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ABSTRACT

The thesis deals with a study of the transverse flux
linear induction machine under motoring and braking conditions,
with a view to estimating flux densities and forces produced.
These machines have discontinuities in all three directions and
therefore the field, in and around the device, has been
derived by solving numerically in three dimensions Poisson’'s
and Laplace's equations by using the magqetic scalar potential
as the field parameter.

The approach has been applied and experimentally verified
on a novel test rig - called the "Basic Transverse Flux Circular
Motor"” - devised primarily for testing the transverse flux
linear induction machine under dynamic conditions and elimina-
ting entry and exit effects for initial simplifications.

The calculated and measured flux densities and forces have
been compared and the correlation has been shown to be
reasonably good. The computed flux density in the air gap and
the current density in the secondary conducting sheet have
been plotted in two and three dimensions to show their
distribution along the length of the machine.

Suggestions for further work (aimed ultimately at design

methods) are made.

vi
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CHAPTER 1 ééNééAL”I'NTéd;iUCTiuN

1.1 THE PROBLEM

The electromagnetic transformaticn of energy for the zroduc-

tion of forces, i.e., electromechanical esnergy conversion, has

certain outstanding features when compared with the hydraulic,

thermal or aerodynamic types of energy transfarmation. In the

electromechanical energy converter:

(a)

(b)

(c)

(d)

(e)

(f)

It is not necessary for the member recei:ing the energv for
the production of forces, to have a mechanical contact

with its source.

Because of (a), the losses and problems associated with
mechanical friction can be reduced to a minimum.

The medium surrounding the moving member transmits the

energy from the source to the moving membér without loss -

a feature quite distinct from that in fluidodynamics. Thus
losses due to the movement of the surrounding medium are zero.
The noise level associated with this system is much lower
than that of any fluidodynamic system.

For transportation, electromagnetism can be used to produce
the necessary driving force by induction by fixing to the
track a secondary member consisting of an aluminium sheet
backed by steel. The maintenance of such a track will be
negligible when compared with the conventional railway track
which requires frequent maintenance partly as a =result of the
high stress concentration due to a small area of contact
between the wheel and the rail. A hover vehicle would also
require a reasonably maintained track.

From (a) and (b) above, it follows that adhesion is no

longer the factor deciding the maximum velocity of the vehicles

discussed in (e).



However, the relative merits of various methodé of force
production depend on the application, restrictions, limitations
and possible compromises necessary.

Our interest is restricted to a problem where it is desired
to move the moving member in a straight line at a high speed
without any physical contact between the moving and stationary
parts. The direct application of this technology is in the high
speed ground transport (HSGT) and similar applications where it is
necessary that the moving member follow a pre-defined path without
touching its source or surroundings. In brief the desired features.
of the device can be summarised as follows:

(a) it should 'float' in air, along a given route, without

any mechanical friction (except that of air);

(b) it should maintain a desired height which can be kept

within limits between no-load and full-load conditions;

(c) it should produce lateral guidance force (to keep the

device on the track) - the forces being sufficiently
effective to cope with normal irregularities due to man,
nature or both;

(d)it should have alternative controls and effective
landing pads to meet the most critical condition of

power failure (at both full-load and no-load conditions).



In the present work emphasis has been given to
features (a), (b) and (c), and Fig.1l.1 shows the device with the
necessary forces to take care of these features. Also Fig.i.2

shows the desired characteristics of these forces.

The force/speed characteristic is similar to that
of a conventional 3-phase induction motor having high resistance in
the rotor circuit. This is desirable for HSGT because the device
has to start from rest at full load to accelerate and once it is
moving at full speed on its electromagnetic cushion it will require
power to overcome the aerodynamic drag. The variation of 1ift-
force (FL) with respect to speed has been studied (1] in some
detail. It has-been shown that the force varies from one end
,of the linear induction motor to-the other at different speeds.
The lateral guidance force [FG ) is responsible for keeping
the device on the track and it is a function of the displacement
of the longitudinal axis of the moving member from that of the
fixed member. In a stable system the lateral guidance force tends
to restore the moving member to its central position. The lateral

j guidance force is also dependent, as are the other forces, on the

shaed of the moving member.
1.2 INVERTED PERFCRMANCE FUNCTION APPROACH

After understanding the requirements of the device
and the desired characteristics of the forces, the next desired
step would be to deduce the necessary flux density distribution
around the moving member foliuwed by design, fabrication and testing
of the electromagnetic circuits. However,the inversion of the force
equations to obtainza suitable flux density distribution is neither
an easy nor a practical propasition even for very simple electromagnetic

problems.



Fig.1l.1 Device with its forces
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Sunilarly, the design of the magnetic and electric circuits and
ithe deduction of the design parameters are equally difficult.

This is primarily because the number of equations defining the
problem is much smaller than tﬁe.number of design variables.

A possible remedy is to make use of a 'hybrid' technique of design
wherein some of the variables are defined from past experience

and previous test results, and the remainder are obtained by
making use of these defined design variables and the desired force

chiaracteristics.

In the present thesis, the theoretical and experimental
approaches have been developed to assist a designer in building
up the necessary experience and understanding of special purpose
electromagnetic devices from first principles. This will be followed
by their application in the hybrid technique of design and in the
development of suitable equivalent circuits for analysing the
device. Optimisation can then be made possible by a suitable
interaction between the designer on the console and the computer
with the library of programmes to design and analyse the electromagnetic
device. Fig.l.3 summarises the complete research programme, and shows
alternative paths it is possible to take as results and experience

grow .



Description of tih: problem
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1.3 PROBLEM OF HSGT

When we refer to high-speed ground transport we
imply speeds of the order of 400 km/b. The wheel-rail system
has long served the combined purposes of propulsion, suspension
and guidance, but it has now been estah11:‘:h=n:|{21 that the
system will be neither feasible nor economical for high speeds
of this order. The main reasons are the existence of severe
problems of adhesion and wear and tear, and higher noise levels.
Speeds of 300 km/h, possibly even higher have been reported (3)
feasible without adequate test experience and data on noise
levels. Hence, the need for a contact-free system comprising
a8 suspension sub-system, a sideways guidance sub-system and a
propulsion sub-system, remains undisputed for high speeds.

The detailed analyses[4]and comparison[S'S)of the various types
of each of these sub-systems are being carried out in several
countries.

In the following sections the state of the art
regarding two distinct but interdependent sub-systems,viz those
for suspension and guidance and for propulsion of HSGT are
discussed.

131 Suspension and guidance sub-system

The suspension of a vehicle on a track can be
accomplished in one or more of the following ways.

(a) by air cushion;

(b) by the force of attraction between two
magnetised bodies

(c) by the force of repulsion
(i) between two magnets of the same polarity
(ii) between a high-field magnet and a conducting

sheet in which eddy currents are induced

-11-



(ii) continued

due to a high relative speed between the megnet
and the conducting sheet or
(iii) between a linear induction motor and an aluminium
track with or without backirg iron.
The air-cushion type of suspension sub-systemty]
has a 'natural' stability as it settles down by itself in the
event of any changes in the weight or speed. It does not
require any cryogenics or complicated control system as an
essential element for maintaining the suspension of the vehicle.
Earlier, this type of suspension was considered with all types
of propulsion system. Tracked Hovercraft Ltd., in the United
Kingdom, used air pads for suspension and guidance, and the
single-sided linear induction motor for propulsion. The French
Aerotrain used an air- cushion suspension and employed a double-
sided linear induction motor for ﬁropulsian on a track of inverted-T
cross-section.
Further researches into air-cushion suspension have shown
that this type of suspension sub-system has & high noise-level,
relatively high power requirements, a low cperating air-gap, low
lift-force to drag-force ratio, low lift-pressure, and is
difficult to operate in long tunnels. These, unfortunately, appear

to make the sub-system unsuitable for HSGT.

_12_



The suspension sub-system based on the principle

af attraction between an electromagnetic and a ferromagnetic bodytﬂ]
_is the most developed of the contact-free suspension sub-systems

yet devised, and is in an advanced stage in the U.K. under

Prufessor Jayawant, at the University of Sussex, and in Germany

by Transrapid - a joint company formed by Messerschmitt-Bolkow-Blohm
(MBB) and Krauss-Maffei (KM)at the initiation of the German government—
and at the British Rail Research Division. The suspension force
produced in this type of sub-system is very large, but the system

is inherently unstable and hence requiresa continuous feed-back
control, involving a suitable injection of positive or negative
pulses of current, to maintain a constant air-gap (10 to 20 mm).

The static power consumption of the servo-controlled suspension
sub-system is very low (about 0.1 W/N), but the dynamic requirements
would clearly be much greater. Thus, for high speed and, therefore,
larger air gaps the power requirement, and consequently the rating,
the weight and the cost of the solid-state feed-back amplifiers

would be very much greater.

The suspension sub-system based on the principle of
repulsion between high coercivity permanent magnets as rails under

the vehicle and on the track (8,10]

has distinct advantages of
neither requiring any power along the track for vehicle suspension
nor of producing any drag. However, the system is inherently
unstable and needs additional mechanical or powered guidance.

The consideration of this type of suspension sub-system for high
speed transport is still dependent on further developments in

magnetic materials and hence the cost of laying a permanent magnet

track cannot be estimated accurately.

-.13_



A force of repulsion between a magnet and a

conducting platetll'IZ]

is produced when the clearance between
them is appropriately small and the relative speed is
sufficiently high, due to the interaction between the eddy
currents induced in the plate and the magnetic field of the
magnet. The force thus produced is too small for transportation
purposes. However, a substantial lift-force with a considerable
length bf airgap can be obtained by replacing the permanent
magnets by superconducting magnets wherein supercooled coils

are made to carry very large currents. At low speed the eddy
current drag-force in such a cryogenic suspension sub-system
increases with speed in a manner similar to that of the aerodynamic
force of an aerofoil. But whereas the drag force in the former
reaches a maximum and then falls off sharply at higher speeds,
that in the latter(aerofoil) continues rising with speed.

A disadvantage with the cryogenic suspension sub-system is that
no lift-force is produced at stand-still and a minimum speed

is necessary for 'lift-off'. Thus an additional auxiliary
suspension sub-system becomes essential. Japan appears to be
leading the world in the cryogenic suspension sub-system and her
engineers have been the first to demonstrate this type of
suspension using a reduced scale vehicle powered by a double-sided
linear induction motor. At present this sytem is being studied
also in the U.K. (Warwick University), the U.S.A., Canada and

Germany.

-4~



It has also been proposed to obtain a stable magnetic
suspension by using a 'mixed’ 3ystem(13] comprising super-
conducting coils and screens mounted on the vehicle and a
passive iron track (which may be the existing rails). The
underlying principle [14'15‘16].15 based on the €indingS[15]
of Braunbeck, according to which @ dielectric or a magnetic
body may be stably suspended only if the permittivity or
permeability of the system is somewhat less than that of free
space’. Work on this type of suspension system is in its
initial stages at the Rutherford and Culham laboratories and
comparison with the other suspension systems cannot be made.

Yet another(and perhaps the most promising) way of obtain-
ing suspension by repulsion is by making use of a suitably
designed linear motor under the vehicle and an aluminium track
with or without backing iron. Incidentally this type of
suspension sub-system, in contrast to others discussed earlier,
does not require an additional propulsion system for propelling
the vehicle. The next section discusses the problems of the
propulsion sub-system. It also deals in detail with the
problems associated with the LIM suspension-cum-propulsion system

and with their solution.

1.3.2. Propulsion Sybsystem

The most natural propulsion system for a magnetically
levitated vehicle is by a linear motor that produces magnetic
forces to produce thrust. There are many types of linear motor,
as there are rotary motors, but the linear induction motor is
the one that has reached the most advanced stage by receiving the

maximum amount of study, analysis and testing.

-15-



‘The linear induction motor is often described as an unro.led
rotary induction motor (as shown in Figz.1l.4); but, in reality,
it is the linear version that is the most basic machine and

the rotary version is a special case.

Since the invention of the induction motor by Tesla
in 1888 the attention of electrical engineers has been continually
focused on it, almost the whole of this attention being on the

rotary induction motor.

This configuration of the induction motor has been
developed and improved because of the fact that a very good
and reliable performance can be obtained from configurations
with closed electric and magnetic circuits. Designers know
now that parameters like power-to-weight ratio, efficiency,
power factor, air-gap flux, speed and many others can be
easily controlled to yield induction motor designs which may
be the best compromise between ideal performance and cost.
The same detailed knowledge of linear machines does not exist:
they were considered for many years to be 'bad'machines and

hence ignored.

Nevertheless, interesting and invaluable contributions by
Professor E.R.Laithwaite since the late forties, and the need
for a high speed ground transport system, having contact-free,
comfortable suspension, noiseless and pollution-free,have,with
other factors, provided an effective impetus towards the

jdevelopment of the large linear machine.

-1B6-
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Fig.1.4 Evolution of linear induction motor
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During the early stages of work on HSGT, it was suggested
that for maximum efficiency aud the elimination of unbalanced
forces the LIM's should be of the double-sided configuration.
However, later it was realised that although for efficient
operation the LIM should oparaté at relatively small air-gap
lengths, yet for speeds of the order of 400km/h the air-gap
must be sufficiently long for a safe mechanical clearance.
Alternatively, the vertical secondary member must be constructed
to impossibly fineitolerances, while keeping in view the buckling
of the secondary member due to the normal ambient temperature
variations. Furthermore, the construction should be able to
cope with the ;arge vehicle forces without unacceptable distor-
tion. In view of these practical problems, it has been now
decided almos£ generally to use the single-sided linear induction
motor (SLIM) having its secondary conductor firmly bolted flush
with the track.

The synchronous velocity of a linear induction motor is
given by the product of the supply frequency and the double
pole-pitch of the machine. Therefore, for high speed operation
it is obvious that either the supply frequency has to be increased
or the pole pitch has to be made large. Unfortunately, the
weight and the cost of eléctronic frequency changing equipment is
éigh and therefore the pole-pitch has to be made large.

For a 50Hz supply and a synchronous velocity of 400km/h, the
length of pole-pitch is more than a metre. The large pole-pitch
gives rise to a corresponding increase in the length of the over-

hang winding and hence the ohmic loss.

_].B"



The core depth, behind the stator teeth and behind the reaction
rail, also has to be increased to accommodate (in the worst case)
the pole flux. (In rotary isdoction motor the core has to carry
only half of the pole flux.) The net result is that the motor
is heavy; its leakage inductance s hxae and the efficiency
low.

There might be some saving in copper and the corresponding
luhmic lﬁss by arranging a Gramme-type, instead of surface winding.
But, apart from increase in leakage flux, there is no saving in
core depths behind stator teeth and the reaction rail for the
core flux is still a function of pole-pitch.

One more choice is to change the flux path from planes
parallel to @he direction of motion to the planes perpendicular
to the direction of motion. The former arrangement is called
axial flux and the latter transverse flux. Fig.l.5 shows the
constructional and flux path differences between the surface
wound and the Gramme-type axial flux LIM and the surface wound
transverse flux LIM. It is evident that in the surface wound
TFM the winding overhang is still a function of the pole pitch
of the primary winding, similar to that in the surface wound
AFM. The end windings and the end rings increase the cost of the
track conductor, the weight carried and the pfimary leakage flux.
Nevertheless, the recuction in the magnetic core made possible by
the transverse flux configuration compensates for additional

electric circuit weight.

_lg_
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1.4 HISTORY OF THE TFNM

The transverse flux motors have a histary as old as
that of the longitudinal flux motors. 1In fact, at the middle
of the nineteenth century, most of the alternative shapes tried
for the improvement of d.c.motor performance were based on the
transverse flux principletl?l. The TFM's took the lead in
the induction mode as well, the first transverse flux induction

machine being energy meters having the C-core type magnetic

eircult.

The earliest reference to transverse flux applied to
linear machines may be traced back to the patant[lB]taken out
by Andre in 1804: this motor was excited by doubly-excited
C-cores. 1In 193B,Kemper[19]published a patent describing an
E~core electromagnetic suspension system with a note that motoring
action is possible if the single-phase winding is replaced by a
polyphase one. In the late sixties Laithwaite and others[20’21’22]
revived the interest in the transverse flux linear induction

(63,64)
motor by inventing the 'magnetic river’.

A reference to transverse flux machines was also made
(23] -
in 1966 in an M.I.T. group report

3
In 1971,Boltun[24‘made a significant contribution

towards the development of transverse flux linear induction motor
by devising suitable design techniques and a method of predicting
its performance (based on an equivalent circuit approach) .
Further work in this direction is in progress at the Imperial
College of Science and Technology (University of London) under

Professor Laithwaite, at the City University in Lendon
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under Professor Ellison and at the University of

Aberdeen under Professor Eastham.

The transverse flux.linear induction motor, when
suitably designed, can behave as a 'magnetic-river' and develop
1lift force for suspension, tractive force for propulsion
together with lateral guidance force, and may replace the wheel-
rail system for high speed ground transport. Although the
advantages of the transverse flux linear induction motor have
been realised and there is little doubt about their practicality,
yet a rigorous treatment leading to an independent analysis
and understanding of TFM's is not yet published and is now
necessary -for their further development and application. The
treatment must involve the estimation of the three forces and
associated stiffness and also include the effects of the three
other asymmetries in the air-gap due to roll, pitch and yaw
of the vehicle with respect to the track. The effects of all
these on the others must also be considered. When this
understanding has been achieved such machines can be designed

and their performance and cost calculated.

An approach towards this end, as discusseq in
this thesis, has been made both theoretically and experimentally.
In the theoretical model the magnetic scalar potential has been
.used as the field parameter to obtain the 3-dimensional
distribution of flux-density, current density in the secondary
member and the forces produced. For the experimental approach
a novel test rig called the Basic Transverse Flux Circular
Motor (BTFCM) has been made. This test rig, if cut along a

radial line and straightened ocut would result in a transverse
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flux linear motor. The test rig in its basic form does not
exhibit the entry and exit effects of the linear motor,
but it does have provision for carrying our studies involving
these effects( by omitting a section). The test rig in
itself is a useful research machine for carrying out a
detailed study of the_transvarse flux linear electric motor.
1.5 AXIAL FLUX LIM VERSUS TRANSVERSE FLUX LIM

The transverse flux linear induction motor has
certain outstanding features. It also has a number of
advantages over its counterpart the longitudinal flux linear
induction motor for HSGT application.

1.5.1 " Depth of iron required

In the transverse flux LIM the depth of iron in the
stator core and the thickness of the backing iron on the

(20]. This is primarily

secondary side can be kept very small
because in the transverse flux LIM the core has-to carry only

that flux which is produced by the corresponding limbs of the
U-core or E-core, and not the pole-flux as in the axial flux LIM.
Thus the TFM design leads to a very large saving in iron

required for the track and hence a correspondingly large reduction

in cost in compariscn with the axial-flux machine.

1.5.2 Entry and exit effects

The open ends of the axial flux LIM give rise to the well-
known end-effects due to the magnetic discontinuity. However..in
the case of the transverse flux-LIM the absence of magnetic
discontinuity reduces these end-effects. This,according to

(25)

Chahal » will lead to a corresponding reduction of entry and

exit edge losses.
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1+5.3 Overhang winding leakage flux

A part of the overhang winding ' flux in the

transverse flux LIM reacts with the secondary aluminium track

to produce levitation forces. Also, when appropriately designed,
the transverse flux linear induction motor produces guidance forces
at each side which tend to keep the vehicle centred on the track
when it is - displaced sideways. Since these forces are a
function of displacement ffom the centre line, the system becomes
independent of external controls and complete in itself. This
feature of the transverse flux LIM is in contradistinction to

that of the axial flux LIM where the forces in the two sides of the
motor resulting from sideways displacement have a tendency to displace
the primary member further.

1.5.4 Speed control of linear motors

The synchronous speed of an axial flux LIM is fixed by
 the length of the pole-pitch of the motor and can be.controlled
only by altering the supply frequency. The transverse flux LIM
has an additional facility for controlling the synchronous speed.
The cores of the primary member can be separately wound and the

(28] to result

distances between them can be altered mechanically
in a change of the length of pole-pitch and hence of the synchronous
speed. The output-to-weight ratio of the motor alone with this
arrangement will be made worse but,nevertheless, it should still be

. better than the overall output-to-weight ratio of a normal transverse
flu#—LIM together with the necessary frequency conversion equipment.

The arrangement will be also comparable with pole-changing speed control

where the synchronous spsed will be changing in discrete steps - perhaps

not so very desirable from the point of view of passenger comfort.
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1.6 OUTLINE OF THE THESIS

The aim of the work reported in the ensuing chapters is to
develop a numerical method fér predictiﬁg flux densit}, current
density and forces in tranavefse flux machines followed by the
correlation of calculated flu; densities and forces with those
measured on the basic transverse flux circular motor.

. Transverse flux machines haQe discontinuities in all

three axes and they produce tractive, normal and lateral forces.
. These features make the three dimensional analysis mandatory
. for their development. In the past, electromagnetic scale
modelling of the device has been suggested for predicting its
performance by making use of suitable scaling parametars(57].
This requires measurement of the flux density and forces for
every modification made in the model and it assumes the validity
of the scaling parameters for any rating. Moreover, the
approach requires a considerable amount of workshop skill for
constructing small models which may have to be constructed afresh
to include certain major modifications.

The standard analytical treatments from first principles,
discussed in Chap.2, have two serious limitations. First, the
number of boundaries (which are present in all the three axes)

(43]‘ This is because linear machines

results in great complexity
have to operate with relatively large air gaps for mechanical
reasons and they have entry and exit effects due to one of the
members being much shorter than the other. This results in

end effects and currents in the secondary member not guided in

the ways they would be in rotary machines.
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Sacondly. having analysed a device it is generally difficult to
suggest,fram the resuylts of analys1s, means for improving its
performance further. Tak1ng these factors into consideration,
it has been shown in Chap.2 that owing o “he discontinuities
in.the device and the rectangular gecnetry of linear machines,
the finite difference formulation of the field equations is the
hest choice.

In Chap.3 a numerical model of the basic transverse flux
circular motor has been constructed such that modifications
made in its geometry, anywhere and in any direction, can be
easily accounted for. The primary magnetomotive force in the
BTFCM has been defined by current sheets on the primary iron
Surfaces and flux sheets on the boundaries of the winding.

The secondary conducting sheet backed by laminated iron has been
represented by a thin sheet model. The formulation thus
considers the features of the device in stages and, therefore,
accounts for the existing discontinuities in the machine during
the initial stages of the formulation of the problem. The
necessary finite difference equations have been discussed to
obtain the magnetic scalar potential distribution in and around
- the device during standstill, motoring and braking conditions.
This potential distribution has then been used to define the
flux densities and the forces produced.

Chapter 4 looks into the problems associated with the
testing of linear electric machines and describes in detail a

new test rig - the Basic Transverse Flux Circular Motor.
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The arrangements made for the measurement of forces and flux
densities under standstill and dynamic conditions are also
discussed,

In Chapter 5 the results of numerical analysis, as
discussed in Chap.3, and those obtained by measurements on the
BTFCM, described in Chap.4, are compared. The correlation of
flux densities and forces at standstill, motoring and braking
conditions are discussed. Also two and three dimensional plots
of computed flux density and current density are presented to
show their distribution along the length of the machine.

In Chapter 6 the numerical analysis discussed in Chapter 3
has been further extended to predict the performance of the
BTFCM when the secondary consists of thick conducting sheet
backed by a partially saturated backing iron. The thick con-
ducting sheet has been divided into thin 'slices' and each
slice has been represented by a split-node model described in
Chapter 3. The backing iron is assumed to have a fixed degree
of saturation and the corresponding magnetic impedance has been
defined and used in the numerical formulation.

The approach discussed in this thesis can be supplemented
to account for the three dimensiéinal heat flow in the machine
and the results of final analysis might then be used to derive
suitable equivalent circuits for use in design offices for
designing and costing larger machines in a conventional way .
These aspects, together with suggestions for further‘;ork and
the conclusions drawn from the research reported in this thesis,

are discussed in Chap.7.
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CHAPTER 2




2. ANALYSIS OF ELECTROMAGNETIC DEVICES

2.1 INTRODUCTION

The design of magnets, apd electromagnetic devices, even of
simple form, poses many problems. These are associated prin-
cipally with non-linearity, geometric comp:ications, particularly
in 3-dimensions, and eddy currents. In magnetostatic applica-
tions the current flow paths are defined, but the flux paths
are not, while in eddy current problems,neither is, and the inter-
actions are controlled only by the material properties. This
complex arrangement of conducting, insulating and magnetic
materials has led to a very marked dichotomy in the traditional
methods of analysis. The more familiar method is based on a
lumped-parameter model, in which only a few parameters suffice
because of the relatively effective physical separation of the
current and flux paths in the machine. This combined with the
energy conversion principle enables the machine to be treated
virtually as a 'black-box' thereby accounting for the mechanical
power in terms of the electrical terminal quantities only.
However, when we nesd to delve more deeply into the energy con-
version process, and predict the parameters, more than one force
(desired or undesired) and losses, it becomes necessary to go
back to the basic electromagnetic principles of the field theory
on which the operation of the machine depends.

Rotary electric motors have axial symmetry and neglecting
the leakage flux of the slot, zig-zag and overhang windings, the

machine can be analysed by considering a plane normal to the axis.

—29_



The air-gap is usually very small and hence the main flu. in the
air-gap can be safely assumed to be radial. This simplivies

the theoretical model and the machine can therefore be analysed
and its performance predicted fairly accurately by using & one-
dimensional analytical approach. To simplify the treatment
still further, the number of slots per pole per phase is assumed
sufficiently large and the turns per coil are varied, to permit
the harmonic content to be neglected. The.rotqn if slotted, is
raélaced by a sheet .rotor such that it has the same effective
resistance and leakage reactance as the original.

The problem, however, becomes two/three dimensional as the
rotary electric motor is transformed topologically to yield the
corresponding linear motor. This is primarily because:

(a) the length of air-gap is for mechanical reasons no
longer small, and hence the flux lines in the gap can
no longer be assumed to remain normal to the primary
iron surface along the whole of their length. This
implies that there are no planes equivalent to those
normal to the axis of rotary machines where the flux
patterns are identical. This is particularly true of the
single-sided linear machine.

(b)Apart from the driving force, normal and lateral forces
are also produced and for a large normal levitation
force (due to repulsion) it becomes necessary to use
wide slots and narrow teeth (contrary to rotary motors).

This increases the high order (slot) harmonic content
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of the primary mmf waveform but the large air gap
reduces the corresponding flux distribution harmonics.

In the last decade or two, many researchers have locked
into the problem of analysing linear clectric motors. Their
approaches can be broadly cla;sified under two headings:

(a) the equivalent circuit approach ard

(b) the electromagnetic field appruach.

The equivalent circuit approach is very uscful in practice for
it does give efficiency of design effort and makes easier the
task of testing, fault finding and repair. But when the linear
electric motor is considered as a 'black-box', more attention is
given to the performance than to the functional details. 1In the
electromagnetic field approach, the emphasis shifts to the latter
and therefore gives a better understanding of the internal prop-
er£135 and their effect on the performance of the device. The
latter approach is useful, particularly during the development
stages when it becomes necessary to account fully for topo-
logical or any other modifications made in the device.

In the following section the electromagnetic field approach
and methods of solving field equations are briefly reviewed.
2,2. ELECTROMAGNETIC FIELD APPROACH

An accurate knowledge of the magnetic field in alectrical
machines, particularly in the special purpose types, is an essen-
tial pre-requisite to their design. Fortunately the associated

,magnetic field in an electrical machine is contained within a
closed region and boundary conditions are prescribed around the

entire boundary. The problem, therefore, is of a boundary value

-31-



type and its governing field equation has a form

2
VY= 9(x,y,2) 2.1

g 2
where ] is a potential, v is the

Laplace's operator defined in Cartesian coordinate as

B e 3 ) 2.2

and ¢ is the source function.
The eqn. 2.1 is elliptic (Appendix A) and is referred to as
Poisson's equation. In a particular form when ¢ =0
it becomes Laplace’'s equation
2
Vy=0 2,3

Strictly speaking, these equations describe all
stationary electric and magnetic fields in a uniform medium.
However, fields varying with time can also be described with
a high accuracy provided the rate of variation is sufficiently
low, such that the effect of the resulting displacement ﬁurrent
and eddy current due to frequency is negligible. Poisson's
equation is applied within regions of distributed current or charge
and Laplace's equation is applied in all other regions of the
field. The solution of Poisson's equation, in general,
is more difficult compared with that for Laplace's
equation. However, when the field in a Poissonian region
is of little interest the region can be replaced by an

equivalent filament (27 or sheet soc making the
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whole field a Laplacian ore. This, therefore, reduces the
problem to the solving of Laplace's equation.

Tnere are several tec.inigues for obtaining solutions to
eqn. 2.3 in different co-ordinate systems. These techniques
can be broadly classified under the following headings :

(a) g rephical,

(b) a.nalogue,

(c) @ nalytical and,

(d) numerical.

The graphical solution of egn. 2.3 can be obtained by a trial-
and-error procasstza). This is one of the earliest methods of
solving two-dimensional field problems and works quite satis-
factorily in current-free simple regions. However, in electric
machines, where it is nacessary to deal with regions carrying
current and often geometri& which are complex, this method finds
little use. :

Analogue methodstza] are useful when the direct measurement
of the flux distribution presents experimental difficulties.
The more common techniques are

(a) conducting sheet analogue (e.g. electrolytic tank),

(b) impedance network analogue,

(c) membrane analogue, and

(d) fluid mapper
As with the graphical method, these have limitations but are
nevertheless useful for the simpler types of problem. This

leaves us with the analytical and the numerical methods which are

discussed in the followiné sections.
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2.3 ANALYTICAL METHODS OF SOLVING FIELD EQUATIONS

Analytical solutions of egns. 2.1 and 2.3 can be ob*ained
by introducing suitable mathematical functions that satisfy
the differential equation, but the problem is to obtain that
solution which satisfies the boundary concitions. Moreover,
none of the analytical techniques is perfectly general, since
the practical problem imposes restrictions which, at times,
make it extremely difficult to apply an analytical method for
its complete solution.

SaHRration of “the variables: = 'ia prasticabile, only 1f the
boundary surfaces coincide with the natural surfaces in a
co-ordinate-system in which Laplace’s equation is separable.
When it is appropriate the method usually yields an infinite
series whose physical meaning is difficult to visualise.

The method of complex variablestza)gives the result only
in two dimensions and that only if one is able to find the
appropriate analytic function. Similarly, the method of
imagestza] is suitable only when a simple charge distribution
that establishes the correct equipotentials is known, ab initio.

On the basis of the foregoing discussions, numerical methods
seem to be eminently suitable for solving egns. 2.1 and 2.3 to
obtain fields and forces in linear electrical machines. Some

suitable methods applicable to the present problem are discussed

in detail in the following sections.
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2.4 NUMERICAL METHODS OF SOLVING FIELD EQUATIDNS

The restrictions and limitations of the analytical approaches,
| discussed in Sec.2.3, can te‘quite conveniently dealt with by
employing numerical methods for solving partial differential
equations. These methods are very powerful and can be applied
equally to steady state and transient problems, linear and non-
linear, with or without regular boundary shapes and conditions.

The solutions obtained numerically are, however, always
approximate, but a desired accuracy can be achieved by extending
the computation for a sufficient length of time and by suitably
increasing the number of nodes. Also, as in other numerical
methods, i% a separate solution is required for each set of
parameters of a problem some computer time may be saved by
obtaining an approximate solﬁtiun with one set of parameters,
and using this as a starting point for obtaining a solution
with the new set of parameters. This is more likely to be so
when a tendency to instability arises during the iteration
process, and a progression towards a final solution can be
obtained in this way by incrementally increasing one of the
parameters (e.g. spesed) at each stage. The relative merits of
analytical and numerical methods depend solely on the problem
in hand. When the problem can be soclved both numerically and
analytically, it is the complexity of the solution that decides
which one to adopt. Analytical methods will be preferred
except when they involve many lengthy manipulations, with or

without lengthy computations. Numerical methods will then
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be found more convenient and certainly more economical when a
suitable computer programme - requiring only data defining the
boundary shape and conditions' - is available.

The nrincipal numerical techniques applied to the solution
of field problems are

(a) the finite element method, and

(b) the finite difference method.
In each approach the field region of interest is divided into a
grid of meshes. Potential (or other field variable) values are
assigned at each node and these are related to the values at the
surrounding'nodes by a series of approximate relationships
based on Maxwell's equations. ]

The basic difference between these two techniques is that
the latter is applied to the governing partial difference
equation, e.g., egns. 2.1 and 2.3, and the former is more often
formulated directly from the physical arguments used to derive
such equations (although the knowledge of the type of problem -
harmonic or biharmonic - is useful during the finite element
formulation). The finite element method gives an additional
advantage when the geometry is complex and does not conform
easily to one of the standard co-ordinate systems. The
derivative boundary conditions are usually easier to handle
using the finite element method and so also are the inhomo-
geneous solution domains involving abrupt changes of material
properties. However, the application of the finite-element

method for solving eddy current problems is found difficult
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when compared to the finite difference method formulation because,
in the former, the dissipation of energy effects the variational
furmulation.tan]

In lincar electric motors the geometry often fits into.the
Cartesion co-ordinate system so that the grid lines can be
conveniently considered parallel to the co-ordinate axes and

bthe rows of nodes can be terminated on the boundary. These
advantages, together with the ease with which suitable fine
meshes can be adopted in regions where the variables change
rapidly, make the finite difference method relatively more
suitable than the finite element method for solving field
problems in linear electric motors.

In the following section the finite difference equation is
derived for Laplace's equation and the more common methods of
solving it are discussed.

2.5 FINITE DIFFERENCE EQUATION AND METHODS OF SOLUTION

In the finite difference method Laplace's partial
differential equation is replaced by finite difference equations
which connect the values at surrounding nodes to those at the
node under consideration. The mesh of nodes can be constructed
as square, equilateral-triangular or equilangular-hexagonal.

The most common of these is the square mesh which is a special

case of rectangular node spacing.

In Cartesian coordinate system eqn.2.3 can be

expanded as

x,-éz az 2
Ll L 0 s d VS e 208

2 2 2

ax 3y 3z
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and in difference equation form, from Taylor's expansion
(Appendix B), egn. 2.4 for uniform internode spacing is

6
= = 2.5
3. 4= 0

where wn is the potential surrounding nodes (n). Further,
for Poisson's equation, when the right hand side of eqn. 2.4
is equal to ®1(x,y,z) instead of zero, eqn. 2.5 is

modified as

6

7
— = » -B
§1w &D h™ ¢y (x,y,2) 2

where *h' is the internode spacing.

Depending upon whether the node lies in a current-free
or a current-carrying region, its potential can be defined by
eqns. 2.5 and 2.6 r93péctively and the solution of the field can
be obtained by solving all these simultaneous equations. But
the number of these simultaneous equations is always so large
that it becomes unreasonable to solve them using methods
involving elimination, determinants or matrix inversion.

Instead the following methods are used. They are :

(al Relaxation;

(b} Iteration; and
(c] Monte-Carla.

The relaxation methnd£31]

is basically a method for hand
campution and is extremely flexible. Its effectiveness, however,
depends upon the experience and skill of the user.

In contrast, the iteration method is based upon an entirely
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automatic cycle.of operations suitably planned for execution

on a high speed computing machine. In both these methods the
final solution is obtained by gradually reducing the error to a
preset value, and the process is called the convergence of the
solution. The convergence criterion and the methods of accelera-
ting the convergence are discussed in Sec. 2.6.

The Monte-Carlo methnd(SZJ is a statistical method for
approximating to the solutions of Poisson's and Laplace's
equations. It is extremely simple to apply but since the cal-
culation is very long its use requires comparatively longer
computing time than does the iteration method. Moreover, the
solution is obtained, at a time, for one point only and the
convergence rate is much slower when compared with that of the
other methods.

From the discussions in this section, it is seen to be
clear that the iteration method is the best of the three
methods for solving the finite difference equations to obtain
the field in linear electric motors. This is primarily
because of the existing complexities, discontinuities and
the number of nodes in the linear electric motor model. 1In
the following section the computational aspects of the
iteration method are discussed.

2.6 COMPUTATIONAL ASPECTS
In the iterative method an automatic cycle of operations

is performed on a high speed digital computer such that the

difference of new and old potentials at all the nodes goes on
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decreasing with the successive number of iterations. The
process is called 'convergence' and the difference between the
new and old values at a node is termed the 'residual'. Thus,
if the node under consideration '0O' is surrounded by equi-
distant nodes 1,2,3,4,5 and 6 in a current free region, the new
value of potential at node '0' is

Vnew = (V1*¥2+¥3*¥u+¥5+96)/6.0 27

and the residual-is,

RD - Ynew -wnld 248
Combining eqns: 2.7 and 2.8
: V1P t3tPytPstig _
.R = .a..o : e ﬂiold 2-9
The new value of potential at '0' is found from eqn.2.8
rearranged as
¢new ¥ wald ; RD 2.10

In eqn. 2.10 the addition of Ro to ¢gldaffects the potential
of the surrounding nodes as well. This decreases the conver-
gence rate of the solution and, at times, when ¢ is complex
and the concerned nodes lie in the eddy current region, the
solution may even diverge. Many powerful techniques have been
devised to speed up the process. In essence they involve a
factor o by which the residual in eqgn 2.10 is altered. Thus

eqn. 2.10 becomes /] - wold-aﬂo 2411

new
Here & °~ 1s known as the acceleration factor and, depend-

ing upon whether it is less than or greater than unity, the
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process is called under-[33’nr over- [Bqlrelaxatinn. It is

difficult to quote specific situations where one or the other
will be advantageous(27]; however, it will suffice to indicate
the general circumstances and the rest must be left to the
experience of the user. In simple problems where hand relaxa-
tion is possible, over-relaxation assists in convergence when
a residual is surrounded by residuals of like sign. In a
similar way under relaxation is found useful in situations
when the surrounding residuals have opposite sign. However,
when iterating towards a final solution after first initial-
ising the iteration matrix to zero, it is always preferaﬁle to
over-relax (e.g. @ > 1.0) since the residuals will not be
greatly dissimilar for nodes in close proximity.

Considerable NOPKISS] has been done for predicting the best
acceleration factor to apply ih the iteration process when
solving Laplace's and Poisson's equations in electrostatic and
magnetostatic field problems. However, when the field
quantities are complex, a real acceleration factor, which was
earlier suitable for a similar electrostatic and magnetostatic
field problem, is not the best choice. Ehrenborg and SigdelltaS]
have found that a complex acceleration factor is better than a
real acceleration factor, although the imaginary part is quite
small. The determination of an optimum acceleration factor is
difficult, especially of the imaginary part. Experience shows
that the real part of the optimum acceleration factor lies

between 1 and 2 and the imaginary part within say = D.DB.(37]
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In the present work no attempt has been made to predict
theoretically the optimum acceleration factor. Howevef. during
the execution of the computer programme, after a set numbe£ of
iterations, the error or residual is integrated over the iteration
métrix for two successive iterations. The ratio of these two
integrals is used for estimating the optimum acceleration factor
(see Appendix C). The new value of the real part of the
acceleration factor for the next set of iterations, is generally
modified according to a modification factor as in eqn. C.12.

At times, the modification of the imaginary part of the
acceleration factor also helps.

The technique has been-found to work satisfactorily for the
initial investigations described in this thesis. It is very
simple to apply and can be easily modified by trial-and-error
method to suit a particular problem.

One of the most difficult features of these trial-and-error
methods is the derivation of a criterion to study their overall
effect on the iteration process. One method is to plot the
real and imaginary parts of the greatest residual (Ro), in the
iteration matrix, against the number of iterations (as shown in
Fig.2.1). However, when the values of the real and imaginary
parts change rapidly in apparently random manner, it becomes
difficult to examine the effect of a modification in the
iteration process on the overall convergence rate of the
programme. An alternativetaa]is to plot the imaginary part

against the real part of the greatest value of Ro for each
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iteration cycle. For an ideal and well defined problem, the
locus of these points should lie on the 45° axis, as shown in
Fig.2.2. The aim of all the modifications made in the itera-
tion procedure, therefore, should be to keep this locus, as
near as possible to the 45° axis. Fig.2.3 shows an example
where the trial-and-error modifications were made to improve
the convergence rate. Each plot is a iucus of greatest
residuals corresponding to modifications listed in Table 2.1,
after a set number of iterations as indicated on each curve.

It is difficult to draw general guidelines for improving
the rate of convergence of the iteration process from these
plots. This is primarily because they vary considerably from
problem to problem. Nevertheless, the trial-and-error technique
(discussed for tackling the problem of convergence) is very
useful, especially when it involves eddy currents with.or
without speed effects, and it has been used in the present work

with advantage.
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TABLE 2.1

Plot Starting Residual after
Symbol acceleration 301 iterations Remarks
factor (ACCL)

A (1.6,0.03) (1.0X10™2,6.46x10°3) ACCL altered after
every 10 iterations
B  (1.6,0.005) (1.08X107°,6.45X10™°)  Ditto
-4 -3
C (1.7,0.05) (8.96X10 ',6.14X10 °) Ditto
: -4 -3
E (1.8,0.1) (8.09x10°%,3.26x10™%)  ACCL altered after
every 20 iterations.
First alteration
after 40th.
50,5 (2.5%1072,1.45x10"2)  Ditto
B (1.8,0.2) (5.74x10" %, 2.52x10"°>
il - 22 Ditto
«3 -3
H (1.8,0.25) (1.21X10 °,1.90X10 °) Ditto

Largest potential in the iteration matrix = 636
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Z2.B8.1 Cnnvergence Criterion

The solution obtained by iterative methods is not accurate
and involves a certain degree of error which may be defined according to
the accuracy desired. If U, is.the final value at a node, the absolute

error after (m+l) iterations is

e Yo - U 2042
and the relative error is
€
a
GOl B | m— 2.13
r UU
But,Uo is always unknown and hence the following test has to be applied:
u L
m+1 m
Er = v I < € 2-14
! |

m+1
where € is the error which gives the desired accuracy in the solution.

A possible way of considering the situation at all the

nodes simultaneously is to use:

n i I 2.15
o S R S N SRS
i
where = ym - M1
i R e

and the superscript m indicates the value after m% iteration.
This fs, obviously, a poor cheice of convergence criterion for it
becomes misleading when Ui is very small or zero. A much better
' criterion will be

n

iélﬁuil 2.186
S e el
ookl

i=1!7i
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A disadvantage with the above test is that it is difficult
to notice divergence of the process if the Uj tend to infinity.
However, after the first few iterations a test for divergence
can be made ry testing to see whether  €2>1. If €31
there is no 'rapid' divergence. Unfortunately, even this method
will fail to detect a slow divergence. '

The convergence criterion, used in the present work, is that

the error at every node should be less than a fixed value, given

by

6u," < ¢ 2.17
i=1

and ¢ has been defined as 10-7 of the highest potential in
the iteration matrix. In addition to this, a comparison between
the calculated and the measured values of the flux density in

the air-gap, has been used as a final check for convergence.
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CHAPTER 3
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2.0 NUMERICAL MODEL IN TERMS OF MAGNETIC SCALAR POTENTIAL FOR
THE FIELD ANALYSIS

3.1 INTRODUCTION

In Chapter 2 it was decided to solve field equations
numerically. This, essentially, requires some form of lumping,
l.e., the use of discrete circuit elements. This can be done
effectively by dividing the electromagnetic device into a number
of simple elements. The field conditions can then be approxi-
mated closely by using the circuit approach applied to the
magnetic field for defining these elements and the boundary
conditinns(4 « The network model thus obtained can be solved
directly by a computer. Further, this approach also provides a
means of visualising and gaining insight into the underlying
interaction, especially in the analysis of special purpose
electromagnetic devices where the approach lends facilities by
virtue of which the effect of novel modifications in the device
can be studied theoretically with ease.

The choice of field parameter for calculation purposes
depends upon the problem in hand. The use of the magnetic
vecto T potential (MVP) for two-dimensional problems is found
useful because it requires only two components of B and one
of J. However, when the problem is three-dimensional, the MVP
fnrmulation[43] requires solving for all the three components
of A at each node together with the possibility of an electric
scalar potential V for nodes lying at the irregular boundaries
of the conducting sheet. By using the magnetic scalar potential
(MSP) as the field quantity, however, solving is required for
only one component at each node. The current flow in a flat

conducting sheet is assumed as two-dimensional and the magnetic
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potential difference at any point on the conducting sheet is

44,
defined as the current flow integrated up to that point.( 453

L

The MSP formulation also offers computational advantages
over the MVP, particularly when solved iteratively. This is
primarily due to a fundamental difference between the boundary
conditions that have to be met, in each case, on the iron
surfaces: Dirichlet boundaries, in the MSP formulation, absorb
the residual, whereas, Neumann's boundary in MVP formulation
reflect§ back into the iteration matrix thereby slowing the
convergence rate of the iteration process.

In the %ollowing sections the network model approach for
analysing aH electromagnetic device numerically has been developed,
as an example, for the basic transverse flux circular motor
by using the magnetic scalar potential as the field parameter.

The example under consideration has all the possible discontinuities,
except those at entry and exit, present in the transverse flux

linear induction machine. This, however, can be taken into
consideration at a later stage, and thus the approach may be also
extended for analysing longitudinal and transverse flux types of

linear and rotary electrical machines.

3.2. DESCRIPTION OF THE MODEL

Figure 3.1 gives the schematic diagram of the transverse
flux circular motor, drawn for the purpose of formulating a
theoretical model suitable for numerical analysis. It shows
the location of U-cores, the coils in the primary member, and

the secondary aluminium plate with its backing iron. The
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A - .B -
(a) Plan : .
4

3

(b) End view at section A-A

Fig.3.1 Schematic diagram of transverse flux circular motor
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primary member has a double-layer, 2 slots per pole per phase,
3-phase winding having a coil span of 1 to 5 slots. This gives
rise to wwo layers of coils in between U-cores and four layers

on the overhcngs. For the purpose of convenience a cross-section
at A-A has been divided into five suitable regions as shown in
Fig.3.1(b).

Region 1 constitutes radially laminated U-cores which are
laid in the primary member, along a circle as shown in Fig.4.3
(Chapter 4). 1In linear machines the overhang winding plays an
important role and the method of its inclusion in the primary forcing
function has been discussed in Appendix D. In Fig.3.1(b) the
stator overhang winding has been shown by region 2.

In the secondary member the iron core behind the secondary
conducting plate also has its laminations laid radially along
the circle. This forms region 3. Region 4 is the secondary
conducting plate which is responsible for the forces produced
due to the induction phenomena, and region 5 defines the space
surrounding regions 1 to 4.

In Fig.3.1(a) the vertical plane through B-B is a plane of
symmetry for the case when the secondary member is placed
symmetrically above the primary U-cores. For this case,there-
fore, one can consider only half of the machine (widthwise)
and one pole pitch circumferentially. Fig.3.2 shows two planes:
of the numerical model to define the location of regions 1
to 5 and the nodes lying at the corners of the model defined

for the analysié.
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'(a) I-K plane at J=1

(b) I-J plane at K=3

Fig.3.2 Sections of the numerical model
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3.3 ASSUMPTIONS MADE

In the present approach certain realistic assumptions have
been made. The saturation of the ferromagnetic material has
been neglected. This is justified becauce the 'entrefer' in
the linear induction machines is large. Thz2 laminations in the
primary and the secondary members are laid in the X -Z plane
and,therefore, the ireon can be assumed to have negligible con-
ductivity in the Y-direction. This means that, as compared to
air, the iron behind the secondary conducting plate has a very
high permeability and, therefore, negligible reluctance and
magnetic potential drop. Also, the laminated backing iron lies
in between two limbs of the stator U-core which are a source of
equal and opposite forcing functions and, therefore, it is
justified to set the potential on the backing iron at zero.
However, when saturation exists, the potential throughout the
backing iron can no longer be assumed to be zero. Instead,
the potential in region 3 will have to be evaluétad in a manner
similar to that used for region 4. The effect of saturation will
be small and, therefore, can be neglected as a first approxi-
mation.

The physical constants of the materials have been assumed
to be constant, i.e,the materials are assumed homogeneous,
isotropic and linear (although the approach has provision for
dealing with materials having physical properties otherwise].
The secondary conducting plate is assumed to be thin enough

for the eddy currents to lie in the plane of the plate. The
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movement of the secondary member has been assumed to be in the
y-direction only (although the mavement in any other direction
or directions can be considered at later stagés].

The time variation has been considered as sinusoidal. This
is usually the case, so long as we are not working near the

saturation zone of the B/H characteristics.

3.4 REPRESENTATION OF THIN CONDUCTING SHEET BY MAGNETIC
SCALAR POTENTIAL MODEL

In Appendix D it has been shown that an electromagnet coil
can be replaced by its equivalent flux sheet (for solving Poisson’'s
equations in the current carrying region) when currents in the
coil are knoﬁn. In conducting sheets, however, the eddy currents
are not known, and the problem, therefore, involves not only
the solution of the magnetic network but also the simultaneous
solution of the electric networktso].

In finear induction machines where a flat conducting sheet is
used, the current flow is esaantially_two-dimeﬁsional and
therefore one component .of the current density vector J may be
assumed to be zero. This is reasonable because the current flow
is confined by insulation, viz. the space surrounding the con-
| ducting sheet region. The magnetic field, however, pervades the
zdevice in all directions and hence it requires a three-dimensional
aagcription.

bnder these circumstances, for an isolated conducting sheet
lying in an alternating magnetic field, the magnetic potential

(47)

UD and Ué (Fig.3.3) may be expressed in terms of the magnetic
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Conducting
sheet

(a) Magnetic network

(b) Electric network

Fig.3.3 Split node model
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potential of the surrounding nodes =nd the properties of the

surrounding materials as follows:-

5 l' 26 ' .1_. L} ] L
LG IR Uy UpsUg) 5 BRI U+ U050 20

i 3
UU
(8 + jBK)
and
5 . 5
Ll L L} Hins - -
[;-+ jK](U1+ U2+ U4+U ]*( +32K)U [U +U2+U4+U ]+3UB Lk
4y = 3
UD
e (8 + jBK]
where K ==, _m 3.3
2 Gm
and, for a uniform node spacing 'h°’,
: 3.4
E:m_.I =Uugh
“ 1 3.5
bm = ot
also, W = 2™ (f = frequency of operation)
Ho = permeability of free space,
B = relative permeability of the medium
t = thickness of the conducting sheet
0 = conductivity of the conducting sheet,
ht 3.6
K = £
d
2 3.7

where d = /
WaoyH g

= depth of penetration for the conducting plate
material at frequency (f).

However, when the conducting sheet is backed by an unsaturated
iron surface the nodes on the iron surface have the same potential,
which is zero in the present model (Sec.3.3). In Fig.3.3(a),
consider the unsaturated iron surface to be in contact with

thiodes 08°,1%*,2',3%,4' and 5', sa that,

Pt =it =110 =} =]]? = 3.8
U1 UZ L3 b4 U5 UO 0
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Therefore, the potential U at a node on the conduction sheet
may be similarly expressed as

(4+j6K)

where K is given by egn. 3.6

Eqn.3.9 is for a uniform internode spacing and requires
simple modifications for dealing with non-uniform internode spacing.

3.5 REPRESENTATION OF SPEED EFFECT IN CONDUCTING PLATE (BACKED BY
UNSATURATED IRON)

The assumptions made in this analysis are similar to
those stated in Sec.3.3. In addition, it is also assumed that
the conducting plate, together with its backing iron, is moving
at a constanf velocity Vy along the y-direction only.

From these assumptions it follows that in the plate,

B = ke 3.10
T =3y + aydy 311
v = Zyvy i _ 3.12

the current density vector in a moving conducting plate is given by
J=c¢ (E +Vv xB) 3.13
Taking curl both sides and assuming o to be constant,
VxJ=0 (VXE +V XVv xB) 3.14
An electric vector potential T'[analogous to magnetic vector
potential A) may be defined in the conductor interior such that
curl T = J 3.15(a)
where T has only a z;cumponent. (This is so because the current
density distribution in the conducting sheet is in the x-y plane
as assumed in egn.3.11.) Thus,

T = e Iy 3.15(b)

The electric vector potential can be interpreted as a potential

discontinuity due to the presence of the conducting sheet, such that,
-60—



if AU is the magnetic scalar potential difference across the
thickness (t) of the conducting sheet,
T,.t = AU - 3.15(c)
From eqns. 3.14 and 3.15 (a and b),
VxJ =VxVx @3,I,) = #2(521'2) 3.15(d)
Also, from Maxwell's equation for sinusoidal variation of flux

density with respect to time

VXE = juB 3.16
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Solving VxVxB with the help of egns.3.1U to
3.12 yields,

VxvxB = -ayvy Y 347

ay
where_vyis the velocity at which the conducting plate is

moving, and in terms of synchronous velocity (vg)
T
vy = (1-s)vg = f1-s]—;w 3.18
Vs'Vy

where s = slip =
s

Assuming that the variation of Bwith respect to y

follows a square law,

3B By, - B
S e £3 3.19

ay 2h

at the node 0. At a later stage to improve the accuracy,
eqn.3.19 may be re-defined using cubic or higher order law.

From eqns. 3.14,3.15 and 3.19, after simplification, we have

-
Vz{Tz] = ot{juwB, g + {1—51§EF[w822 - wB,g)} 3.20

Flux normel to the conducting plate at a nede, in
terms of the surrounding magnetic scalar potentials is given

by eqn.3.21 with respect to Fig.3.4

1
Judg= j—iowfU,I+U2+U4+U5+2US-BUDJ 3.21
Also from eqn.3.10
®9
Bg = Fz-— .22

where h is the internode spacing inx-y plane and, h2 is the

shaded area shown in Fig.3.4.
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22

Fig.3.4 Network model for node '0' surrounded by other nodes

lying on a conducting plate backed by unsaturated iron

and moving at slip 's' in the direction of the moving field
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It follows that for a two dimensional current density
distribution in the conducting sheet,

?2(Tz) JUp Uy + Uy + Ug - 4T, 3.23

h2

Thus, from eqns. 3.20 to 3.23 after solving for U, we have,

(4 + §6KIUG = (143K)(Uy * Uy + Uy + Ug) + (§2K)Ug
+ (I-5)K, (U35 - Uyp) + (Us5 = Ug2)+(Uss = Upp)

where K is defined by egn. 3.6

and K, = (1-S) (number of nodgéﬂrer pole pitchlgk

Therefore, using egn. 3.24 the magnetic scalar potential of a
node in a mou?ng plate can be deduced from those of the surrounding
nodes. It is interesting to note that in eqn. 3.24, whereas K
accounts for the flux-linkage due to the flux-pulsation, K, accounts
for that due to the motion of the conducting sheet in the electro-
magnetic field and for s=1, case corresponding to standstill con-

ditions, egn. 3.24 takes the form of egn. 3.9.
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3.6 GOVERNING EQUATIONS FOR THE MODEL

In Sec.3.2 the model was divided into suitable inter-
dependent regions. The division has been done such that only one
finite difference equation is required for nodes lying in the
same region. In the model; the Dirichlet'é boundary conditions
are satisfied on the plane through AB (Fig.53.2(a)) and, at the
iron surfaces of the primary and the secondary members, because
of the existing symmetry and the assumption made in Sec.3.3
respectively. Also, the Neumann boundary conditions are
assumed on planes passing through line CD and DA in Fig.3.2(a).
This has been made possible, by considering these boundaries so
far away from the potential source that the variation in U with
respect to the X- and Z- axes, respectively, can be neglected.

The magnetic scalar potential of nodes situated in the
stator U-cores (i.e. Region 1) has been defined by a current
sheet in Appendix D, and for nodes in Region 3, from Sec.3.3,
the magnetic scalar potential has been set at zero. The
potential of nodes in Regions 1 and 3 do not alter during the
iteration since they lie on the Dirichlet's boundary. The
problem, therefore, is reduced to the solving of finite
difference equations, at nodes lying in Regions 2,4 and 5, to
obtain the magnetic scalar potential distribution in and around
the electromagnetic device.

Region 5 is a Laplacian space as it does not contain any
current source and, therefore, the potential at a general node
is given by eqn.B.1l. In terms of magnetic scalar potential

we have:
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§ U, - U
& |
n=1 ®n

where U is the magnetic scalar potential,

- fe

= 0 3.256

o is the node under consideration,
n=1 to. 6 are the surrounding nodes.
R, 1is the internode reluctance between the node c and the
surrounding node n.
At Neumann boundaries CD and DA in Fig.3.2(a)
Ug = U, , and,
Uz = U6
respectively. 3.27
In Regién 2, the nodes are surrounded by current sources.
In Appendix D these current sources have been replaced by
equivalent flux sources 0 at each node. The finite difference

equation for this region, therefore, becomes

Uy = Up
Rn

The finite difference equation for Region 4 is the most

5 :
t + @O = G 3-2&
n=q

difficult to obtain because the currents in the secondary
conducting plate are not known. In Sec.3.4 the network-
approach formulations of the finite difference equation, for
nodes lying in Region 4, has been discussed. It has been shown
that a conducting sheet whose thickness is small compared to

the depth of penetration, and which is backed by unsaturated

iron, can be replaced by an infinitely thin plating on the
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surface of the backing iron. The effective conductivity of
this 'plating' and the internode conductance; however; is wade
equivalent to that of the original conducting sheet: This
argument in effect justifies the assumption that the normal
component of the current density vector in the conducting plate
1s zero. The finite difference equation for nodes lying in
Region 4 can, therefore, be given by eqn.3.9 as

(1 + JKI(U; #= Uy, + Uy + Ug) + (j2KIUB
= (4 = j6K) 3.29

Uo

where K is defined by eqn.3.6

Eqn.3.29 is for the case when the conducting plate is
stationary and it requires a major modification to account for
the induction in the plate due to hotion. In Sec.3.5 a finite
difference equation has been obtained to account for the speed

effect as well. This is given by eqn.3.24 from which we have

U, (1 + JK)(Up + Up #Uy + Ug) + (j2K)Ug
(4 + jBK)
+ (1-s)Kv {[Uls T Ulz] + [U45 & U42] * (USS = U22]
WAJBRY.  sptige = gsloE iUg - 150} 3.30

where K is defined by eqn.3.6 and Ky by egn.3.25

Thus, using eqns.3.25,3.28,3.29 and 3.30, the magnetic
scalar potential distribution can be obtained for model shown in
Fig.3.2 and the flow diagram of the computer programme developed

for this purpose is shown in Fig.3.5. The calculation of flux
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Slip = Slip-0.1

Fig.3.5 Computer Programme Flow Diagram (for details please
see Sec.3.6 and 3.7) .
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densities and forces fram the results of this programme are

explained in the faollowing section.
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3.7 FLUX DENSITY AND FORCES

The magnetic scalar patential distribution obtained in Sec.3.6
only replaced the electrumégnetic device by a fieid quantity
U from which the characteristics of the device, as viewed from
the electrical and mechanical 'terminals’, can be obtained. As
regards the verification of the potential distribution, the best
way is to correlate the flux densities as obtained from
Teasurements with those calculated from the potential distri-
bution. This correlation has been done in Chapter 5. In this
section the calculation of flux densities and forces has been
discussed.

3.7.1 Flux-density

Its calculation follows directly from the definition of
magnetic field intensity (H) in terms of MSP U, i.e,

H = - grad U 3.31

and therefore,

B =uu0ﬁ E ~upograd U 3.32
where B = axBy + BBy + 8,8, 3.33

and Hug= permeability of the medium.

The gradient of U in eqns. 3.31 and 3.32 may be expressed as,

o o 3.34
where it requires differentiation of U with respect to the
three axes. Each differentiation may be performed numerically
(on the assumption that the distribution of U is at the most
linear, quadratic or even higher) by using two-, three- or more

4
number - point fonnulation.( o The use of greater number of
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points along each axis reduces the trunctation error, although
this reduction i1s at the co=t of carresponding increase in the
computation and the complexity in formulation. Thus as a first
approximation eagn. 3.33 may be‘re-written, for node (1.,m,n)Fig.3.6,

-

by using three-point formula as,

B =plax(Uy_y-Uy )+ aylU -U ) s el =, 0} 3,35
where =-1land +1 indicate a node before and after node (1,m,n)
respectively along that axis.
3.7.2 Forces

In principle the mechanical forces can be calculated in a
number of ways, but when the field equations are solved numeri-
cally it is often convenient to calculate forces by surface

(48) in air over

integration of Maxwell's second stress tensor
any surface enclosing the part in which the force is produced.
The choice of surface is quite arbitrary (so long as it encloses
the part or parts on which the force is produced) because there
can be no power loss in the air regions surrounding the secondary
member‘SI]. For this reason, therefore, a surface can be chosen
avoiding the discontinuities and the iron surfaces. It is
essential to note, however, that the force density (or stresg)
distribution is associated with the particular surface, and the
only way to examine the stress on the body is to choose a

surface which lies just outside the body and follows its shape.
This ig generally inconvenient and, therefore, so long as only
the total force is desired a surface which makes the calculation

simple is chosen(44].
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Mathematically speaking the uhderlying philosophy may be
exp;assed as, '
F e W da 3.36
where n 1is a unit vector normal to the surface on which the
force F 1is being calculated,
and T" is the Maxwell's second stress tensor, which has been
defined in Appendix E by eqn.E.10, in terms of the
components of the magnetic flux density vector in the air.
In the case of a linear electric machine, the estimation of
* farce by this method has an additional advantage, particularly
when it is used in conjunction with a numerical approach.
Fig.3.7 shows the surfaces which will yield the same total force
when the stress tensor is integrated over any one of them. With
surface Sc the flux density diminishes along the x-axis beyond
the ‘'rétor', and effectively remains zero (up to plus and minus
infinity) on either side of it. The force vector components
Fx and Fy(which would be required for surfaces Sa and Sy) can,
therefore, be neglected. This simplifiaa_ths computation
because only the z-component of the magnetic stress tenso; is
required for determining the force produced. The equation to be

solved, therefore, reduces to

—_ = !wIw m - =

Fz :?_mIzdxdy 3.37
where ?é= E;fxz +a fy, + 8,fy, 3.38
and, fxz'fyz and fzz are the components of the stress

vector in the x,y and z directions respectively.
From eqns.3.37 and 3.38, total forces acting along

the three axes may be expressed as
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Fx = {w{mfxzdydx 3.38

Fy = {w{mfyzdydx 3.40
o0 00

F,o= I 1.f,,dydx : 3.41

Substituting from Appendix E,eqn.E.10, for ¢ ,f and f

%z yz zz
eqns.3.39 to 3.41 may be re-written as

F = /8 B_dydx 3.42

X pre-w X Z

_10009
Fﬁ = E{@{@Byﬁzdydx 3.43
1o, 2 il 2

F =31 - 5(8] )dydx 3.44

where |Bf2= 52 + 32 + 52 ‘ 3.45
X y z

Eqns.3.42 to 3.45 give instantaneous forces which, for a
field varying sinusoidally with respect to time, may be

modified to yield time average forces as given by the following

expressions
Fx(avlz gi:iz Re[HZH;]dydx 3.46
By o Re (H,H? )dydx 3.47

! Lﬁuw 2 v 1 2
Fz[avl 2£m£m (Hz 2|H| )dydx 3.48
where 'Re' denotes the real part of the expressions and

H,Hx,Hy and Hz are the peak values. Also the asterisk(*)
indicates a complex conjugate.

Thus, using eqgns.3.36 and 3.46 to 3.48 the three
components of the total force produced on the secondary member
can be computed from the magnetic scalar potential distribution
obtained in Sec.3.6. It is evident from egns.3.46 and 3.47
that, apart from the z- component of the ?lux density, there
must be an x - component (i.e.Bx) for the lateral guidance

force (Fx), and a y - component (i.e.,By) for the tractive

_73_



force (Fy). Also, from eq.3.48 for the normal force

2 ;
(Fz) to be repulsive (Bz)~ should be less than £[8|2.
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Chapter 4 TESTING OF LINEAR T!ECTRIC MACHINES

4.1 INTRODUCTION

The purpose of conducting tests on special purpose electric
machines is primarily to understand and to verify the mathematical
models proposed for their analyses. The tests include steady
state and trarczient load characteristics, the measurement of flux
densities at various parts of the machine, the electrical terminal
‘quantities and the mechanical forces produced. These tests when
conducted on a linear electric machine give rise to problems
which are, normally, not present in the corresponding rotary
machine. For example, to facilitate measurements in the case of
a linear motor one requires a continuous motion which can be
made pnssibla.only by constructing a long or a closed-loop
continuous tfack. The cost involved in constructing either
type, especially the former, for the testing of a reasonable
size of linear electric motor, is high. The major research
centres, involved in linear electric machine research have
(depending upon the f}nances available ;o them) one or more of
the following testing facilities with the necessary instrumenta-
tion:

(a) Static test rig

(b) Moving-belt test rig

(c) Circular motor test rig

(d) Disc test rig

(e) Drum test rig

(f) Circular/linear test track
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Of these, the circular motor test rig
(referred to as the BTFCM:earlier)is new. It was
constructed for the purpose of conducting tests on transverse
flux machines under dynamic conditions. ZIn the present
chapter the BTFCM test rig and the facilities it provides
for measuing the flux densities and the forces produced,
are discussed.
4.2 BASIC TRANSVERSE FLUX CIRCULAR MOTCR
A basic transverse flux circular motor is, in principle,
similar to the well known transverse flux linear induction

motor(18,20,22,24]

, the main difference being that in the former
the U-shaped stamping-stacks have been laid along a circle as
shown in Fig.4.l. The purpose of the shape, design and
construction of the basic transverse flux circular motor is to
obtain dynamic test results (such as thé effect of speed on the
forces and the flux densities in the various parts of the
machine) in the laboratory while taking into account the
1imitations of workshop, laboratory space and overall cost.

The fully assembled test rig is shown in Fig.4.2.
It has been made small (outer diameter of the disc 'D' about 600 mm)
to facilitate the carrying out of modifications in the test rig
for a particular study. For example a comparative study of
induction, synchronous and relultance types of linear motor can
be made with the same stator by using suitable secondary members.
The moving member rotates about a vertical axis and

pruduces normal levitation forces similar to those in HSGT

applications. These forces are measured in the test rig
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Fig.4.1 Evolution of transverse flux circular motr;ur
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rig arrangement

(a) Initial

Fig.4.2 The Test Rig






by a suitably arranged disc carrying strain gauges below tie
primary member. Y

In a practical application of a linear electric motor,
entry- and exit-end effects exist due to one of the members peing
short. In the BTFCM, because of a continucus winding in the
primary member and a continuous annular conducting ring used as
the secondary member, the aforesaid effects hecome zero. These
effects can, however, be re-introduced by removing a part of the
primary or secondary member. This feature, incidentally gives
far more insight into the entry and exit effect phenomena than
would be possible with any other of the test rigs listed in
Sec.4.1.

In the BTFCM (as in all the test rigs except (f) in Sec.4.1)
the secondary plate temperature changes with time during a 'run'’
and hence so does the secondary resistance. The experimental
arrangement therefore differs considerably from the actual case
where the primary member will be continuously faced by a new
cool secondary member throughout its 'run’. However, this test
rig does eliminate the need for a very long continuous track
during the initial stages of research involving dynamic tests on
.such linear electric motors. It also narrows the area of
research for a particular application (especially in HSGT).

In the remaining section some of the parts of the BTFCM

test rig are discussed in detail.
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4.2.1. The Stationary Member and its Attachments

This consists of a primary member, a 1lift force measuring
attachment and an arrangement for altering the 'entrefer’'.

The primary member is also called the stator for it remains
stationary in the present arrangement. As stated earlier, it
has a circular geometry and the U-cores are laid along a circle.
Fig;4.3 shows an individual U-core and also the complete set
laid in a wooden frame, before the insertion of the coils into
the slots. Incidentally, Fig.4.3(b) illustrates the form of the
magnetic circuit of the primary member.

The inner and the outer limbs of the U-core in the stator
each have an -eight-pole, 3-phase star-connected double layer
winding. It has two slots per pole per phase, s0° phase spread,

and a coil-pitch of 1-5. The choice of coil shape, coil pitch

and slots per pole per phase was made on the basis of past experience

(52)
and the available U-core stacks » Fig.4.4 gives the main

dimensions of the stator and Fig.4.5 shows the completely
assembled stator.

The speed at which the secondary member moves has a direct
effect on the 1lift force produced and if the secandary member
is allowed to move under the influence of the 1ift force this
leads to a corresponding change in the 'entrefer'. The new
'entrefer' creates new conditions in the machine, thereby
fesulting in a new tractive force, a new speed and hence a new
1lift force which gives rise to yet another new 'entrefer’.

The whole operation has been summarised in Fig.4.6:, This,
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however, dies down in due course since the ‘entrefer' alters the
magnetising reactance and the excitation current for a constant
voltage operation. The problem of measuring four variables

(levitation force, tractive force, speed ond 'entrefer’' )remains.

This problem can, however, be simplified by measuring the
1ift force at constant 'entrefer’ by constraining the movement
of the secondary member under the influence of 1ift force, as
discussed in Sec.4.2.2. Thus, in brief, the measuring device:

(a) should be able to measure a force the magnitude of which
changes with speed,

(b) should cause only a negligible change in the 'entrefer’
while measuring the normal 1lift force, and,

(c) can be raised and lowered with the complete stator
assembly for changing the 'entrefer' and the secondary
members.

These factors rule out the possibility of using a spring
balance or dead weight type of force measuring device. A
piezo-electric transducer also cannot be used because of two
limitatibns.

First, it is relatively insensitive at low forces
(minimum range of pressure acting on it should be of the order
o% 100 kN/mZ); and secondly, it cannot be used for the measure-
ment of static pressureésa]. This leaves the strain gauge
system for the 1ift force measurement. For the present test rig
a load celfsq), incorporating the aforesaid features, was made

and used. Fig.4.7 shows the location of the strain gauges on

the load cell
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The attachment devised for adjusting the 'entrefer' is
shown in Fig.4. g, and Fig.4._9 shows the attachment fixed to
the load cell. The measurement of 'entrefer’ is difficult,
especially wlien the stator U-cores are not laid completely
uniformly. It, therefore, becomes necessary to average
'entrefer' in the machine, and Fig.4.1 Oshows the arrangement
made for a quick and easy determination of average 'entrefer'.

4.2.2 The Moving Member and its Attachments

The moving member consists of an annular conducting plate
(with or without backing iron) fixed to a Paxolin disc (about
25 mm thick). This assembly is attached to a pair of 'angle-
contact' thrust bearings[ssl used to restrict to a minimum the
vertical movement of the shaft assembly (due to the normal
forces produced), and, therefore, a constant average 'entrefer’
can be maintained during the experiment. The shaft also carries
a slip ring assembly to which search coils can be attached for
the measurement of flux density in the secondary member under
dynamic conditions. A dynamometer (with a strain gauge attach-
ment) was coupled to the same shaft for loading the test rig
and for the measurement of torque produced. The speed measure-
ment is made by making use of a photo pick-up and equispaced
black and white strips on the circumference of the Paxolin disc.

The measurement of flux-density in the test rig was effected
by using suitable search coils. These are discussed in detail

in Sec.4.3.
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Fig.4.8 Attachment for moving the stator in the vertical direction
to alter 'entrefer’

Fig.4.9 Load cell with the arrangement for altering 'entrefer’
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Fig.4.10 Arrangement to determine average 'entrefer'

Fig.4.11 The circular search-coils
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4;3 FLUX DENSITY MEASUREMENT

The measurement of magrstic flux density in and around
the device is necessary for estimating useful and leakage fluxes.
These measvrements also reveal the high and low flux density
regions in the device. The high flux density regions give rise
to heavy additional losses and the low flux density regions
lower the output to weight (or cost) ratio. Above all, the
measurement of flux density assists in the verification of the
theoretical models devised for analysing the de?ice. In the
following paragraphs, the discussion of the flux density measure-
menfs is based on the above objectives.

The usual method of measuring flux density in a.c. systems,
is by employing suitable search coils in the region or path of
interest in conjunction with an integrating instrument to
nmeasure and integrate the e.m.f.s induced in the search coils
dué to the changing fluxes. For the purpose of estimating the
useful and leakage fluxes in the device large circular search
coils were made. They were cast in fibre-glass to keep
the;r thickness to a minimum and for their easy and compact
movement in the air gap under standstill and dynamic conditicns.
Fig.4.11 shows the search coils with their leads and the six-way
double-pole switch. The cross-section along x-x, in Fig.4.11(a)
shows the location of each search coil with reshect to a stator
U-core. As is evident, the search coil assembly is appropriate
for measuring the flux transferred, from one limb of a U-core

to the cther, between cores numbered as follows (Fig.4.11):
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(a) 3-4 and 9-10

(b) 2-5 and 8-11, and,

(c) 1-6 and 7-12
in the air gap. The measurements made with these search coils
are useful particularly in analysing the device by making use of
the equivalent circuit approach [24]. The induced
e.m.f. across 1 and 6, and 7 and 12 is proportional to the
Qoltage across the magnetising raactancetxm) in the T-equivalent
circuit and therefore, its measurement assists in determining
the parameters of the T-equivalent circuit and hence in predict-
ing the performance.

The philosophy behind the construction and placing the
search coils and the corresponding measurements of flux density
become different, however, when they are to be used for the
verification of theoretical models (especially the numerical
type) devised to analyse the device. The problem becomes
exceedingly difficult, in practice, when the region of interest
has sharp discontinuities such that the change in flux density
with respect to the spatial co-ordinates is high. This is
because the measured flux density is the average of the flux
density in the region occupied by the search coil and it is,
therefore, difficult to obtain the maxima or minima of the
flux density. The possible solution then is to use a very
small search coil such that small movements along the three
co-ordinate axes result in an inappreciable change in the
measured induced e.m.f. This, however, gives rise to two

problems: (a) the construction and (b) the measurement of
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e.m.f. induced (which is proportional to the amount of flux
passing through it).

In the present work, the former difficulty has been overcome
by skillfully constructing small search cells having a small
dimension on the axis along which the rate of change of flux
density is high and relatively large dimensions along the other
axes. Further, the problem of measurement has been solved by
introducing an operational amplifier between the search coil
and the measuring equipment, suitably screened from noise and
other stray signals.

The measurement of flux density, like any other measurement,
is associated with a number of sources of error giving rise to
an uncertainty factor. The possible sources of error are:

(a) in the measurement of the search coil dimensions,

(b) in the measuring equipment and the linearity of the
operational amplifier used (together with the presence
of noise and stray signals),

(c) 1in locating exactly the location of the search coil
in space because of the irregularities in the electro-
magnetic device, especially in the shape and height of
the U-core limbs which are non-uniform throughout the
machine, and,

(d) in the experience and the limitations of the experimenter.

It is not easy to estimate or remove all the sources of error
listed above. However, attempts have been made to minimise them.

For instance, the search coil has been calibrated by making use

._52_
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of a source of uniform flux and a standard search coil. This
eliminates the need for finding the exact dimensions of tha
search coil. Similarly, the ggin of tie operational amplifier
has been derived by using standard equipment, and the leads
between the search coil and the amplifier huve been carefully

~ screened against stray signals and surrounding noise. Also,
suitable attachments have been devised to find the location of
the search.coil as accurately as possible. The location error,
however, is also a function of the irregularities in the stator
U-core and hence to minimise the error, due to sources (c) and
(d) listed above, the measurements have been repeated at

several locations.
In Chapter 5 results of the numerical analysis for the

BTFCM (as discussed in Chap.3) are presented and compared with

the experimental values.
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4.4 CONCLUSION
In this Chapter, emphasis has been given to the testing of

linear electric motors during the process of their development.
This is because the secondaries of these motors in their appli-
cations are the tracks and therefore they become a part of the
surroundings in which they are installed. For this reason,
linear electric motors must normally be specially designed for
their applications with due regard to compatibility, practica-
bility, utility, convenience and cost.

The research programme can also provide results useful in
electromagnetic scaling. Scaled down models of all the test
rigs, listed in Sec.4.1, can be made at relatively lower cost
for the verification of the predicted scaling factors (which

(51)
are not linear) »

On long tracks, linear motors have to be tested during
acceleration, a short run at constant speed, and a deceleration
to stop. These tests can be conducted at

(a) constant terminal-voltage-to-frequency ratio,
or(b) constant rated current to the motor.
In practice, however, it is always difficult to maintain either
of these conditions for the complete duration of the test and,
therefore, it is always better to repeat the test under similar
conditions. During the test the vehicle will be moving and hence
all these necessary measurements have to be made via Sensors,

converted from analogue to digital quantities and telemetered to

the ground control room for real time recording and later processing
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by camputer. The accuracy of the test resuits is a function of
the accuracy of calibration and hence all data channels from end-

to-end should be calibrated immediately before and after each

test run.
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CHAPTER 5
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5. TESTS, CORRELATION AND DISCUSSION OF RESULTS

5.1. INTRODUCTION
In Chapter 3 a numericsl approach far analysing the BTFCM

has been discussed in detail. A computer programme, hased on
these discussions, has been de;eloped to predict flux densities
and forces in :the BTFCM; As an example the programme has been
tested for secondary members, each consisting of an aluminium
plate with backing iron. The correlation of predicted and
measured results, both under standstill and dynamic conditions,
1s shown in this chapter. The computed results are also
presented in the form of two- and three-dimensional plots to show
the variation of flux densities, current densities and force
densities along the length of the machine.

5.2 DESCRIPTION OF THE SECONDARY MEMBERS USED FOR TESTING THE
COMPUTER PROGRAMME

The computer programme developed on the lines of discussions
of Chap.3 has been used to calculate flux densities and forces
with the following secondary members. First, the programme was
'run' with no secondary member, i.e, with open boundary con-
ditions. This was done primarily to check the discontinuities
in the primary member. Next, a secondary member, as described
by Fig.5.1, was used. The width of this secondary member was
taken as equal to the width of the U-cores. The width of
secondary member was then extended beyond the width of the
U-cores as shown in Fig.5.2. This was done to reduce the current-
density concentration at the edges of the disc, and this point
will be discussed in Sec.5.5, the relevant diagrams being those

in Figs. 5.15 and 5.16. This in fact was an example to show
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1. U-core 3.Laminated backing iron

2. Winding 4. 2.68 mm thigk aluminium plate
(p= 2.8X10 ~ am ]

Fig.5.1 Secondary SEC1

1. U-core 3.Solid backing iron

2. Winding 4. 2.8 mm thigg aluminium plate
{ p= 2.8X10 =~ Om )

Fig.5.2 Secondary SEC2
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how with a slight modification in the computer programme verious
secondary members can he easily analysed. In the follow'ng
section some results are presented to =how the correlation of
results obtained from the coemputer p:ognamme and the measurements
made on the BTFCM.
5.3 FLUX DENSITIES

In Fig.5.3 the variation of flux density S5mm above and
along a half U-core with no secondary member has been plotted.
The correlation is reasonable throughout except at nodes numbered
12,6 to B and 16 to 18 in fig.5.3. The discrepancy at nodes
numbered 16 to 18 is most likely due to the shape of coils
which 1n the model have been assumed flat and horizontal whereas
in the BTFCM they are slanted. This leads to an error which can
be resolved by using a finer mesﬁ to describe the windings.
Similarly for node No.12, the problem can be resolved by using
a finer mesh interval along and above the U-core limbs. However,
a moderate alteration, such as an addition of two nodes on the
U-core limb, two close to the U-core limb and two along the
length of air-gap, would increase the number of nodes in the
X-Z plane from 200 to 288 (i.e. by 44 per cent), and need (as
~mentioned in Chap.2) a corresponding increase in the computation
requirements. Fig.5.4 shows how the dip in flux density, at
node No.l12, diminishes with increasing distance from the pole
surface. (This is expected because, with the increasing distance
fram the pole surface, the flux lines bend around the U-core
limb and therefore reduce the wvertical components of flux at its

- corners.)
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Fig.5.5 shows the variation of fluyx density 3mm above and
along a half U-core for the secandary member SECl.. The
‘entrefer' was kept at 7.68ﬁm'total, witich represents &ﬁn
mechanical clearance between primary and secondary members, and
2.68mm thickness of the aluminiuﬁ plate. The correlation 1s
worse, thils time, at node No;ll. The possible reason is that the
potential at nodes lying on the outer edge of the conducting
plate have been fixed at zero (to satisfy the condition that the
iron is infinitely permeable and that the current paths do not
lie in space). This results in a very high vertical potential
gradient at node No.ll and hence the predicted value of the
corresponding flux density. The possible remedy, this time, is
to have a different mathemaficél maael which enables the scalar
potential U to vary along the edge, whilst still ensuring that
the current density at the edge is parallel to it. This requires
that H = -grad U should be replaced by H = T —grad U, where

T 1s the electric vector potential_[44»581

In Fig.5.6 tha correlation of measured and predicted flux
densities for the secondary member SEC2 has been shown. The
predicted vertical component of flux density (Bz) along the
plane AA is higher than the measured value outside the U-core,
and lower inside the U-core. This can be mainly attributed to
those errors arising in the measurement of flux density and
discussed in Sec.4.3. The difference can be reduced, however,
by taking necessary precautions during the construction of the

machine so as to enable easy and accurate location
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of a particular node in space. This applies alsa, of course, to
the other components Bx énd Y

The prediction and-ﬁeésﬁrement of flu% den;itiea under
dynamic conditions pnseé greater prnblems: For verification a
node has been selected Sﬁm outside the U-core along the X-axis.
Fig 5.7 shows the predicted and'meaéured components of flux
density during motoring and regenerative braking conditions.
The transverse component of flux density (B, ) does not change
appreciably from a slip of 2;0 to a slip of zero and the correla-
tion 1s reasonably good.

The vertical component (B; ), however, shows considerable
discrepancy both during motoring and . braking
operation. The predicted values are higher than those found
by measurements at low slips (less than 0.6 p.u.) and lower at
high slips. However, whereas in the region of
braking (slip between 2.0 and 1.0) the difference between
measured and predicted values remains fairly constant, that in
the region of motoring (slip between 0.6 and zero) the measured
value does not change but the predicted value keeps rising and
therefore so does the difference between the two. The possible
reason for this may be attributed to saturation taking place in
the backing solid iron. Although the flux density incident on
the backing iron is very low (about 40 mT) circulating eddy
currents can nevertheless cause saturation of the surface layer
and therefore violate the assumption made in Chapter 3. 0One

remedy to this problem is to construct a laminated backing iron
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of the same dimension radial as the aluminium plate under con-
sideratian, or; better; to include th=e effect of saturation in
the backing iron in thé'éomputer proéramﬁe[sg];

The variation with respec% to épeed of the measured and
predicted longitudinal cnﬁponent of flux deheitﬁ (By ) has the
same general trend, although the measured value is lower than
that predicted theoretically during braking and higher during
high speeds. This may be due to two reasons, first, that the
backing iron is not laminated as is assumed in the model and
secondly, incorrect positioning of the search coil.

In the next section the forces calculated by making use
of the calculated flux densities are compared with those measured
on the BTFCM'under dynamic conditions.

.
5.4 LONGITUDINAL AND VERTICAL FORCES

In Sec.5.3 the correlation between the predicted and
measured components of the flux density during motoring and

braking conditions, has been discussed. The corre-
lation i; not very good, particularly at high speeds, especially
for the vertical component (B, ) which forms the major part of
the total flux in the air gap. The forces predicted by using
these components of flux densities and Maxwell's stress tensor,
as discussed in Chap.3, have been compared with those measured
on the BTFCM in Fig.5.8.

As expected from the correlation of the vertical component
of flux density in Sec;5.3; there i1s a considerable discrepancy

in the predicted and measured vertical forces. The measured

attractive forces are always higher than those predicted
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except at high speeds where the measured ones remain fairly
constant byt the predicted ones keep 1ncreasing. This is
primarilQ because in the numerical modcl discussed in Chap;B.
the permeability of the backing iron has bsen assumed infinite
throughout which may nat be tfue at high sreeds for reasons
mentioned in Sec;S.B.

The measured and predicted longitudinal (or propulsive)
forces, however, show a reasonable correlation in Fig.5.8.
This is because the measured component By is higher than that
predicted at high speeds and therefore the reduction in
- component B, is partially compensated in the eqn.3.47.

The correlation of measured and predicted flux densities
and forces in Sections 5.3 and 5.4 verify the numerical model
proposed in Chap.3. These computed results, based on this
model, have been plotted in two- and three-dimensions, in
Sec.5.5, to study their distribution along the length of the

machine.
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5.5. TWO- AND THREE-DIMENSIONAL PLOTS OF COMPUTED MAGNETIC
SCALAR POTENTIAL, FLUX DENSITIES, CURBENT DENSITIES
AND FORCE DENSITIES

The correlation of flu: dersities and forces and suggestions
for improyving it further were disoussed in Sec.5.3 and 5.4. In
this section some of the two- ;nd three-dimensional plots are
presented to znow the MSP, current density, flux density and
force density distribution in the BTFCM.

figs. 5.5 and 5.10 show the effect of the width of the
secondary members on the MSP distribution in the x-z plane.
Curves orthogonal to these MSP contours are the field lines,
and they indicate that the flux density is more uniform in the
case of secondary SEC2 than of SECl. 1In fig.5.11 MSP has been
plotted in thé air-gap for two pole pitc?es. The plots show
ripples aloné the length of the machine. These ripples are due
to the discontinuities in the primary member and Justify the
use of three dimensional analysis.

The three components of flux density in the air-gap are
shown in Figs.5.12 to 5.14 for secondary SEC2 at slip 1.0.

The transverse component [%<1 distribution remains fairly

constant along the length of the machine along a line passing

through the centre points of each U-core. The plot also shows

maximum variation near the outer and inner edges of each limb.

This sudden change results in a high gradient of &, along the

x-axis and therefore a high lateral force density as shown later
in Fig.5.18(a).

The longitudinal and vertical components show maximum
variation taking place along é line passing through the centre

points of each limb of the Y-core. The minimum variation 1in
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Fig.5.9 MSP distribution in x-z plane for secondary SEC1
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(a) Imaginary component. Contour 1.0 corresponds to
MSP of 551.1A
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(b) Real component. Contour 1.0 corresponds to
MSP of 318.2A

Fig.5.10 MSP distribution in x-z plane for secondary SEC2
(the flux distribution is orthogonal to these contours)
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(b) Real component. Normalising constant = 2.12mT

Fig.5.12 Transverse component of flux density (B,) distribution
in x-y plane in the air-gap for two pole pitches.
Secondary : SEC2. Slip = 1.0p.u.
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Fig.5.13 Longitudinal component of flux density (B ) distribution
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Secondary :SEC2. Slip = 1.0p.u.
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each case 1s in the centre of the U-core, contrary to that of
the transverse component. The corresponding force densities,as
shown in Fié.S.lB. therefore have théir‘ma%ima in the centre

of the teeth. Plots shuwn';n Fig:5:13 and 5.14 also indicate a
higher ripple along the length of the machine and a fairly
uniform value along the width of the U-core limbs, as pointed
out earlier Qith reference to fig.5.9 and 5.10, with maxima

for Bz 1lying in the centre of a tooth and that for By in the
centre of a slot.

Figs.5.15 and 5.16 show the current density distribution in
the secondary conducting sheet members SEC1 and SEC2 for a slip
of unity. As pointed out earlier, the current density distri-
bution has a higher concentration along the edges of secondary
member SEC1 than it has for SEC2. Also the normalising constant
is higher in the case of SEC2 because of the decrease in the
secondary resistance due to the increase in the width of the
plate. This would, obviously, increase the forces produced.

In Figs.5.15 and 5.16 the zero contours 1§ing between two poles
have been plotted curved instead of straight lines. This is

s0 because whereas the conducting sheet considered in the
calculations has a circular geometry and hence so has the node
mesh, for plotting purposes the node mesh has been assumed
rectangular. Thus, if the plots-are bent suitably to represent
the current density distribution in the circular disc, the
corved lines will naturally become radially straight lines.

In Fig:5l17 the current density distribution in the

secondary SEC2 has been plotted in three dimensions in order
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(a) Imaginary component. Contour 1.0 corresponds to 268.96
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(b) Real component . Contour 1.0 corresponds to 255.18

Fig.5.15 Current density distribution in the secondary aluminium
plate. Secondary : SEC1. Slip = 1.0p.u.

(b) Real component. Contour 1.0 corresponds to 499.67

Fig.5.16 Current density distribution in the secondary aluminium
plate. Secondary :SEC2. Slip = 1l.0p.u.
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Fig.5.17 Three-dimensional current density distribution in
secondary aluminium plate for two pole pitches.
Secondary :SEC2. Slip = 1.0p.u.
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to study the variation in the x-y.plane. It is interesting to
note that the ripple which was present in the diagram of fig.5.11,

. for a plane very near to tha'gufface'nf the plate has diminished
consilderably for a plane lying on the surface of the conducting
plate. This is prubablf becéuse the plate currents have a

_ greater effect than have the energising currents on the flux
density at the plate surface than happens at any other plane in
the air gap away from the plate;

In Fig.5.18 the force density distribution calculated in the
air-gap has been plotted. This on integration gives the total
force but it is not the true stress distribution in the plate.
ITD obtain a Frue stress distribution on the plate would require
calculation of the magnetic stress tensor on the plate surface.
This is often difficult, as indicated in Chap.3. The plots in
Fig.5.18, however, suggest investigations into techniques of
calculating stresses in the plate (which may not be required to
be of uniform thickness along the width of the track, as sesn
from Fig.5.18(c)). Further discussions on the force density plots

of Fig.5.18 have been made in the following section.
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Fig.5.18 Force density distribution calculated in the air-gap.
(This is not true stress distribution in the plate.)
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5.6 DISCUSSIGN

In this chapter the flgx-densities and forces as obtained
from the analysis of Chap;3'have been compared with those
measured on the BTFCM; The'cofrelation has been shown both
ynder standstill and dynaﬁic conditions and methods of improving
the correlation are also discussed; Two- and three-dimensional
plots of computed MSP, flux density, current density and force
density distributions in the air gap region have been shown.
They give a better understanding of the distribution of individual
components and suggest means of improving the device.

The prime objective of the present work has been to obtain
force characteristics similar to those described in Fig.1.2.

The discussions on the computed results, presented in this
chapter, are therefore mainly for the purpose of interpreting
these results so as to deduce possibilities of obtaining the force
characteristics described in Fig.1.2. -

The force density plots shown in Fig.5.18 are for a case
when the secondary member is placed symmetrically above the
primary'nenber, as shown in Fig.5.2. For this reason, as
expected, plots are symmetrical about the centre of the primary
member U-cores. The lateral guidance force density is zero on
the centre of each limb of U-cores. It rises to a positive
peak on the inner edge and a negative peak on the outer edge of
the U-core limbs. 1In the event of the lateral displacement of
the secondary member above the primary member from the

symmetrical arrangement, the lateral guidance force density
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distribution will re-distribute itself such as either to tend
to keep the secondary memhe: on the primary-ﬁeﬁber or to tend
to displace it still further. ‘This will, of course, depend
wvpon the diénlacement; the speed of operation; the operating
‘entrefer' and, above all; on the configuration and design of
the primary and secondary nenbers;

The distribution of the tractive force density (as shown in
Fig.5.18(b)) and the normal force density (as shown in Fig.5.18(c))
have their peaks on the centre of the U-core limbs. The normal
force density changes sign outside the U-core limbs but the
magnitude is low and therefore the resultant nommal force,
obtained after integrating over the surface discussed in Chap.3,
remains attractive. Thus for levitation purposes the device
requires, as expected, lesser iron surfaces and higher current
carrying surfaces, in the primary and secondary members, facing
each other. For traction purposes, however, as seen from Fig.5.18(b)),
the requirements for obtaining high treactive force are opposite
to those just mentioned for levitation purposes, viz. the
increase in the iron surfaces for the same operating 'entrefer’
and flux density. This is so because the device under discussion
has a dominating vertical component of flux density (Bz).
However, if the device is made such that the longitudinal and
transverse components of flux density are relatively higher,
then it might be possible (hy suitable design) to obtain good
levitation force together with high tractive and lateral guidance
furces: The relative magnitudes of tractive and lateral guidance
forces can then be controlled by suitably selecting the relative

magnitudes of longitudinal and transverse components of flux
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density. The arrangement thus will have resultant high-tangential
and low-normal components of flux density in the space between
the primary and the secondarv members - a situation contrary to
that in conventional rotary motprs and tﬁe attraction type of
electromagnet. This would increase the ampere-conductor loading
in the device, For a 50Hz operation, and would be, naturally,
the price paid for good levitation and lateral guidance forces
for the same tractive force.

In the following chapter an improved model has been discussed
for a secondary member consiéting of a thick conducting sheet
backed by iron which is partielly saturatéd due to the eddy currents

(discussed earlier in Sec.5.3).
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CHAPTER 6 MOTION OF A THICKER CONDUCTING FLATE WITH ITS BACKING
IRON CARRYING EDDY CURRENTS

6.1 INTRODUCTION _

In Chapter 3 the finite difference esquations in terms of
magnetic scalar potential were descrihad for the motion of secon~
dary members consisting of a thin conducting sheet hacked by
unsaturated iron, and in Chapter 5 the predicted results were
compared with those measured on the BTFCM. The assumption of
unsaturated iron implies that 1t is lamipated such that the
saturation does not occur due to eddy currents in the backing iron
and the laminated stack is thick enough to carry flux from one pole
to the other without saturating the iron. However, in practice
a solid backing iron is used, for economic reasons, and this means
that in effect it will be worked at or near saturation levels
because the circulating eddy currents in the iron surface prevent
the flux from.penetrating into the backing iron and hence the
saturation of a thin surface layer takes place. Thus the solid
backing iron cannot be considered as infinitely permeable in the
mathematical model, as was done in Chapter 3. In this chapter an
improved mathematical model has been introduced to take into account
the eddy current condition in the solid backing iron.

The saturation of only a thin surface layer of the solid
backing iron mentioned above also implies that it would be wasteful
to use other than a thin iron sheet equal to twice the surface layer
depth, but as the speed increases, the depth of the layer increases
as it is frequency (and therefore, slip) dependent. The iron
sheet is then too thin and being saturated, is ineffective in
carrying all the flux and so a significant proportion of it
- amerges as a leakage flux at the far side of the iron sheet.

Under these conditions, the thin iron sheet is unsuitable as a
backing medium. It follows, then, that the backing iron must
have a certain minimum thickness for it to be effective over a X
_‘fairly wide range of slip. However, instead of a single plate of
iron, two thinner plates having a total thickness equal to that
of the single plate 1is even more effective. Indeed, it is shown
in this chapter that a composite backing iron, consisting of two
mild steel plates having a thickness of only two thirds that of
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g single plate is much more effective in preventing the flux from
ascaping fram the other surface. This is important in connection
with a transport system as a major cost of such a system is the
track. _ '

Another point, too, is that the aluminium plate used in
practice will be thicker than the thin sheet considered in
Chapter 3, and for the sake of completeness it is essential to
modify the mathematical model to take this into account also.

In thicker aluminium plates the electric vector potential T is

not constant throughout the thickness of the conducting plate and
therefore the plate cannot be modelled by a very thin plating of
conducting material on the surface of the backing iron as discussed
in Chapter 3. In this chapter an improved mathematical model is

presented for modelling thicker aluminium conducting sheet.
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6.2 mDDELLING A THICKER CONDGCTNG PL&TE IN AN ALTERNATING FIELD

- The behayiour of a qonducting sheet, when eddy currents are
induced in . it due to an alternating field, depends to a large
extent on the ratio of the sheet thickness (t) and the depth of
penetration (d) at the operating frequency for that sheet material.
This —~ ‘ratio decides the variation in the current density from
one surface of the conducting sheet to the other. When the ratio
is small, such that the variation in the current density with
respect to the depth is negligible, the currents along x and y
directions (and passing through elementary widths dy and dx
respectively) are given by

Iy = J,.t.dy, and

: got
Iy Jy.t.dx.

and the respective components of surface current densities are
given as

Ky = Ixt

Ky = Jyt 6.2
where J, and Jy are current densities along x and y directions
respectively, and t is the thickness of the conducting sheet.

However, when the-g ratio is larger the current density
changes from one surface of the conducting sheet to the other.
The surface current density is, therefore, obtained by integrating
the current density across the conducting sheet thickness.

It should here be stressed that the thickness of the plate
is such that, whilst allowing for a change in both magnitude
and angle of the current density within the plate, it is still
sufficiently thin for the direction of the current density to
remain unaffected. The complexity of trying to allow for
thicker plates than this can be seen by considering such works
as that of Stoll e }. In practice, this is no severe
limitation since cost considerations alone prohihit the use of
thicker plates than that considered here.

Assuming the material of the conducting sheet to he linear
and homogeneous, the surface current densities (from Appendix F)

are given by
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KX %_EJM+.th]
R i ol 6.3
Ky =2 '(Jhy'*-Jty )
2
where suffixes b and t denote the bottom and the top surfaces of

h

the conducting sheet, and

X =1 tanh (Vt) 6.4
3
vhere¥ =133 andd=_/ 2 6.5
_ 2d wap
Therefore, par: N 4
Yi="gd+ e e *+1¢ . 6.6
27 g 2 24

Comparing eqns. 6.2 and 6.357% can be defined as the 'effective
thickness' which corresponds to the thickness of an equivalent
conducting sheet in which the current density is made to be
constant in magnitude and phase angle through the depth and
equal to the average of the current densities on the bottom and
the top surfaces of the original conducting sheet (eqn.6.3).

Thus from egn.6.4

t(ef’fectivs] a% tanh (Vt) 6.7

For <0.2, tanh (Yt) = Yt (within 2 per cent)

&
2d
and therefore

Vaspectivey ML A ST L @8

Y
This corresponds to the case when the variation of current
density through the depth of the conducting sheet is negligible

and the t ratio for the condition quoted with regard to eqn.6.8
d .
is 0.4.

On the other hand, when
t > 3.3, tanh (Vt) = 1.0 (within 2 per cent) and
2d
therefore L ]
-~ A_-o -— 0 .
t(effective) = 24 45 6.9

<[
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and the t ratio is 6.5, the assumption being that the currant is
d . : :
(very closely] confined to layers parazilel to the flat facos of

the plate. So for 0.2 % t  #3.3 the effective thickness varies
24
from t to /2d /45° 1n accordance to eqn.6.7

The conducting sheets used in the present work have a t
d

ratio equal to or less than 0.225, which is less than 0.4 and
therefore the representation of the conducting sheet, so far,

by a thin plating on the surface of the backing iron in the
mathematical model is valid. However, when the thickness is large,
such that the t ratio is greater than 0.4, the conducting sheet
requires an 1mgrnved modelling. One way of deing it is to express
the effective thickness of the conducting sheet by eqn.6.7 and

the surface current density by egns. 6.2 and 6.3. However, in
doing so the same current is put in a small section (in the

form of a very thin plating on the iron surface) and therefore

the corresponding current density J increases. Thfﬁ7?an be
expressed analytically by the following expression

K=1lim J t(effective)
[- -]

J-> ;
t> o 6,10
(effectiye)
where J = 4, J, + & J, 6.11

K=&y + 4K,

It follows from eqn.6.10 that representing a thick plate by
an infinitesimally thin layer in the mathematical meodel creates a
current-free space which increases with the plate thickness.
The error caused by the creation of this current free cpace is
similar to the discretisation error in a finite differsnce method,
and it becomes severe when the internode spacing (h) in the
numerical model is comparable with the conducting plate thickness(t).
This problem can,however, be overcome by describing the thick
cunducting sheet in a suitable multi-layer model as discussed

below. This way of representing a conducting sheet in the



mathematical model is pqrtipularly useful when the material is

nnh*lineap like partially.salﬂyqted solid iron. Each'layer can

then he given a different peripeability and thereby approximate

the varying degree of saturation within each layer of the model.

This, of course, applies to thin as well as thicker sheets. The
i 0

modelling of very thick sheets EE Ry by a multilayer

system, however, assumes that the current distribution does not
deviate substantially from the simple one associated with
thin plates.
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6.2.1 Multi-layer quel_ _ |
When the field problem is solved in terms of magnetic

scalar potential, the current density distribution in the conducting
sheet is expressed as a curl of the electric vector potential (7).
So far, in Chapter 3 and in this chapter, the electric vector
potential has been assumed not to vary with cepth within the sheet
because in the BTFCH only thin conducting sheets were used. In
thicker conducting sheets, however, the electric vector potential
changes with the depth and therefore, as discussed above, the
sheet cannot be replaced in the mathematical model by a very thin
plating on the surface of the backing iron. Instead, the thick
conducting sheet can be represented by a number of thin conduct-
ing sliées such that the electric vector potential in each slice
is uniform through its thickness. In effect, all the slices
taken together are then equivalent to a ' laminated-conducting-
plate'. A four-layer model developed for a thick conducting sheet
is now presented, and it can be incorporated in the computer
programme developed so far, when the occasion arises.

Fig.6.1 shows a secondary member comprising a thick conduct-
ing sheet that has been sliced into four. The modelling of slice 1
is similar to that for the thin conducting sheet. As slices 2,
3 and 4 are not backed by iron, each must be modelled as an
'isolated conducting sheet'[47]where the magnetic scalar potential
of nodes on each side of the slice are evaluated simultaneously.
In Chapter 3 the network molecule for a general node on an
isolated conducting sheet was described and the equations obtained
for nodes lying on each side. However, when the nodes lie at an
edge of the slice, their network molecule and the corresponding
equations are different. This is so because the edge of each
slice forms a line on one side of which the currents are zero and
on the other side non-zero. Since the plate is not connected
electrically. to anything else, the total current flow through
the segtion is zero, and therefore the condition T, =-0 at each
edge ia_sqtisfieg. This impligs that the magnetic scalar potentials
at the edge nodes on the top and bottom surfaces of slice 2,3 and

4 are equal, and sc they ean be replaced by a single node for each
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slice as shown in Fig.B.2. Qn applying the continuity condition
at node '0' in Fig.6.2, the finite difference equation far the
edge nodes is

WCm1 @17 R Tp) +ulnl  Of ~Tp) * wCyy (Upm To)
e o = 1 o Cm2 o

T uCy3W3 = Vo) * uCps Mg~ Tg)  + ulyg Mg ~Tg) =0
6.12
where w = 2zf,

Cm1s Cm2: Cp3s Cms Cpg are magnetic capacitances, and U's.
are magnetic scalar potentials at the nodes described in Fig.B6.2,
Thus the multi-layer magnetic network model, for a thick

conducting sheet, on the basis of the foregoing discussions is

as drawn in Fig.6.3. The thick conducting sheet has been divided
into four slices and it has been modelled for the case when it

is backed by solid iron, which carries eddy currents and is
saturated as a direct consequence of these eddy currents. The
representation of eddy currents and saturation (as a direct
consequence of these eddy currents) in the solid iron is

discussed in Sec.6.4.
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SJfLUX,FENETRATIDN IN SDLID EﬁCKING IBQN BEHIND ALumINIUQ,
" BEACTION BAIL ° )

The use of salid hacking irnn, instead of the laminated typa,
is desirable from both the cost and the mechanical strength points
of view. Its use, huwever, makes the prediction of flux densities
and forces produced difficult primarily because in the analysis
the backing iron cannot be assumed infinitely permeable even when
the flux density normal to the iron surface is lows This is so
because the alternating flux after meeting the solid iron surface
induces in it eddy currents, which tend to prevent the main flux
from penetrating into the iron beyond a saturated layer close to
the iron surface. Any further increase in the incident flux
increases the layer thickness since the flux density in the layer
can have only a small increase beyond the saturation level. The
effect of this behaviour of the solid backing iron in an alternating
field on the mathematical model is dealt with in the next section.

Another aspect of the cost consideration is that the thickness
fram the magnetic circuit point of view, should be just sufficient
to carry the flux from one pole to the next whilst being thick
enough, if necessary, to ensure mechanical rigidity. This is so
with solid iron because, as can be seen from Fig.6.4[EE], most of
the flux is confined to a saturated layer close to the iron surface.
Thus there is a region A in the backing iron which remains virtually
flux-free. It reduces with the thickness of backing iron and for
a good design becomes small but sufficient to accommodate any
increase in flux beyond the designed limit. If the iron thickness
is reduced beyond this limit the flux at B, pushing out of the top
surface, increases rapidly. This was also observed during an
experimental investigation into the behaviour of three types of
backing iron (described in Fig.B6.5). The backing iron BI3 was
laminated in a direction normal to that of the flux flow and
during each study the entrefer and the primary excitation were
kept constant. The presence of flux at B was studied, for each
type of bhacking iron, by measuring normal flux density along
%x-x ahove their top surfaces. These have been plotted in Fig 6.6.

For comparison the flux density at location C has also been recorded.
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along which normal flux densities were measured

_137_



4.0 -
Curve Backing Flux demsity in mT
' ' iron at C for comparison
|
| :
\ Pl BI1 156
o A T M= e ST BI2 162
\ S e
%0 \ BI3 168
|y
A
\l Measurements were made along Xx-x
\
2.0 =
B
in itr
10 o
W ¢ ) 12 14 3 19 20
Node numbers along x-axis
X . : : : = : e g
AT T TR AN NN RN N AL AL SR VA AN AN
[
x

72770

Fig.6.8 Z-component of flux desity along line x-x

-138-



Frum Fig.6.6 it is eyident that the solid backing iron
behaves in the manner discussed earlier with regard to the lux
distribution within it as given in fig.8.4. The product of
- eonductivity and relative permeability of solid backing iron is
typically 1000MS/m (for 100 <4.<200 and 550;<10 MS/m), and this
gives a depth of penetration at 50Hz of 2.25 mm. Therefore,
for a negligible flux free region A the backing iron thickness
should be at least 4.5mm for the assumed conductivity and
relative pennaability”of the iron. The thickness of the backing
iron BI1 is less than, whilst that of BI2 is greater than this
desirable minimum. Therefore, the flux at B is larger in the
case of BI%. _

However, although BI3 is thinner than BI2, the flux at B
is actually less than the case for BI2. This arises because BI3
is a composite plate and, therefore, some of the flux in the
bottom_plate of BI3, when reaching the interface between the two
plates, 1s allowed to penetrate into the interior of the composite
plate as shown in Fig.6.6(a). So less flux actually passes round
to the back surface of the composite plate and therefore less
flux leaves it to pass into the air.

From the foregoing discussion, a selection of a suitable
thickness of the solid backing iron involves, amongst others, a
compromise between the amount of flux at B, coming out of the top
surface of the backing iron, and its thickness. Further, the flux
density at location C in each case was of the same order and,
therefore, Fig.6.6 indicates a possible saving in the total iron
thickness by using a composite backing iron of the type BI3
described in Fig.6.5, provided there is adequate mechanical rigidity.

The above experimental study and discussions also conclude
that the flux paths around the secondary backing iron are as drawn
in Fig.6.4. 1In the following section the effect of flux penetration
in a solid hacking iron in an alternating field has hbeen
mwodelled mathematically. The computed flux paths presented in
Sec.B6.B6 have been obtained using the mathematical model descrihed
in Sec.6.4 and the resulting plots given in Fig.6.14 show similarity

to those drawn in Fig.5.4,
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6.4 MATHEMATICAL MODEL OF EDLY CURBENTS AND SATUSATION (AS A
CUNSEQUENC§ OF EDDY: CURBENTS) AT THE SURFACE OF THE BACKING IRON
When an alternating flux strikes against an iron surface its
peﬁetraticn into the iron can be classified into three modes USS].
In Fig.6.7 these modes of flux ﬁenétration are shown for laminated
and solid iron. As is evident from the experimental results of
Sec.6.3 and also Fig.6.7, only a mode 2 flux penetration takes place
in solid iron. This mode of penetration, like that for the mode 3
- Tlux 1is quite different from the type of penetration associated
with mode 1 flux in that these modes are intimately related to
the eddy currents in the plate. The mode 1 flux, however, is not
related to eddy currents and it also does not give rise to a power
loss of the nature important in this study. The pawer loss (both
hysteresis and eddy current) associated with the mode 1 flux, as
discussed in undergraduate magnetic circuit problems even when
présent (e.g. in the U-cores) is negligible. The mode 2 flux,
associated with the solid iron, after entering the plate turns to
run parallel to the surface either to the left or right as shown
in Fig.6.4 at point C. This is so because the eddy currents induced
in the iron surface due to the alternating flux striking against it,
prevent the flux from penetrating much beyond the depth of pene-
tration (d), the iron within the depth being saturated. Thus,
the flux in the mode 2 flux penetration is confined to surface
layers and, therefore, the solution can be obtained by simply
considering the conditions at the surface. This can be done in a
magnetic network model by describing the properties of these

surfaces by a single layer of nodes where the internode magnetic
(65)

impedance is given by
zim o U“j) _01 6-15
V' 2wp

where o3 and ﬁé are the tangential conductivity and permeability
of the backing iron, and _
w = 2nf, vhere £ is tﬁe'frequency of operation.

The magnetic impedance given by eqn.B6.13 is 1in parallel
with the magnetic impedance due to the surrounding space to
‘account for the tangential field. When this iron surface is
behind a conducting sheet the effective magnetic impedance is
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Fig.6.7 Flux penetration modes in laminated and solid iron
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represented by connecting in series the magnetic impedance due
to the backing iron and that due to the conducting sheet.
(This is'so because electrically the conducting sheet and the
backing iron are connected in parallel.) The comhined magnetic
impedance also has s component due to the surrounding space to
account for the tangential flux. Thus the network model for the
secondary member [cnnsis;ing of thin‘condncting sheet backed by
a solid iron which carries eddy currents) can be described by
Fig. 6.8. In the network model no account has been made of the
iron beneath the iron surface since, as pointed out earlier, it
carries no flux. This also implies that te magnetic scalar
potential in this region is constant throughout, the most
probable value of the magnetic scalar potential being zero because
the line of symmetry, between the two limbs of the U-core, also
lies 1in this region. @~
" B.#4.1 Description of the network model

The network model drawn in Fig.6.8 is different from that
used in Chapter 3 especially at the top surface and at the edges

of the secondary member. The magnetic impedance of the bottom
surface, which also contains an aluminium conducting sheet, has
now become (Zp + Z;) to account for the eddy currents in the
backing iron. Similarly, for the top surface, which has no
aluminium plate, the magnetic impedance is given by Zj alone. The
network molecules for nodes lying in the bottom surface and in
the top surface (except those lying at the edges) of the
secondary member are given in Fig.6.9(a) and (b) respectively.

In Chapter 3, the magnetic scalar potential of nodes lying
ét the edges of the secondary member were kept constant at zero
value, because of.the assumption that the currents exist only in
the aluminium sheet. However, when the eddy currents in the
solid backing iron are also taken into consideration, the
situation becomes such that the currents at the edges can now
find a closed path as described in Fig.6.10(a). Thus, zero
constant yalue magnetic scalar potential condition, aleng the edges

of the secondary member, is no longer necessary. Instead the
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Fig.6.8 Network model for a secondary member consisting of a thin aluminium sheet backed by a partially

o

saturated (due to eddy currents) solid iron



(a) Nodes on the bottom surface

(b) Nodes on the top surface

Fig.6.9 Network molecule for nodes lying on the bottom surface and on
the top surface (except at the edges) of the secondary member
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(a) Currents in the developed surface of the secondary member

(b) Bottom surface (c) Top surface

Fig.6.10 Network molecules for nodes lying at the edge of the
secondary member
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hagnetic.scalar potential at tiese edge nodes can he. obtained
by. solvinz appropriate networx molecules descrihed by Fig.6.10(b).
6.5 ACCOUNTING FOR SPEED EFFECT IN SOLID IRON

Fig.6.8 gives the network model of a secondary member con-
sisting of a thin cnnducting_sheet backed by a solid backing iron,
the latter being partially saturated as a direct consequence of
the eddy currents due to the alternating flux. When this
secondary member moves in the alternating field, the flux striking
against the secondary member surface changes with respect to
time not only because of the alternating nature of the flux but
also because of the spatial variation. These two variations of
 flux density (B) with respect to time can be expressed as

b 4 PR RO - 2B = ~«B 6.14

ot

and, for a constant speed motion,

motion = VXV B = ~v 298 ‘= $3 6.15

dy
where o¢= 1. 3B ° , and : 6.16
B ot
5 Y )] i 6.17
B oY

Therefore, the net VYx E due to variation in E'with respect to

time, as seen by the secondary member, is given as

VxE =v9vxE_ +VxE A A
= ~ (X+8) B © 6.18
The current density distribution in the secondary member is given by
J. = _oF ' 6.19
Taking the curl of both sides and substituting for Vx E from
eqn.6.18 g iy _
V23  =g(VxE) =_-~o(L£+8)B 6.20

taking the curl of both sides of eqn,6.20, and substituting Yx B =7

and assuming constant A we obtain

\v A ﬂ&(°< +8) T GI.I'ZI
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where. v:f has been assumed. zero.because P is zero within the

. conductor, .
Writing : 2 ‘
Mg (X+ B) = 4 6.99
aqn, 6.21 becomes
v =3 6.23 "

giving a diffusion equation similar to eqn. F.4. PFor a

homogeneous and linear medium, the surface current density is

£ =26+ 6.24

where K, ffb and fft are defined in Appendix ¥, and
D= % tanh(yt) 6425

vhere Y is given by eqn.6.22 and t is the thickness of the
conducting sheet. ]

Thus from eqns. 6.24 and 6.25 the effective thickness of
the conducting sheet is obtained as below. When the conducting

sheet is thin, such that t <0.2 then from eqn.6.24 (where

tarh{)=tt for © <0.2) e
2d
t(effective) = é'\(t

or

t(effective)zt' 6126

When the conducting sheet is thick such that >3.3, tanh(Yt)=1.0 and

=
2d

W e
(effective)‘-‘—y-,?-'?_ uno (X + 8)

again assuming currents parallel to the surface of the conducting
sheet. Further, when the normal camponent of the field varies
from a Jaximum just outside the surface to zero under the surface
layer (as shown in Fig.6.4) the current density likewise diminishes
from a maximum at the surface to zero at the far side of the

surface layer.
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For a homogeneous and linear medium, the surface current density
(from eqn. 6.24 hy putting .! =To) is given as
3T 6.28
K-= <. Jb 3 : £ T

- fram which, for a small d, thereffective thickness is given hy.

a/ .- 6,29

,ucC°<+ 8)

[effective] =

N]"

The surface magnetic impedance, in each case, is ohtained by
multiplying the surface conductivity ( o)by the effective
thickness. Thus (see Appendix G)

Iy = Ct(affectiva] . 6.30
which is like tmt for the aluminium plate used in the present
work, where the magnetic impedance 1s given by

Loeq = O B 6.30@)
and the suffix a stands for "aluminium plate”.

However, in the case of solid iron the eddy currents are
confined to the surface layer and they vary from a maximum

on the surface to zero beyond the layer, and therefore, on the
assumption that the behaviour of iron is linear and that the
saturation remains constant, the effective thickness 1s given

by eqn.6.29 and the corresponding magnetic impedance is

Zmi = UiJ 1
ojny (X + B)
- 631
pq (X #8)

where « and B are given by eqns.6.16 and 6.17, and suffix i stands

for iron.
_ If the wvariation of Eac: with respect to time is defined as

B;m ; -=:§°ac exp(Gut) 6.32

] SRS e . . Ls i
where the real part is implied and it/assumed that the time
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harmonics in the primary excitaticn are zero, then

mle

ac

= ‘}h! . 6.33

@)

ac

Further, for the purpose of defining the surface impedance of
the solid iron, if it is assumed that the variation of B with

respect to y is

Bow»oE U A
B ch exp (- j < ) 6.34
p
where again only the real part is implied, then
3B
VXVxB Yy 3y
B-'-'-'——E_ = —
B
or,
s
e ® vy.( -3 5 ) . 6.35

The velocity at which the secondary member is moving can be

expressed in terms of the synchronous velocity {vsl as

v = (1-8) v 6.36
s B
vS -V
where s = slip = -—17——J£ 6.37
s
and AR bl 6.38
i'8 p

Substituting eqns.6.36 and 6.38 in eqn6.35 gives

m
B = 2rpf (1-s) [-j?—]
p
or,
i B = - 3 (1-s)w 6.39
where,
w B 29F =

Therefore, by substituting the values of-aand B (obtained in
eqns.6.33 and 6.39 on the basis of the assumptions discussed

above) in eqn.6.31 the magnetic impedance for the solid iron is
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given as

mi

or,

zmi

%4

ui[jm - (1-s)jw)

= Ui
Jsmui
%
= [1_3] ——.—__25“1’.I - 6.40

i

The magnetic impedance given by egn.6.40 for solid iron

accounts for the motion but assumes a sinusoidal variation of

B with respect to the direction of motion. This assumption is

only for the purpose of calculating the surface magnetic impedance

of iron. The spatial harmonics are still taken into account

during motion by solving the network model described in Fig.6.8

by making use of the approach described in Chapter 3.
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6,6 BESULTS OF IMPROYED MODET.LING..

In.Cpapter'S.thg'ed&p cuxrents in the_sqlid backing iron
were neglected and in Chapter 5 thg flux densities and forces
calculated with this assumption were compared witﬁ those
measured on the BTFCM, Imn this chapter an improved mathe-
matical model has-been'developed'to take into account the eddy
currents and the resultlng saturation in the solid iron. The
magnetic impedance of the th1n conducting sheet below the
backlng iron, has been shown to remaln-unchanged with speed
whereas the magnetic impedance of the solid iron changes with
speed and is effected by the presence of spatial harmonics.
Expressions have been derived to account for these effects in
Sec.6.5 wﬁbre,'as a first approximation and only for the
purpose of estimating tﬁg magnetic impedance of irom, the spatial
ﬁarmonics were neglected. However, tﬁese ﬁarmonics can be
accounted for by deriving B as given in eqn.6.17 after a set
number of Iteratlons.

Although the alumlnlum conducting sheet has been modelled
(as in Chapter 3) as a thln sheet, a'method has been presented
and criteria establ:shed in Sec.6. 4 for*modelllng thlcker
. conductlng sheets and thls was applied to justlfy the use of
a thin plate-model for the BT?CM.

In this section the computed results of the improved
nmdelllng descrlbed ‘above, are discussed.

6.6.1 Flux density at standstill

a) Magnitudes The three components of the flux density have
been plotted separately in Fig.6.11 and Table 6.1 distinguishes
tﬁe curves. The effect of the inclusion of eddy currents and
saturation in the backing iron is such that the z-component

of flux-density is reduced all along the transverse direction
x=x: This reduction arises because the eddy currents in the
solid iron produce a flux that opposes the main flux thereby
xreducing the normal component of flux- density. The effect of
1owerlng the bottom-boundary (to make the‘U—core limb its
actual height of 50 mm) is amall so far as the magnitude of

B, is concerned. It has, however, a con51derable gffect on the
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Table 6.1

Description of curves in Fig.6.11

Number Description Details

1 —_— Eddy currents and saturation in the solid

backing iron neglected

e } Eddy currents end saturation in the solid
3 —_— backing iron considered
————————— U-core limb considered 20mm high
3 ————— U-core limb considered 50mm high
I Measured flux.density

-154-



ohgse angle as shown.in Fig.6.12 and discussed later.

The .peasured yalues of the z-component of flux density
lie between those computed hy wsing the mathematical model in
whibh]ﬁheleddy currents in.the backing iron are ignored, and
injthg{moqel in which they are‘conside?ed. In the latter model,
thg'Safuratiqn in the solid backing iron (as a direct conse-
quéngg of the eddy currents) @as been assumed to be uniform
everywhere over the iron surface so as to allow a constant
permeabllity to be adepted and thereby simplify the
programming. In actual fact, thEVer. the permeability of
the iron is dependent on the tangential H, and since this is
not wniformly digtributeq.the_penngability must necessarily
ehange from point to point over the iron surface. The variation
in the tangential H just outside the iron surface in the
BTFCM can be seen particularly from Fig.6.11(a) which, on
' changing the scale of the vertical axis (because the permea-
bility 1is that of space) shows that |Hy| varies from O to
16kA7m. Thuas the non-uniformity in tangential H just outside
the iron surface gives rise to a non-uniform saturation in the
backing iron, and this can be accounted for by deriving the
appropriate Z,; for each node. This would, obviously, be the
next step in improving the mathematical model further and this
is suggested for further work in Sec.7.2. This, however,
cannot be undertaken lightly for the present programme is
particularly demanding in both computer storage capacity and
mill time.
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. Thancamputedhz and y- camponents of flux densities
outside-the'ﬂfnqre_limb are greater when the eddy current
cnhﬁitian in the backing iron is included in the mathematical
model, than when it is not. Thig again is due to the field of
the eddy currents opposing the incident flux, thereby increasing
the tangential flnxas.l The computed curves tor tangential
components of flux densities, for conditions with and without
eddy currents in the solid backing iron, lie on the opposite
sides of the‘measurgd flux densities along x-x outside the
Y-core. Along %x-x on the inner side of the U-core, however, the
inclusion of eddy currents in the_mathematlcal model has not
changed the y-component of flux density, although it increases
the magnitude of the x-component of flux density. At the inner
side of the U-core along x-x, the computed X-component of flux
density (for conditions_with and without eddy currents in the
solid backing.iron) remains fairly constant, but the measured
values exhibit a small drop between node numbers 14 and 17, and
are lower than the calculated values between node numbers 13
and 20. The maximum discrepancy between the calculated and
leasured x-component of flux density is between node numbers
16 and 17, and it is respectively 18 per cent and 11 per cent
for those mathematical models which account for, and which do
not account for the eddy currents in the solid backing iron.
The causes-for this discrepancy méy; most likeIQ, be due to
an inaccurate orientation of the search coil at ricdes lying
along x-x in the inner side of the U-core as explained in
Chapter 4, and due to the assumption of a constant permeability

at all nodes on the iron surface.
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of flux density is shown in Fig.6.12, the curves being dis<in-
_gulshed in Table 6.2. The inclusion in the mathematical model of
the eddy current condition in the solid backing iron and the
yarious hoUndary conditions at z=o have a disvinct effect on the
phase angle when compared with curve 1 in Fig.6.12. Curves 2
and 3 and curves 4 and 5 are for U-core limb 20 m and 50 mm
high respectively. Each set is for a flux-line and a zero-
potential boundary condition at z=o and, as is evident from
Fig.6.12, each set is above and below the measured phase angles
(except inside the U-core where, although curves 2 and 3 and
likewise curves 4 and 5 merge, they differ somewhat from the
measured values). Also the set of curves corresponding to a
U-core limb length of 50 mm are nearer to the measured phase
angles. This improvement arises because 50 mm distance corresponds
to the height of the U-core limb in the BTFCM although only

20 mm of each limb carries primary excitation winding. At

first sight it would seem that the 30 mm part of the U-core

limb which is winding-free would not play a significant role

and therefore the height of the U-core limb may be taken as

20 mm so reducing the number of nodes in the numerical model

and hence the computing time. Although this may be true so far
as magnitudes are concerned it is not so when considering

phase angles as demonstrated in Fig.6.12 where it is clear

that the curve 2 lies more closely to the measured values than
any other curve. Consequently this extended leg length has

been adopted 1in subsequent programming when studying the effect
of speed, as discussed in the next section.
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Table 6.2

Description of curves in Fig.6.12

Number Description Details

1 — Eddy currents and saturation in the solid
backing iron neglected

g ':::;:;::: Eddy currents and saturation in the solid
4 i backing iron considered
5 —_—— XX
""""" U-core limb considered 20mm high
3 e X e 4,
g o SR o U-core limb considered 50mm high
i :;T:l?:;i:: Flux line boundary condition at z=0 plane
3 —_—r R — -
5 e Zero potential boundary condition at z=0 plane
3 Measured phase angle

(Reference in each case is node number 12 .)
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B2 EfTontiorispeed: 1) .

In‘Sec;S.S ip_waglconélpded that the effect of speed an
the magnetic netwo?k'mndellisvsuchlthat the magnetic impedance
. for the solid iron is given by eqn.6.4C and that for the thin
- condueting sheet by eqn.6.30. The computer programme based on
this new network model, using these magnetic impedances to
represent the secondary member, is used as outlined in Chapter 3,
to obtain the MSP distribution at various speeds. This MSP
distribution, as before, is then used for caiculating the flux
densities and forces. The computed results are plotted in Fig.6.13
and the curves are distinguished in Table 6.3.

The inclusion in the mathematical model of the eddy current
condition in the solid backing iron is such that the normal
component of flux density [1.9, Bz] is lower at all speeds when
compared with those obtained by ignoring the eddy currents in
the solid iron. This reduction in the z-component of flux
density has been attributed, in Sec.6.6.1, to the additional
secondary flux (produced as a result of eddy currents in the
solid iron) which opposes the main flux. The tangential
components of flux density (i.e. B, and By] are likewise
changed significantly at all speeds when the eddy current
conditions in the solid backing iron are included in the mathe-
matical model. This is again because of the eddy-current reaction
as mentioned in Sec.6.6.1. In the main, the curves 4 in Fig.6.13(a)
for Bx, By and Bz, are closer to the measured values and,
therefore, the inclusion of eddy current conditions in the solid

backing iron improves the mathematical model.
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Table 6.3

Rescription of curves in Fig.6.13

Number Description Details

1 Eddy currents and saturation in the solid

# "7 '7"  backing iron neglected-

et L TR Eddy currents and saturation in the solid

& e e Yl backing iron considered

1 Spatial harmonics neglected in the calculation
3 ——————— of the MSP distribution

2 e g Spatial harmonics considered in the calculation

4 =y of the MSP distribution

I Measured flux density and force

The flux density in Fig.6.13(a) are at a node (10,5,5) described below.

V7777777777777,

Qa.s,s) .
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- The effect of the mmdifjgg?matbgmatica1.mndal on.the

: fdrbe'vBrSUS.speed characteristic is'depicted in Fig.6.13(b].
Examining this in the same way as the torque-speed character-
istic of an indyction machine,. the inclusion of the eddy

- current condition in the form of Z; is such that, so far as
the variation of the propulsive. force (F,] with speed is
concerned, the secondary member appears to have an effective
resistance lower than is the case when the eddy currents (and
the resulting saturation] in the solid backing iron are
neglected. The consideration of spatial harmonics, by using
the method described in Chapter 3, in the secondary member is,
as expected, such that the propulsive force becomes less than
that obtainad_without_taking into account the spatial harmonics.
This approach, however, does not account for the effect of
spatial harmonics on Zpy as pointed out earlier in Sec.6.5,
although this can be done by defining 8 (in eqn.8.17] at each
node. The influence of its inclusion in the mathematical

model will have an effect on the EY versus speed characteristic
RO R Pt e of nd 3B S0 Bt da Hherefomg, dpprove the
region of 0.3 p.v. slip in Fig.6.13(b]l. The discrepancy
between the measured and computed force EY in the region of
0.8 p.u. slip may be due to the use of a fixed permeability all
over the secondary backing iron. The development of a variable:
permeability model is referred to later in Sec.7.2.

The effect of the modified mathematical model on the
variation of the normal force (F.,) with speed is similar to:
that described for the yariation of Fy with speed. The eddy
currents in the solid backing iron increase the total current
in the secondary member for the same primary excitation, as
compared with the case when eddy currents are present only in
the aluminium conducting sheet. This causes a corresponding
reduction in BZ (as discussed eariigr] and therefore the
a;tpactinn_forcg also_reducgs'(bs egn.3.48 indicates] for the
samE'primary_QXcmtgtion « In Fig.6.13(b]l the normal forces
calculated by neglecting and by considering eddy currents (and
the resulting saturation] in the solid backing iron lie on

either side of the measured normal forces. These measured forces
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are.gloser to_thnse‘calpulatgd by.using the mathematical model
in:whiéhjthg;eddy.pgrrentsiin the_sqiid backing iron are taken
into.accoﬂht; although there is some discrepancy at low and
high slips. The Aiscrepancy at. high slips is most probably

dee to the wse of a uniform permeability throughout the iron
surface. This can be overcome by defining permeability at each
node on the iron surface, depending upon - the prevailing
tangential field conditions. At low slips, however, the
computed fgrcgalwquid-cqmg closer to the measured ones when

8 (given by eqn.6.17) is also defined at each node to account
for the spatial harmonics for defining Zn1 (by egn.6.31).

Also at very low slips the depth of penetration would become
large, approaching half the thickness of the backing iron, in
which case the surface impedance modelling of the backing iron
will not be valid. This, therefore, requires a corresponding
modification in the computer programme for establishing the
criteria for finding out when the modellbacumes invalid and
then switching over to the thick or thin sheet model, described
in Sec.6.2, as the case may be. The improvement in correlation
at low slips is expected because the inclusion of harmonics in
defining Z,q would effectively increase the eddy currents in
the secondary member, and this would lower the computed B,

and F, in Fig.6.13 (a) and (b) respectively. The method of
including these two suggestions for improving the mathematical
model further has been discussed later. In the fcllnﬁing sub-
section the effect of improvements in the mathematical model
made in this chapter, and the effect of speed on the MSP
distribution around the secondary member and on the current
distribution in the secondary member, are presented in the form
of camputer plots.
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: 6.8;3'ﬁSF'distribution:andfcﬂrrgntiﬂensity Qistribution'plots

In fig.6.14 the flux-distribution around the secondary
member ' has been shown for conditions in the mathematical model
uhéﬁ'addy curfents iﬁ the ' solid backing iron (eand the resulting
saturation) are both neglected and, alternatively, included.
fig;6;14(b] is comparable with Fig.6.4 which was drawn earlier
to illustrate discussions in Sec.6.3. The effect of including
EdGQ currents in the solid backing iron is, as expected, such
that the flux pushed around on the other side of the secondary
member increases, as shown in Fig.6.14.

The plots presented in Fig.6.15 are comparable to the
current density distribution plot drawn earlier in Sec.B.4
(Fig.6.10). In this -the surface of the secondary member has
been "developed” (i.e. laid out in a two-dimensional form) for
the convenience of plotting and the original secondary member
can be re-formed by bending the plot along the dotted lines
(in Fig.6.15(b)). When this is done the current density distr-
bution along the edges (between B and C] and on the other side
of the solid backing iron (between A and B) will be obtained.
The current density distribution (between A and B) on the
other side of the solid backing iron indicates that a significant
percentage of current does flow on the top surface of the solid
backing iron.

In Fig.6.16, - the magnetic scalar potential plots,
described earlier in Fig.6.14, have been presented for high and
low slips for the mathematical models in which the eddy
current condition in the solid backing iron is both neglected
and considered. The flux lines are orthogonal to the constant
MSP lines and, therefore, Fig.6.16 shows the effect of speed
on the flux distribution around the secandary member for both
the mathematical models. As expected, and indicated later in
Fig.6.17, the eddy currents in the secondary member decrease
with the decrease in slip and, therefore, more flux enters the
iron from the bottom surface to find its path to the opposite
pole, instead of being diverted around to the other side of the
secondary member. This has been illustrated better in Fig.6.16(b)).
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In‘fig 6.17 the effggt pf speed on the.surfage puyrent
gensity glstrihition in the seccndary.mﬁmber is. Shpwﬂ for both
the‘mﬁthematical'models._ Th2 plots are similar to those:
described in Fig.6.15, and the speed has two significant effects
on them. The first 1s the relative movement with speed of poles
. formed in the ~econdary member with respect to the poles of the
primary member. This is expected and is indicated in both
?13;8.17Ca]_and (b), because the plots have been obtained at
the same instant of time and at the same location in space with
respect to the primary member. The second significant effect of
speed on the current density distribution plots is the
significant change in the shape of the eddy current loops. As
the speed increases some 'rings' are formed within a pole
piteh indicating the presence of locally-circulating eddy
currents. This happens at high speeds because as the speed
increases the eddy currents in the secondary member due to the
primary alternating flux decreases and that due to the spatial
harmonics becomes comparable and therefore 'rings' are formed
corresponding to the individual U-core limbs. The primary
member has six U-cores per pole pitch and this gives rise to six
corresponding 'rings' in the secondary member which can be
counted in the plots for high speeds. In Fig.6.18 the current
density distribution plots obtained at 0.2 p.U. slip for
both the mathematical models have been enlarged to show the
'ring' formation. The plot for the modified mathematical model
(given by Fig.6.18(b)) is a little suspect because in this case
the convergence was not quite as good as usually obtained. The
plots, however, do show the odd shapes of the current density
distribution in the conducting sheet attributable to the sharp
discontinuities in the primary U-core limbs. The effect of
spatial harmonics is therefore allowed, by the reduced eddy
corrent reaction, to increase at high speeds. This ‘ring'
formation leads to additional losses in the secondary member,
and, therefore, it is necessary to design the primary member
and its windings to smooth out the spatial variation of the flux -
density (see Fig.6.19).
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l Slip = 0.2 p.u. Slip = 0.3 p.u.

(a) Eddy current condition in the backing (b) Eddy current condition in‘ the-solid
iron neglected backing iron considersd

Fig.6.17 Effect of speed on the current density distribution in the secondary member of the BTFCM
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Fig.6.18 'Ring' formation in the eddy current distribution diagrams
at 0.2 p.u.

(b) Eddy current condition in the solid backing iron considered
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(a) Real part of the x-component of flux density

Maximum corresponds to 1.91 mT

(b) Real part of the z-component of flux density

Maximum corresponds to 7.85 mT
Fig.6.19 Spatial variation of flux density at 0.3 p.u. slip
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4./ DISCUSSION R _

‘ Inffhisichgptgx a_mndified;@athematicql-madel has ‘heen
Alecussed to dccount for the eddy currents and the resulting
satoration in the solid bapk@ng'irqn'and also to model thicker
- conducting sheets. The eriteria have been established in
Sec.6.4 for using the latter. It has also been shown by using
the same criteria that the aluminiumm conducting sheet used in
the present work can be represented by a thin sheet model. The
effect of speed on the surface magnetic impedance of the backing
iron has been described by 8 in eqn.6.17 and, as a first
approximation for the purpose of defining zmi only, it has been
defined by eqn.6.35 for the case when the variation of flux
density is sinusoidal with respect to the direction of motion
(i.e. ¥). The computed flux densities and forces at various
speeds have been compared in Sec.6.6 with those measured on the
BTFCM, and it has been found that by using the improved
mathematical mﬁdel the correlation between measured and
computed results has in general improved. Pbssibla reasons
for the remaining discrepancy have been discussed and further
modifications in the mathematical model for the purpose of
minimising this discrepancy in the results have been suggested.
These suggestions and general conclusions drawn from the work

reported in this thesis are ‘dealt with in the next chapter.
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CHAPTER 7 . CONCLUSIONS AND BECDUMENDATIUNS FOR FURTHER WORK

7.3 CONCLUSIONS ; |

In the foregoing chapters of this thesis an approach was
describad towards understanding and developing transverse flux
machines. For the purpose of predicting flux densities and
hehCe'tha'fdrces in the maphiné a "three-dimensional computer
programme” was developed on the lines of dis~ussions given in
Chapters 2,3 and 6. A listing of this computer programme
has been given in Appendix H. 1In Chapter 3 the mathematizal
model was developed and in Chapter 5 it was *ested by correlating
the calculated flux densities and forces with those measured on
the BTFCM (described in Chapter 4) during standstill, motoring
and braking conditions. In addition the computed results were
plotted in two-and three-dimensional diagrams to show the
distribution of various components of flux density, current
density and force density in the machine. These diagrams are
useful particularly in appreciating the effects of modifica-
tions in the material and shape of the secondary member, and the
effect of modifications in the mathematical model (as shown in
Chapter 6).

In the mathematical model of Chapter 3 the solid backing
iron was considered as infinitely permeable and computed
results, on the basis of this assumption, were compared in
Chapter 5 where it was found that the correlaticn was not good
particularly at low slips. This was thought to be, most probably,
due to the assumption made that the solid backing iron is
1nfinitely permeable. In Chapter 6 it was shown that flux at
even low flux densities (about 40mT) when they strike against the
solid backing iron surface give rise to circulating eddy currents
which prevent the flux from penetrating into the solid iron and
therefore saturate the surface layer. The eddy currents in the
solid backing iron and the resulting saturation due to the
alternating flux and due to the motion of the secondary member,
haye heen_defined by the surface magnetic impedance as in eqn. 6. 40.
The aluminium conducting sheet was modelled (as in Chapter 3) as
a thin sheet, although a method has been presented and criteria
established in Sec.5.4 for modelling thicker conducting sheets.
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These criteria were also gppl;PJIto.justify the use of thin
platatmndql for the BTFCM:' 5 Ss:;B;S it was also shown by
eqh.,ﬁ.‘sg{n) that for a thin plate model the magnetic impedance i1s
independent of the speed at which the secondary member moves.
The computed results of this improved mathematical model and
those computed without accounting for the eddy current
condition in the solid backing iron were compared (in Sec.6.6)
with those meacsured on the BTFCM. It was shown that, in
general, the'msasured_fluxldgnsities and forces lie between
the computed results of these two mathematical models, and
they are closer to those obtained by using the improved mathe-
matical model. The possible reasons for the discrepancies
between the measured and computed results, and the necessary
modifications in the mathematical model for minimising these
discrepancies were also discussed in Sec.B.6. In Sec.7.2 these
modifications are further disbussed, and their implementation

suggested for further work in this field.
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';n.Chgpter 6 it uﬁg.pp;dtgg.nyt that the backing iron behind
tha‘&luminiuﬁ-reabtion faii;'for egoncmic Teasens, should te
solid rather than laminatgd.Efqr'preventing the flow- of ecdy
currents in it). However, Qhen the backing iron is solid the
surface layers get saturated because of eddy currents produced
by the alternating flux striking against the surface, and this
would imply that it is wasteful to use seclid iron thicker than
the thin layer carrying the flux. But since the thickness of
this thin layer is dependent on the penetration depth it would
increase with the speed (as shown in Sec.6.5) and therefore the
required thickness of the solid backing iron may then be con-
siderable. However, as was shown in Sec.6.3, the use of a
~ composite backing iron consisting of two mild steel plates can
be more effective than a single mild steel plate of thickness
_ greater than one-and-a-half times the total thickness of the
composite backing iron, thereby resulting in a saving of backing
iron. This is an important consideraticn in developing a viable
transport system because the major cost involved in such a
system'is in the track. Thus, on the basis of the results of
analysis, it is clear that a composite backing iron (like BI3,
in Fig.6.5, which can be of the cheapest mild steel) behind
the aluminium reaction rail is well worth while.

An important concept of 'effective thickness' was described
and used in Chapter 6 for introducing the speed term B8 (as in
eqn.6.17) in the expression for the magnetic impedance. Thus
eqn.e3 gives the magnetic impedance for a case when the flux
striking against the solid backing iron surface changes with
respect to time both because of the alternating nature of the
primary excitation and also because of the motion of the
secondary member in a magnetic field which igcggﬁaggigggmtgéog%atial i e
the direction of motion. The latter, in fact, /as well because
8 1s defined at a particular node numerically in the computer
programmpe hy using the flux density at the surrounding nodes.

The most attractive feature of the approach, discussed

in Chapters 3 and 6 and used in the present work, is that it
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sy1ts thﬁ s*c philosophy. of spegial purpose electramagnetlc
L22.~E 61,62]. -
> partigularly during their development

] aavices
stgges. This is because the apprnach can take into account the
less common geomatries and discontinuities present in special
purpose electirnmagnetic devices, which depend more on the
application than on criteria like efficiency, powerfactor and
cost. The approach appears to have a clear advantage over
other analytical approaches (discussed in Chapter 2) for cases
when it becomes extremely difficult to define the resulting
primary magnetomotive forcihg function by using one or more
known mathematical functions to solve the field equations
analytically within existing boundary conditions. It is also
difficult to consider secondary members whose electrical and
magnetic properties vary along the length and width of the 3
machine. 0On the contrary, however, the approach discussed in
Chapters 3 and 6 accounts for the magnetic and electric
properties of the surrounding space for evaluating the potential
at every node. Only the surrounding nodes are used in the
calculation at any one time and therefore the effects of variations
in the material properties and shape of the electromagnetic
device can be easily included, so long as the general equation
includes the facilities necessary to account for the changes
taking place. This feature, incidentally, takes care of the
problem of accounting for the spatial harmonics as well, which
are necessarily included.

As mentioned earlier, the approach is useful particularly
during the development stages of an electromagnetic device,
when the development engineer can modify the shape and dimensions
of the device on an on-line console and see the effect immediately
of modifications in the form of two- and three-dimensional plots
of flux densities and forces by using suitable computer
programmes stored in the computer library. His experience can
then be used to frame suitable equivalent circuits for the
simpler and rcutine design and analysis in the design depart-
ment. In fact, the whole approach forms a stepping stone to the
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deyelcgmany_of the thrée:dimqnsignal engineering necessary in
'thaidesign; deyelopment and'analysis of electromagnetic devices.
The approach may also be found useful for educational -
purposes where flux density and forces can be calculated quite
easily by the method adopted in Chapters 3 and 6 and their
yverification shown on the BTFCM or any other similar machine
developed for this purpose. This can, obviously, lead to
greater confidence in the field approach for the analysis of
electromagnetic field problems.
7.2 RECOMMENDATIONS FOR FURTHER WORK
In this thesis an approach to the design of electromagnetic
devices (especially unusual electric machines) was discussed in
Chapter 3 and the calculated flux densities and forces of such
a8 machine were correlated in Chapter 5 with those measured on
the BTFCM under standstill, motoring and braking conditions.
The correlation and especially the discrepancies between
calculation and test were discussed in Chapter 5. In Chapter 8
it was shown that the discrepancies were, most likely, due to
the assumption made in Chapter 3 that the backing iron is
infinitely permeable and carries no eddy currents, and,
therefore, these conditions were incorporated in an improved
mathematical model. The computed results were shown closer to
those measured on the BTFCM as compared to those which were
- computed without accounting for the eddy current condition in
the solid backing iron.

In Chapter 6 some first order assumptions were made to
simplify the mathematical model, and in Sec.6.6 it was shown
that most of the remaining discrepancies between calculation
and test are due to these assumptions. In this section some
proposals for further work are made. They are for the
purpose developing the mathematical model further
in order to deal with the first order assumptions made in
Chapter 6 for improving the efficiency of the computer
programme and for dealing with certain other important aspects
of the problem.
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(a]__.Twp.aasumptions were mags in. the improved mathematical
modél;'desﬁribeﬂ_anq‘used'in.ﬁgabter'ﬁ. o 1
(il 'The secondary baching iron has a constant permea-
pility everywhere irrespective of the tangential H
Just cutside the iron surface. _
(1i] Tha flux density varies sinusoidally with respect to
the direction of motion (i.e. y)] for the purpose of
" defining Zﬁi_in egn.6.40.
As a further improvement in the mathematical model, these two
assumptions can be circumvented by calculating the permea-
bility and g (given by eqn.6.17) at each node by making use of
the MSP distribution around that node. This would require two
sub-routines, one for calculating the permeability at that node

' by using the magnetisation curve (actual or approximated)for
the'backing iron material, and the other for calculating B by
wsing eqn.6.17 and the magnetic scalar potentials at the
surrounding nodes.

(b) The problem of convergence becomes extremely severe at
low slips. This may be due to the violation of the surface
impedence model for solid backing iron at low slips (as pointed
out in Sec.6.6.2) and, therefore, a corresponding improvement
in the computer programme is required for establishing the
criteria for finding out when the modsl becomes invalid
and for switching over to the thick or thin sheet models,
described in Sec.6.2, as the case may be. Further, the
incorporation of ‘suggestion (a) above would increase
the compution and, therefore, for any further work it is essential
that suitable techniques are developed for causing a quick
convergence of the iteration matrix. This effort will be worth
while particularly when the number of nodes in the mathematical
model will have to be increased for the purpose of incorporating
the.suggestions given under (cl to (f) belaw. -

(¢) . The circular genmatry of the primary and secondary members
of the BTFCY was adapted in order to eliminate entry and exit
effects. Also, the lateral forces cancel out for the same
reason. However, these will be present when the transverse flux
machine is used in truly linear form for HSGT applications and
therefore, the inclusion of these features in the mathematical

model is another important area for further work.
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(d). Dynamic movement in the isteral and yertical directions
inclyding pitch, yaw and Toll will be a common occarrence
in:a practical application. Therefore, knowledge of the effects
of these'an the lateral and-vegﬁical stiffnesses is essential,
and forms a vital study for showing the viability of any such
proposed transport system. Such a study can also incorporate

the effects on the lateral and vertical stiffnesses of
; X hhes Ll : (63)

bending the secondary conducting plate along its edge

“(e) . The three-dimensional model used in this thesis may then be
supplemented by the above proposals and also a thermal circuit
added to take account of the three-dimensional heat flow in
the machine. This will enable a systems approach to be used
in the development of machines for particular applications.

(f)  The experience to be gained from the recommended work may.
be further axténded and suitable equivalent circuits devised
for routine use in design offices. The possible form of the
complete equivalent circuit may incorporate one separate
equivalent circuit (linked with others) for each force. This
can then be used to devise a suitable hybrid process of design

analysis and optimisation for the electromagnetic deviceE42‘BD]‘
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7.3 GENERAL CONGLUSION LeASE

It 'is hoped that the approach reported in this thesis
together with the results of ‘the recommendations made in:
Sec.7.2 may lead to the possibility of designing and costing
such special purpose electrnmagnetic devices as the transverse
-_ flux linear induction machine. The apprcaci, described in
Chapter 6, for including the eddy corrents in the secondary
solid backing iron (and the resulting saturation) 1s general so
~ far as the secondary member is oconcerned and, therefore, it should
be useful in the analysis of machines other than transverse

flux type as well.
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APPENDIX A PROPERTIES OF SECOND ORGER PARTIAL BIFFERENTIAL

- EQUATIONS

The general form of a second order partial differential
equation involving two independent variables may be stated as

2 2 2
L L A L A R . At
X

X aX3ay ay ay

where ¢ 1s the dependent variable and x and y are

the independent variables. If the .coefficient A to G are
functions of x and y only, the equation is said to be linear.
In non-linear equations they also depend on p or its deri-
vative. The value of these coefficients determine[ag]tha

type of equation and hence the method of solution. The important

parameter

A = 52 = 4AC - A.2

decides eqn.A.i to be elliptic, parabolic or hyperbolic
according to whether 2 is negative, zero or positive.

The elliptic equations normally occur in equilibrium
problems, whereas the parabolic and hyperbolic tvpes occur in
propagation problems. A distinction between equilibrium and
propagation problems can be made in terms of the type of con-
ditions applied at the boundaries of the solution domain. 1In
an equilibrium problem the domain is closed and the boundary
conditions are prescribed around the entire boundary: such a

problem is often said to be the boundary value type.
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APPENDIX B: THREE DIMENSIONAL PARTIAL DIFFERENCE EQUATION FOR
LAPLACE's EQUATION. _

The Laplace's equation in three dimension Cartecian

co-ordinate system is given by .
2 2 2
a—?.q. .34. +.a..$_ = D B.Jl
ax y 9z
Consider an asymmetrical star with the node under consideration

*0* and surrounding nodes 1,2,3,4,5 and 6.
z

1 |
. Y
r > 4
rh 0%
i
4o—Th C— koL —»X
o sh
¥ [
6

The internode spacing between node '0' and surrounding nodes
is mh,ph,rh,nh,gh and sh respectively. In a symmetrical case

M'=n = psigwp=igs ] B.2
At any point x, on the line parallel to the x-axis passing

through the point '0', the potential y can be expressed as

azw) (x- Io)"' i .3:( )o(x-x.,)
(3}%2.(x.x9+.__.._..-...---. B.3

The potential at nodes 1 and 4 can be obtained by substituting

V=4 +(_ﬂ) (1 X)-i-—-—(

X = x = mhand x = Xq ~ nh respectively. Thus

2 313 4
= nemi) + 5L, + + 2R L‘(ar"*'};»,

o

o= =i O, 2 B, — G + SR
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The sum of n - times eqn.B.4 and m - times eqn.B.5 on simplifaction

yields
“#' +my, = ()% +—T-mn. (mm)(sx—f) Mn (m: h)(?)i;:
4
-f-%‘rmn(mihﬂ(%-f-------- Bic

Ignoring terms containing higher power of h, eqn.B.6 may be re-written

as,
g +my, = (m+n)§ +_£l..mn(m+h)( )

Oy
L A 2% 2% _ 2%
X2y ?[m(m+n) b n(m+n) mn J 8.7

In a similar manner expressions can be written for (g ¢
LE

and (33’-

2 s

%_fi;_) = _'__2_ 2{’; o 2 ¥ LT

i%s h | PCP+9) v (P+y) PV B-%
and,
(32¢ = ! B 2% -f-_z_g‘_-. e 2%

W% W2 yor+® S(r+$) rs J 8:9
Substituting eqns.B.7 to B.S in egn. B.1l vields after simplify%ng’
2% ., 2% e R A | I
e ke T YOS T Gww) T Ylegy RS
| | )
—2%(?4"5 Ryt s = O B.10

And for a symmetrical case, from eqns.B.2 and B.10
e O s Tk ok M el R Gede

¢
oV -g(%‘%) g B.12
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APPENDIX C CALCULATION OF COMPLEX OPTIMUM ACCELERATION FACTOR

An effective criterion, for investigating the convergence
of the successive over relaxation (S.0.R.) scheme, is the study
of the error vector after N iterations defined as,

- - » i €1
where ¢15 the true complex potential matrix,

—N
v is the complex potential after N number of iterations

(40)
Egn.C.1 can be expressed in the form
MR
- v
a 3: s ) C.2

where ks are constants,
A g are eigenvalues,

vg are eigenvectors, and,
$ = 1,2,3¢4.45 n-2,(n being number of nodes in finite difference

grid).

An essential condition for S.0.R. method to converge is that
the eigenvalues must live within a 'unit circla'(37]i.e., the
absolute value of the dominant eigenvalues (the spectral radius)
should be less than unity.

In practice it is difficult to find Ag for a.complex
matrix using eqn.C.2. It's approximate value, however, can be
obtained by integrating the error or residual over the iteration

matrix and taking the ratio of its values at two successive

iterations. Thus, the dominant eigenvalue is

Sl e
N1 C.3
where R\ = ; (Residual)
1 C.4
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Therefore, the critical eigenvalue (u ) can be found using

foung's Sl equation.
2 il
Rl R T C.5
2
- ;} 3 %o1d” &
- of —_— C.6
Ao
old
And, using Stoll'sts?] formula, the optimum acceleration factor is,
k. 3 2
‘ " C.7
1+/1-u i

2

where  /q-y is the factor determined on the basis of the

convergence taking place. Let us define a factor.

> 2
C, V1-u &8

such that after substituting eqn.C.6 in eqn.C.8 we have,

2
£+ @ 1471

E:9
17 2

. Roaa
Therefore, the optimum acceleration factor for the

next set of iterations, in terms of the old acceleration factor and the

dominant eigenvalue of the iteration matrix, is
7

@y = —7:7E;—~ C.10
On substituting egn.C.8 in eqn.C.10 and simplifying we have,
2a_. /A
a0 V5 old C.11

2
acld/1+/{1 MA-ta_, =117}
where Ais defined by egn.C.3 and ¥1d is the old acceleration factor.

The new accleration factor [“hew ), however, should be

less than the optimum defined by eqn.C.11(37]- and Carre has suggested
an empirical formula for estimating & o (real) as,
Re(unewl = Re(ab] - F{Z-Reiub}} C.12
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where F= 0.25 Re denotes the real part.

In complex S.0.R., therefore, eqn.C.12 can be aPplied to alter the

real part of @ while keeping the imaginary part unaltered. The

value of F= 0.2 has been found to be more appropriate for 2-dimensional

eddy-current problem involving both conducting and non-conducting

(37)
« The advantage of a lower value of F is that, while

regions
still seeking the optimum factor, the solution progresses using a factor
that is closer to that optimum. This is important especially with

large problems, where the optimum may never be reached during the

course of the solution, but because it proceeds with factors close to

the optimum, there is a greater possibility of quicker convergence.



APPENDIX D CURRENT-SHEET ‘ AND ' FLUX+SHEET--EQUIVALENTS
" FOR A MABNETISING WINDING

A magnetising winding can be replaced by its equivalent
current-sheet and flux-sheet such that the field outside the
winding is still the same. The field inside it may also be
determined but, more often, it is the surrounding field that is
desired for analysing the behaviour of the electromagnetic
device. Obtaining the current sheet and the flux sheet is easily
achieved by taking advantage of the knowledge that the electric
and magnetic properties of the winding are equivalent to two
linked networks. These networks can be replaced by equivalent
branch sources by 'teariné?S%he networks apart in any arbitrary
way and inserting into each of the magnetic branches an m.m.f.
equal to the amount of current which intersects it. The m.m.f.
generators are then replaced by flux generators by using Norton's
theorem and hence the flux-sheet and current-sheet are obtained.

However, when a core is not uniformly wound or has a number
of coils carrying different currents, the same principle applies
for each uniformly wound portion. The current sheet will be
composed of several sheets, one for each winding and the variation
of m.m.f. along the composite sheet will show the separate con-
tributions of the windings. As before, flux sheets will exist
along the end faces of the windings, and where two windings occur
with their end faces close together, the corresponding flux
sheets will naturally be in close proximity. It often happens
that these flux sheets pass through the same set of nodes, and

in such cases these sheets will combine into a single sheet.
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As an example, consider twa windings carrying different
currents, though having the same number of turns N. In thi
example, the adjacent end faces of the windings are separated by
8 distance equal to one node spacing. If the currents are
IllEl. and IZ&reapectively. the equivalert current sheet and

flux sheet are as shown in Fig.D.1l. The current sheet distribution

is given by:
- Y :
Cs NI1LB_1£aJ for O<yeca D.1(a)
G NI1IE‘| for a<y<b D.1(b)
- y-b ;
C, = NI, [82+ NI, [8, (=) for bey<c D.1(c)
and the flux sheet distribution by
Z et e D.2(a)
7 1 NI‘IE—'I[I-\'}[HUU W )
et D.2(b)
= NI t-Qtw][uuU . Som

where w.a,b,c,x and y are explained in Fig.D.1(al,uq is
the permeability of the free space, and u is the relative

permeability of the medium.
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carrying non-equal currents. The directions shown are
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APPENDIX E DERIVATION OF MAXWELL'S SECOND STRESS TENSOR

The derivation of Maxwell's stress-energy tensor
has been discussed in many standard text books on electromagnetic
fields. Of the four vectors, three are for stresses and
together they form Maxwell's stress tensor. This stress
fansor has two distinct components, one (consisting of electric
field stresses) is known as the 'first stress tensor’, and the
other (consisting of magnetic field stresses) is called the
'second stress tensor'. It is the 'second stress tensor' that
is of direct interest and it has been derived below.

Neglecting the surface charge and displacement

currents, the Maxwell's equations can be expressed as

VXE - ‘ﬁ E-1
Vxﬁ'f ﬂ?
divB = 0 ;
divE = 0 E.4

Further, the cross-product of §:with eq.E.2 yields,

(VxB)xB = uJxB E.S
whose left-hand side can be expressed as,
g o an BBZ aaz an 3 aBz aB
(9xB)xB = 3 (B —= - B—= - B +B—=") + & (-B—= + Bz~——->’-
9z Ix Yax ya/ y ay 9z
3B aax o aaz aB 9B aaz
+BX——-V--BX—-—-]+aZ-[B -p—<L-g—24+8 )
ax oy > yay Yaz Xaz Xax E.6

For further derivations only the x - component of egn.E.B

has been considered thus:

- %8 3B
{(%BIxH} = B --_X. X %8 9B B
- BX + BZ - B — = By___l + B =K -8 X £.7
ax az ax a): yay xax
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which on simplification becomes,

{(vxB)xB} = —-(a <1 B4y, +78,8,0* ——cra B ) E.8
X 9% 2
2 2 2 2
h =
where || B + By + B <5

Similarly, the y- and z- components of eqn.E.6 may be
solved and the three together may be expressed as divergence

of a tensor which is defined as,

(8 -1|B| ) BB, BB,
m 1 21 2
; il . BB, (By-§[8| ) BB, S
: 2 2
B_B B_B taz-élal

where T" is the magnetic’étress tenéﬁr and is also known as
Maxwell's second stress tensor.
Thus eqn.E.5 may be re-written as,

IxB = divT" E.11
where JxB has the dimension of force per unit volume
Therefore, the total force on any enclosed volume may be
obtained by taking volume integral of egn.E.l1l,i.e.,

F = 111(QxB)dv = [[fdivT dv E.12

Using divergence theorem, eqn.E.12 can be re-written as

F = 11(T"n)da E.13

where n is a unit vector normal to the surface on which the

force is being determined.
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APPENDIX F EFFECTIVE THICKNESS OF A CONDUCTING SHEET

. The.eurrent density dlstribution in a conducting shee.. due
ta an alternating field is given by. _

3 =0k i RS 5
Taking the curl of both sides and substituting VX E =+B
yields for a sinusnidal variation of B with respect to time

vxJ. =.‘.“OB = w\jomﬁ F.2
Taking the curl of both sides again in eqn.f.2 and substituting
for vx B. '-ZLJ‘ (assmng constant AL)

VxV‘xj i -jlquc.]'

e e 'jioch F.3
assuming that V- J is zero hecause/’= 0 within the conductor,

BReplacing jmcm (for convenience later] by 4f2. eqn.F.3 becomes
v o -' P4

Eqn.F.4 is the diffusion equation for J in the conducting
sheet. Assuming a z-axis normal to the plane of the conducting

sheet, the cﬁ';r'ent density through the depth can be given by

v . ...... _ZYZ - 2

where Cand D are functl.ons of x and y. only. They are also
vectors since J is, and along the depth of the conducting sheet
for constant values of x and y, they become fixed vectors
having values that do not cﬁange with z.

Consider a z = o plane in the middle of the sheet, such

t

i R o L 2 and at the bottom surface

z ﬁ-%' (where t is the thickness of the conducting sheet).

Then the current densities at the two surfaces are

CURA A, i S R Gt ) - 3
Jb=.CC +D¢C at z =-%
F.6
IR o e 4
and J, =C€ +DE at z =3

These current densities are whally tangential and it is assumed
that J, =-0, and therefore, as mentioned earlier, C and D also
have zero z~components. Thus the general form of the eqn.F.5

describing the current density in a thick conducting sheet is
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A= _aaxe:*&y\Jyl_ . - F.7

Y

On solylng eqn;T 6, constants € and D are given as -

o e Ene g ] :
P th _ZYt i Tl
c - £ = :
L g s |3 &
D e oYt & T
e e -

: Thg currents along-x and y directions in the conducting
sheet passing through small areas dydz and dxdz respectively are
given by
a1, = 1, dydz ' = dKy.dy F.9
aTy = J_ dxdz = dK,.dx
wﬁere dK, and dK|, are components of surface current density
dK along x and y directions respectively.
From eqn.F.9 the surface current density in the conducting sheet
along the x and y directions is obtained by integrating eqn.F.5
between the two surfaces. Thus
top
Ky = fJ’xdz
bottom F.10

and top

K.'; = ‘f Jydz
bottom
where Jy and Jy are given by eqns.F.5 to F.7.
On integrating, eqn.F.1l0 becomes

Rt 61 (be * Tex)

2 ¥.11
2

where D =1 tanh (/t). F.12
Y
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ARPENDIX G EFFECTIVE THICKNESS APPROACH FOR DEFINING SURFACE
MAGNETIC IMPEDANCE.

Plate

L e H=¢ 3 J=0, E=0
: b;¥? b =1 Mely y I=% Brks
Represenited. by m@

Zyne Zmi

_ Hﬁ G-1 : _
Con51der an elementary section of the plate havmg a width w
~ Small enough for H, not to 'vary significantly along it. 7From
Ampere's circuital relation

§ ﬁ.d’s‘ =T ¢.1
¥

and when applied to an elementary area ABCD

Hw = .wjz Jaz. 6.2

Substituting the solution of eqn.%,10 in eqn.6.2 for con-

ditions given in Fig.6.1 we have

Hg =35 A_ . 6.3
2
Define 212_ as t(effective) as in eqn.I6.29 g-ives.
Hy ='Js t(effective) | | 6.4
Also from Ohm's law
Is = ok 6.5

therefore the surface magnetic impedance from eqns.G.4 and G.5 is

ZIBF—'*HS- \ ""Jq‘tCeffective) 2816 .

Eg
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APPENDIX H COMPUTER PROGRAMME

In Chapters 2,3 and 6 an approach has been outlined and the
finite difference equations have been discussed for obtaining the
MSP distribution, flux density and forces in the BTFCM. Based
on these discussions and the flow diagram given in Fig.3.5 a
computer programme has been developed. The main sections of this
computer programme are given below and its listing is given in
Fig.H.1.

(a) Initialisation of 3-dimensional MSP and flux sheet matrices

to zero. (Between card numbers 33 and 44.)

(b) Description of the primary member by current sheet and flux

sheet. This section requires an input data for defining the
phase znd magnitude of currents on the overhang and in the .
slot in conformity with the discussion in Appendix D.
(Between card numbers 45 and 169.)

(¢) Description of the secondary member properties in terms of

the magunectic impedance between nodes lying on its surface.

The equations for the magnetic impedance have been discussed
in Chapters 3 and 6. The BTFCM has a circular geometry and
the internode spacing between the nodes in all the directions
is non-uniform. This has been accounted in the computer
programme between card numbers 186 and 360.

(d) Check for convergence and termination of the programme.

In this section the criteria used for the termination of the

computer programme are

i. the highest residual is less than a pre-set value (the
programme has converged),

ii. the number of iterations is- greater than a pre~set value
(the programme has not fully converged and considered to
be taking too much fime. The results are printed out and
examined to see if they are meaningful.)

iii. the higiesi residual is greater than a pre-set value (the
progrause has diverged).
The relevaut cards are between card numbers 475 and 536.

(e) Iteration of the 3-dimensional MSP matrix. This is done by

ruccessive over-relaxation using Carré-Stoll acceleration

‘echnique az discussed in Appendix C. After a set number of
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, iterations, depending upon the covergence behaviour of the
iteration matrix, a new acceleration factor is calculated (see
Appendix C). The choice of the number of iteratioms after
which a new acceleration factor should be calculated, and the
amount. by which it should be modified depend upon the problem
in hand. These two decisions are critical especially for
calculations involving motion of the secondary member. This

is so because the effect of the primary flux on the secondary
member due to motion is opposite of that due to the alternating
nature of the primary excitation. At.low slips the former
becomes large and comparable to the latter, and their inter-
action often leads to an inaccurate estimation of the convergence
rate and therefore the new acceleration factor. One way of
overcoming this problem is to use the three dimensional matrix
of the MSP distribution for the slip at which the programme

has converged successfully, as the starting point and then
reduce the p.u. slip from the initial to the final value in
steps (say 100) followed by convergence at the final slip.
(Between card numbers 430 and 433, and the subroutine ACCNEW.)

(f) Calculation of flux density and forces. The method of

calculating these quantities has been discussed in
Chapter 3 and the integration (to obtain the forces) has
been done by using the subroutine SIMPR based on Simpson's

rule. (Between card numbers 538-708.)
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Fig.H.1 (Continued) The computer programme

CITID =PLIRTALR =D
C‘E".I; RO 48 . HYY ¢ 1))
LAT Ly w900/ oV, iy

COINI 22T
£6Yili= ":lv"n] 11}
AN 6. 1" TOO 47

SRS = N T IR I

BT L B0 T Ha%

BT L aleTan

CAT vl {0y

CATINGE

4 PeCirt !:M?i!&ﬂf\h%i‘l’ﬂ!ﬂ'{:;ﬁ [$¢)
IIE (BRLBON TCIT Y (LRT L) (AT VAT, COT D
L-’. fE_ily 100y TeC208 22000 1G9 10 ICEED WEGED
f_:;":"‘"l E‘-‘,'la' BA 024 IBES.

ML HAL S T =

I;r.iMTI ang S"Mf

* ITERS
ATERe . TER+L :
GHEAT )

i GRE

BRH JERITAG WREAT)
JYTsi

CO 240 Cu=J. AN, JRAGN

ey

I IMUGIITER20 JNEL 33 JeaB-ll
el

B ot |

WTTEITT L

JiEal

IF UTT.EG. R JT°=2

IF WTTLEC. M JtPal

IF GITHLEU.Y JTos2

IF GSVTIRGLYS TTEY

for 219 akans “u"mmt“

Kane

IFOEMLITERLE L1 Kelienk
rETk el

[ s

P RLEGATEDN KPaem

';’ 210 110t ICBON

LF (m ITER 2 KE. LY 1=21-11
sBalel

featay

iF L1.EC.icaoN: G2 Ta 218

v il 4 Eu..la“l’h :H‘-I?
< 2.E. ..af‘u"ha-l.n e ally]

#HER Tl SCCONDART "'f.l'l"ﬁ
ﬁCﬁ=ﬂ; LEE 2405 -p'-‘:.-r»t..a-a&.nﬁsau
N GT.) 823 T
IF LOTPLED.I.AND.K .t....%ﬁ-ﬁ-‘\ﬂ. «GE.135 S8 TB 210

IF 4TL0.2, 000, 10 13,000, 1AE W CD TR 210

I LLS.RPBOM KPP

L LT R UL o s T R L ]
S0 215 L) T e w1 RO S ¢ e R ARG LT KM

Al (03 ATA Ly Jak) ) A00G
G 10 200

223 uhu RS RIS C I AR F G SR VR Y SR VR ARV SIS

T T T S A PR VS R R R T e e R e

GI! 1 D

e EWE ] CTER RS RN TR N
C CACLNIIAN AT MRS BN THED ﬂww VErBER
3 CONT M
UPERD: D.042.0%
c Cra L il (ds o SPEED fratCT o uPLED
.t' EG.1.0 G T 2

LALBO G TR 232
.<.. TR LY
VRIS LI LA

UMy ek = 0 L1 i o8
I.‘ K3 e mtpn s =3 (] A0 M

§ LR e ST -
b L) r,.r‘u. LI RS T AR BTG E 1T ¥
Ao 1.0
Bl (ML pn T TER) 2000
PO, i1 on S0 - 5L DD =50 §P3 SSGRT dear iy
IOITERLLEL 00 TRCTEELY . -FALTHE 200, SLIP)
o223 Gy TR 233

od W8 PR TR S BT

L3 e B LS |

ras AT il Al

Cw ] PSR R RS | 0]
Lohe WDl 6

IF {1.7G.4 Clos ChT L Sraits =)

L LAarilym R TR

N TU NS TRE 18, A1 0, -9 ST W f.?d.(.!oi‘.«.-h...l.
AAOTTY

Citihi =4 'IF-.R'QW)_—*UOHHJH-'{"I
CALE IR TES Fd 1 B
e L LA
'?-_t‘."‘;l

¥
e ZCh-CIm

1l

i
=) 10 225
233 CohTINGE
Lir CIAD PO (30 0 TP G )
ciie CELL=dUil v P2
L3 0.9406G.00
i 0.6: Ch= wdada R T o I RBG ] W M 4T G
CLas CATIRE O I e AU IO R
Chhw 1¢ e atdated
Cin= (SN R s,
cuee P s .,,.j.m.u vy

235 LCONTINGE

T4

Cuds i
UPLEDaFACTRELIB. A1 X {3, oS0 .f-‘) ‘l n.c.~cca ECE-CCALO6+C0C6 T, Aiu L0



IR AK.FQ. 76 BT TH 206
c CALEULATIONS 0N THE TOP SURFACE GF TWE BACKING IRON.
LNULLa BT IO IR R «BRT LS BT ) +B3T EH 50 il

425
] 4T < LMy 5 oMokl v 7807
; :‘E\_}ué«m ol BT ED R CTedM Rl SO T (10 ...;.m: (34}
| . 12 ':h ThE BOTIOM SURFACE OF ThE BACKTHD IRSN HITH THE
"'..Iul'udﬁrv&?\.i S R A P LS P
M ek FES 013 50 (] o MRS +BE 150 BT 0 S KM ) 4BOKTS
s '-.LQ..& ANDLLED. T.ANDLRLERL Y UDEES=UPEED
Y v el B ANDL U ED Y ANOLK L0, T UNEEESUNULL -UREES
b= iIvidan) .
LIy e K3 4ECELIRESDL
B Ty d Ry [AESL s JRESL «ARESL W RESDL «SREATCRATR.CRATS)
&5 & r i
[ 2 $
i e s8hE ﬁkau‘c.ass- 3
a PR - CITERIGTIE. G T dﬂ'
=
L
I
2683
=
aul 2
e
45 204 TR e AT .
DECRTE (Ta e = T 1 0203 / CTQ 125 =TOU 83 3 v
2 .01 62 T 055
50O ¥ R ORCATRLEEA AL [MNGDECRT
184 t’n I0N AFTERE 2K [3: 30 M ITERATIONE 27
3 RESIDUAL POTENTIAL 185, 2{0%.1PE12.%0 7
' e 5% OF REAL AND IMS0Y PARTS AREX, D2 (3X.1PEL2.5: 7
¥, 25 CLEEMENT OF TRTAL FUTENTIAL 35"-2!35(- PEL2.Bh s
£04% IFOGETER LT 10t il 2’.:')
IF SHTEEM.EQ. 3 Dl TR 2
HALL ACCNES (BECRTWACCLS
f 26 CRNTINUE G
' [+ (EMECK FOR TEIMINATIDN
&i0 * JF VITERLGT.SITERY G2 TR 260
! IF S0AB35 (CREAT, .GT. 10000, SRITE 18,9580 [TEm. JHESL 2 JAESL «ARESL
u GREAT,UREES
8898 FORMAT (1nQ 10X ETHE PROCAASTE HAS DIVERGLD AFTER<.2X. 133X,
0
L
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