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The multi-stacked permanent magnet generator is studied in detail
experimentally and its field analysed using two methods of computation.

The first involves the discretisation of the magnetic circuit and obtaining
a balance between the field of the magnet, the armature reaction of the
stator and the reluctance of the discretised flux paths. This method 1is
called the discrete-reluctance method. The second is a three-dimensional
finite-element method using scalar potentials.

The accuracy of both methods of computation is discussed and their
Timitations assessed. The discrete-reluctance method is the less accurate
of the two, but is much more efficient in computer processing time. The
detailed analysis of the field using the finite-element method is used to
refine the discrete-reluctance method by improving the accuracy of the
representation of the flux paths of the magnetic circuit.

The analysis of the imbricated rotor using the finite-element program
enables the three-dimensional field to be studied in a precise way. fThe
leakage fluxes in the rotor are also quantified. The program is used to
monitor the effect of changes in the geometry of the flux guides, in
particular that of the pole profile, on the field of the rotor. From this
analysis, conclusions are drawn about the optimal configuration of the

flux guide.

The results of the field analysis using the finite-element program and the
improved version of the discrete-reluctance method are used for the opti-
misation of designs and the study of the effect of scale and the influence
of magnet characteristics on the optiﬁal configuration of the multi-stacked
permanent -magnet generétor. ' B

In addition, the behaviour of an anisotropic polymer-bonded rare-earth
magnet under the influence of external crossfields at right-angles 1is
studied. A tensor representation of the magnet is proposed from the
analysis of the experimental data obtained. This representation 1is
implemented in a"fﬁnite—e1emen£'program;éhd'ié3£éa;:
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CHAPTER ONE

INTRODUCTION

1.1 PROGRESS IN THE DEVELOPMENT OF PERMANENT-MAGNET GENERATORS

1.1.1 Introduction

After the early develbpment work on permanent-magnet generators was
almost completely abandoned, except for specialised applications such as
pilot exciters, they were largely replaced by other forms of generator
which made use of electromagnetic excitation. I More recently permanent
magnets have become increasingly used in applications up to 40 kW ratings
and beyond. In some Qevices, the permanent magnet is a necessity in
that wound excitation is not feasible. However, in most cases the
reason for its use lies in the advantages that a permanent-magnet system
possesses. In larger electromagnetic machines, such as a.c. generators,
where large amounts of energy are involved, the permanent magnet has not
been extensively used, though the permanent-magnet generator was one of
the earliest forms of machine.

Much of the delay in exploiting permanent magnets for the field
systems of generators can be attfibuted to the lack of understanding of
the operation of the permanent magnet in producing excitation in electri-
cal machines, and the limited choice of permanent-magnet materials. 1In a
generator, permanent magnets are required to operate at a varying working
point because of the demagnetising forces produced by the currents genera-
ted. If Alnico magnets are used, stabilisation of the permanent magnet
is essential to avoid demagnetisation under load conditions. This arises
because metallic magnets possess low qoercivities and may operate on a
minor loop. However, in the final analysis, for permanent magnets to
become widely used in electrical machines, they mqst be competitive with

or better than wound excitation.



There is evidence in recent years, with the progress in permanent-
magnet technology, interest in permanent magnet-generators has been
revived. Advances in all aspects of the permanent-magnet industry have
been considerable over the past twenty-five years. New materials have
been developed, and an improved knowledge of their properties has been
achieved. The growth of this industry in the Fifties precipitated the
development of a new generation of permanent-magnet generators which used
Alnico alloys as the major source of their excitation!s»2:3, In the
Sixties, the trend was towards the more efficient anisotropic metallic
magnets. These metallic magnets are expensive and prone to demagnetisa-
tion unless properliy stabilised. In recent years, new materials have
emerged such as the relatively cheap ceramic magnets, composed of either
barium or strontium ferrite. In addition, materials of very high energy
storage are available in the form of rare-earth magnets such as those made
from samarium cobalt and misch-metal cobalt. A more recent development
is the production of a magnet whose magnetic characteristics are better
than the ferrites, though not comparable with the rare-earth magnets, but
with no strategic materials in its composition and thus 1t has the poten-
tial to be inexpensive. This material is MnAlC, a manganese, alumium,
carbon alloy. This selection of permanent-magnet materials offers a
wide combination of magnetic and physical properties to meet the demands
of designers. The availability of these magnets at commercially viable
prices is an encouragement for the development of generators with perma-

nent-magnet field systems.

1.1.2 Types of permanent-magnet rotors
Early designs of permanent-magnet generators made use of integrally
cast magnets®., The material normally used, isotropic Alnico, has no

directional properties, is magnetised to give poles of alternating



polarity on the rotor sufface as shown in Figure 1.1. This one-~piece
construction for small multi-pole generators was manufactured up to dia-
meters of 160 mm to 200 mm. An improvement to this design might be to
die-cast the rotor into aluminium Jackets. The aluminium acts as an
extremely useful damping device. For bigger machines, block magnets
were mounted on the rotor hub with the steel pole-shoes and the magnets
supported by non-magnetic bolts>? as shown in Figure 1.2. The direction
of magnetisation of the magnets in this configuration is in the radial
direction. The magnets alternate in their direction of polarisation,
giving a heteropolar field 6n the rotor surface. Such a rotor_désign
would be die-cast in aluminium as in Figure 1.3. A variation of this
design3 has laminated pole-shoes and inner-magnet ties locating the
rectangular block magnets between annular discs of non-magnetic steel,
and the whole configuration is cast centrifugally with an aluminium
alloy. This is shown in Figure 1.4.

Another class of permanent-magnet generators use axially magnetised
magnets. An early form of this type of rotor is called the Lundell or
claw-type rotor>s%, as shown in Fiqure 1.5. Alternate north and south
poles are achieved by attaching fingers to the plates at the end of the
magnet. Axially magnetised magnets have also been used in another type
of rotor/. This rotor has a disc magnet with a central hole and a number
of radially projecting parts on its periphery as seen in Figure 1.6.
Pole-shoes are arranged on the projecting bo]e part and overlap the
latter in the peripheral direction so that the polarity of the radial
projections on the first is different from the second, therefore achieving
alternating polarity. Another rotor® has a set of short bar magnets
assembled to form a disc with axial polarity. Flux guides were used to

guide the flux into the salient-poles.



The third class of permanent-magnet generators has rotors with
tangentially magnetised magnets®»10. A twelve-pole version of this
type of rotor is shown in Fiqure 1.7. Tangeﬁtia]]y magnetised magnets
are placed in radial slots so as to provide alternaté polarities on the
rotor poles lying between adjacent slots. Figure 1.8 shows an alterna-
tive form of construction where the poles and magnets are enclosed by
annular rings. A form of generator with a rotor of this configuration
had been produced by Siemens®.

A1l the above three forms of permanent-magnet generator configura-
tion, broadly classified with respect to the directions of-their flux
paths within their magnets (the three directions being radial, trans-
verse and axial relative to the rotor's axis of rotation) have been
employed by various designers for many years. Traditionally, metallic
magnets have been used for the designs déscribed1’2’3’5’5’9. These
rotors with Alnico magnets are hardly optimal as the metallic magnets
must work on a minor loop when stabilised under load conditions. However,
in the past two decades, since the early Sixties, permanent-magnet
materials offering desirable alternatives to Alnicos, such as ferrite
magnets and rare-earth magnets, have been used by permanent-magnet genera-
tor designers for better performance. Their use has mainly been confined
to the more popular radial and transverse magnet rotor configurations.

Designs involving the use of ferrites and rare-earth magnets
radially magnetised for the type of rotor shown in Figure 1.3 have been
studied by Petersonll»12,  This confiquration is simple to implement but
has a disadvantage in that the air-gap flux density cannot exceed the
flux density level in the magnet. The gap density can only exceed that
in the magnet 1f the ratio of rotor surface area to the surface area of

the poles of the magnets used is less than unity. This cannot be



achieved in the radial rotor configurations as a pole of each magnet
represents a salient-pole of the rotor. The use of salient magnets
inhibits the optimisation of the total flux from a given magnet volume.

The use of ferrite magnets, magnetised tangentially for the types
of rotors described by Figures 1.7 and 1.8 had been discussed by Kelha
and Sariol3. The application of rare-earth magnets for this rotor con-
figuration was studied by Richter and Baileyl? as well as Peterson!? and
Knudson!*,  This configuration can produce flux densities in the air gap
higher than the magnet flux density level if the magnets are deep enough.
However, they are characterised by excessive end-leakage and interpolar-
leakage. This could be reduced by a smaller pole-arc which would result
in a lower leakage and thus Tower voltage regulation. A reduction in
pole arc would also reduce the total flux across the air gap and thus be
undesirablel®,  This poses a problem in the design of rotor of this con-
figuration. Another limitation of this configuration lies in its inef-
ficient usage of both the iron and the magnet for rotors with less than
12 poles. In rotors with less than 12 poles, with the magnets set deep-
ly to produce a high gap density, the pole would be almost wedge-like in
shape. This would cause saturation at the tapered end and under-usage
of the iron near the surfabe of the pole.

The axial rotor configuration has been neglected in the past due
to the inherenf difficulty in guiding the axial flux radially across the
air gap. A possible form of generator using this rotor configuration
has been described by Kumazawa’. More recently, Binns and Kurdali at
Southampton University have designed a generator with a rotor using
axially magnetised disc magnetsi>:16,  This new rotdr is suitable for
use with ferrite magnets, rare-earth magnets, polymer bonded rare-earth

magnets and MnA1C magnetsl’. This new multi-stacked permanent-magnet



rotor is described in detail in Chapter 2, An example of this rotor is
shown in Figure 2.2. This new rotor forms the basis of research in this

thesis.

1.2 THE ROLE OF PERMANENT-MAGNET GENERATORS
With the advent of chéap ceramic magnets and the high performance

rare-earth magnets, permanent-magnet generators have commanded a lot of

attention. Justification for research into the application of permanent-
magnet field systems in generators lies in the advantages that a permanent-
magnet field system can offer over electromagnetic excitation and its suita-
bility for certain applications.

The merits of a permanent-magnet generator can be highlighted by a
comparison with a conventional wound-rotor generator. The basic dif-
ference between a permanent-magnet field system and a wound field system
1ies in the absence of exciter field windings, slip rings and brushes in
the former. The resultant comparison can be summarised as follows:

(a) A Qreater overall efficiency due to the elimination of all excita-
tion losses.

(b) A higher reliability and ease in maintenanée as the rotor has
neither conductors nor insulators. The rotor is a solid mass of
metal and magnet which makes it mechanically robust. The use of
modern magnets like ferrites and rare-earth magnets, whose physical
and magnetic properties are unaffected by ageing and mechanical
vibration, renders the rotor its high reliability.

(c) Permanent-magnet generators have negligible heat generated in the
rotor. If a machine is to be heavily loaded so as to secure the
best power-to-weight ratio, one of the ultimate limits will be the
dissipation of heat from the machine, and this will be facilitated
if no heat is generated in the field system of the machine. For

this reason the maximum capacity of a given unit is increased.



(d) Permanent-magnet generators in the past have been expensive3’> due
to the use of expensive metallic magnets. The introduction of
cheap ceramic magnets and the recently developed magnet composed
of manganese, aluminium and carbon has reduced the cost of permanent-
magnet rotors. The elimination of an exciter system saves winding
cost. This makes the permanent-magnet field system even cheaper.
Permanent- magnet generators are also competitive with wound-rotor

generators in terms of power density. Belll8 and Parkerl® in their

reports have concluded that for small machines, up to 1 kW, permanent-
magnet field systems possess a higher power-to-weight and power-to-volume
ratiol8. Work by Richter and Bailey!® and the research at Southampton

University, have suggested that permanent-magnet machines are advantageous

fqr ratings up to 10 kW or more if rare-earth magnets are used. The

volume efficiency of a permanent magnet is proportional to its energy pro-
duct. Rare-earth magnets have energy products of 3 to 6 times that of
most other permanent-magnet materials. Their application to electrical
machines allows permanent magnet field excitation to compare favourably
with wound excitation in large machines. For very large generating units
the wound rotor system is preferred. This is because the volumetric
efficiency of electromagnetic machines improves with scale,

The inherent voltage requlation of the permanent-magnet generator

is a disadvantage in that there is no simple means for controlling the

field. With unity power factor loads the voltage regulation is good but

for highly lagging power factor loads the requlation is poor. To

improve the regulation capacitances can be used.

The choice between permanent-magnet and a conventional electromag-
netic construction for a generator ultimately depends on the relative
importance given to the varioUs specific advantages of each type of

excitation.



1.3 APPLICATIONS OF PERMANENT-MAGNET "GENERATORS

Permanent-magnet generators are used widely in the form of small
a.c. generators for military applications where environmental require-
ments are severe. They are highly suitable for mobi e military applica-
tions such as guided missiles, rockets and aircrafts, where the absence
of external excitation and moving contacts to cause radio interference
‘make them ideal®. The use of permanent-magnet generators in aircrafts
is indeed promising as shown in the report by Borger<9 of a permanent-
magnet variable speed constant frequency power generator, generating
400 Hz aircraft power.

The independence and versatility of permanent-magnet generators
make them jdeal for isolated generating units like windmills, where regu-
lation is of secondary importance. Work on windmills2! has shown that
a permanent-magnet generator is most suited.

The requlation characteristic can be used to advantage in the use
of the permanent-magnet generator for welding purposes. A specific open-
“circuit voltage is required to strike the arc, subsequently only a frac-
tion of this voltage is heeded to sustain 1t whilst the higher current
provides the power. This requirement is compatable to the drooping
load characteristic of the permanent-magnet generator. The use of
permanent-magnet generators for high speed applications is also very
attractive. An example of this application is in satellite momentum
wheels and another is the application in energy storage flywheel systems?Z2,

Many other applications could be listed, such as vehicle alternators,
pilot exciters, emergency standby power generating units and auxilliary

supplies in hydroelectric power stations, to name a few.
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1.4 METHODS OF FIELD ANALYSIS FOR ELECTRICAL MACHINES

An accurate knowledge of the magnetic field distribution is of
great importance in design optimisation for electrical machines. Analy-
sis of the fields in electrical machines is never simple. An exact
solution of the field is not possible due to the presence of non-
linearities caused by iron saturation. In permanent-magnet machines,
the problem is further complicated by the hysteresis effect of the magnet.
Countless methods have been employed in the past for field analysis.
Some of these methods were used by the authors in references 22-41,

There are two approaches in the solution of magnetic fields. They
are the circuital approach and the field approach. A variety of tech-
niques using both approaches for the solution of magnetostatic fields

has been developed over the years,

1.4.1 The circuital approach

In engineering practice, it is generally required to find solutions
to problems in a convenient form that are easy to interpret and visualise.
This accounts for the wide usage of the circuit concept as distinct from
field concept. Although all phenomena occur in space and time, and these
are field phenomena, it is possible to approximate them by time relations
only summarising the actual physical constants by parameters, preferably
at constant value. The magnetic analogue to Ohm's Law was extensively
used in both electromagnetic and permanent-magnet field calculations.
This is not a very suitable method due to complexities of saturation,
hysteresis and leakage in the magnetic circuits.

The application of Ampere's Circuit Law, in the summation of
m.m.f.'s by % H . d2 in a closed circuit is another formulation in the

circuital approach. This, however, is a one-dimensional analysis.

It can be extended for two-dimensional analysis23 by dividing the
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circuital path into finite strips along the circuit length and consider
them as one-dimensional elements with a constant tube of flux in each of

them. In similar manner it can be used for three-dimensional field

analysis.

1.4.2 The field approach

Field theory as opposed to circuit theory is becoming increasingly
important in many engineering problems. The field approach to a solu-
tion in electromagnetic field problems can be divided into four main
groups: analytical (mathematical)<*»2>, graphical?®, analogue2® and
numerical?3~ %! methods. Mathematical difficulties occurring in the
analysis of complicated geometries of electrical machines become insur-
mountable for finding explicit solutions. This led to the use of
gfaphical methods such as curvilinear squares. Later experimental tech-
niques using electrolytic tanks and resistance networks<4® were developed.
In the analysis of permanent-magnet fields, the latter two had hardly
been used. With the advent of digital computers, numerical methods
have become most suitable.

The number of numerical methods used in the past to solve field
problems is quite considerable. To discuss all these methods would be
beyond the scope of this thesis. All of the methods in present-day
use for analysing fields of electrical machines fall into three principal
headings, namely: (i) Finite difference schemes, (ii) Integral equation
techniques and (ii1) Variational formulation.

The finite difference method?®:30»31 j5 a popular method, Full
details of this method are given by Binns and Lawrenson?> in their book.

The variational method leads to the solution of the partial dif-
ferential equation of the field problem by means of finite element

techniques. This method has been used successfully in solving two-



dimensional f{elds32"35 and can be adopted for the solution of three-
dimensional fields36738,

Another method for the solution of the partial differential equa-
tions, describing the field, uses Green's function to transfer the field
equations into integral equations. This method is described in

references 38 - 41,

1.5 SCOPE OF WORK

The work presented in this thesis concerns investigations into the
designs of a permanent-magnet generator employing a multi-stacked imbri-
cated rotor. It also includes the analysis of the three-dimensional
field of this rotor. This form of generator is capable of producing air-
gap fields higher than the flux density level at the working point of the
magnet. It is also suited for use with a wide range of magnets.

In this study a discrete reluctance method program has been used
to design and predict the performance of the permanent-magnet generator.
It has also been used to investigate the factors affecting the design of
the rotor and the prediction of its performance.

A three-dimensional finite element method using scalar potential is
used for the analysis of the field of the rotor which is inherently three-
dimensjona]. It is used to chart the direction of the flux paths to
study the effect of changes in the geometry on the field distribution of
the flux guide, leakage fields and air-gap flux waveform of the rotor.
This analysis is then used to check the assumptions and the approximations
for the flux paths in the discrete reluctance method, The finite element
method is also employed to predict the performance of the generator as
well as the waveform of its output.

The experimental work involves the determination of the terminal
characteristics of the prototypes designed using the discrete reluctance

method program and the extraction of the air-gap flux waveform by means
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of search coils for analysis.

The air-gap flux waveforms from the prototypes and those predicted
by the finite element method'program are analysed to determine the
presence and magnitude of the harmonic components.

The predictions from the discrete reluctance method program and
those from the analysis using the three-dimensional finite element
method are compared with the experimental resuits. This comparison,
together with the investigation conducted on the rotor and its field
distribution, are used to propose an optimal configuration for the
multi-stacked imbricated rotor used in the permanent-magnet generator.

In addition to the work on permanent-magnet generators, this
thesis also contains an investigation into the behaviour of a permanent-
magnet material under the influence of external crossfields. In
permanent magnets, particulariy those which exhibit a high degree of
anisotropy, the magnetic polarisation is aligned in certain preferréd
directions due tao the phenomenon called magnetocrystalline anisotropy
and manufacturing processes which encompaés shape anisotropy and stress
anisotropy. Permanent magnets have their B-H relationship in this
preferred direction declared. However, in computational analysis of
permanent-magnet fields, a vector representation of field varijables
1s needed. Consequently, magnet characteristics in the directions
other than the preferred direction of magnetisation have to be deter-
mined. The presence of the high degree of anisotropy in modern magﬁets
results in B-H relationships in the non-preferred directions which are
radically different from the normal demagnetisation curye. This
problfem is treated experimentally in a study conducted on a piece of
polymer-bonded rare-earth permanent magnet. Its behaviour under the

influence of fields perpendicular to its preferred direction of
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magentisation is investigated. The study concludes with the proposal
of a new model for the representation of permanent magnets for compu-
tational purposes. This new model is implemented in a two-dimensional

finite-element field analysis program.

1.6 STRUCTURE OF THE THESIS

In Chapter 2, the design and configuration of the new imbricated
rotor 1s described. This is followed by a description of the permanent-
magnet materials, their properties both physical and magnetic and a
discussion on how their properties affect the design and the use of
this form of permanent-magnet generator. A brief review of the two
methods of field analysis of the imbricated rotor is also given.

Chapter 3 is concerned with the experimental results obtained
from the prototypes built. A comparison is done between the experi-
mental results and the results computed using a discrete reluctance
method. An analysis is also done on the air-gap flux waveform. A
brief discussion on these results concludes this chapter.

In Chapter 4, the discrete re]uctanCe method of field analysis, is
described. Its implementation for the.analysis of the imbricated rotor
is also described. This is followed by a discussion in depth on its
[1mitations as applied to this problem.

Chapter 5 is concerned with the analysis of the field of the
imbricated-rotor using a three-dimenisonal finite element technique.

The formulation and discretisation of the problemare discussed, followed
by a brief comment on the method.

The results obtained from the analysis of the field of the
imbricated rotor using the method described in Chapter 5 are discussed
in Chapter 6. These results include the flux distribution in the flux
gﬁide, the leakage fields and the air-gap fields. The effects of the

changes in geometry of the flux guide on the field distribution, the
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leakage fields and the air-gap field waveform of the rotor, are also
discussed. The prediction of the generator terminal characteristic
and 1ts output waveform is also despribed.

In Chapter 7, a comparison is performed on the results computed
by the discrete reluctance method program, the three-dimensional finite
element program and the experimental results obtained from the proto-
types. This comparison includes both the terminal characteristic and
the harmonic content of the air-gap flux waveform. Following this
comparison i1s a discussion of the merits of each method of field
analysis. .

In Chapter 8, the optimal configuration for the imbricated rotor
of the multi-stacked permanent-magnet generator, based on the basic
shape of the present flux guide, is proposed. The infiuence of the
results of Chapters 3, 5 and 7 in the determination of this configura-
tion is discussed. The effect of a change in magnet material used
on the design is also described.

In Chapter 9 the experimental investigation of the behaviour of
a polymer-bonded rare-earth magnet under excitation in two directions
at right angles 1is described. The results from the experiments are
analysed and a new model for the representation of this permanent
magnet is proposed and implemented.in a two-dimensional finite-
element program.

Finally, in Chapter 10, the results of all the analyses and
conclusions are drawn together, and suggestions made for future

research.



]

10.

11.

12.

13.

.7

16.

REFERENCES

SAUNDERS, R. M. and WEAKLY, R. H. : 'Design of permanent-magnet
generators', Trans. A.I.E.E., Vol. 70, Pt. II, pp. 1578-1581,
1951.

STRAUSS, F. : 'Synchronous machines with rotating permanent magnet
fields', Trans. A.I.E.E., Vol. 71, Pt. III, 1952.

BRAINARD, M. W. : 'Synchronous machines with rotating permanent-
magnet fields- Pt. 1', Trans. A.I.E.E., Vol. 71, pp. 670-6/6,

1952.

McCAIG, M. : 'Present and future technological applications of
permanent magnets', I.E.E.E., Trans., Vol. Mag.4, pp. 221-228,
1968.

MOLE, C. J. : 'Permanent-magnet generators', Electrical Times,

Dec. 1956, pp. 893-898, 1956.

HARAHAN, H. R. and TOFFOLO, D. S. : 'Permanent-magnet generators -
Pt. I : Theory', Trans. A.I.E.E., Vol. 76, pp 1098-1103,
1957. -

KUMAZAWA, Y. : 'Improvements in or relating to permanent-magnet
rotors for a.c. generators', U.K. Patent 1,204,844, May 19/0.

GRATZMULLER, J, L. : 'Permanent magnet rotor for an electric
machine', U.S.A. Patent 3,513,341, Sep. 1970.

SIEMENS : 'An electric machine having permanent magnets mounted
in rotor between its pole segments', U.K. Patent 1,777,247,
1976.

BAILEY, L. J. and RICHTER, E. : 'Development report on a high-speed
permanent-magnet generator of 200 kVA rating', Proc. of the
2nd Int. Workshop on Rare Earth Cobalt Magnets and their
applications, Dayton, Ohio, 1976.

PETERSON, A. D. : 'The influence of magnet material selection on
the confiquration and performance of radial magnet permanent-
magnet rotor', Proc. of the 3rd Int. Workshop on Rare Earth
Cobalt Magnets and their applications, San Diego, Calif.,
1978. |

PETERSON, A. D. : 'Performance and producibility comparisons of
the radial vs. transverse magnet SmCog permanent-magnet
generator configurations', Proc. of the 3rd Int. Workshop on
Rare Earth Cobalt Magnets and their applications, San Diego,
Calaf., 1978.

KETHA, V. and SARIO, E. : 'On the construction of a generator
magnetised by barium ferrite magnets', State Inst. Res.
Rep. II (Finalnd), No. 24, pp. 1-24, 1968.



14.

15.
16.

17.
18.
19.

20.

21,

22.

23.

24.
25.
26 .

27.

17.

KNUDSON, L. I. : 'Design considerations for the optimisation of
SmCo permanent magnet alternators', Proc. of the 2nd Int,.
Workshop on Rare-Earth Magnets and their applications',
pp. 251-258, Dayton, Ohio, 1976.

BINNS, K. J. :'High-output stabilised permanent-magnet machine',
U.K. Patent 1,437,348, 1976.

BINNS, K. J. and KURDALI, A. : 'Permanent-magnet a.c. generator',
Proc. I1.E.E., Vol. 126, No. 7, pp. 690-696, 1979.

BINNS, K. J. and LOW, T. S. : 'Multi-stacked permanent-magnet
generators -the relationship between output and magnet
characteristics', Second International Conference on Small
and Special Electrical Machines, I.E.E., London, Sept. 198l.

BELL, D. A. : 'Permanent magnet versus electromagnet', Proc. I.E.E.,
Vol. 112, No. 9, pp. 1707-1712, 1965. |

PARKER, R._JQ : 'Rare-earth permanent magnets and large machines',
Proc. of the 3rd Int. Workshop on Rare-Earth Magnets and
their applications, San Diego, Calif., pp. 67-72, 19/8.

BORGER, W. U. : 'Rare-earth magnets and 400 Hz aircraft power
systems -~ an overview', Proc. of the 3rd Int. Workshop on
Rare-earth Magnets and their applications, San Diego, Calif.,
pp. 88-109, 19/8. |

BOLTON, H. R. and NICODEMOU, V. C. : 'Operation of self excited

generators for windmill operation', Proc. I.E.E., Vol. 126,
No. 9, p. 815, 1979.

MILLNER, A. R. : 'A high-speed high-frequency permanent-magnet
generator', Proc. of the 3rd Int. Workshop on Rare-Earth
Cobalt Magnets and their applications, San Diego, Calif.,
1978.

BINNS, K. J. and LLOYD, M. R. : 'A method of evaluating the start-
ing characteristics of solid salient pole synchronous motors',
Proc. I.E.E., E.P.A., Vol. 1, No. 4, 19/8.

CARTER, F. W. : 'The magnetic field of a dynamo-electric machine',
Journal of the I.E.E., Vol, 64, p. 1115, 1926.

BINNS, K. J. and LAWRENSON, P. J. : 'Analysis and computation of
electric and magnetic field problems', Pergamon, Oxford, 1963.

STEVENSON, A. R. : 'Fundamental theory of flux plotting',
Gen. Elect. Rev., Vol. 29, pp. 797-804, 1926.

HAGUE, B. : 'The principles of electromagnetism', Doror Publica-
tions, New York, 1962,



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

18.

LIEBMANN, G. : 'Solution of partial differential equations with a
resistance network analogue', British Journal of Applied

Physics, Vol. 1, pp. 92-103, 1950.

WALSH, J. : 'Finite difference and finite element methods of
approximation', Proc. Royal Soc. of London, Sr. A., Vol.

323, pp. 155-165, 1971.

AHAMED, S. V. and ERDELYI, E. A. : '"Flux distribution 1in d.c.
machines on-load and overloads', I.E.E.E. Trans., Vol.PAS-85,

No. 9, pp. 960-967, 1966.

ERDELYI, E. A. and FUCHS, E. F. : 'Non-1linear magnetic field
analysis of d.c. machines, Parts I, II, III', I.E.E.E.
Trans., Vol. PAS-89, No. 7, pp. 1546-1572, 1970.

LZIENKIEWICZ, 0. C. and CHEUNG, V. K. : 'Finite elements in the
solution of field problems', The Engineer, Vol. 220,
pp. 507-510, 1965.

ANDERSON, 0. W. : "Interactive solution of the finite element
equation in magnetic field problems', presented at the I.E.E.E.
(P.E.S.) Summer Meeting, San Francisco, Calif., July 1972,

SILVESTER, P. and CHARI, M. V. K. : '"Finite element solution of
saturable magnetic field problems', I.E.E.E. Trans., Vol.PAS-99,
No. 7, pp. 1642-1651, 1970.

SILVESTER, P., CABAYAN, H. S. and BROWNE, B. T. : 'Efficient tech-
niques for finite element analysis of electric machines',
[.E.E.E. Trans., Vol, PAS-92, pp. 1274-1281, 1973.

ARMOR, A. F. and CHARI, M. V. K. : 'Heat flow in the stator of
large turbine generators by method of three-dimensional
finite element - Parts I and II', I.E.E.E. Trans., Vol.PAS-85,
No. 5, pp. 1648-1668, 197/6.

SARMA, M. S. : 'Computer-aided analysis of three-dimensional elec-
tromagnetic field problems as applied to the design of
electrical machinery', IE(I) Journal - EL, Vol. 54, 1974,

CARPENTER, C. J. : 'Comparison .of alternative formulations of
three-dimensional magnetic field and eddy-current problems
at power frequencies', Proc. I.E.E., Vol. 124, No. 11,
1977.

SIMKIN, J. and TROWBRIDGE, C. W. : 'Magnetic field computed using
an integral equation derived from Green's Theorems',

RL-76-041, RAL, Oxon, 1976.

ZAKY, S. G. and ROBERTSON, S. D. T. : 'Integral equation formulation
for the solution of magnetic field problems -~ Parts I and II',
I.E.E.E. Trans., Vol. PAS-92, pp. 808-823, 19/73.

KARMAKEY, H. C. and ROBERTSON, S. D. T. : 'An integral equation
formulation for electromagnetic field analysis in electrical
apparatus', I.E.E.E. Trans., Vol. PAS-92, No. 2, pp. 465-47/0,
1979.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>