT(K>-0.5)
X1 = X + SX
X2 = X - 68X

SCFROD = SCURNT % REAL (BCURNT(K))

FXL = SCFROD % XFORCE (X1iy YYs SAs SCy» RC)
FYL = SCFRON X% YFORCE (X1s YYs SAy SCy RC)
FXR = -SCFROD % XFORCE (X2y YYy SAy SC» RO
FYR = -SCFROI % YFORCE (X2y YYr SAy SC» RO

%%%% Sum forces across whole rlate to det resultant

430

FXSUM = FXSuUM + FXL + FXR
FYSUM = FYSUM + FYL + FYR
CONTINUE

¥%%x% Write out results back till 311 loors comrleted

440
450
460

WRITE (7y 440) XX» YYs FXSUMy FYSUM

FORMAT (3FF4.2y 2X» F6.2y 3Xs 1FE9.2y 2Xy E?.2)
XX = XX + DELX '

YY = YY + DELY

X¥%% End of run - write messades

510

CALL TIME (IT)

WRITE (7» 500) IT ,

FORMAT (/*¥ikk FROGRAM COMPLETED AT®»r A10)

WRITE (ér 510)

FORMAT (/* %X RUN COMFLETE - OUTFUT IS ON TAFE7.*/)
sTOP

END





