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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 magnetic 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.
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CHAPTER 1 GENERAL INTRODUCTION

1.1 THE PROBLEM

The electromagnetic transformation of energy for the =roduc-

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

certain outstanding features when compared with the hydraulic,

thermal or aerodynamic types of energy transformation. In the

electromechanical energy converter:

(a)

(b)

Cc)

(d)

Ce)

(fF)

It is not necessary for the member receiving the energy 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 asiuminium 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 methods 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;

(dJit 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 (aJ, (b) and (c), and Fig.1.1 shows the device with the

necessary forces to take care of these features. Also Fig.1.2

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 lift-

force (FL) with respect to speed has been studied “1 in some

detail. It hae, beer) shown that the force varies from one end
,of the linear induction motor foetal 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

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

speed of the moving member.

1.2 INVERTED PERFORMANCE 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 followed by design, fabrication and testing

of the electromagnetic circuits. However, the inversion of the force

equations to obtainsa suitable flux density distribution is neither

an easy nor a practical proposition even for very simple electromagnetic

problems.



Fig.1.1 Device with its forces
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Fig.1.2 Desired force characteristics of the device



Similarly, the design of the magnetic and electric circuits and

the ceduction of the design parameters are equally difficult.

This is primarily because the number of equations defining the

problem is much smaller than he antnten 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

characteristics.

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 they 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.1.3 summarises the complete research programme, and shows

alternative paths it is possible to take as results and experience

grow .



Description of th2 problem

be
Theoretical Approach

(Chapter.2.%.3)

J

Experimental Approach

(Chapter. .4...)

Flux density,Current |
density,and Force

density distribution

plots in 3-D

Variation of forces

with respect to speed.

Variation of efficiency and

power factor with speed

a

Understanding and experience

of the special purpose

electromagnetic device

Development of

equivalent circuit]

Hybrid technique

of design

Design variab

fixed* by exp

Design variables calculated by making

use of design variables fixed by

experience and the desired force

characteristics

Magnetic Circuit

Electric Circuit

Number of turns,conductor size

Winding Design

progri

Optimisation

interaction between the designer on

the console and the computer with the

library of design and analysis

‘ammes

by suitable

* e.g.dimensions of

parts decided by

exist@nce of

standard frames etc.

(sometimes)

r Mechanical Design

Construction

Tresting and results

Fig.1.3 Summary of the Research Programme
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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/h. The wheel-rail system

has long served the combined purposes of propulsion, suspension

and guidance, but it has now been established?) 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

@ suspension sub-system, a sideways guidance sub-system and a

propulsion sub-system, remains undisputed for high speeds.

The detailed analyses“) and comparison {2*5) 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.

2536. 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

Gi) between a high-field magnet and a conducting

sheet in which eddy currents are induced

-11-



(11) 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 backing iron.

The air-cushion type of suspension sub-system!”?

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 puapudeion on a track of inverted-T

cross-section.

Further researches into air-cushion suspension have shown

that this type of suspension sub-system has 4 high noise-level,

relatively high power requirements, a low operating 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.

=42=



The suspension sub-system based on the principle

a? attraction between an electromagnetic and a ferromagnetic podgee

is the most developed of the contact-free suspension sub-systems

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

Professor 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 requireta 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 (3718) 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.

=43-



A force of repulsion between a Magnet and a

conducting plate‘2!-12),, 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 of 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.

-14-



It has also been proposed-to obtain a stable magnetic

suspension by using a ‘mixed’ eyeten oe! comprising super-

conducting coils and screens mounted on the vehicle and a

passive iran track (which may be the existing rails). The

underlying principle (214,15,16) 5 based on the findings <2

of Braunbeck, according to which a 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 eee 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.
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The linear induction motor is often described as an unrosled

rotary induction motor (as shown in Fig.1.4); 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

ydevelopment of the large linear machine.

a
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Fig.1.4 Evolution of linear induction motor

A

B

Primary member

Secondary member



During the early stages of work on HSGT, it was suggested

that for maximum efficiency and the elimination of unbalanced

forces the LIi'’s should be of the double-sided configuration.

However, later it was realised that although for efficient

operation the LIM should Drees 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 fine tolerances, 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 large vehicle forces without unacceptable distor-

tion. In view of these practical problems, it has been now

decided mines 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 aiacteen s frequency changing equipment is
high and therefore the pole-pitch has to be made large.

For a 5OHz 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.

162



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 ivduction motor the core has to carry

only half of the pole flux.) The net result is that the motor

is heavy; its leakage inductance is large and the efficiency

low.

There might be some saving in copper and the corresponding

ohmic loss 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 plenes

parallel to the 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.1.5 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 Bri nery leakage flux.

Nevertheless, the recuction in the magnetic core made possible by

the transverse flux configuration compensates for additional

electric circuit weight.

=qg=



(c) Surface wound transverse flux linear induction motor

Fig.1.5 Axial giux versus transverse flux linear induction motor
-26-



1.4 HESTORY OF THE TFM

The transverse flux motors have a history as old as

that of the longitudinal flux motors. In 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 principie!?7?), 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

circuit.

The earliest reference to transverse flux applied to

linear machines may be traced back to the patent 28) taken out

by Andre in 1904: this motor was excited by doubly-excited

C-cores. In 1938, Kemper 9) pubiashed @ 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 (2021.22)

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

in 1966 in an M.I.T. group report (23) +

>

In 1971, Bolton ?*?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

lift 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 discussed 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 out 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 transverse 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 @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

ay This is primarilysecondary 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 comparison 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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225.0 Qverhang 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 diapiscenane eon 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

distances between them can be altered mechanically<2°- to result

in a change of the length of pole-pitch and hence of the synchronous

speeds 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

flux-LIM together with the necessary frequency conversion equipment.

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

where the synchronous speed 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 QUTLINE OF THE THESIS

The aim of the work reported in the ensuing chapters is to

develop a numerical method for predicting flux density, current

density and forces in transverse flux machines followed by the

correlation of calculated flux densities and forces with those

teasured on the basic transverse flux circular motor.

Transverse flux machines have discontinsities 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 parematers {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)

eee This is because linear machinesresultS 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.

=-25-



Secondly, having analysed a deyice it is generally difficult to

suggest ,from the results of analysis, means for improving its

performance further. Taking these factors into consideration,

it has been shawn in Chap.2 that owing to the discontinuities

in.the device and the rectangular geometry of linear machines,

the finite difference formalation 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

Wade in its geometry, anywhere and in any direction, can be

@asily accounted for. The primary tmagnetomotive 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 dimensidnal 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 AIOE 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, and 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 need 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.
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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 arsalysed

and its performance predicted fairly accurately by using a 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 ere varied, to permit

the harmonic content to be neglected. The rotor. if slotted, is

eenracea 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 einaisied under two headings:

(a) the equivalent circuit approach and

(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. In the

electromagnetic field approach, the emphasis shifts to the latter

and therefore gives a better understanding of the internal prop-

erties 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 electrical

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
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type and its governing field equation has a form

i

Vp = O(x,y,z) 2.1

: 2
where v is a potential, v is the

Laplace's operator defined in Cartesian coordinate as

2 
2.2vo: 3 a a

and o) 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

vVy=o 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 purcene

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 cry er sheet so making the
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whole field a Laplacian one. ‘this, therefore, reduces the

problem to the solving of Laplace's equation.

Tnere are several tec:iiques for obtaining solutions to

eqn. 2.3 in different co-ordinate systems. These techniques

can be broadly classified under the following headings :

(a) Sraphical,

(b) a.nalogue,

(c) Analytical and,

(d) nU merical.

The graphical solution of eqn. 2.3 can be obtained by a trial-

and-error processes. 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 Receaeard) to deal with regions carrying

current and often geometri@ which are complex, this method finds

little use. i

Analogue imathadal7o2 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 following sections.
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2.3 ANALYTICAL METHODS OF SOLVING FIELD EQUATIONS

Analytical solutions of eqns. 2.1 and 2.3 can be obtained

by introducing suitable mathematical functions that satisfy

the differential equation, but the problem is to obtain that

solution which satisfies the boundary conaitions. 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.

Separation of the varianles te) ta practicable only if 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 arial lea sapoe tee the result only

in two dimensions and that only if one is able to find the

appropriate analytic function. Similarly, the method of

Tmeceeece 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 eqns. 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 EQUATIONS

The restrictions and limitations of the analytical approaches,

discussed in Sec.2.3, can be quite conveniently dealt with by

employing nuaerical 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, if a separate solution is required for each set of

parameters of a problem some computer time may be saved by

obtaining an approximate solution 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. speed) at each stage. The relative merits of

analytical and numerical methods depend solely on the problem

in hand. When the problem can be solved 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 principal 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., eqns. 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

formulation. (29)

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

the 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

nagec 2 z
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and in difference equation form, from Taylor's expansion

(Appendix B), eqn. 2.4 for uniform internode spacing is

6
5 = 

2.E(¥," va)= 9 :
n=4

where vr 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
2

. - 
z 

2.6
E,¥7 Yo h°$, (x,y,z)

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 respectively 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-Carlo.

The relaxation method 32] 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 method £32) 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 6nly 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. In

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 '0' 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

Voew — (Yitvatbathuthstye)/6.0 2.7
new

and the residual-is,

Ro = Ynew ~Yoid ee

Combining eqns. 2.7 and 2.8

Vitvatdatbytdstve

. 6.0 ~ Yoid 2:8
The new value of potential at 'O’' is found from eqn.2.8

rearranged as

new = Youd ; Ro 2.10

In eqn. 2.10 the addition of Ro to Voigeffects 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 a by which the residual in eqn 2.10 is altered. Thus

eqn. 2.10 becomes v = Voig7oRy 2.14
new

Here | @ is known as the acceleration factor and, depend-

ing upon whether it is less than or greater than unity, the
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(33Process is called under- ‘or over- Coe ekaxation: It is

difficult to quote specific situations where one or the other

ea however, it will suffice to indicatewill be advantageous

the genera! 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. Ina

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 preferable to

over-relax (e.g. a > 1.0) since the residuals will not be

greatly dissimilar for nodes in close proximity.

Considerable work 29) has been done for predicting the best

acceleration factor to apply in 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 sigde1i ‘25?

have found that a complex acceleration factor is better than a

real acceleration factcr, 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 2 0.03. $57?
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In the present work no attempt has been made to predict

theoretically the optimum acceleration factor. However, during

the execution of the computer’ programme, after a set tier of

iterations, the error or residual is integrated over the iteration

matrix 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 Bach 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 eiternatives 4s 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 locus 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

factor CACCL)
Remarks

A (1.6,0.03) (1.0x10"9, 646x107)

-3 eaB (1.6,0.005) (1.09x1073,6.45x1073)

-4 =3c (1.7,0.05) (8.96x10 7*,6.14x10 °)

-4 =3,D (@ee-0s1)- < (7.58x10 *,5.76x10 7)

; -4 “3E (1.8,0.1) (8.09x10° *,3.26x10"°)

-3 -3Hae Gees 0.5) (2.5x10 °,1.45x10-°)

-4 =36 (1.8,0.2) ¢5.74x10"*,2.52x10

3/1.90x1079)H (1.8,0.25) (1.21x10

ACCL altered after

every 10 iterations

Ditto

Ditto

Ditto

ACCL altered after

every 20 iterations.

First alteration

after 40th.

Ditto

Ditto

Ditto

Largest potential in the iteration matrix = 636
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2.6.1 Convergence Criterion

The solution obtained by iterative methods is not accurate

and involves a certain degree of error which may be definec according to

the accuracy desired. If U, is.the final value at a node, the absolute

error after (m+l) iterations is

omega Ure ee Zane

and the relative error is

€
a

Creer. Tie 2.13ei UG

But,U, is always unknown and hence the following test has to be applied:

vnet 7 Yn 2.14€ = ee :
r

U
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 | 2.15

Pree. i eq ke yl te
i

where = yTM _ ymsu, = uP - ut

and the superscript m indicates the value after m* iteration.

Thts ta, obviously, a poor choice of convergence criterion for it

becomes misleading when Us is very small or zero. A much better

‘ criterion will be

n

_ 21844 |
nm <a Je
424144 |

i
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A disadvantage with the above test is that it is difficult

to notice divergence of the process if the Uy tend to infinity.

However, after the first few iterations a test for divergence

can be made ry testing to see whether epi. If e>1

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

n

su,”euieere ZA7,
i=1

and e has been defined as 107” 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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3.0 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,

i.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

conditionevecr 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.? 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

formulation '49) 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

defined as the current flow integrated up to that pointe aa?
1

The NSP formulation also offers computational advantages

ever 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 pelt iwine sections the network model approach for

analysing an 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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(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 .wo layers of coils in, between U-cores and four layers

on the overhengs. 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). In 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 analysis.
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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 because the 'entrefer' in

the linear induction machines is large. The laminations in the

primary and the secondary members are laid in the X -Z plane

and,therefore, the iron 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 evaluated 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 he considered at later stages).

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 known. 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 network (20) |

In finear induction machines where a flat conducting sheet is

used, the current flow is essentially caoedianatened and

therefore one component .of the current density vector i 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

device in all directions and hence it requires a three-dimensional

description.

Under these circumstances, for an isolated conducting sheet

lying in an alternating magnetic field, the magnetic potential

(47)
Uy and U5 (Fig.3.3) may be expressed in terms of the magnetic
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(b) Electric network

Fig.3.3 Split node model



potential of the surrounding nodes and the properties of the

surrounding materials as follows:-

5 ED et Reece fica MeinGA INU, * Unt Unt) +S +3 BKI gC +U3 +4 UE) +2

= 
3.1Up =

(8 + 36K)

and

5 ' 1 1 : £ : 2' ae aes osee i 5K) (U4 + U5* Ute + +J2K)U3 3 ea U2 Ug tls) + Ug ne

Yt = 
=

O

c (8 + j6K)

where K => 3.3

m

and, for a uniform node spacing °h’,

; 3.4
c cea

3.5

Sm = “GE

also, w= 2TM (Cf = frequency of operation)

Vo = permeability of free space,

uw = relative permeability of the medium

t = thickness of the conducting sheet

Y = conductivity of the conducting sheet,

hes be 3.6

d

2 Sar.where d = /

WoL

= 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

nodes 0°,1",2°,3',4' and 5", so that,

rey 

3.8ut Us



Therefore, the potential U at a node on the conduction sheet

may be similarly expressed as

(1+jK) (U, +09 +0, +U5) + (j2K) Ug,

(44+j 6K)

where K is given by eqn. 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 constant. velocity vy along the y-direction only.

From these assumptions it follows that in the plate,

BT Sze 3.10

J = ad, + ayJy 3.11

¥ = ay, : 3.12

the current density vector in a moving conducting plate is given by

Teo +V¥ xB) 3.13

Taking curl both sides and assuming o to be constant,

VxJ=o0(VxE +Vxv xB) 3.14

An electric vector potential 1 (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-component. (This is so because the current

density distribution in the conducting sheet is in the x-y plane

as assumed in eqn.3.11.) Thus, ;

Tae oe 3.15(b)

The electric vector potential can be interpreted as a potential

discontinuity due to the presence of the congucting sheet, such that,
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if 4U is the magnetic scalar potential difference across the

thickness (t) of the conducting sheet,

Tt = 4U 3.15(c)

From eqns. 3.14 and 3.15 (a and b),

VxJ =VxV-x (,T,) = aT) 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 UxVxB- with the help of eqns.3.1t to

3.12 yields,

— en
VxvxB = -azvy ¥ 3.47

ay
where vyis the velocity at which the conducting plate is

moving, and in terms of synchronous velocity (v,)

T
p

Vy = U-s)vg = (1-s}—w 3.18
Vs-Vy

where s = slip =
s

Assuming that the variation of Bzwith respect to y

follows a square law,

aB Bz2 - B
z

ay 2h

z5
3.19

at the node 0. At a later stage to improve the accuracy,

eqn.3.19 may be re-sdefined using cubic or higher order law.

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

WT.) = ot{JuB,9 + (1-s)e2-(uB,9 - wB,5)) 3.20Tz) = ot{juBzo Zhe onz2 2) .

Flux normel to the conducting plate at a node, in

terms of the surrounding magnetic scaler potentials is given

by eqn.3.21 with respect to Fig.3.4
4

Jw g= Jw, (U, +U, U4 *U, +2U,-6Up) 3.21

Also from eqn.3.10

%o
BS ea 3.22

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

shaded area shown in Fig.3.4.
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Fig.3.4 Network model for node 'O’ 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,

v2 (ry) = U1 + U2 + Uy + US - 40, 3.23

h2

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

(4 + §6K)U, = (1+jK) (Uy + Uz + Ug + Us) + (52K)Ug

+ (1-S)K, fois ~ Ujp2) + (ys - Uy2)+(Uss5 - Uz)
#2(Ugs - Ug) - 6 (Us - U2)} an

where K is defined by eqn. 3.6

a (number of nodes per pole pitch)and Ky, = (1-S) ap ee ee a K

Therefore, using eqn. 3.24 the magnetic scalar potential of a

node ina moving 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, eqn. 3.24 takes the form of eqn. 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 Dirichiet’s boundary conditions

are satisfied on the plane through AB (Fig.5.2(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.11. In terms of magnetic scalar potential

we have:

-64-



BU...
6 20

n=1 Rn

where U is the magnetic scalar potential,

Q
= O 3.26

o is the node under consideration,

n=1 to.6 are the surrounding nodes.

®, is the internode reluctance between the node © and the

surrounding node n.

At Neumann boundaries CD and DA in Fig.3.2(a)

Ug = U, . and,

Uz = Us

respectively. 3.27

In Region 2, the nodes are surrounded by current sources.

In Appendix D these current sources have been replaced by

equivalent flux sources *o at each node. The finite difference

equation for this region, therefore, becomes

Sve Ag ican O 3.28

Rp

The finite difference equation for Region 4 is the most

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 Saniictaraes: 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

is zero. The finite difference equation for nodes lying in

Region 4 can, therefore, be given by eqn.3.9 as

(1 + §K)(U] + Up + Uy + Us) + (42K)UB
Up

= 21 aaaeewe pn CARRIO) 3.29

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 motion. 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

Up. O24 SKU + Up 2g + Us) + 42KIUG

(4 + §6K)

# Gredky (Uys - Upp) + (Ugg - Ugg) + (Ugg - Upp)

Ree ott see cts l-50 cu, = 09) 3.30

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

Thus, using eqns.3.25,3.28,3.29 and 3.30, the magnetic

scalar potential distribution can he 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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see Sec.3.6 and 3.7) :
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densities and forces fram the results of this programme are

explained in the following section.

-68-



3.7 FLUX DENSITY AND FORCES

The magnetic scalar potential distribution obtained in Sec.3.6

only replaced the electromagnetic device by a field 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

Measurements 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,

He - grad U 3.31

and therefore,

B =uugl = =nuosrad U 3.32

where B = axB, + @By + 828, 3.33

and Up = permeability of the medium.

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

grad U = ag + ay ree 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

number - point formilatian. 72) The use of greater number of
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points along each axis reduces the trunctation error, although

this reduction is at the cost af carresponding increase in the

computation and the complexity in formulation. Thus as a first

approximation eqn. 3.33 may a Fe erttten: for node (1,m,n)Fig.3.6,
by using three-point formula as,

= Me = Sree
B aspx (Uy 1 -Uy 41) + ay(U_ yu Dnt az(U, uyO Us cee ar35

where -land +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

cia) in air overintegration 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?) , 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 stress)

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 is generally inconvenient and, therefore, so long as only

the total force is desired a surface which makes the calculation

simple is chosene tt.
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Mathematically speaking the andes ye philosophy may be

expressed as, aes

Fi: No? da. 3.36

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

force F is 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

* force 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 ‘rdtor', 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’ S,) can,

therefore, be neglected. This simplifies the computation

because only the z-component of the magnetic stress sence is

required for determining the force produced. The equation to be

solved, therefore, reduces to

mee esa yay 5 3.37
fe eee

where T= afyz + ayfyz + azfzz 3.38

and, ter tye and iy 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

5

the three axes may be expressed as

AF Ee.



= fs

Fe Loot gov ax 3.39

cy = Trot yzdyox 3.40

20 p00

Foes Jaret .78vdx < 3.41

Substituting from Appendix E,eqn.E.10, for -¢ jf and ft,
xz’ yz 2z

eqns.3.39 to 3.41 may be re-written as

Fo = J7S"5 Bdydx 3.42
ee ow Kee

_ 170270

Fy = wfelc8 8 ,dydx 3.43

= Ayepo 2 1/212
ue jlo (BS - 5/BI” dayax 3.44

where [Bf Be + Be + Be 3.45
x y ez

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

ve Hee
Pecav)TM aboole ReCtHy ldydx 

ae

= Bye 
r

Evlavyaaztete Netty dydx aay

Keo 2 a

Petes oe S Alal )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 eqns.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 eqns.3.46 and 3.47

that, apart from the z- component of the flux 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

Ee



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

(Fz) to be repulsive (Bz)? should be less than $B (7.
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CHAPTER 4



Chapter 4 TESTING OF LINEAR C!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 trarcient 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 possible only by constructing a long or a closed-loop

continuous track. 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 finances available eo 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

(#) Circular/linear test track
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Of these, the circular motor test rig

(referred to as the BTFCM:earlierJis new. It was

constructed for the purpose of conducting tests on transverse

flux machines under dynamic conditions. Zn the present

chapter the BTFCM test rig and the facilities it provides

for measuing the flux densities and the ferces produced,

are discussed.

4.2 BASIC TRANSVERSE FLUX CIRCULAR MOTOR

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.4.1. The purpose of the shape, design and

construction of the basic transverse flux circular motor is to

obtain dynamic test results (such as the 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

limitations 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

préduces 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 motor
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(b) Final rig arrangementrig arrangement(a) Initial

Fig.4.2 The Test Rig





by a suitably arranged disc carrying strain gauges below tlie

primary member, .

In a practical application of a linear electric motor,

entry- and exit-end effects exist due to one of the members being

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 become 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 lift 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, 60° 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

and the available U-core yetia 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 lift force produced and if the secondary member

is allowed to move under the influence of the lift force this

leads to a corresponding change in the ‘entrefer’. The new

‘entrefer' creates new conditions in the machine, thereby

resulting in a new tractive force, a new speed and hence a new

lift force which gives rise to yet another new ‘entrefer’.

The whole operation has been summarised in Fig.4.6, This,

-81-



eaenie

RK 90mm |

(a) The U-core -

(b) The U-cores in the stator

Fig.4.3 the stator without win

Eon



a

a
Xt xX]

fH

<—_____—._ 333 mm a)

i

|| P<

355 mm

F 444 mm yal

gt mim >

513 mm

565 mm —_—_—_ YY

Fig.4.4 Main dimensions of the stator

Fig.4.5 The stator





Tractive force

dl

Lift force

a

Relative speed between the

moving member and the

moving field (i.e.slip)
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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

Qlevitation force, tractive force, speed and 'entrefer' )remains.

This problem can, however, be simplified by measuring the

lift force at constant ‘entrefer’ by constraining the movement

of the secondary member under the influence of lift 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 lift 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

limitations.

First, it is relatively insensitive at low forces

(minimum range of pressure acting on it should be of the order

of 100 kN/m?) 3 and secondly, it cannot be used for the measure-

ment of static cia res This leaves the strain gauge
system for the lift force measurement. For the present test rig

a load jee incorporating the aforesaid features, was made
and used. Fig.4.7 shows the location of the strain gauges on

the load cell

~85-



The attachment devised for adjusting the ‘entrefer' is

shown in Fig.4. 6, and Fig.4. 9 shows the attachment fixed to

the load cell. The measurement of ‘entrefer’ is difficult,

especially wien 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 ehieaet 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'
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Fig.4.10 Arrangement to determine average '‘entrefer’

456789 ie 12

Fig.4.11 The circular search-coils
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4.3 FLUX DENSITY MEASUREMENT

The measurement of magr.etic flux density in and around

the device is necessary for estimating useful and leakage fluxes.

These measurements 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 meotee: In the

following paragraphs, the discussion of the flux density measure-

ments 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

measure and integrate the e.m.f.s induced in the search coils

due 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

their thickness to a minimum and for their easy and compact

movement in the air gap under standstill and dynamic conditions.

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 respect 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 other, between cores numbered as follows (Fig.4.1):
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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 ie The induced

@.m.f. across 1 and 6, and 7 and 12 is proportional to the

voltage across the magnetising reactance (X,) 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 coils 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) in 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
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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 te

search coil. Similarly, the gain of tie operational amplifier

has been derived by using standard equipment, and the leads

between the search coil and the amplifier have 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

BIFCM (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

are not linear) ea

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 computer. 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 numerics] approach far analysing the BTFCM

has been discussed tn detatl. A computer programme, based on

these discussions, has been He veteped 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,

is 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 af 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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4

1. U-core 3.Laminated backing iron

2. Winding 4. 2.68 mm thigk aluminium plate

(p= 2.8X10 ~ 2m }

Fig.5.1 Secondary SEC1

1. U-core 3.Solid backing iron

2. Winding 4. 2-68 mm thick aluminium plate

; { p= 2.8X10 — 2m )

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 presanted ta show the correlation of

results obtained from the cemputer programe and the measurements

made on the BIFCM.

5.3 FLUX DENSITIES

In Fig.5.3 the variation of flux density 5mm 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 8 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 in the model have been assumed flat and horizontal whereas

in the BTFCM they are slanted. This leads to an error which can

he resolved by using a finer mesh 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.12, 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 vertical components of flux at its

corners. )
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Fig.5.5 shows the variation of flux denaity 3mm aboye and

along a half U-core for the secandary member SEC1. The

‘entrefer' was kept at 7.68mm total, witich represents em

Mechanical clearance between primary and secondary members, and

2.668mm thickness of the aluminium plate. The correlation is

worse, this time, at node No.11. 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.11 and hence the predicted value of the

Corresponding flux density. The possible remedy, this time, is

to have a different mathematical model 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 4s the electric vector potential. (44,58)

In Fig.5.6 the 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, tq

the other components Bx and Sy

The prediction and measurement of flux densities under

dynamic conditions poses greater orion for verification a

nade has been selected 5mm outside the U-core along the X-axis.

Fig 5.7 shows the predicted and measured 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 is reasonably good.

The vertical component (Bz ), 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. One

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-

sideration, or, ferters to include the effect of saturation in

the backing iran in the computer poe

The variation with sashes to speed of the measured and

Predicted longitudinal component of flux dencity (By J) 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 ae 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 is 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 but the predicted ones keep increasing. This is

primarily because in the numerical model discussed in Chap.3,
the permeability af the backing iron has been assumed infinite

throughout which may not be Paes at high speeds for reasons

mentioned in sec.5.3.

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 Bz 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, CURRENT DENSITIES

AND FORCE DENSITIES

The correlation of flu: densities and forces and suggestions

for improving it further were disoussed in Sec.5.3 and 5.4. In

this section some of the two: end three-dimensional plots are

Presented to show the MSP, current density, flux density and

force density distribution in the BTFCM.

figs. 5.8 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 SEC1. In Fig.5.11 MSP has been

plotted in ae air-gap for two pole pitches. The plots show

ripples along 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 (8) 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 a line passing through the centre

Points of each limb of the U-core. The minimum variation in
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(a) Imaginary component. Contour 1.0 corresponds to

MSP of 551.1A

(b) Real component. Component 1.0 corresponds to
MSP of 318.2A

Fig.5.9 MSP distribution in x-z plane for secondary SEC1

(the flux distribution is orthogonal to these contours)
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(a) Imaginary component. Contour 1.0 corresponds to
MSP of 551.1A

(bY Real component. Contour 1.0 corresponds to

MSP of 318.2A

Pig.5.10 MSP distribution in x-z plane for secondary SEC2
(the flux distribution is orthogonal to these contours)
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Fig.5.11 MSP distribution in x-y plane in the air-gap for two
pole pitches. Secondary : SEC2. Slip = 1.0p.u.
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Fig.5.14 Vertical component of flux density (BZ) distribution

in x-y plane in the air-gap for two pole pitches.

Secondary : SEC2. Slip’= 1.0p.u.
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each case is in the centre af the U-core, contrary to that of

the transverse component. The correspanding force densities,as

shown in Fig.5.18, therefore have their maxima in the centre

of the teeth. Plots shawn as 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 with reference to Fig.5.9 and 5.10, with maxima

for Bz lying 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 SEC] 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

Tennae 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 lying between two poles

have been plotted curved instead of straight lines. This is

so 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

curved lines will naturally become radially straight lines.

In fig.5.17 the current density distribution in the

secondary SEC2 has been plotted in three dimensions in order

Aes
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(a) Imaginary component. Contour 1.0 corresponds to 268.96

(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.

Fig.5.16 Current density distribution in the secondary aluminium
Plate. Secondary :SEC2. Slip = 1.0p.u.
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Fig.5.17 Three-dimensiona
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Secondary :SEC2.
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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 the surface of the plate has diminished

Considerably for a plane lying on the surface of the conducting

plate. This is probably because 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.

To obtain a true 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 seen

from Fig.5.18(c)). Further discussions on the force density plots

of Fig.5.16 have been made in the following section.
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5.6 DISCUSSIGN

In this chapter the flax-densities and forces as obtained

from the analysis of Chap.3 ‘have been compared with those

‘measured on the BIFCY. The correlation has bean shown both

under standstill and dynamic 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 ‘menber, 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. In the event of ‘the lateral displacement of

the secondary member above the primary member from the

symetrical arrangement, the lateral guidance force density
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distribution will re-distribute itself such as either to tend

ta keep the secondary member on the primary member or to tend

to displace it still forther. This will, of course, depend

‘opon the disolacement, the speed of operation, the operating

‘entrefer' and, above all, on the configuration and design of

the primary and secondary members.

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 normal 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 tractive 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

transyerse 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

forces. The relative magnitudes of tractive and lateral guidance

forces can then be controlled by suitably selecting the relative

TMagnitudes of longitudinal and transverse components of flux

2



density. The arrangement thus will have resultant high-tangential

and low-normal components of flux density in the space between

the primary and the secondary members - a situation contrary to

that in conventional rotary motors and the attraction type of

electromagnet. This would increase the ampere-conductor loading

in the device, for a 5O0Hz 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 consisting of a thick conducting sheet

backed by iron which is partially gatteated 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

TRON CARRYING EDDY CURRENTS

6.1. INTRODUCTION

In Chapter 3 the finite difference equations in terms of

magnetic scalar potential were déscribed for the motion of secons.

dary: members cansisting of a thin conducting sheet hacked by

unsaturated iron, and in Chapter 5 the predicted results were

compared with those measured on the BIFCM. The assumption of

unsaturated iron implies that it is laminated 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

emerges 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 A

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 is 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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4 single plate is much more effective in preventing the flux from

ascaping from the other surface. This is important in connection

with 4 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.

-127-



6.2 MODELLING A THICKER CONDUET1NG PLATE IN AN ALTERNATING FIELD

The behayiour of a conducting 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

pene arson (d) at the operating frequency for that sheet material.
This & ‘ratio decides the variation in the current density from
one ae 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

vespectively) are given by

Ty = Jy.t.dy, and

6.1ly = Jy.t.dx,

and the respective components of surface current densities are

given as

Ky = Jyt~

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 £ 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 cee a In practice, this is no severe
limitation since cost considerations alone prohibit 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 Gfrom Appendix F)

are given by
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ky =e “Gby Jey)

where suffixes b and t denote the bottom and the top surfaces of

the conducting sheet, and

“N= 1 tanh (t) 6.4

Y

where ¥=12j andd=-// 2 6.5
2d wap

Therefore, 5 4

Vo =" (14.4) tuner edn . 6.6
27 oy dae ae. 24

Comparing eqns. 6.2 and 6.3; 4 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 eqn.6.4

eCeffective). + tanh (Vt) 6.7

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

and therefore

Yerrecttve) Ad VEME ys oe
Ye

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 (Wt) = 1.0 (within 2 per cent) and
2d

therefore q

6.9t effective) BS



and. the t ratio is 6.5,. the assumption being that the currant is
d :

Qvery closely) confined to layers parailel to the flat faces of

the plate. So for 0.2<« t 53.3 the effective thickness varies
24

from t to f2d /-45° in 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,

hy 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 imBroved modelling. One way of doing it is to express
the effective thickness of the conducting sheet by eqn.6.7 and

the surface current density by eqns. 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 a increases. Thtg gan be

expressed analytically by the following expression

K = lim u t (effective)
J> 5
t> ° 

6,10
(effective)

where J= 4, Jy + ay Jy 6.11

Xo dats ae
It follows from eqn.6.10 that representing e thick plate by

an infinitesimally thin layer in the mathematical medel creates a

current-free space which increases with the plate thickness.

The error caused by the creation of this current free space is

similar to the discretisation error in a finite difference 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

conducting sheet in a suitable multi-layer model as discussed

below. This way of representing a conducting sheet in the



Mathematical model is, partigutaply useful when the material is

non-linear like partially. sa:urated solid iron. Each‘ layer can

then he given a different permeability and thereby approximate

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

This, of course, applies to cae well as thicker sheets. The

> 1.0Modelling of very thick sheets G ey), 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 model

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 elertric vector potential (T).

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 BTFCN 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 slices 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 sheee"S whare the magnetic scalar potential
of nodes on each side of the slice are evaluated simultaneously.

In Chapter 3 the network molecule for @ 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 seetion is zero, and therefore the condition Tz =-0 at each

edge is satisfied. This implies that the magnetic scalar potentials

at the edge nodes on the top and bottom surfaces of slice 2,3 and

4 are equal, and so they can be replaced by a single node for each
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slice as shown in Fig.6.2. Qn applying the continuity condition

at node 'O' in Fig.6.2, the finite difference equation far the

edge nodes is

Cpt yr ~U,) + oC Wy ~U,) + wlyo W2- Uo)
Tee hss

4 0y3 U3 - Uo) + wCy5 Us - Uy) + wOyg Ug ~ U5) = 0

6.12

where w = 2a,

Coie Sma» Sng. Cos Cg are Magnetic capacitances, and U's

are magnetic scalar potentials at the nodes described in Fig.6.2.

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 4 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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€.3 FLUX PENETRATION IN SQLID BACKING IRON BEHIND ALUMINIUN.

REACTION RAIL See cab
The use of salid backing iron, instead of the laminated type,

is desirable from both the cost and the mechanical strength points

of view. Its use, however, 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 low. 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 ta

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

from 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.6.4 055), 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.6.5]. 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 hacking iron, by measuring normal flux density. along

x-x above 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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Fig.6.4 Flux distribution around a solid iron in an alternating field

Backing Description
iron

B12

BI3

Fig.6.5 Backing iron arrangements used in the study and the line x-x

along which normal flux densities were measured
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From Fig.6.6 it is evident that the solid backing iron

behaves in the manner discussed earlier with regard to the flux

distribution within it as given in Fig.5.4. The product of

conductivity and relative permeability of solid backing iron is

typically 100GMS/m (for 100 <44,5200 and 5<g<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 permeability 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 BI1.

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

hottom plate of BI3, when Teaching the interface between the two

Plates, is 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. In the following section the effect of flux penetration

in a solid backing iron in an alternating field has heen

modelled mathematically. The computed flux paths presented in

Sec.6.6 have been obtained using the mathematical model descrihed

in Sec.6.4 and the resulting pbots given in Fig.6.14 show similarity.

to those drawn in Fig.8.4.
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(a) Single solid iron plate

(b) Composite solid iron plate

Fig.6.6(e) Difference in flux paths in a single solid plate and

a composite plate backing iron
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6.4 MATHEMATICAL MODEL OF EDDY CURRENTS AND SATURATION CAS A

CONSEQUENCE OF EDDY CURRENTS) AT THE SURFACE OF THE BACKING IRON

When an alternating flux strikes against an iron surface its

penetraticn into the iron can be classified into three modes fe5)

In Fig.6.7 these modes of flux penétration 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

flux is 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 Power loss (both

hysteresis and eddy current) associated with the mode 1 Flux, as

discussed in undergraduate magnetic circuit problems even when

present (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

aye ot &?
2upy

where o, and are the tangential conductivity and permeability.

of the backing iron, and

w =-2nf, where ¢ is the frequency of operation.
The magnetic impedance given by eqn.6.13 is in 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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(a) Laminated iron

(b) Solid iron

solid irones in laminated andnetration modFig.6.7 Flux pe’
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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 combined magnetic

impedance also has a component due to the surrounding space to

account for the tangential flux. Thus the network model for the

secondary member (consisting of thin conducting 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 ‘the 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 in this region. «ye inde OR

6.4.1 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 (Zz, + 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 Z; 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

at 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, along 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

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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Magnetic.scalar potential at tilese edge nodes can be. obtained

by. solving appropriate networ molecules deseribed 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 conducting 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

vx Eac /#1-B = 5 QB = ne 6.14
ot

and, for a constant speed motion,

Ve Bo tion ney =v. xB= -v,0B = -BB 6.15

ey

where o¢= 1. 9B", and : 6.16 ©
B ot

2 c Nore OB 6.17
Bo

Therefore, the net Yx E due to variation in B with respect to

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

VxE = vxE, +VxE Stier

aon. GF 8) 8 » 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 fron

eqn.6.18 a :

Vx I =0CVxE) == 0(K+8)8 6,20
taking the curl of both sides’ of eqn.6.20, and substituting yx Bo =aj

and assuming constant “4 we obtain

Vo i= gos) F 6,21
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where. y.J has been assumed zero.because P is zero within the

conductor,

Writing 2
ao(X4_8) = W 6.22

eqn, 6.21 becomes

VF =F a 6.23
giving a diffusion equation similar to eqn. F.4. ‘or a

homogeneous and linear medium, the surface current density is

RA GH) 6.24

where K, af and Jt are defined in Appendix ¥, and

A = 4 tanh(Ye) 6.25

where 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

tanh(=t fort <0.2) 74
2a

"Ceffective) ~ es

or

" etfective)** ene

When the conducting sheet is thick such that >3.3, tanh(¥t)=1.0 andcs
2d

‘ (effective rt =

again assuming currents parallel to the surface of the conducting

sheet, Further, when the normal component of the field varies

from a maximum 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 by. putting J, =e) is given as
— A

K=-7 3tb ? 6.28

from which, for a small d, the effective thickness is given hy.

teffective) = 3 /- : 6,29
no <> 8)

The surface magnetic impedance, in eacti case, is ohtained by

multiplying the surface conductivity ( o)by the effective

thickness. Thus (see Appendix 6)

=n = St Coptective) . 6.30
which is like tht for the aluminium plate used in the present

work, where the magnetic impedance is given by

aaa ala 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 is given

by eqn.6.29 and the corresponding magnetic impedance is

in. SP 04, sf, ae be ee
ojny (X + 8B)

ny CX #8)
6-31

where “ and 6 are given by eqns.6.16 and 6.17, and suffix i stands

for iron,

_ Rf the variation of Ba with respect to time is defined as
Cc

Bac = Bog, expGut) 6.32
pe ts :

where the real part is implied’ and it/assumed that the time
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harmonics in the primary excitaticn are zero, then

or
ac

a
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

5 ae cyB Boy exp (- j = ) 6.34

where again only the real part is implied, then

3B
a VxvxB ‘y ENfoo = S = z

or,

-
Bee. & yas a % 6.35

The velocity at which the secondary member is moving can be

expressed in terms of the synchronous velocity (v) as

v. = (1-s) v 6.36
s s

vi-Vv.

where s = slip = = 6.37
s

and BME RRCZT Ee 6.38
78 p

Substituting eqns.6.36 and 6.38 in eqn6.35 gives

8 = 2t f (4-s) (-j2)
p t

p

or,

B =~ 4 (1-s)o 6.39

where,

w a Zr e ‘=

Therefore, by substituting the values of-aand 8 (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,

2m

The magnetic

95
ee eee

n, Go - (1-s) jw)

= ene
N ~ jswu

i

5
Zen . 6.40

= (1-9)

ae

impedance given by eqn.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.

=151-



6,6 RESULTS OF IMPROVED MODELLING.

"In Chapter 3 the eddy cuyrents: in the solid backing iron

were neglected’ and in Chapter 5 the flux densities and forces

calculated with this. assumption were compared with those

measured on the BIFCM, In this chapter an improved mathen

matical mode] has been deyeloped to take into account the eddy

currents and the resulting saturation in the solid iron. The

magnetic impédance of the thin conducting sheet, below the
backing iron, has been shown’ to remain vanchanged 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 where,’ as a first approximation and only for the

purpose of estimating the magnetic impedance of iron, the spatial

harmonics were neglected. However, these harmonics can be

accounted for by deriving 8 as given in eqn.6.17 after a set

number of iterations.

Although the aluminiun conducting sheet has been modelled
(as in Chapter 3) as a thin sheet, a method has been presented

and criteria established in Sec.6.4 for modelling thicker

conducting sheets and this was applied to justify the use of
a thin plate model for the BIFCM.

In this section the computed results of the improved
modelling described 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

the 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

a-x. This reduction arises because the eddy currents in the

solid iron produce a flux that opposes the main flux thereby

aeducing the normal component of flux-density., The effect of

lowering the bottom-boundary. (to make the U-core limb its

actual height of 50 mm) is small so far as the magnitude of

B, is concerned. It has, however, a considerable offect on the
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Fig.6.11 Variation of flux density along x-x
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Table 6.1

Description of curves in Fig.6.11
ee DU ONTO TF CUrVes tne ig Salas

Number Description Details

4 ——__ Eddy currents and saturation in the solid

backing iron neglected

oe : Eddy currents and saturation in the solid
——.—.—.. backing iron considered

--------- U-core limb considered 20mm high

ee U-core limb considered 50mm high

E Measured flux. density
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ghase angle as shown. in Fig.6.12 and discussed later.

The weasured yalues. of the z-camponent af flux density

lie :hetween those computed by. using the mathematical model in

which the eddy currents in.the backing iron are ignored, and

in. the ‘model in which they. are considered. In the latter model,

the saturation in the solid hacking iron Cas a direct conse-

quence of the eddy currents) has been assumed to be uniform

everywhere over the iron surface so as to allow a constant

permeability to be adepted and thereby simplify the

programming. In actual fact, however, the permeability of

the iron is dependent on the tangential H, and since this is

not uniformly distributed,the permeability must necessarily

change from point to point over the iron surface. The variation

in the tangential H just outside the iron surface in the

BIFCN can be seen particularly from Fig.6.11(a) which, on

changing the scale of the vertical axis (because the permea-

bility is that of space) shows that [Hy] varies from 0 to

16KA7m. Thus the non-uniformity in tangential H just outside

the iron surface gives rise to a non-uniform saturation in the

hacking iron, and this can be accounted for by deriving the

appropriate Zn; 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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The computed x and y somponents of Flux densities
outside the U-core limb are greater when the eddy current

eondition in the backing iron is included in the mathematical
model, than when it is not. This again is due to the field of

the eddy currents Opposing the incident flux, thereby increasing

the tangential fluxes. 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 measured flux densities along x-x outside the

D-core. Along x-x on the inner side of the U-core, however, the

inclusion of eddy currents in the mathemat1cal 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 fiux

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

Measured 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 maya most likely, be due to
an inaccurate orientation of the search coil at nodes 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-

guished in Table 6.2. The inclusion in the mathematical model of

the eddy current condition in the solid backing iron and the

yarious boundary. conditions at zo have a distinct effect on the

phase angle when compared with curve 1 in Fig.5.12. Curves 2

and 3 and curves 4 and 5 are for U-core limb 20 mm 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

fFig.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 in 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

7 Le Eddy currents and saturation in the solid

backing iron neglected

2 Eddy currents and saturation in the solid

: backing iron considered

: U-core limb considered 20mm high

‘ U-core limb considered 50mm high

2 Flux line boundary condition at z=0 plane

: Zero potential boundary condition at z=0 plane

i Measured phase angle

(Reference in each case is node number 12 .)
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6.8.2 Effect of Spesd:
in Sec.6,5 it was concluded that the effect of speed on

the magnetic network model is such that the magnetic impedance
for the solid iron is given by eqn.6.4C and that for the thin
conducting 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 NSP 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 (i.e. B,) 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, ere 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

RNescription of curves in Fig.6.13
cee pe eC EOF CUVe SSO t eels.

Number Description Details

1 Sr Eddy currents and saturation in the solid
e er backing iron neglected’

gee ee Eddy currents and saturation in the solid

4 ie ee backing iron considered

4 Spatial harmonics neglected in the calculation

3 ase ae of the MSP distribution

2 pe Spatial harmonics considered in the calculation

4 hhh of the MSP distribution

a Measured flux density and force

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

(o.ss)e |
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The effect of the Dodi fied mathematical model on ‘the

. force yersus speed characteristic is‘depicted in Fig.6.13(b].

Examining this in the same way. as the torque-speed character-

istic of an induction ‘tachine,. the inclusion of the eddy.

current condition in the form of Zmi i8 such that, so far as

the variation uf 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 Cand

the resulting saturation] in the solid backing iron are

neglected. The consideration of spatial harmonics, hy using

the method described in Chapter 3, in the secondary member is,

as expected, such that the propulsive force becomes less than

that obtained without taking into account the spatial harmonics.

This approach, however, does not account for the effect of

spatial harmonics on Zi as pointed out earlier in Sec.6.5,

although this can be done by defining 6 (in eqn.6.17] at each.

node. The influence of its inclusion in the mathematical /

model will have an effect on the Fy versus speed characteristic

BSEPEPSUEE oF inbSBSBSs OSnBieds PSREESTMH approve the
region of 0.3 p.u. slip in Fig.6.13(b]. The discrepancy

between the measured and computed force Fy 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 variation 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

eduction in 8, (as. discussed earlier] and therefore the

attraction force also reduces (as eqn.3.48 indicates] for ‘the

same primary excitation . In Fig.6.13(b] the normal forces

Calculated by neglecting’ and by considering eddy. currents: Cand

the resulting saturation] in the solid backing iron lieon

either side of the measured normal forces. These measured forces
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ere.ploser to those calculated by.using the mathematical model

in which the eddy. currents:in the solid backing iron are taken
into Aecount, although there is some discrepancy. at low and
high slips. The discrepancy. at. high slips is most probably

due to the use 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 forces would.come 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 Z,; (by eqn.6.31).

Also at very low slips the depth of penetration would become

jarge, 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 model becomes 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 Zmi WOUld effectively increase the eddy currents in

the secondary member, and this would lower the computed BZ

and FZ 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 following sub-

section the effect of improvements in the mathematical model

made in this chapter, and the effect of speed on the NSP

distribution around the secondary member and on the current

distribution in the secondary member, are presented in the form

of computer plots.
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6.6.3 SP diatribution and‘ current density distribution plots

In Fig-6.14 the flux distribution around the secondary

member has been shown for conditions in the tmathematical model

when eddy currents in the'solid backing iron (and the resulti
ng

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

eddy 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.6.4

(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

NSP lines and, therefore, Fig.6.16 shows the effect of speed

on the flux distribution around the secondary 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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(a) Eddy current condition in the backing iron neglected

considered

Fig.6.14 Flux distribution around the secondary member of the BTFCM

( Equipotential lines, ------- Equi-flux lines )
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(b) Eddy current condition in the solid backing iron considered

Fig.6.15 Eddy current distribution in the developed secondary

member of the BTFCM at 1.0 Pp.u. slip
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-Un fFig.6.17 the effect »f speed on the surfage current

density sistribition in’ the’ esendary..member is.shgwn: for both.
the mathematical models. The plots’ are similar to those
described in Fig.6.15, and the speed has two significant effects

on them. The first is the relative movement with speed of poles

formed in the secondary member with respect to the poles of the

primary member. This is expected and is indicated in both

Fig.6.17(a) 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

pitch 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.

current 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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(a) Eddy current condition in the backing iron neglected

(b) Eddy current condition in the solid backing iron considered

Fig.6.18 'Ring' formation in the eddy current distribution diagrams

at 0.2 p.u.



(a) Real part of the x-component of flux density

Maximum corresponds to 1.91 mT

(b) Real part of the zZ-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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G./ DISCUSSION '

: In‘this chapter A modified dpathematical model has: heen
Biscussed to account for the eddy currents. and the pesulting

saturation in the solid backing iron and also to model thicker

' conducting sheets. The criteria have been established in

Sec.6.4 for using the latter. It has also been shown by using

the same criteria that the aluminium conducting sheet used in

the present work can be represented by a thin sheet model. The

effect of speed on the surface tTagnetic impedance of the backing

iron has been described by 8 in eqn.6.17 and, as a first

approximation for the purpose of defining Zn 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. 9). The computed flux densities and forces at various

speeds have been compared in Sec.6.6 with those measured on the

BIFCM, and it has been found that by using the improved

mathematical mode1 the correlation between measured and
computed results has in general improved. Possible 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
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

7.2 GONGLUSIONS a
In the foregoing Chapters of this thesis an approach was

described towards understanding and developing transverse flux
machines.’ For the purpose of predicting flux densities and
hence the’ forces in the machine a "three-dimensional computer
Programme” was developed on the lines of discussions given in

Chapters 2,3 and 6. A listing of this computer programme

has been given in Appendix H. In Chapter 3 the mathematical
todel was developed and in Chapter 5 it was tested 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 correlation 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

infinitely 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,

have heen defined by the surface magnetic impedance as in eqn.6.40.

The aluminium conducting sheet was modelled (as in Chapter 3) as
@ thin sheet, although a method hes been presented and criteria

established in Sec.§.4 for modelling thicker conducting sheets.
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These criteria were also applied to. justify the use of thin

plate tmod21 for the BIFCN< In $ec.665 it was also shown by

eqn.6.30@ that for a thin plate model the magnetic impedance is

independent of the speed at which the secondary member Moves.

The computed results of this improved mathematical model and

thosé computed without accounting for the eddy current

condition in the solid backing iron were compared (in Sec.6.6)

with those measured on the BTFCM. It was shown that, in

general, the measured flux densities 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.6.6. In Sec.7.2 these

modifications are further discussed, and their implementation

suggested for further work in this field.
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In.fhapter 6 it was Pointed.aut that the barking iron behind

the alupiniup. reaction vatl, for econanic easons, should be
solid rather than laminated (for preventing the flow of eddy.

currents in it). However, when the hacking iron is solid the

surface layers get saturated because of eddy currents produced

hy the alternating flux striking against the surface, and this

would imply that it is wasteful to use solid 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 consideration 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 8 (as in

eqn.6.17) in the expression for the magnetic impedance. Thus

eqne31 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 Beate enERe gem ae ie Aetreniae

the direction of motion. The latter, in fact, /as well because

8 is defined at a particular node numerically. in the computer

programme 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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suits.the asic philosophy. of sperial purpose electromagnetic
(22,56, 61,62)

> partis salarly. during rete developmentdevices

stages. This is because the approach can take into account the

less common geometries and discontinuities present in special

purpose electromagnetic 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 analyticsl approaches (discussed in Chapter 2) for cases

when it becomes extremely difficult to define the resulting

primary magnetomotive forcing 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

Machine. On 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 routine design and analysis in the design depart-

tment. In fact, the whole approach forms a stepping stone to the
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Seyelopment of the three-dimensional engineering necessary in

“the design, 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

yerification shown on the BIFCN 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

@ machine were correlated in Chapter 5 with those measured on

the BIFCM under standstill, motoring and braking conditions.

The correlation and especially the discrepancies between

Calculation and test were discussed in Chapter 5. In Chapter 6

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 BIFCM 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

inorder to deal with the first order assumptions made in

Chapter 6 for improving the efficiency. pf the computer

programme and for dealing with certain other important aspects

of the problem.
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(a) Two assumptions were mad in the improved mathematical

model, deseribed and used in:Chapter 6. es

Gi. ‘The secondary. backing iron has a constant permea-.

bility everywhere irrespective of the tangential H

just cutside the iron surface,
G41] The flux density varies sinusoidally with respect to

the direction of motion (i.e. y] for the purpose of

defining oat in eqn.6.40.

Asa further improvement in the mathematical model, these two

assumptions can be circumvented by calculating the permea-

bility and 8 (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 8 by

using 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 model 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 (c) to (f) below. -

(c) . The circular geometry of the primary and secondary. members
of the BIFEM-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

Tachine 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

including pitch, yaw and ro11 will be @ common occurrence

in:a practical application. Therefore, knowledge of the effects

of these ‘on the lateral and vertical 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

bending the secondary conducting plate along its edge (83)

“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.

(#) The experience to be gained from the recommended work ‘may.

be further extended 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 device (42250) |
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7.3 GENERAL CONCLUSIQN

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 electromagnetic devices as the transverse
flux linear induction machine. The apprceach, described in

Chapter 6, for including the eddy currents in the secondary

solid backing iron (and the resulting saturation) is general so

far as the secondary member is concerned 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 ORDER PARTIAL DIFFERENTIAL

EQUATIONS

The general form of a second order partial differential

equation involving two independent variables may be stated as

2 a 2

rey pth. Po. pee eb ey b= 0 Act
ox axdy day ox ay

where wy is 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 y or its deri-

vative. The value of these coefficients determine '2?) the

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

parameter

A = Be - 4AC ‘ A.2

decides eaneaea to be elliptic, Parabolic or hyperbolic

according to whether } is negative, zero or positive.

The elliptic equations normally occur in equilibrium

problems, whereas the parabolic and hyperbolic types 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. In

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 tnree dimension Cartesian

co-ordinate system is given by .

a

ay, 2. ay =0 B.1
ax 3z

Consider an asymmetrical star with the node under consideration

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

The internode spacing between node 'Q’ and surrounding nodes

is mh,ph,rh,nh,gh and sh respectively. In a symmetrical case

M=n=pfqere=s7l B.2

At any point x, on the line parallei to the x-axis passing

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

= (BE A) + Si Ceeyt + (Fb) Cons

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

Ae mh and x = x7 nh respectively. Thus

2 4= av ay eee. 4 cd eaY = % +mb(2b) +35 KES) + ar Gx) 3H). +
B.4

2 1 9y 342 e. anitt Oa aan
w= 4 —nh (OS) oath Ge), ~ 5 xs) + a Ge)!al \dx

B.S
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The sum of n - times eqn.B.4 and m - times eqn.B.5 on simplifaction

yields >
2ny +MY, = (men h cb ay% Y%, = (men) & + Jp mn (men) (Soe) + Be mn (mt n*)(35)

4

at mn nen?) (SY eetae) (oa tee 8.6

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

as,

neE+mMY = (men)y + fpmn (nen (BH 34),

or

wey _ 41 f 2% ig ee 2
aX* ~ | monn) 5 2(n+tn) mn | 8-7

In a similar manner expressions can be written for GS)
2

end (2
37/o

Gre ie 4 2%
bir+4y) riety) PY B.8

and,

2% 2%
He +t RK= =a lpons + iS >] 8-9

Substituting eqns.B.7 to B.S in eqn. 8.1 yields after simplifying,

% 2 ,Bop ree ae eee te ie
mony) ho+y) vr 0r+s) nG@n+n) ¢lb+y) SCS)

! I !

— 26 (5m + ly * 7s) = 0 B.10

And for a symmetrical case, from eqns.B.2 and B.10

GYthtwtr+ytr—e+BE-—-S% =0 Cae
6

or rie Ua) = EO 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,

a. pW
c.1

where pis the true complex potential matrix,
—N

v is the complex potential after N number of iterations

(40)
Eqn.C.1 can be expressed in the form

fsSoot he e's C.2

where Ls are constants,

Ag are eigenvalues,

are eigenvectors, and,

s = 1,2,3...., 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 circle’ {97) i.e., the

absolute value of the dominant eigenvalues (the spectral radius)

should be less than unity.

In practice it is difficult to find ) 2 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

a lee
at 

C.3

where RN = - (Residual)
i 

C.4
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Therefore, the critical eigenvalue (u ) can be found using

Young's en, equation.

oe a2

sear 0) a! C.5
z

" a : Sold” i
ef eee 5 C.6

Aa

old

And, using sto11's (37) formula, the optimum acceleration factor is,

Cee 2
eo 4,

qeylei (a?
2

where = ¥4-y) is the factor determined on the basis of the

Convergence taking place. Let us define a factor.

Ce = Vi-y" C.8

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

a
Ca tia 4.)

anand
Therefore, the optimum acceleration factor for the

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

daminant eigenvalue of the iteration matrix, is

2
Oo, = rae c.10

On substituting eqn.C.9 in eqn.C.10 and simplifying we have,

2a’

C.11

2
Oy gYAtVU-AI1A~ Ca 4-1}

where Ais defined by eqn.C.3 and %ig is the old acceleration factor.

The new accleration factor Ces oad }, however, should be

(37)
less than the optimum defined by egn.C.11 » and Carre has suggested

as,an empirical formula for estimating @ vew(real)

Re (ary eae Rta.) = F{2-R, (a) 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)

negitons + The advantage of a lower value of F is that, while
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-MAGNETISING ‘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 scourge dhe 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 hy 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 this

example, the adjacent end faces of the windings are separated by

@ distance equal to one node spacing. If the currents are

1,8) and 12[@2 respectively, the equivalent current sheet and

flux sheet are as shown in Fig.0.1. The current sheet distribution

is given by:

= y D.1a)c. Nz, 18, (2) for O<yea a

i: = NI, 8 for acy<b 0.1(b)

y-b= NI , e+ NI, (8, - a for béey<c D.1fc)

and dn flux sheet distribution by
x if aie S) (eee D.2(a)Fat 7 Eee w q

Pacha 2k= ——. 0.2(b)Foo = NI,/e Oar aa)

where w,a,b,c,x and y are explained in Fig.D.1(al,uo is

the permeability of the free space, and wu is the relative

permeability of the medium.
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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

tensor 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

= 3B
VxE = ro E.1

vx = wd

divB = 0 é

divE = 0 E.4

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

(VxB)xB =) yIxB ers

whose left-hand side can be expressed as,

eee ae 3B, aB 3B <i aB 3B
(VxB)xB = a (B.—— - 8 -——- 8B +B Sete a 3 = é a

az ax Yax ee ery az

3B 3B ae 3B 3B 3B 3B,

+pB—-5—)+a(8—-5—“-5—“*+8 )
ax ay Sieey Yaz *9z Saxe ee

For further derivations only the x - component of eqn.E.6

has been considered thus:

38 38 2B{CVxBIx8} = BX. oS 5 3B 2B 2B
x x 8 eee Semen x ae

ax az ax 3% ay SS
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which on simplification becomes,

a 2 eeoe 3 a? Te, d+ 5x08, 5 J E.8

where |p|? = 8 . By + 2
{(VxB) xB} =

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,

24) a2
(B,-5181°) BB, 5B,

m 41 ai ie ii, BB, (B -$lal? ) BB, ia
: 2

BB, BB (B,- 4B] 9
where T” is the magnetic Stress téngor and is also known as

Maxwell's second stress tensor.

Thus eqn.E.5 may be re-written as,

TxB = divtTM 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 eqn.E.1l,i.e.,

F = ss1Gx8idv = fffdivtTMav E.12

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

= r6CTTMnlda 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 current density. distribution ina conducting shee. due

ta:an alternating field is given by.

3-28 ead
Taking the curl of both sides and substituting Vx E = +8

yields for a sinusoidal variation of B with respect to time

vx meat = ejoub. Fy2
Taking the curl of both sides again in eqn. F.2 and substituting

for vx B. say Gssuning constant AL)
vsvxi = r aio

or eR ee Pos #3
assuming that Vis J is zero because f = 5 within the conductor,

Replacing jJucn Gor convenience later] by ay’, eqn.f.3 becomes

V7i= 5, a i #4
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 current density through the depth can be given by

nes > _2y2 = = YZ,
T=C Dd ES

where T and D are functions of x and y. only, They are also
vectors since T 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 change with z.

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

£. we
phat) atsthe topysuntacess 2 and at the bottom surface
z =-% (where t is the thickness of the conducting sheet).

Then the current densities at the two surfaces are

LONE an) Zevt a
ge +De at z=-7Z

¥.6

SG YER Ct %
and J, =ee +DeE at 2=.5

These current densities are wholly tangential and it is assumed

that J, =-o, 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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ines e

Toa f 8b os : B.7

On solying eqn.F.6, constants € and D are given as

The currents along x and y directions in the conducting

sheet’ passing through small areas dydz and dxdz respectively are

given by

ar, = ire dydz «= dK,.dy #9

aly = J, dxdz = dKy.dx

where 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 = f Jy,dz
bottom ¥F.10

and top

Ky= if Jydz

bottom

where Jy and Jy are given by eqns.F.5 to F.7.
On integrating, eqn.F.10 becomes

Ky = A Gy * Tex)
ee ee #11

ayRee? Gy: Jey)

where A= 1 tanh (t). #12
Y
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APPENDIX G EFFECTIVE THICKNESS APPROACH FOR DEFINING SURFACE

MAGNETIC. IMPEDANCE

Plate

wrt ens ema EL -— q==-y- - Juco; Jz0, Et0: _ “f " =¢6 Wel Jed, EEs
Represented. by Sas

Zi Leni Zi

Fig. GA.

Consider an elementary section of the plate having a width w
small enough for H, not to oa significantly along it. ¥rom

Ampere's circuital relation

Gta = 6.1
L

and when applied to an elementary area ABCD

Hw a Faz. 6.2

Substituting the solution of eqn.¥,10 in eqn.G.2 for con-

ditions given in Fig.G.1 we have

Be a 6.3

Define eS as © @ffectiye) as in eqn.6.29 gives

4, =, effective) 
os

Also from Ohm's law

8 = oF, 
6.5

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

Zao

=-8t (effective) 666.
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APPENDIX H COMPUTER PROGRAMME

In Chapters 2,3 and 6 en approach has been outlined and the

finite difference equations have been discussed for obtaining the

MSP distribution, flux density and forces in the BIFCM. Based

on these. discussions end 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

fo 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 wend magnitude of currents on the overhang and in the

slot in conformity with the discussion in Appendix D.

(Between card numbers 45 and 169.)

(c) Description of the secondary member properties in texms of

the magnetic impedance between nodes lying on its surface.

The equations for the magnetic impedance have been discussed

in Chapters 3 and 6. The BIFCM has a circular geometry and

the internode spacing between the nodes in all the directions

is non-umiform. 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 time. The results are printed out and

examined to see if they are meaningful.)

iii. the hig residual is greater than a pre-set value (the

prograuce has diverged).

The relevant cards are between card numbers 475 and 536.

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

successive over-relaxation using Carré-Stoll acceleration

‘echnique as 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 iterations 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.)

(£) 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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837 FORRT 7.20KsXTOTA FORCES PROOKCED IN THE PACHINEX 74 |
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985 CONTINUE.
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Fig.H.1 (Continued) The computer programme
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