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ABSTRACT

The work presented in this thesis concentrates on the
computer aided analysis, modelling, and experimental as-
sessment of permanent magnet synchronous machines which
utilise a newly developed high- energy neodymium iron

boron magnet for their field excitation.

This work can be divided into two main parts. In the
first part trends and development of CAD techniques are
highlighted and computer packages used in the work are
briefly described. Properties and characteristics of the
new neodymium magnets relative to the other available
types are investigated. In order to assess the advantages
of these magnets, the performance of a high- field machine
using ferrites, samarium cobalt, and neodymium magnets are
compared. In addition a prototype machine with skewed

magnets and canned rotor is described.

The second part considers an accurate equivalent circuit
model for a rare earth permanent magnet machine. For this
purpose the equivalent circuit parameters such as leakage
and synchronous reactance, winding resistance, and core
loss are determined using both computational and exper-
imental methods. The proposed model is shown to give a
good prediction of the machine performance. The sensitiv-
ity of each of the machine parameters on the model accu-

racy is also tested.
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CHAPTER_ ONE

INTRODUCTION

1.1 Introduction

The development of permanent magnet (PM) synchronous
machines with line- starting capability or inverter-
driven has gained a great momentum in the last decade.
Machines with permanent magnet excitation have established
an important role in many applications including machine
tool drives used in textile and glass industries, electro-
mechanical propulsion in electric vehicles and recently
in robotics and computer drives. The various configura-
tions of permanent magnet machines can be classified ac-
cording to the method of commutation (brushed or
brushless), stator design (slotted or slotless), type of
magnetic material (ceramic, ferrite, or rare earth), and
the positioning of the magnets (interior , peripheral,
etc..). Permanent magnet motors for use with constant-
frequency supplies require a cage bar winding for self-
starting as well as for other purposes. On the other hand
an inverter- driven motor with a shaft- position sensor

may not need the cage bar since it is expected to be always

in synchronism.

This development in permanent magnet machines has gained
a greater potential in the eighties due to two major fac-

tors:
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1- The recent announcement of neodymium iron boron mag-
nets (NdFeB), a cobalt- free magnetic material which has
excellent magnetic properties and a higher energy préduct
than the presently available rare- earth cobalt, but at
much lower cost.

2~ The rapid development in Computer- Aided Analysis
(CAA) software including packages and programs that salve
the electromagnetic fields using numerical methods 1like
finite element and finite difference method, (1,2,8).
This advanced technology allows new variants and concepts
of permanent magnet machines to be developed. A preview
of this technology and its impact on machine design and
production is described later in this introductory sec-

tion.

1.2 Advantages of permanent magnet machines

PM machines have attractive operating characteristics
which are not easily achievable for induction motors or
for synchronous machines with a field winding using the
same frame size, (3,4,14). Some of these characteristics
are:

a- From the view points of energy requirements and cost,
the assessment of magnetic material for field excitation
is particularly economical since it leads to volume re-
duction of 40% for ferrite magnets and up to 757 when
powerful rare- earth magnets are employed. An 1illus-
tration of the volume reduction is shown in Fig.l.1l. Also
with reduced volume the rotor acceleration at a given

power is increased.
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b- There is no rotor copper loss due to the slip as in
induction motors nor is there a field winding as found in
conventional synchronous machines. This enhanceé the
thermal capability thus giving a more efficient and more
reliable machine.

c- Whereas the reluctance motor derives its excitation
from the supply thus giving relatively low power factor,
the high- field excitation provided by the magnets enables
the machine to operate at a power factor close to unity,
or at leading power factor.

d- Possibility of precise synchronous operation regard-
less of the supply voltage and load variations.

e- Smooth brushless operation especially at high speeds
with easy maintenance.

1.3 Development of computer- aided design

Computer- aided design is barely 20 years old, yet in
recent years it is transforming the working practices of
designers in many industries specially in electrical en-
gineering and electronics and has become a huge world-
wide industry in itself. Its single historical origin is
believed to be the revolutionary system SKETCHPAD devel-
oped at the Massachusetts Institute of Technology (MIT)
in 1962. This system had for the first time graphical
interaction with the computer, via the medium of display
screen and light pen. It was limited to two- dimensional
modelling but later three- dimensional models were created
so they could be displayed from different viewpoints. The
logical next step was to link the CAD of a component di-
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rectly to its manufacture in what has become known as
CADCAM (Computer- Aided Design and Computer- Aided manu-
facture). The latest step was the development of a great
variety of separate computer programs or packages for
carrying out the analyses of the device by testing its
performance and modifying its parameters according to the
results of these tests. Hence these programs could be re-
ferred to as Computer- Aided Analysis (CAA). Also the
development of interactive computer display technology has
made possible the computer- aided draughting system which
is now one of the most widespread uses of computers in
design. These computer based draughting packages use an
interactive display terminal and a plotter to replace the
drawing board. Some of these packages are used throughout
this work and are discussed in detail later in this the-

sis.

Because of the high cost of computers in the 1960's the
first commercial users of CAD/CAA were the big car and
aerospace companies and large electronics firms. In the
1970's this technique expanded into many other applica-
tions with the rapid decrease in expense and increase in
processing power of the computer equipment. Nowadays new
graphic packages can make an ordinary personal computer
outperform dedicated workstations and microcomputers, at
a fraction of the cost, (6,7,10). Moreover, new ideas are
being developed to prepare the new generation of CADCAM
that will make it a more effective tool for present users
and more attractive to new comers. Recently new "sizing
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software'" packages are being reported, (8,9). These
packages appear to go beyond the simple analysis and as-
sist the designer in the choice of the optimum design pa-

rameters.

1.4 Effect of computers on the manufacturing process.

The graph in Fig.l.2 represents the variation of the
cost- effectiveness with each of the three main phases of
the design and manufacturing process,i.e. the design, the

production and the maintenance phase.

In the old traditional procedure, before the utilisation
of computers, an engineering designer and in particular
one involved in machines would create a new machine design
according to certain theoretical requirements of its per-
formance. Often a new design may in fact be only a mod-
ification of an existing one. The production phase that
follows may become extremely expensive because it is often
necessary to build, test, and modify the device before it
finally matches the requirements. This sometimes may lead
to scrapping the whole prototype and building a new one.
The optimum design is the one that would satisfy a whole
array of requirements and constraints. Once the new ma-
chine is built the cost- effectiveness will drop to cover

the maintenance of this machine during its economical life

cycle.

After the involvement of computers in the machine design

the curve of the cost- effectiveness has changed very
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significantly. The peak of the cost is concentrated in the
design phase where besides the usual theoretical calcu-
lations a lot of computing time is required. Using the
suitable package the designer is now able to test his de-
vice analytically and to make modifications even without
constructing it. The advent of computer packages allows
the construction of more complex analytical models. De-
vices are simulated and evaluated at a much more refined
design stage thereby moving the requirement for device
construction even further along the design path. Once the
optimum design is obtained the prototype is built in the
production phase where the expenses will be lower. The
maintenance of the new machine or device will he lawer
than that of the old procedure because all the parameters
are chosen carefully to make the machine operate at opti-
mum conditions. Special care is given to these parts of
the machine that will be under any kind of stress. Good
thermal design for example improves the reliability of
electrical and electronic equipment and significantly re-
duces life- cycle cost, (6).

1.5 Scope of the work

The aim of the work presented in this thesis is the
analysis, modelling, and experimental assessment of rare
earth permanent magnet synchronous machines. Effects of
the magnetic material as well as different design aspects
on the machine performance are discussed. The modelling
is based on the determination of the machine parameters
and the inclusion of the core loss in the equivalent cir-
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cuit. It should be emphasised that throughout this work
experimental measurements are subsequently confirmed by

computational results and vice versa.

The characteristics of permanent magnets are discussed
in Chapter two with special emphasis on the properties of
the new NdFeB magnetic material. A review of the tech-
niques for improving its thermal properties is also dis-
cussed.

Chapter three is devoted to the description of the finite
element programs that are used in this work. The accurate
computation of the synchronous torque using different
methods 1is also discussed. In addition two computer
graphic systems are also described which are used in the
building of solid models of different machines.

Chapter four consists of two parts. In the first part a
comparison of the synchronous performance of a permanent
magnet machine with different magnetic material is pro-
vided. Tests at different supply frequencies and different
operating conditions are carried out. In the second part
the characteristics of the machine with interior (buried)
magnets are compared to those having the magnets mounted
on the periphery of the rotor core.

In Chapter five a novel design of a six- pole rotor with
NdFeB magnets is discussed. The aspects of a number of new
design parameters, such as skewing the magnets and canning
the rotor, and their effects on the machine performance

are investigated.
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Chapter six is concerned with the determination of the
machine parameters. New methods are proposed to find the
equivalent circuit elements both experimentally aﬁd by
finite element analysis. In both cases the effect of sat-
uration is taken into consideration. The discussion also
involves the analysis and calculation of losses in high-
field machines.

The machine equivalent circuit parameters, as determined
in Chapter six, are used in Chapter seven to develop a
mathematical model for a high- field PM machine. This
model is derived from a modified phasor diagram in which
the core loss is represented and its effect on the machine
performance has been considered.

Finally, in Chapter eight, promising applications of PM
machines with high- energy magnets are previewed. The
discussions and conclusions of the thesis are drawn to-
gether. In particular the details of the design aspects
and the accurate modelling of the machine which is being
developed are highlighted. Suggestions for further re-

search are also presented.
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a... conventional synchronous machine
b... PM machine with ferrite magnets
c... PM machine with rare earth magnets

Fig.1l.1 Illustration of the approximate volume reduction
of machine caused by utilisation of magnets
for field excitation.
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Fig.1.2 Effect of CAD on the cost- effectiveness of the
manufacturing process.
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CHAPTER_TWO

PHYSICAL AND MAGNETIC PROPERTIES OF A NEW FAMILY OF

NON- COBALT RARE EARTH MAGNETIC MATERIALS.

2.1 Introduction

Developments in permanent magnets have taken place in
quantum steps with the introduction of rare earth magnetic
materials which are defined as a group of materials con-
taining a magnetically active rare earth transition metal
like samarium. The advances in the development of these
magnetic materials, and the requirements for high- effi-
ciency machines have aroused widespread interest in the
utilisation of these magnets in a.c and d.c drives. It was
demonstrably clear that the rare earth magnets could be
used to up- rate conventional drives including those using
induction and reluctance motors. Some motor designs with
rare earth magnets (14,15) produce up to 507 more torque
than other drives having comparable dimensions. However,
despite their promise, the cost of these magnets has been
found to be too high for large- scale applications. In the
late 70's a cobalt crisis took place and that led to a
movement to reduce the dependance on this strategic mate-
rial and to find a non- cobalt magnet with the same de-

sirable properties, (16,20).
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In 1983 two firms, Sumitomo Special Metals in Japan and
Colt Crucible in the USA announced the development of
sintered commercial magnets based on ferrite, neodfmium,
and boron with energy product up to 320 KJ/m?. In the short
interval since then many other magnet producers have de-
veloped and produced these new magnets. The cost of the
neodymium iron boron (NdFeB) magnets is currently compa-
rable with that of the samarium cobalt because of the high
fabrication cost, which is about 757 of the total cost of
the magnet. It is believed that the cost will go down and
neodymium magnets can be produced in large volumes when
demand justifies it. New techniques have been developed
to produce the new magnets with a wide variety of spec-
ification (17,18,19). It is now generally recognised that
these new magnets will be of great importance for a large
number of applications, especially in electric machines.
However, the low Curie temperature of 320°C results in a
greater reversible temperature coefficient and a rapid
decrease in the coercivity with increase in operating
temperature. This limits the magnets operation to temper-
atures below 150°C. Systematic studies are being carried
out to improve the thermal properties, thus producing new
alloys with better thermal properties (21,22,26). When
magnet material developers provide <cost- effective
neodymium magnets with high operating temperatures and
magnet users implement appropriate motor designs, ultimate

success can be assured.
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2.2 Properties of permanent magnet materials

The magnetic properties of every permanent magnet ma-
terial are represented by a hysteresis loop such as that
shown in Fig.2.1l which gives the relationship between the
magnetic flux density 'B' and the magnetising force 'H'.
The ratio of B to H involves the permeability 'u'. The
hysteresis loop of each material varies according to its
physical and magnetic properties. When a piece of
ferromagnetic material is subjected to a magnetising
field, the flux density inside the material will increase
until the slope of the curve approaches the value of the
permeability of free space 'p ' at relatively high values
of H where saturation takes place, point "a" in Fig. 2.1.
If the magnetising field is steadily reduced to zero the
induction will not follow the original magnetisation curve
but will lag behind the magnetising force and the residual
flux density or remanence will remain. When a relatively
strong field is applied in the opposite direction so that
the flux is reduced to zero, the field strength is called
the coercive force or coercivity. Further increase in the
demagnetising field will eventually saturate the specimen
with the magnetising direction reversed till it reaches
point "b" in Fig.2.1. It should be noted that the
remanence B, and coercivity H,, as quoted in the manufac-
turers catalogues, are the values obtained after the ma-

terial has been driven beyond point "a" well into

saturation.
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In a permanent magnet, the field strength measured at
the magnet surface has a direction opposite to that of the
induction inside the magnet; with positive inductién the
field strength is negative. The operating range of the
magnetic material will therefore be in the second quadrant
of the hysteresis loop referred to as the demagnetisation
curve. This is in contrast to electromagnets in which both
the induction and magnetising force have the same direc-
tion, with their range consequently in the first quadrant.
The main characteristics of this second quadrant operation
are the remanence By, the coercivity H., the maximum en-
ergy product (BH)max s and the recoil permeability of the
curve as shown in Fig.2.2. These characteristics have the
following features:

1- Residual flux density ' B, ' determines the maximum
flux density that the magnet can pass.

2- Coercive force ' H, ' gives a first order measure
of the magnet's resistance against demagnetisation during
starting, short circuit etc...

3- The maximum energy product (BH)pax is the indicator
of the maximum stored energy in the magnet. The optimum
operating point of the magnet is normally close to this
value. The maximum energy product is established by
plotting the product of BH for a number of points as a
function of the flux density. A simpler way to locate the
(BH)pax without the necessity to plot additional curves is
to draw a straight line between the point with coordinates

(B,,H:) and the origin, this line will intersect the
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demagnetisation curve at the point of maximum energy as
shown in Fig.2.2.

4- Recoil permeability: Magnets working under cbndi-
tions such as high opposing field (short circuit) are said
to work under recoil conditions. Such phenomena occur when
the magnet is subjected to a demagnetising condition
showing opposing field , then the working point will fol-
low the major loop down to point "x" as illustrated in
Fig.2.2. When the demagnetising field is reduced the
working point will move to "y" but along a different tra-
jectory. Therefore varying the demagnetising force will
cause the operating point to follow a minor 1loop. In
practice this loop can be very narrow and is a straight
line with a slope equal to g termed the recoil
permeability if the characteristic is linear. It may be
shown that the recoil permeability is nearly equal to the

slope of the major hysteresis loop at point B,.

An important property of high- field permanent magnets
is the linearity of the demagnetisation curve. When mate-
rials with such curves are subjected to demagnetisation
field within the linear range, the recoil characteristic
is nearly identical with the demagnetisation curve and
there is no loss in residual magnetism. The relative
permeability of such materials is very close to unity
(1.05 for the rare earth magnets). Rare earth magnets
generally exhibit such characteristics allowing them to
be magnetised before final assembly. Ferrites and alnico
magnets with non- linear characteristics are magnetised
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after assembly otherwise they must be keepered to retain
strength. Fig.2.3 represents the demagnetisation curves

as well as the (BH) plots for different classes of mag-

nets.

Although there exist several grades of alnico with em-
phasis on the remanence (alnico 8) or coercivity (alnico
5) these alloys are characterised by their high remanence
and low coercivity and above all their non- linear char-
acteristic. Their mechanical properties are inconvenient
because the magnetic hardness is accompanied by extreme
mechanical hardness and brittleness, (20,31). The cost
of the alnicos is much less than the rare earth magnets
and much more than the ferrites. Ferrite magnets, also
referred to as ceramic, are generally characterised by
lower remanence but higher coercivity with demagnetisation
curves closer to linearity. This makes them less vulner-
able to demagnetising fields and sometimes they can be
magnetised before assembly. Ferrite magnets are the
cheapest of all kinds shown in Fig.2.3, and this makes
them so far the most widely- used magnets especially in

the electrical machine industry.

In the last decade a new class of magnets has been de-
veloped, combining a relatively high remanence of the
alnico type materials with coercivities greater than
those of ferrites. These materials are formed by the com-
bination of rare earth elements with compounds like iron,
nickel and cobalt. Samarium cobalt, one of the most useful
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combinations, has a maximum value of energy product about
three to four times that achievable with alnico. Its
demagnetisation curve deviates from linearity at vefy low
values of Br at high demagnetising field. However, for
practical applications a recoil permeability of value
close to unity (1.05) can be used throughout the second
quadrant. The cost of these magnets is relatively high and
so its applications have been restricted to small magnets

where small size and weight are important requirements.

In addition to the four parameters discussed above the
important physical quantities are normally concerned with
the Curie temperature at which the material losses its
magnetic properties, namely the maximum permissible tem-
perature, density, machinability, thermal expansion and
conductivity, irreversible and reversible temperature co-
efficients.

2.3 Properties of NdFeB magnets

The excellent properties of Nd- Fe- B alloys have been
investigated by many researchers (15,23,24) and it is now
generally recognised that these new alloys will be of
great importance in a wide variety of applications, par-
ticularly in electric motors. Table 2.1 and the
demagnetisation curves of Fig.2.3 illustrate very clearly
the superiority of these magnets among other available
types. In the early stages of production the cost per
unit volume of the NdFeB magnets has been comparable to
that of the rare earth cobalt magnets. This is changing
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rather quickly as properties are improving and more ac-
tivity in raw material development is occurring.
The main characteristics of these magnets are:

- higher coercivity

- higher remanence

- higher energy product

- more ductile material which is less prone to chipping

or breaking which makes handling much easier

- lower density that enables lighter- weight

applications, (25).

Another important factor is the relative abundance of
the constituent elements, especially in comparison with
those of the Sm- Co magnetic materials. These magnets,
thever, have a low Curie temperature (320°C) and a rapid
decrease in the coercivity with increase in temperature
which limits their applications to some extent. Corro-
sion- free magnets are yet to be developed, however re-
duced corrosion resistance could be avoided by coating the
magnet. Several coating types are being applied, the
choice of which is dependent on the needs.

2.4 Effect of temperature on magnetic properties

The coercive force of the neodymium magnet falls with
increasing temperature. Figure 2.4 shows the drop of
coercivity and remanence with the increasing temperature,
the temperature dependence of these magnets is illustrated
in Fig.2.5. The loss that occur with rising temperature
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falls into three categories: reversible, irreversible and
irrecoverable.

a- Reversible losses, expressed in terms of temperature
coefficient of remanence, are higher for NdFeB magnets
(0.13%K) than for SmCo, magnets. Also the reversible co-
efficient, which gives a measure of the change in strength
of the magnet with temperature, is higher for NdFeB (H.J=
-0.6%/K).

b- Irreversible losses, recoverable by remagnetisation,
are caused by elemental parts of the magnet becoming
demagnetised by thermal agitation. The extent to which
this occurs depends upon the magnetic working point and
upon temperature. Stabilisation of the magnet at a few
degrees above the expected operating temperature is ef-
fective against additional irreversible losses.

c- Irrecoverable losses, that can not be recovered by
remagnetisation, are caused by metallurgical changes

within the magnet such as oxidation and corrosion.

Extensive investigations are provided to improve the
magnetic properties of the neodymium magnets. Recently
several companies have announced the development of NdFeB
magnets with higher operating temperature, (21,27,29). In
general there are several strategies to enhance the mag-
netic characteristics, the detailed analysis of these
strategies are beyond the aim of this thesis. These

strategies are:

1- To raise the Curie temperature by partial substi-
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tution of the iron by cobalt which results in a better
temperature behaviour. Nevertheless the coercivity drops
very sharply due to this substitution and this can bé only
explained by assuming a different microstructure compared
to the pure NdFeB magnets. Magnets manufacturers at the
same time tend to avoid the use of cobalt because of the
volatility of its price as discussed earlier.

2- To increase the coercivity by partial substitution
of the neodymium by a heavy rare- earth element like
dysprosium (Dy) or terbium (Tb). This, however, causes
a reduction of the saturation magnetisation and conse-
quently a reduction of the energy product.

3- Another possibility is the substitution of non-
magnetic elements such as aluminium (Al) and silicon
(Si). All these elements increase the coercivity but the
responsible mechanism is yet to be cleared. More studies
are carried out to get a better understanding of the role

of these elements especially Al in Nd- Fe- B based mag-

nets.

In conclusion, the amount of Al, Co and boron in the
NdFeB system has to be carefully optimised to obtain
magnets with higher Curie temperature, good intrinsic
coercivity and low temperature coefficient. Higher Co
content is desirable for raising the Curie temperature,
but it does not lead to better temperature coefficients
due to the formation of other phases. Efforts are under-
way to identify those low T, and low magnetisation minor
phases existing in the high Co content NdFeCoB alloys.
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A new magnetic alloy of NdFeCoBAl has been identified as
having higher Curie temperature with large intrinsic

coercive force, (19,27).

2.5 Application of NdFeB magnets

Rare earth magnets are generally available in block,
disc, ring and segment shapes suitable for a wide range
of applications such as motors, actuators (focusing, voice
coil motors), audio frequency transducers (ear phones),
mechanical applications (separators, bearings) and oth-
ers. One of the new significant fields for application
is the classification of airborne asbestos where the most
commonly encountered asbestos types would orientate in the
strong magnetic fields of neodymium magnets, (33). The
orientation characteristics are sufficiently different
thus enabling the different fibres types to be distin-
guished and magnetically classified. In the electric
drives field, where quick response, light weight, and
large continuous and peak torque are required, the
neodymium magnets offer the opportunity for the best de-
signs. The brushless motor construction with NdFeB magnets
allows for an improvement in the material utilisation and
results in a greater volumetric efficiency. The power
rating is increasing and the torque and speed can also
increase. The new magnet also make possible a new kind
of brushless motor with a toothless armature which pro-
vides more space for the stator windings with higher flux

density, despite an air gap larger than normally found in

small d.c motors.
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2.6 Conclusion

The properties of neodymium iron boron magnets in re-
lation to other magnetic materials are discussed. NdFeB
magnets have, among other properties, higher coercivity,
higher remanence, and higher energy product which could
be very advantageous in various applications. These
characteristics, together with relatively 1low cost per
unit weight, make these magnets almost ideal for use in
rotating machines. However their wide range application
is machine industry is still limited because of the low
Curie temperature and the rapid decrease in the coercivity
with increasing temperature, (high reversible coeffi-
cient). Several techniques to improve the thermal prop-

erties especially the Curie temperature are highlighted.
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Material NdFeB SmCo_  Ferrite | Alnico-5
B, (T) 1.1 0.85 0.38 1.26
Ho(KA/m) 790 597 235 63
(BH)nax 210 142 30 43

KJ/m3

Relative 1.05 1.05 1.1 4.1

permeability

Curie 320 720 450 860

temp. °C

Max. operat. | 140 250 350 550

temp. °C

Density 7.4 8.3 4.75 7.5

x10 Kg/m?

Reversible

Temp. coef. -0.12] -0.04 -0.2 -0.022

% °C

Table 2.1: Magnetic and physical properties of

chapter two

different classes of permanent magnets.
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Fig. 2.1 Major hysteresis loop obtained by varying the
magnetising force between limits which will
saturate the material in each direction.
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the (BH)max point at the intersection of the
constructed diafonal.
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Fig.2.4 Coercivity and remanence dependence on
temperature for the NdFeB magnets.
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CHAPTER THREE

FIELD ANALYSIS BY A TWO DIMENSIONAL FINITE ELEMENT MODEL

3.1 Introduction

Recent trends in the design of electrical machines and
devices have required éLe development of accurate methods
for predicting the electromagnetic fields produced in the
machine under various operating conditions. Classical and
analytical solutions to this problem are possible only for
idealised cases with a 1lot of simplifying assumptions
concerning geometries, material properties and boundary
conditions. Complex geometries, material non- linearities
and the effects of magnetic materials, if any, require the
use of numerical methods. During the last decade finite
element method has become an established tool for magnetic
field analysis of electrical machines. It was first used
to solve problems of stress and strain in complicated me-
chanical structures and in the analysis of saturation ef-
fects in accelerator magnets, (35,36). According to (46)
the the finite element method was first wused in
electromagnetics to solve a standard problem involving
homogeneous waveguides. Several finite element computer
programs using first or higher order elements have since
then been developed for solving electromagnetic fields in
two or three dimensions, (34,37,38,39). The computing time
required for the solution of the resulting set of simul-
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taneous equations has been minimised by wusing proper
solving routines. The availability of interactive graph-
ical pre- and post- processing programs to assist in the
preparation of data and examination of the results, in
particular flux density and torque, have made finite ele-
ment method even more attractive and more user friendly.
Two finite element programs and two computer graphics
packages are discussed in this chapter.

3.2 PE2D Program Theory

PE2D (Poisson Equation in Two Dimensions) is a general-
purpose 2D- finite element program that can be used to
solve Poisson's equation. It was originally developed in
the Rutherford Appleton Laboratories (RAL) by Trowbridge
et al.(40,41). This package uses first or second order
triangular mesh elements with a wide range of soluble
problems 1like static fields, linear eddy currents and
transient non- linear eddy currents. Triangular mesh el-
ements of this type are currently most widely used in
electrical machines modelling because they are convenient
to fit the complicated geometries of machines especially

when magnet segments and cage windings are included in the

rotor.

The program solves general equations of the form:
Vx—-VxA=G (3.1

in Cartesian or polar coordinates systems where:
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del operator
one component vector potential

volume constant e.g. permeability

Q RN »

current or volume charges.

For two dimensions A is in the direction normal to the
plane of analysis. This partial differential equation
can be solved by a Galerkin weighted residual method,
(39,42). TFor the magnetic fields in rotating electrical
machines the magnetic vector potential satisfies Poisson's

non- linear equation in the form:

d oA o ., oA .
i P o)t ey Gay )= J (3.2)
where J...current density

A...magnetic reluctivity
A particular interpolation technique is used for the nodal
magnetic vector potential. This technique involves the

minimisation of the non- linear energy function F such

that:

F— fk(f:u.dB - fOAJ.dA) dr 3.3)

where H...magnetic field intensity
B...magnetic flux density
R...region of integration
The value of B in each region is obtained from the re-

lation:
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B=VxA (3.4)

Because of symmetry the region of the machine over which
the field needs to be solved can be reduced to a single
pole. This is applied to compromise between the accurate
mesh representation of the machine geometry and the in-
crease in computer core memory and computing time re-
quired. Symmetry and periodicity conditions are applied

to the boundaries of this pole so that:

A(¢) = -A(¢ * =/p) (3.5)
¢... angle of nodes on the pole symmetrical boundaries
pP.-.. pole pairs

3.3 Pre- and post- processor and the analysis program

The program consists of two separate parts, the pre-
and post- processor and the analysis programs. The pre-
and post- processor is used to define problem geometry and
to interrogate and display the solution. In the pre-
processor the field model of a PM synchronous machine
could be obtained considering the following assumptions:

a- The electromagnetic field quantities are independent
of the z- coordinates measured along the axial direction
of the machine.

b- The magnetic field outside the machine is neglected
to save the computing time. The boundary contour of the
stator is considered as a line of zero vector potential.

c- The iron regions are isotropic and the magnetisation
characteristics are single valued and independent of the
past magnetic condition of the material.
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d- Eddy currents are neglected, also the insulations
between the iron and the copper are ignored.
e- The magnets remain at a constant temperature so that

no irreversible demagnetisation occurs.

Six commands are provided for setting up the data. Once
the model is built the mesh is generated from the previ-
ously determined regions data including the material types
as shown in Fig.3.1l. The Mesh command forms the data
necessary to analyse the problem or to interrogate the
results i.e. node tables, element definition table, ele-
ment properties etc... In the mesh generation procedure,
small triangles are used where the electromagnetic field

changes rapidly and large triangles can be used in other

areas.

For the output retrieval cr the post- processor ten
commands are provided to give the resulting vector poten-
tial solutions. Values of fluxes through different mag-
netic paths could be obtained in addition to the graphical
displays of the field distribution. Many useful properties
of the machine such as torque, generated voltage and dif-
ferent flux leakages could be calculated by integrating
field values along contours or over areas. Fig.3.2 shows
the characteristics of the normal flux density of PM ma-
chine at no- load and full- load conditions. These cal-
culations have been provided throughout this thesis and
they are found to agree well with the measurements.
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The analysis program uses a double precision computation
to evaluate the element matrices and to solve the set of
equations. After the computation the analysis program
returns the regions data with the solution potential at
each node. This can be used as data for the post processor
for interrogating the results. The information needed to
launch the computation include the choice of a linear or
a non- linear run and the number of iterations in case of
non- linear run. The package was run either on the RAL
PRIME computer through a direct link or on the local VAX
system in the university. Batch as well as on- line fa-
cilities are available on both systems. Quality control
of the results of the program calculations has depended
on the judgement of the designer, assessment of the errors
has been partly experience and partly trial. Error esti-
mation methods have been expensive but a new inexpensive
technique has been reported lately, (44,45).

3.4 WMOTORCAD program

Another finite element program that is used extensively
in this work is the MOTORCAD package. This program has
been developed by Hameed and Binns (39,81) and is spe-
cially prepared to analyse permanent magnet machines.
Basically the statics analysis program is similar to that
of the PE2D. However, being focused only on machine anal-
ysis, the post- processor of MOTORCAD gives more details
concerning the machine performance. Besides the flux
plotting, the calculation of the synchronous torque using
lorentz force is included. Fourier analysis to find out
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the fundamental component as well as higher harmonics is
carried out automatically. Another feature is the deter-

mination of:

- the direct and quadrature components of the synchronous
reactance
- the terminal voltage and the power factor

- the internal and the external load angles.

In the pre- processor the rotor and the stator are kept
in separate files. This allows the computation of differ-
ent rotor and stator designs with lower computing time
consumption. Samples of the MOTORCAD output are shown in
Fig.3.3 and 3.4.

3.5 Electromagnetic Torque Evaluation

3.5.1 Maxwell field stresses

A general method to evaluate the forces and hence the
electromagnetic torques in machines involves the use of
Maxwell field stresses, (1,43). The tangential component

of the electromagnetic stress is given by:

Ft='[s%—i’l ds (3.6)
The surface of integration (S) throughout the air gap en-
closes the rotor pole completely. The optimum choice of
this surface is midway between the rotor and the stator
particularly when the air gap is divided into three lay-
ers. Computation results have shown that the choice of the
surface of integration has a significant effect on the

chapter three 31



values obtained. Figures 3.5 and 3.6 show the variation
of the value of the computed torque with the surface of
integration. The effect of the reluctance torque is clear
at low currents with the surface of integration being
close to the rotor boundaries. The shape of the triangu-
lar elements inside the air gap has to be as regular as
possible. The error limit is being minimised to avoid any
variation in the results if the curvature of the surface
(S) is slightly changed. The torque is then expressed by

the following equation:

T=2.p.r.1.F,

that is:
p-r.1l
T=—F— f B.B, ds (3.7)
e
p... number of pole pairs
r... radius of the surface of integration
1l... axial length of the machine.

The torque values obtained from the Maxwell stresses
for a high- field PM machine may be of low accuracy. This
is because along the surface of integration the tangential
component 'Bf' swings rapidly from high positive to nega-
tive values about a small average due to the effect of the
stator teeth whereas B, varies smoothly. Hence the numer-
ical integration of these two components as provided in
equation (3.7) is unlikely to give accurate results unless
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an extremely fine mesh is wused. However in PE2D this
method does not require a considerable amount of computing
time and therefore could be used for comparing the per-
formance of different rotor configurations or to study the
effects of the variation of some of the rotor parameters.

3.5.2 Lorentz (Azimuthal) Force

The torque can also be determined by calculating the
Lorentz force over a slot pitch using a surface of inte-
gration with the same conditions as applied for Maxwell
stresses. It is based on the direct application of the
force law under each slot which can be given by:

F =B, .I.1 -

from which the total torque is determined by:
m
T= l.r.p.ZZanjIj (3.8)
1=

m is the number of tooth pitches per pole

The finite element analysis of the Lorentz force in-
volves the computation of the normal flux density over
each slot pitch throughout the air gap. This has been
provided by means of two methods:

1- B, is obtained by applying Simpson's rule of inte-
gration over each slot pitch. Generally the corresponding
post- processing command used (for example INTL in PE2D)
integrates field values like flux density along lines to

calculate quantities such as force.
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2- The second method is to apply the post- processing
command (LINE in PE2D) to get solutions and field values
along the surface of integration. A set of 'o' points,
where a could be the number of degrees in one pole pitch,

is obtained. If m is the number of tooth pitches then the

average value of Bn along the tooth pitch is:

B
B, =—2=2 (3.9)

Calculation of the torque by lorentz force gives more
accurate results than the Maxwell stresses method, however
it is more time consuming. It has been assessed throughout
this thesis wherever a comparison of the computed results
with those obtained from the tests is needed.

3.6 Interactive Computer graphics systems

CADAM (Computer- Aided Design And Manufacture) is a 2D
interactive computer graphics system which utilises a high
function graphics display and a responsive environment
that can be used for:

- engineering design and analysis particularly machine and

other devices design.

- all types of draughting such as layout and detailed

draughting
- Numerical control programming direct from the detail

drawings.
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CADAM provides analysis functions which help in estab-
lishing some important properties related to the current
models such as component properties like moment of iner-
tia, weight and volume. This has proved to be very helpful
in predicting the parameters, for example in the machine
design process. CADAM also has the facility to build a
mesh- model, however this function is not applied in this
work due to the availability of the finite element pack-

ages described earlier.

CATIA, another graphics system, stands for Computer-
Aided Three- dimensional Interactive Application. It pro-
vides three- dimensional modelling and two- dimensional
draughting facilities together with a number of design
analysis tools. CATIA consists of of several basic modules
(5,12) some of which are:

- The Solid Geometry module which has the capability to
define and operate on solid models which has been built
using cylinders, spheres, prisms and other simple volumes.
One of the features of the solid module generation is the
hidden line removal and local transformation (translation,
rotation...) as shown in Fig.3.7 and 3.8. Starting with
a 2D model the z- axis is defined for each element of the
machine (rotor, shaft) and using the PRISM option of the
SOLID function a 3D model as shown in Fig.3.7 is obtained.

This switch to 3D model is possible only after limiting

these elements in the form of closed volumes.

chapter three 35



- The Advanced Surface Module which creates surfaces
passing through planar surfaces which can be divided into
segments,circles, or conics.

- Another important module, though it has not been as-
sessed in this work, is the Robotics Module which provides
facilities to define and operate models of robots in their

working environment and generate data to be used to pro-

gram the robot.

CATIA and CADAM systems at Liverpool University use IBM
5080 graphics and workstations as the interactive device.
Direct interfacing between these two systems can be pro-
vided so that a 3D model produced by CATIA is viewed in
CADAM or drawing data in CADAM can be used to build a 3D

models using the PRISM function as discussed earlier.

3.7 conclusion

Updated versions of the PE2D and the MOTORCAD finite
element packages are briefly discussed. The flux dis-
tribution in the model is presented as well as variation
of the flux density along the air gap. Computation has
shown that optimum results could be obtained by integrat-
ing the field values along a line passing midway through-
out the air gap. Special emphasis has been given for the

effect of the variation of the integrating surface along

the air gap.

Torque computation has been carried out by means of two

methods and the experience (1,67) indicated that the
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Fig.3.7 CATIA layout: 3D- configuration of 6- pole
rotor without removing the hidden lines
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CHAPTER FOUR

COMPARISON OF THE PERFORMANCE OF HIGH- FIELD PERMANENT

MAGNET MACHINES FOR DIFFERENT MAGNET MATERIALS

4.1 Introduction

In the light of the characteristics of three magnetic
materials, ferrite, samarium cobalt (SmCo,) and neodymium
iron boron (NdFeB), a comparison of achievable performance
of permanent magnet machines with these magnets has been
carried out. In this comparison it is essential to realise
that optimal dimensions are material- dependent so the
simple exchange of magnet materials in the same geometry
is not sufficient in assessing relative performance capa-
bility. The difference in magnetic properties leads to
different optimal magnet dimensions and thus different
volumetric ratios between iron and magnet in the rotor as
shown in Appendix B. The criterium in the parameters

optimisation is to achieve the maximum torque.

The analysis involves the finite element representation
of the machine and the computation of its performance us-
ing the ferrite, the samarium cobalt and the neodymium
iron boron magnets. Since the characteristics of the
neodymium magnets are temperature dependent, the BH curve
is chosen for an operating temperature of 100°C. The
slightly idealised demagnetising curve at this temperature
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is presented in Fig.4.1 together with those of the ferrite

and the samarium magnets.

4.2 Rotor Configuration

The machine used has four poles and is of the high-
field self- starting class of permanent magnet machines.
The rotor geometry is shown in Fig.4.2 and it has been
discussed in detail in several publications (37,55,58,62).
Only a summary of the main characteristics of this design
will therefore be provided: |

1- The magnets in the rotor poles are perpendicular
to each other and they have a simple rectangular section.
The width of the iron bridge between the non- magnetic
shaft and the magnet is accurately determined.

2- Some flux can pass under the magnets giving an
additional path for induction motor operation at starting.
Also some of the useful flux passes through two magnets
which results in a higher flux leaving the rotor pole than
that in the magnet itself. The magnets can work at a
higher density since each of them needs to provide only a
part of the field strength required by a single magnet
driving flux through an identical path.

3- In order for the machine to be a self starting, a
cage bar winding is incorporated in the rotor. This wind-
ing has also the effect of damping any hunting tendency.
For good asynchronous torque during starting the cage bars
are positioned at an appropriate depth below the surface

of the pole.

4- The rotor configuration is non- symmetrical in the

chapter four 40



direction of rotation. This results in a small but inter-
esting difference in the performance for the two di-
rections of rotation (55,56). The tests for the
comparison purposes are all performed in the so called
preferred direction of rotation, in this case the anti-
clockwise direction in which the displacement of flux axis
is strongly resisted by the adjacent magnet pushing the
flux in the opposite direction.

4.3 Experimental Results

For testing purposes the permanent magnet machine, using
a standard induction motor stator, is coupled to a d.c.
dynamometer. The three- phase variable frequency supply
is connected to the machine through a three- phase vari-
able auto- transformer to make it possible to vary the
voltage. The experimental equipment for the measurement

is illustrated in the blocks diagram in Fig.4.3.

Machines using magnets in the rotor with non- linear
demagnetising curves, like ferrites, can always be sub-
jected to partial demagnetisation during operation. The
ferrite machine, before being tested for purposes of com-
parison, was remagnetised in situ using the stator coil.
A high direct current, which is a function of the supply
voltage, is passed through the stator with the rotor being
locked. Although this method is not very efficient be-
cause part of the current flux passes only through the air
gap and returns without affecting the magnets, the open-
circuit generated voltage after remagnetisation increased
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by 80%. The high demagnetising current during the start-
ing the machine has been also avoided by driving the ma-
chine up to synchronous speed using the d.c. dynamometer

before being synchronised.

The performance of each of the three machines is tested
over a range of frequencies. Tables 4.2- 4.4 represent
some of the results obtained from these tests for both
directions of rotation. The choice of the supply voltage
level (or stator winding turns) is an important factor for
any particular application mainly because it is not pos-
sible to control the excitation level of the permanent
magnets. The rated supply voltage for each frequency level
is considered to be that induced in the winding when the
machine is run as an open- circuited generator. The char-
acteristics in Fig.4.4 represent the induced voltage for
the tested rotors. The effect of the remagnetisation of
the ferrite magnets is also evident. The measured torque
for three voltage levels for the samarium cobalt machine
is shown in Fig.4.5 as a function of the load current for
a 50 Hz mains supply. With this type of high field machine
there is little to be gained in torque by using a voltage
higher than the rated value. Neodymium iron boron magnets
on the other hand have a higher flux carrying capacity.
Higher torque is obtained for a given current; hence op-
eration at higher voltage gives a benefit, see Fig.4.6.
The ferrite magnet rotor has a totally different charac-
teristic and has to be operated well beyond the generated
value in a regime where reluctance action is significant.
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The torque characteristics of the three magnetic materials
at the defined rated voltage give a clear comparison of
output as shown in Fig.4.7. The NdFeB machine has a sig-
nificantly higher output. This is due to the higher
coercivity and flux density and partially because ﬁore
magnet is used to avoid any rise in temperature. The
higher flux density increases the torque without increas-
ing the ohmic losses. Efficiency and power factor are
significant parameters for motors, but these parameters
become particularly important in variable- frequency ap-
plications where the motor is supplied from an inverter.
The efficiency is an important parameter and its variation
for all three machines is plotted in Fig.4.8. The ferrite
machine has a relatively low value but it improves with
load. The two rare earth- magnet machines are comparable
in efficiency. At low currents the samarium cobalt ma-
chine is overexcited and is operating at leading power
factor. As the load increases it becomes underexcited and
operates at lagging power factor. The high power factor
permits more motors to be supplied through the same
inverter. For the ferrite it improves with load but
still, as illustrated in Fig.4.9, is much lower in com-
parison.

4.4 Computational Analysis

The machine is modelled using the two- dimensional PE2D
finite element package. Each magnet is described through
the pre- processor in terms of the the demagnetising BH
curve. The field computation under steady- state condi-
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tion is provided by discretising only a pole pitch of the
machine as shown in Fig.4.10. Load conditions are simu-
lated by'applying symmetry and periodicity conditions on
the boundaries as explained earlier. It is clear that the
flux density in the air gap is higher than in the magnet
itself, a feature of this configuration. The torque is
computed for the three machines using Maxwell stresses and
the results are presented by the graphs of Fig.4.11.
From the field solution of the finite element analysis
it is possible to determine the internal load angle of
the machine at any load. This angle may be defined as
the phase shift of the magnet axis (field axis) at any
load from its original no- load position. At no- load
the magnet axis passes through a point in the air gap
where the vector potential field changes its sign as
illustrated in Fig.4.12. The magnet axis at no 1load

is shifted from the x- axis by an angle §; such that:

6; = Atan in mechanical degrees

X

The same angle is calculated under load condition and the

internal load angle will be the difference of the two an-

gles.

Material NdFeB SmCo5 Ferrite
07 14 22 42

Table 4.4: Variation of the internal load angle
with different magnetic materials.
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Table 4.4 presents the values for the internal load
angle at full load for the computed models. The large
value obtained for the ferrite machine indicates that the
magnet axis is highly lagging behind the rotating mmf and
thus the reluctance of the torque has some significant
value. Small values of the internal load angle lead to
smaller values of power- factor angle allowing the machine
to operate at a power factor close to unity. Also the
range of operation of the machine is extended before the
pull- out torque occurs. The plots in Fig.4.13, repres-
enting the magnitude of the potential field, show as well
the significant change in the ferrite machine under full
load conditions. This is because the ratio of the current
density in the stator to the magnet flux is very large
relative to the ratios for the two rare earth magnets.

4.5 Four- Pole Rotor With Peripheral Magnets

In permanent magnet machines the magnets can be placed
inside the rotor lamination and the rotor is referred to
as an interior- type rotor or as a rotor with buried mag-
nets. An alternative to this is the design in which the
magnets are fitted to the periphery of the rotor thus
giving the peripheral- type rotor. The different charac-
teristics of these types could be briefed as follows:

1- With round- rotor core there is no reluctance torque
due to the low, nearly unity permeability of the magnet
which, therefore, appears to the stator mmf as an equiv-
alent air gap. Fig.4.14 represents the torque- load angle
characteristics for round peripheral type rotor as well
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as that of salient pole rotor. For the peripheral type the
maximum torque 1is achieved at load angle of 90° whereas
the salient- pole characteristic is shifted due to the
additional effect of the reluctance torque.

2- The flux in the air gap can not exceed that of the
magnet itself. Using the same amount of magnet the buried
design produces higher flux by the flux concentration at
the pole face.

3- Unlike the interior type where the magnets are pro-
tected, the peripheral rotors are not suitable for high-
speed applications Dbecause of the effects of the
centrifugal forces acting on the magnets. However this
could be avoided by fitting a can around the rotor. This
technique is discussed in details later in this work.

4- The position of the magnets at the rotor edge; elim-
inates most of the leakage flux thus giving more freedom
in extending the pole arc of the machine. Fig.4.15 shows
the variation of the torque with the pole arc for a con-
stant magnet volume.

4.6 Effects of Transient Demagnetising Forces

Machine parameters are normally chosen to give the op-
timum performance under steady state conditions. With the
assessment of magnetic materials in the rotor design it
becomes very critical to take into consideration the ef-
fects of transient conditions during which these magnets
could be subjected into severe demagnetising force. Under

these conditions, a short circuit for example, a high
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current several times the rated value passes in the stator

winding.

Salient- pole machines with interior magnets are vir-
tually protected against such phenomena because the sali-
ent poles act as a barier against any overloading
conditions. The presence of high currents in the stator
can result in a high degree of saturation in the rotor-
pole thus limiting the demagnetising field. The periph-
eral magnets, on the other hand, lack such pole- core

protection and therefore could undergo an irreversible

demagnetisation.

To illustrate these effects a computation is carried
out in which a current 5 times the rated value is passed
through the stator windings of the two different machines.
These machines, as shown in Fig.4.16 and 4.17, are mod-
elled using the same stator, the same air gap, and the
same NdFeB magnet. Graphs in Fig.4.18 represent the var-
iation of the operating point of the magnetic material
under these overloading conditions. For the interior sa-
lient- pole machine the operating point, represented by
the flux density B, drops to the lowest value of 0.38 T
then rises again as the saliency of the pole approaches.
Such decline is recoverable when the machine is back into
normal operating conditions. In the case of the peripheral
rotor the negative value of B (-0.2 T) indicates that the
operating point has moved into the third quadrant of the
BH curve in which the magnets are partially and
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irreversibly demagnetised. This damaging effect is illus-
trated in Fig.4.17 where the flux lines enter and leave
the magnet through the same pole. It applies for all
types of rotors with peripheral magnets regardless whether
the magnetic material is projected on the pole surface as
shown in Fig.4.18, or is inset with the salient poles,
Fig.4.19. The inset magnets appear as a large air gap in
the direct axis while the interpolar iron acts as a small
air gap in the quadrature axis.

4.7 Discussion

The comparison of the power capability and performance
characteristics of each type of the three magnets is dis-
cussed. The use of rare earth magnets can lead to a drive
system with higher output- to- weight ratio than any other
practical alternative. The high efficiency and near unity
power factor are essential for the ideal inverter fed
system. The cost of the inverter is governed by the maxi-
mum KVA demand. A high efficiency power factor product
results in a minimal KVA demand for a given load so re-
ducing the inverter cost. The remagnetisation process
confirms that the ferrite magnets can be magnetised easily
without a special rig, simply by making use of the stator
winding. This test may be extended to cover the rare earth
magnets. It is clear from the results obtained that the
rare earth magnets have a very significant potential for
use in high performance drive systems (55,56), however one
must bear in mind the cost comparison of the different
types of magnet. In a total drive system the cost of
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ferrite magnets is less than 17 . The rare earth magnets
cost about 507 or more of the total cost, however it is
expected that the cost of the new neodymium magnets will
drop by a factor of about four. The finite element analy-
sis results are used here as a supplement to those ob-

tained from the tests for the provided comparison.

Unlike the peripheral- magnet types, rotors with buried
magnets are mechanically robust and capable of operating
at high speeds since the magnets are physically protected
inside the core. The effects of the demagnetising forces
during transient conditions on interior and peripheral-

types of rotors have been illustrated.
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Table 4.1.a: NdFeB machine.

Torque |Output|Efficiency| Power Efficiency x
N.m W % factor power factor
3.75 471 65.45 0.845 lead 0.5588
6.45 810 72 0.904 lead 0.6512
9.1 1131 76.4 0.949 lead 0.7255
11.85 1489 79.21 0.962 lead 0.7618
14.4 1810 79.37 0.974 lead 0.7731
17.1 2149 80.78 0.976 lead 0.7885
19.35 2431 80 0.978 lead 0.7824

Table 4.1.b: SmCo, machine.

Torque | Output|Efficiency| Power Efficiency x
N.m W % factor power factor
4.1 515 72.56 0.923 lead 0.6699
5.7 716 79.6 0.936 lead 0.745
8 1005 81.33 0.964 lead 0.7843
10.1 1269 82.1 0.965 lead 0.7923
12 1508 81.7 0.966 lag 0.7891
13.5 1696 78.68 0.96 1lag 0.7553
14.9 1872 78 0.936 lag 0.7304

Table 4.1: Measured synchronous performance of the two
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rare earth machines at nominal rated voltage
at f= 40 Hz.
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Table 4.2.a: V = 1 p.u.
Current | Output| Efficiency| Power Efficiency x
A W % factor power factor
3 1103 76.58 0.827 lead 0.6335
4 1696 80.78 0.905 lead 0.7309
5 2228 81.54 0.958 lead 0.7813
6 2800 82.82 0.978 lead 0.81
7 3308 84.12 0.991 1lag 0.838
8 3789 83.45 0.988 lag 0.8244
Table 4.2.b: V = 1.05 p.u.
Current | Output| Efficiency| Power Efficiency x
A W % factor power factor
3 877 71.84 0.779 lag 0.5595
4 1696 78.54 0.891 lag 0.765
5 2318 82.22 0.930 lag 0.765
6 2884 82.87 0.947 lag 0.7846
7 3365 82.77 0.957 lag 0.7929
8 3817 82.62 0.975 lag 0.8057
Table 4.2.c: V = 0.95 p.u.
Current | Output| Efficiency| Power Efficiency x
A W % factor power factor
3 594 60.59 0.589 lead 0.3571
4 1244 74.05 0.758 lead 0.5612
5 1922 78.16 0.888 lead 0.6938
6 2516 80.14 0.944 lead 0.7567
7 3054 80.78 0.964 lead 0.7799
8 3506 81.54 0.98 1lead 0.7989

Table 4.2: Synchronoué performance of the NdFeB
machine at different voltage levels
60 Hz.
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Fig.4.1] Demagnetisation curves of the three magnetic
materials used for machine excitation.



Fig.4.2 Configuration of the high- field self- starting
synchronous machine with NdFeB magnets.
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Fig.4.19 Flux distribution over one pole of machine
with 'projected' magnets at overloading
condition.



Fig.4.20 Flux distribution over one pole of machine
with 'inset' magnets at overloading condition.
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CHAPTER FIVE

INFLUENCE OF DESIGN PARAMETERS OF A SOLID CANNED

SIX- POLE ROTOR WITH SKEWED MAGNETS

5.1 Introduction

The permanent magnet material in the rotor provides the
machine with permanent field excitation. Therefore the
characteristics of the machine will depend mainly on the
rotor design parameters. There are several parameters in
the rotor design which affect the general performance of
the machine and these are worth optimising. A prototype
six- pole machine with a solid- steel rotor has been con-
structed. The NdFeB magnets are radially positioned in
the rotor core and are skewed with respect to the stator
slots. A 3D- model of this prototype is shown in Fig.5.1.
Another feature of this prototype is that the rotor is
surrounded by a can. This can is made of inconel, a non-
magnetic conducting material physically capable of with-
standing the pressure of centrifugal forces at high
speeds. The main design aspects of PM machine are:

1- characteristics of the magnetic material

2- configuration of the magnets (radial or parallel)

and their positioning in the rotor.

3- pole- arc to pole- pitch ratio

4- width of the air gap

5- dimensions of the magnetic material
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6- skew angle of the magnets
7- width of the iron bridge

8- nature of the canning material

Design variables 1 and 2 are discussed in chapter four
while detailed analysis of variables 3, 4 and 5 is re-
ported in (14,60,67). The variation of the pole arc is
limited in this design because the saliency of the rotor
depends on the magnet width. The effect of different
types of magnets and their dimensions has been computed
and the optimum values are chosen. Fig.5.2 shows the var-
iation of the flux density in the air gap per unit volume
with the magnet width for different magnetic materials.
Influence of the design parameters 6 to 8 are discussed
in this chapter. Although these parameters could result
in a change in excess of 30% in the machine output for the
same applied voltage and current, they are not independent
variables. To achieve the required optimum design, a cer-
tain compromise amongst these parameters has been consid-
ered.

5.2 Effects of skewing the magnets

During its rotation the rotor poles are moving with
respect to the stator teeth thus causing periodical vari-
ations and ripples in the waveform of the flux density
accompanied by magnetic noise. Higher harmonics are also
travelling relative to the stator at different speeds and
therefore induce emf's of different frequencies in the

stator winding. In machine design in general the commonly
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used technique to minimise such phenomena is by skewing
either rotor or stator slots or both, (47,68,90). In the
design of permanent magnet machines similar results'could
be achieved by skewing the magnets inside the rotor. The
magnets field is then distributed more uniformly over a
distance equivalent to a fundamental electrical degree
angle («)

5.2.a Analytical determination of the skew factor

Skewing the magnets results in a phase shift and hence
a reduction in the induced emf. This reduction is repres-
ented in the calculations by the skew factor which is
proportional to the angle of inclination of the magnets.
The analytical derivation as provided in (69,90) repres-
ents the fundamental skew factor by the following ex-

pression:

. a
sS1in ——

2
kg = —F— (5.1)
2

and the factor for the nf? harmonic as:

sinn(—2-)
- 2 (5.2)

2

5.2.b Numerical derivation of the skew factor

Skew factor could as well be derived numerically by
considering the phase shift of «° of the terminal voltage

as seen in Fig.5.3 where V; is the original induced volt-
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age and Vg is the voltage induced by the skewed magnets

such that:

Ax

Vg1 =V;q cos( 2 )

VSZ = Vl'z CcOS Z(Aza—)

Ven = V;ip cos m( AZ“ )
giving a total of:
Vg =xgll(V1-x cos x( AZ“ )
where Vj1=Vj2=...=V1-m=\;i (5.3)
and Ax=—- , m being the number of subdivisions.

Substituting from equation 5.3 the per- unit skewed volt-
age is:

V;

Vs=—"

m Aa
z —_ 5.4
% (cos x(5°) (5.4

The skew factor is then expressed as:

v

V;

%}

Koz = (5.5)

The values of the skew factor obtained by both methods

are listed in Tables 5.1 and 5.2. Table 5.1 also shows
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the variation of the skew factor as the angle of inclina-

tion (skewing angle) of the magnets varies.

Skewing the magnets by one slot pitch eliminates the
periodic variations in the total flux per pole and pre-
vents the generation of slot harmonics of the 11f2 and
13th order, (75,80). Figure 5.4 shows the effect of
skewing in eliminating all the tooth ripples in the
waveform of the open- circuit generated voltage. It has
been observed that the machine is quieter. This might be
related to the reduction of the harmonics causing this
noise. Skewed magnets are also advantageous in reducing
the pulsation of the starting current and torque because
the rotor, even with powerful rare- earth magnets, is not
locked at any pole position before starting.

In the 2D- finite element analysis the effect of skewing
can only be accounted for by the introduction of the
skewing factor to the results obtained.

5.3 Effect of the non- magnetic rotor shaft

It is well known that the iron bridge affects the me-
chanical strength of the machine, (13,52). Since the six
pole rotor, whose parameters are under investigation, is
designed for high- speed applications, the mechanical
strength becomes a critical factor in determining the
maximum speed at which the machine can be operated. The
variation of the iron- bridge width, or in another words
the variation of the non- magnetic shaft diameter, has the

following consequences:
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a- With a smaller iron bridge the flux leakage around
the magnets edges is reduced because less flux is now re-
quired to saturate the path. As a result more flux is
driven across the air gap. To give an idea of the changes
in the flux levels inside the machine Figures 5.5 and 5.6
show the flux plots at full load. Fig.5.5 represents the
machine with maximum iron- bridge i.e. without any non-
magnetic shaft while Fig.5.6 shows the design where the
magnets are attached to the non- magnetic shaft hence
eliminating the leakage entirely. A comparison of these
two figures indicates that though the operating point of
the magnets has not changed ( 0.4< B <0.8 ), the flux
density inside the machine with the non- wagnetic shaft
has risen significantly. The fundamental air gap flux
density has increased by 227%. The graph in Fig.5.7 re-
presents the variation in the computed synchronous torque
with the gradual reduction of the iron bridge. With maxi-
mum iron bridge width the saturated paths under the mag-
nets have already formed a certain zone at the rotor
centre where no flux is passing. The reduction in the
iron- bridge, therefore, does not affect the torque values
as long as the non- magnetic shaft diameter does not ex-
ceed this 2zone. Beyond this point any increase in the
shaft diameter results in greater synchronous torque. The
total increase of the torque is found to be around 23%.

b- With constant voltage and current in the stator
winding the increase in the field excitation decreases the
internal load angle and hence the power factor is closer

to unity or changes from leading to lagging operation.
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c- The absence of the iron bridge, or its minimisation,
might have an undesirable influence on the machine me-
chanical strength since it holds all the rotor parts to-
gether. Canning the rotor is very useful in overcoming the
centrifugal forces, its effects are discussed in the fol;
lowing section.

5.4 Experimental measurements and tests results

The prototype rotor is fitted into a standard six pole
stator with three phase single- layer winding. The same
experimental equipment described in section 4.2 is used.
The rotor is 1initially made oversize and subsequently
turned down and finally shrunk into the non- magnetic can.

To summarise the air gaps are as follows:

stage 1 ... g = 0.2 mm
stage 2 ... g = 0.8 mm
stage 3 ... g = 0.8 mm (including can thickness)

For each of these stages the machine performance has
been tested at different load conditions for various ap-
plied voltages and frequency levels. These voltages are
chosen such that the machine operates around unity power
factor, that is at both leading and lagging operations as
shown in Fig.5.8. At terminal voltages below the rated
value the machine is overexcited and is operating at
leading power factor. For voltages above the rated value
the machine becomes underexcited and operates at lagging
power factor. The level of the applied voltage also de-

termines the pull- out torque and plays an important role
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in the control since the magnet excitation is constant.
The constant- current tests are carried out to determine
the maximum output torque of the machine for each ioad.
This wvalue of the torque is used to compare the exper-
imental results with those of the computation. The char-
acteristics in Fig.5.9 show that the terminal voltage
corresponding to the maximum torque increases with the
load. The peak values of the torque characteristics shown
in Fig.5.10 are used for comparing the test results with
those obtained from the numerical analysis since fhey
correspond to a zero current angle. The synchronous per-
formance of this prototype has been tested with different
loading conditions at frequencies 30, 50, and 75 Hz.
Variation of the output with the stator current at each
of these frequencies is shown in Fig.5.12. The torque
characteristics for different air gaps have already been

illustrated in Fig.5.10.

A comparison of the performance of the skewed- magnet
rotor with that of a previous design has been carried out.
Both rotors are tested using the same induction- motor
stator, the same air gap width of 0.2 mm, and the same
amount of magnetic material. Figure 5.13 illustrates the
variation of the output torque with the stator current.
The lower values of the machine with skewed magnets are
due to the significant flux leakage at the rotor centre
which consumes up to 30% of the field flux. Skewing the

magnets results in another 5% reduction as shown earlier.

chapter five 61



Otherwise, both machines show the same trend in operating
at a power factor close to unity and with high efficiency.

5.5 1Influence of the rotor can

For high- speed applications the design of the permanent
magnet machine should take into account the effects of the
centrifugal forces which could cause the rotor to disin-
tegrate. Consideration is given to the use of both a non-
magnetic and ferromagnetic (solid steel) can around the
rotor.

5.5.a Assessment of a non- magnetic can

The fitted rotor can is made of inconel, a non- magnetic
conducting material. The aspects of the canning are as
follows:

1- In the initial design an air gap width of 0.2 mm has
been chosen. The introduction of the inconel non- mag-
netic can virtually increases the air gap width to 0.8 mm
so reluctance of the magnetic circuit increases with a
corresponding reduction in the gap density and therefore
core saturation. This has been compromised in the design
stage by a slight increase in the magnet volume. As a
result of this precaution the value of the air gap flux
density has dropped by only 20% for a 4007 increase in the
air gap.

2- Smaller iron loss is another obvious result of the
reduced saturation. These losses are slightly higher for
the canned rotor, as shown in Fig.5.14, because of the

eddy currents that are flowing in the closed conducting
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surface of the can. This is slightly overcome by the
lower windage loss along the smooth surface of the can.

3- The canned rotor is mechanically capable of opefating
at high speeds. The results in this work, however relate
to a maximum operating speeds of 5000 rpm.

5.5.b Ferromagnetic can

Computation has been carried to examine the influence
of a ferromagnetic can on the machine performance. The
model used for this purpose differs from the original one
(with air gap g = 0.2 mm) by the thin path between the
magnet and the air gap at the rotor saliency. The computed
results are shown in Table 5.3. From these results it is
evident that the change from the inconel to the
ferromagnetic can would increase the rotor field due to
the drop in the total reluctance in the magnetic circuit.
The fundamental air gap density would increase by 11%
while the torque would rise by 137%. The internal load an-
gle would drop by 367%. With ferromagnetic can the machine
performance is almost the same as that obtained with the
narrow air gap (g = 0.2 mm). The thin path becomes inevi-
tably saturated and hence does not affect the overall
performance of the machine. The flux leakage across the
saturated path as shown in Fig.5.15 is less than 57 of the
total magnet flux.

5.6 Conclusion

This chapter describes the effects of new design pa-

rameters on the performance of the machine. A prototype
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rotor has been built and tested. It has been shown that
skewing the magnets, though reduces the induced voltage
by few percentage (up to 5%), could be very effective in
reducing the harmonics and ridding the flux waveform of
all the slots ripples. The skew factor expresses the re-
duction in the induced voltage and other machine charac-
teristics. This factor is determined analytically and
numerically. The numerical derivation as provided in this

chapter could be used for slots skewing as well.

The influence of the non- magnetic shaft is also dis-
cussed. The computational results show that the reduction
in the bridge width increases the field in the rotor. Air
gap flux density as well as the synchronous torque have
also increased. It has also been shown that enclosing the
rotor in a can would provide the machine with enough me-
chanical strength that enables it to operate at high
speeds. Moreover, the choice of the material of the can
has a significant influence on the overall performance of
the machine. Computation has shown that the machine with
a ferromagnetic, solid steel, can being fitted could have
higher gap flux density and thus higher torque because
only a low percentage of the field flux is used to satu-
rate the thin path above the magnets. Experimental tests
have been carried out and a comparison among the obtained
results is provided. The solid- steel canned rotor is

found to be very stable and is easy to manufacture.
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a® 15 30 45 60 75 90
m
1 0.991 |0.966 0.9238 [0.866 |0.7934 (0.7071
10 0.9967 | 0.9868 [0.9705 |1 0.948 |[0.9194 (0.8852
50 0.997110.9883 | 0.9737 | 0.9535 |0.928 0.8974
100 0.9971 [ 0.9884 | 0.9741 [ 0.9542 | 0.9291 ( 0.8988
1000 | 0.9971]10.9885 |0.9744 [ 0.9548 [ 0.93 0.9
10000( 0.9971 [ 0.9886 | 0.9745 [ 0.9549 [0.93 0.9

Table 5.1: Results of the numerical determination of
the skew factor for different skewing
angles (a) in electrical degrees.

15

30

45

60

75

90

ksk

0.9971

0.9886

0.9745

0.9549

0.9301

0.9

Table 5.2: Results of the analytical determination
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Ts

£=0.2 mm £=0.8 mm £=0.8 mm
inconel ferromag.
can can
fundamental gap 1.27 1.09 1.24
flux density
Bf
internal load 7.9 13.4 8.2
angle
synch. 10.2 8.55 9.9

Table 5.3: Influence of the canning material on the
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Fig.5.1 3D- configuration of solid- steel rotor with
skewed neodymium magnets.
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Fig.5.3 Magnet skewing: Numerical derivation of the
phase shift of the induced voltage.
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a... rotor with skewed magnets
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Fig.5.4 Open- circuit generated voltage waveforms at
f = 50 Hz.
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CHAPTER_ SIX

EXPERIMENTAL AND NUMERICAL DETERMINATION OF THE

MACHINE EQUIVALENT CIRCUIT PARAMETERS

6.1 Introduction

The testing and characterisation of PM machines is
basically similar to the procedure applied to conventional
synchronous motors. However, due to the constant field
excitation provided by the magnets, modified (non- clas-
sical) methods have to be followed to determine the sig-
nificant parameters. In this chapter new and modified
methods to determine the machine equivalent circuit pa-
rameters experimentally and numerically are proposed. The
machine used for this analysis consists of a 6- pole rotor
with interior neodymium magnets, Fig.6.1l. The stator is a
standard induction motor type having a three- phase sin-
gle- layer winding. The coils are connected in series and
placed in semi- closed slots.

In high- field machines like the one under investigation
the effect of saturation has to be considered. In this
analysis appropriate modifications to the classic two-
reaction theory, as suggested by Honsinger (78), are con-
sidered to achieve accurate and realistic prediction of

the machine performance.
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6.2 Equivalent circuit and phasor diagram without the

core loss

The equivalent circuit of PM machine may be derived from
that of a field- excited synchronous motor. From the air
gap outwards both types have the same parameters including
the winding resistance 'Rg', the leakage reactance 'X;',
and the magnetising reactance 'Xp' that reflects the re-
luctance of the air gap and the stator magnetic path,
(73,80,87). There exist several methods of representing
the magnetic material (76,80) by converting the magnetic
circuit into an equivalent electric circuit. Figure 6.2
shows the equivalent circuit in which the magnet is re-
presented by a voltage source 'Ep' in series with equiv-
alent linearised reactance 'Xg' representing the rotor
path.

Applying Thevenin's theorem gives a rather simplified

equivalent circuit as shown in Fig.6.3 where:

X
m E (6.1)

Bo=x 3%, 'm

Xo

X. =X ————
ST m X, + Xy

6.2)

Ep is the induced voltage

Xs is the synchronous reactance which can be defined as
the reactance offered by a synchronous machine to a bal-

anced three- phase voltage of rated frequency applied to
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its armature winding when the rotor is unexcited and ro-
tates at synchronous speed. For the PM machine considered
here high- energy magnets have permeability cloée to
unity. The equivalence of switching off the field
excitation in a conventional machine is therefore the re-
moval of the magnets. Due to the rotor saliency the syn-
chronous reactance is resolved into two components along
the machine direct and quadrature axes giving a direct-
axis reactance Xg and a quadrature- axis reactance X;. The
field waveforms along these two axes is discussed in sec-

tion 6.6.1.

In conventional synchronous machines with field
windings 'X,' is less than 'Xy' because of the greater
reluctance of the air gap in the quadrature axis. Gener-
ally the quadrature- axis reactance is 60 to 70% of the
direct- axis reactance. In addition the effect of satu-
ration on X4y is small and usually neglected whereas on Xy

saturation effect is quite large, (91).

However in PM machines, where the direct axis coincides
with the direction of magnetisation of the magnet, this
inequality is reversed due to the following factors:

a- The permanent magnet with low effective permeability
(nearly unity) lies in the path of the direct- axis flux
giving a low value of Xg4.

b- The high pole arc/pole pitch ratio due to the small
saliency of some machine designs results in a high value

of Xq-
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Hence for PM machines:
Xg > Xd
and the quadrature axis is far more susceptible to satu-

ration than the direct axis.

6.3 Losses in permanent magnet machines

In the equivalent circuit representation losses are
divided into two main groups, load- dependent ,and load-
independent losses.

6.3.1 Load- dependent loss

The major part of load- dependent loss is the copper
loss. This can be determined by knowledge of the mate-
rial, length, and diameter of wire used ip the stator
winding. Alternatively it can be found by direct measure-
ment. Besides copper loss other load dependent loss mech-
anisms exist in the machine for example the leakage core
loss.

The winding resistance measurement is carried out by
passing an a.c current 'I,' into the stator winding after
the machine rotor has been removed and measuring the input
power 'W'. This measurement will thus take the skin ef-
fect phenomena into consideration and to a certain extent
will include the stator leakage load 1loss. Table 6.1

shows values of the resistance calculated as:

(6.3)

&
-
anz
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The values of the stator current and the input power
are varied by changing the supply voltage. The effect of
temperature on the resistance is also examined by con-
ducting the same test at different operating temperatures
and the results are illustrated in Table 6.2. The con-
stant value of resistance (24.5Q) used in the equivalent
circuit is taken at the rated current and winding4tem-
perature.

6.3.2 Load- independent loss

Load- independent loss includes friction and windage
of all mechanically connected apparatus and the core loss
corresponding to the field flux and therefore related to
the induced winding voltage and frequency. Core loss 1is
regarded as the result of combined effects of hysteresis

and eddy current loss.

The following section describes a sequence of tests that
were performed to measure the friction and windage 1loss
and the distribution of the core loss in the machine when
excited at 1000 rpm, 50 Hz.

6.3.2.a Friction and windage loss

The friction and windage loss is determined by replacing
the PM rotor with an unexcited induction motor rotor,
having exactly the same dimensions as the original PM
rotor. The motor is operated at no load such that:

input = copper + core + friction & windage (6.4)
power loss loss loss
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The aim is to determine the friction and windage loss
and hence to segregate it from the core loss. The input
power is measured as the motor runs for a range of voitage
levels between 157 and 1257 of the rated value. The re-
sults, excluding the total copper loss, are plotted in a
graph as shown in Fig.6.4 which is then extrapolated to
intercept the zero- voltage axis. The obtained value of
9W represents the loss due to friction and windage for the
six pole machine. Copper loss in the rotor cage bar has
been measured by applying the locked rotor test and its
value is added to that of the stator winding.

6.3.2.b Core loss

Core loss is determined by running the PM machine as
an open- circuited generator being drivemn by the d.c.
dynamometer. Its value is then deduced from the mechan-
ical torque recorded for each speed after making allowance
for the friction and windage loss. The loss character-
istics as shown in Fig.6.5 are plotted against the square
of the frequency and as expected the core loss has a good
linear relation with the square of the frequency. Core
loss depends on the flux linkage of the machine, which
could be changed by wvarying the supply voltage, and
therefore is related to the state of saturation of the
machine. This has been illustrated by measuring the core
loss in the same machine but with two different air gaps.
The results obtained from these measurements clearly in-

dicate that increasing the air gap will reduce flux link-
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age and saturation resulting in a lower core loss at each

speed.

Accurate numerical determination of core loss is a very
complex and hence beyond the aim of this work. In what
follows a simplified approximation is used to estimate the
core loss. This calculation is provided by computing the
two major factors contributing to its formation. These
are:

a- The fundamental component of flux density in the
stator core. The corresponding core loss is deduced from
the "specific total core loss" curve as supplied by the
manufacturer, (Appendix C) and the peak field distribution
in the machine. Stator weight is calculated from the
model geometry and hence core loss due to this fundamental
flux density is determined. It should be noted that for
more accurate calculation the peak value of the flux den-
sity should be considered separately in the stator teeth
as well as in the stator core back. The corresponding
values of core loss are then calculated for each of these
two regions seperately.

b- Core loss is also a result of the rotor harmonics due
to the stator slots. The amplitude of these harmonics is
determined by computing the flux density in the area right

under the rotor pole face to the depth of harmonic pene-

tration.

Compared to tests results, core loss computation as

described gives only an approximation as figures in Table
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6.3 indicate. 1In a steady state analysis it is hard to
determine precisely the exact depth of harmonic pene-
tration in the rotor core and the weight of core affected
by this penetration.

6.4 Equivalent circuit and phasor diagram with the core

being considered

From the loss analysis as provided in section 6.3 it
is evident that for accurate modelling of high- field ma-
chines the core loss has to be considered mainly for ef-
ficiency calculations. As the no- load core loss is
dependent upon the air gap flux then it is well repres-
ented in the equivalent circuit by a shunt resistor 'R.'
connected across the induced voltage 'E;'. This leads to
a modified equivalent circuit and the corresponding phasor
diagram as shown in Fig.6.6.

The wvalue of the resistor 'R.' is deduced from the

equation:

=
(NS

W, = (6.5)

0

where 'W.' is the core loss calculated as described in
the previous section. The loss current is calculated ac-

cording to the following equation:

o |

N

0

Equation 6.4 can now be rewritten as:
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[ 2n2
W=—=+IR; (6.7)

From the adjusted phasor diagram of Fig.6.6 it is clear
that only the current 'I', which is the vector difference
between the armature current and the loss current, par-
ticipates in the energy conversion process. Neglecting the
loss current 'I.' will result clearly in an overestimation
of the output torque obtained from the model. The magni-

tude of 'I' 1is:

=12+ 12~ 2I,1, cos( + «) (6.8)

and the modified power factor angle is:

I,sinf0+ I, sina

0" = Atan( (6.9)

aCOSO—ICCOSa

It should be noted that the representation of the core
loss by a constant value illustrates accurately the de-
pendence of the eddy current loss on the flux and fre-
quency, however it gives only an approximation for the
hysteresis loss.

6.5 Measurement of direct- and quadrature- axis

reactances

Testing the performance of PM machines is in principle
similar to that of conventional types of synchronous ma-
chines. However, due to the special method of excitation
by permanent magnets some difficulties arise one of which
is the measurement of the synchronous reactance since all
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tests provided for conventional types required the re-
duction of the field excitation to zero, (68,90,91). For
this purpose even some PM machines with weak magnets used
to be demagnetised by passing an appropriate direct cur-
rent through the armature winding (77). With the assess-
ment of the new family of strong rare earth magnets this
unpopular technique became totally inapplicable. Two
modified methods have been applied to carry out these
measurements. These are the static induction test and the
zero power factor test.

6.5.1 sStatic inductance test.

Measurement of the synchronous reactance has been pro-
vided in this case statically with the rotor being kept
stationary. This has been achievable because the 6- pole
rotor used for this purpose has no cage bar winding hence
the effect of any induced voltage has been avoided. 1In
the test a single phase supply voltage is connected ro the
armature winding while the other two phases of the winding
are Lkept open- circuited. A constant current is kept
flowing in the armature while the load angle is varied
from 0 - 90° by changing the rotor position. For each value
of the load angle the input power is measured as well as
the three voltages across the armature winding.

According to the definition of the impedance 'Z':
Z = /X% + R?

X=./z2_R2
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Substituting for Z = V/I and R = W/I? gives:

_1 [z wE
x=1 V-5 (6.10)

From the test a set of values is obtained according to the
rotor position, the largest value being related to X; and

the smallest corresponding to Xy4.

The single phase results however need to be adjusted
for a three phase winding by including the effect of the
mutual inductance. For PM machines it has been shown
(91,94) that the mutual inductance is added to the values
of X; and X4 in different ratios as explained in (100).
The mutual inductance between the stator coils can be
measured by various methods, (90,91,92). The simple way
of measuring the mutual inductance as a self inductance
has been used for the purpose of this work. In this method
the stator winding is considered to be a set of two coils
connected in series such that the two open- circuited
phases are considered as one coil.

The inductance in these two coils is:

L=L,+Lp+ 2L,y
The terminals of the second coil are reversed and the
measurement is repeated to give:

L'=L, +Lp— 2L,

From these two equations the mutual inductance 1is:
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_L-L (6.11)

It should be noted that the mutual inductance could
already be accounted for if all the three phases are con-
nected to the supply. This, however, is found to be re-
liable only at low values of the stator current (I<0.5A).
It must be ensured that the rotor is kept at its stand-
still position, since any vibration of the rotor will re-
sult in higher values of the reactance because part of the
input power is dissipated in the mechanical vibration.

6.5.2 Zero- power factor test

Zero- power factor test is generally used for conven-
tional synchronous machines because closer approximations
to the saturated synchronous reactance can be obtained for
cylindrical rotors as well as salient- pole rotors. The
machine is tested under saturation conditions due to the
presence of the armature current. In testing PM machines,
however, some modifications have to be made. Fig.6.7.a
shows a PM machine running as a generator with a purely
inductive load connected to its terminals. When the switch
(S) is closed, the terminal voltage will drop signif-
icantly from its original open- circuit value 'Egp'. The
armature current is changed by the variation of the load
inductance keeping the speed of the machine constant. This
measurement gives the direct- axis value of the synchro-

nous reactance as shown in Fig.6.7.b. where:
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Eg — Vg

. 6.12)

Xy =
The phasor diagram of Fig.6.7.b represents an ideal con-
dition where the armature resistance is neglected. The
dotted lines show the diagram when the resistance is taken
into account, which demonstrates that the effect of the
winding resistance is normally negligible. The 1leakage

reactance is however included as part of the measurement.

A load measurement of X, has been suggested in (78,95)
by locating the operating point on the torque- vs- load
angle characteristic the no- load operation is at point
6 =09 instead of the origin (6 = 0). For this condition
values of V¢ and I could be measured and X4 is determined
as:

Ve
X, = (6.13)

Experimentally this test is complex as it requires the
provision of an accurately mounted shaft encoder. Hence
it is not carried out because it is costly and difficult

to perform.

Another method, the maximum- lagging current test, when
applied to conventional machines, takes into account sat-
uration and its effects. For permanent magnet machines
this test is inapplicable because the technique of reduc-

ing the effect of the field excitation by increasing the
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terminal voltage results in a no- load current much higher
than the rated value. This may damage the stator winding
and may also héve severe demagnetising effects on the
magnets as their temperatures may rise above the Curie
point.

6.6 Computation of Xq and Xq

6.6.1 Stator winding representation

To compute Xy and X; the stator current system of the
winding has to be represented by inserting the current
phase- by- phase into the appropriate slots. The instan-

taneous current values of the three phases are given as:

I,-= 1 cos(ot) (6.14)
I, =1 cos(wt — 1207  (6.15)
I, =1 cos(wt +120°) (6.16)

For the finite element analysis the steady state condi-
tion, where the field is computed by a snap shot of the
current at a particular instant, is considered. The phase
of the current is normally referenced to an axes passing
radially through the middle of the pole pitch. The cur-
rents in each slot winding is represented by a single
conductor which has the shape of the slot. Figures 6.8 and
6.9 illustrate the current distribution in the direct and
quadrature axis respectively. In each case the current
density 'J' shifts in steps related to the tooth pitch in
electrical degrees. The armature mmf being given as §J.dx
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also changes in similar manner. This mmf produces an ar-
mature reaction flux ®; whose fundamental flux density in

the air gap is denoted by Bg4

In the direct- axis distribution ( where ot = 0) the
maximum value of the mmf is lying along the reference
axis. The rotor produces a flux density Bf whose waveform
is shown in Fig. 6.8.c. The resultant flux density in the
air gap is denoted by B, and has its maximum value along
the reference axis. In the quadrature axis distribution
as shown in Fig. 6.9.b (ot =90° , the mmf is shifted by
90 electrical degrees. Its minimum value is now 1lying
along the reference axis. As a result the resultant flux
density of the air gap is shifted as seen in Fig.6.9.c.
The investigated machine has a non- symmetrical rotor pole
with respect to the reference axes. Therefore the pole
(magnet) axis is shifted from the reference axes by an
angle whose value is usually relevant to the degree of
non- symmetry of the design. For the given design the
instant current distribution corresponding to the direct
axis and quadrature axis is shown in Fig.6.10 and 6.11
respectively. The shift angle for this design is found to
be 15 electrical degrees.

6.6.2 Computation results

The synchronous reactance can be calculated from the
additional energy stored in the motor field that results

from the winding current. The PE2D post- processor inte-
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2- To remove the field excitation the magnet is replaced
by a air which has a unity relative permeability equal to
that of the magnet. The effect of saturation is consid-
ered by considering the values of the permeability ob-
tained in (1) as input data. The program is then run
linearly to avoid any change in the saturation conditionmns.

3- The relative positions of the rotor and the stator
axis are determined by the current distribution in the
stator winding. Xy is computed when the two axis are in
alignment, and X; when they are mutually perpendicular,
as previously illustrated in Fig.6.10 and 6.11.

6.6.3 Effect of saturation

In high- field synchronous machines where iron as well
as the magnetic material form an essential part of the
construction it is essential to examine the effect of
saturation on the performance of these machines. The
magnetisation curve, representing the induction 'B' as a
function of the magnetising force 'H', is characteristic
of the material that is a function of its composition as
indicated in Fig.6.12. The variation of the relative
permeability corresponds to the variation of the in-
duction. Starting from the initial wvalue of the
permeability the curve then rises to its peak value before

dropping under the effect of saturationm.

As the reluctance paths in the direct axis are through
the magnetic material with permeability close to unity,
the variation of Xy associated with saturation is found
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to be very small, as seen in Fig.6.13 whereas the vari-
ation of Xy is shown to be significant. The measurements
of these parameters as described in the previous section
have been made under actual operating conditions with the
armature current varying from zero up to full- load con-

ditions.

The results of the experimental tests as well as the
computation are being presented in Table 6.4. The com-
puted figures show lower values of Xg and X; than those
obtained from the tests. This is mainly because the com-
putation only includes the stator leakage whereas the test
would include all leakage effects. Of the two tests pro-
vided, the results of the zero- power factor test appear
to be slightly higher. This could be attributed to the
additional leakage (hysteresis) when the machine is ro-
tating.

6.7 Induced emf

As discussed earlier, in PM machines the voltage induced
in the stator winding is that generated when the machine
is running as an open- circuited generator driven by the

d.c dynamometer at different speeds.

The computation of the flux density in the air gap with
no current density in the stator winding (open- circuit
test) leads to the approximate evaluation of the induced
emf. Using a Fourier analysis program the fundamental
component 'B ' as well as the higher harmonics are deter-
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mined and the corresponding values of the emf are calcu-

lated according to the following standard equations

(47,90):
E]. = 2\/-(_27-11'l'N'Bl'fl'Kpl'Kdl'KSt
Es = 2,/(2) v5.1.N.Bs. £5.K,5.Ky5. K,
Ep=2J(2). 7. 1.N.B,. £,. K, . Ky . Koy (6.21)
T ceens pole pitch
N ..... No. of conductors per slot
Bp ....nt7 component of the flux density
f ..... frequency
Kpn ...pitch factor
Kgnp ...distribution factor
Kg¢ ...stacking factor

The fundamental value of the pitch factor Kp is deter-

mined as:

. s
Kp==31n(7f)

For a six- pole stator with 6 slots per pole span s=6.

In electrical degrees that gives 180, hence:

180 .
7 =1

Kp = sin(
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The distribution factor, applied as the total emf is
less than the arithmetic sum of the emf's in each coil,

is calculated according to the following equation:

sin(:gi

Ky=—— = —
47 qsin(—5)

and for the nt# harmonic:

sin(nqa)
K, — 2
dn ~ . Na
qsin(——)
a represents here the slot angle = é%%lw=30°, hence:
sin(30)

The effective value of the induced emf taking into account

the odd higher harmonics up to the nt? is:

E 2 2
E=E, 1+(E—i)+...+(—"—) (6.22)

The results up to the 13%2 harmonic of the voltage induced
in the single layer 3- phase winding as well as the cor-
responding distribution factor are presented in Table 6.5.
The 379 harmonic and its multiples are neglected because

of the three- phase winding used.

The stacking factor ' Kg+ ' is the ratio of the actual
thickness of the ferromagnetic material in the laminations

to the gross thickness, as measured when the laminations
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are stacked with the insulating material. Data of the BH
curve, as supplied from the manufacturer often takes the
stacking factor into consideration and therefore it is not
included in the above voltage equation.

The computed value of the induced voltage (311 V) is in

very close to the measured value of 310 V, see Table 6.6.

6.8 Slot Leakage

The determination of the leakage reactance is important
for the analysis of the machine characteristics and per-
formance. The leakage fluxes can be classified into
(50,57):

a- slot leakage, 70% of the total leakage

b- end- winding leakage, 107

c- the harmonic leakage.

The detailed analysis of these components are beyond the
scope of this thesis. Attention will be focused only on
the slot leakage which is determined by two methods:

1- using the recognised design formulae

2- by finite element analysis.

6.8.1 Design formulae assessment

The mathematical design formulae (as derived in appendix
A) are applied with two assumptions. First the flux lines
crossing the slot are parallel to each other. Secondly the
permeability of the iron is infinite. Previous work
(49,50) has shown that these calculations, besides using

long complex equations and formulae, usually give overes-
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timated value of the slot leakage due to the two assump-
tions under which they are provided.

6.8.2 Computational results

The finite element computation starts from the defi-
nition of the inductance as:
L=%=1IS- (6.23)
The computation is carried out by the determination of the
normal component of the flux density 'B,' along middle of
a slot. The field excitation is ignored by removing the
magnets from the rotor. Figure 6.14 represents the vari-
ation of the flux density along the slot. At the semi-
circular- shaped bottom the field is weak and the flux
density is almost =zero. The field increases along the
slot until it reaches the maximum value at the bridge of
the semi- closed end, then it drops as it approaches the

rotor surface across the air gap.

The slot leakage is also determined by computing the
energy stored in the slot at any load current. This method
requires the computation to be provided in each slot of
the pole individually. The results of this computation
show that flux leakage depends significantly on the posi-
tion of the slot with respect to the rotor pole. The high
reluctance due to the pole saliency results in higher
leakage flux across the slot. The slot leakage at each

loading condition is the average value of all slots
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leakage The results, as shown in Fig.6.15, are very close

to those obtained by computing the normal flux density

along the slot.

The finite element analysis gives more accurate results
for the slot leakage because it considers a complete im-
proved flux map shown in Fig.6.16. while the design for-
mulae assume the lines to be parallel. Another advantage
is the computation under the effect of saturation which
gives more practical results. These results show that at
lower currents the inductance of the iron path of the slot
pitch will increase up to the state of saturation. Beyond
this point the inductance and hence the slot leakage will
drop due to increased saturation.

6.9 Conclusion

Suitable techniques to determine the PM machine equiv-
alent circuit parameters both experimentally and by finite
element analysis are described. In all cases comparison
of the results show good agreement between the computed
and measured values. Analysis of the machine losses in
relation to the load is provided. Results have also shown
that for high- field machines it is very important to
represent core loss by a shunt resistor across the induced
voltage. The corresponding equivalent circuit and phasor
diagram are presented. It has also been illustrated that
the saturation effect on X; is significant and hence it
should be accounted for in the subsequent analysis. Two
methods to determine the slot leakage have been discussed.
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These methods have more practical consideration than the

corresponding "design formulae".
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terminal stator input winding
voltage current power resistance

Ve I, W " Rg

10 0.34 7 19.2

30 0.95 57 21

50 1.5 152 22.7

70 2 298 24.3

80 2. 400 25

100 2. 640 25.6

Table 6.1: Values of winding resistance for different
voltage levels at 50 Hz.

stator temperature input winding
current power resistance
I, T°c W R,
1.5 20 153 22.6
1.47 40 154 23.6
1.42 60 155 24.5
1.4 80 155 25.8

Table 6.2: Effect of temperature on the winding
resistance for v = 50 V at 50 Hz.
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test FEM
94 86
Table 6.3: Core loss obtained from tests and
finite element analysis.
f = 50 Hz
current computation |static ind.| zero p.f.
I Xd Xq Xg Xg Xd
0.5 22 35 24 40 25 °
. 1. 21 28 22 30 23.5
1.5 20 23 22 25 23
2 19 21 20 19 22

Table 6.4: Values of X4 and X; obtained experimentally
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Harmonic| Distrib. Kpn Ke_ Flux Density
Order n | Factor Ky B,

1 0.966 1 1 1.0757

5 0.259 0.129 0.0345 0.1388

7 -0.259 0.1639 0.0439 0.1764

11 -0.966 0.2594 0.2594 0.2791

13 -0.966 0.2627 0.2627 0.2826

Table 6.5: Results of the determination of the funda-
mental and the higher harmonics with the

corresponding factors.

Table 6.6:
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Fig.6.1 Cross- sectional configuration of high- field
6- pole PM machine with NdFeB magnets.



Fig.6.2 Equivalent circuit of PM synchronous machine.

Fig.6.3 Thevenin theorem: Simplified equivalent circuit
of PM machine.
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Fig.6.1l1 Flux distribution in the quadrature axis of
non- symmetrical rotor pole.
ot = 105°
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Fig.6.16 Flux map of the slot leakage.
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CHAPTER SEVEN

MATHEMATICAL MODELLING OF HIGH- FIELD PERMANENT

MAGNET MACHINES.

7.1 Introduction

The finite element analysis used earlier in this thesis
requires an input of stator current and current angle
(angle between Eg and I) from which the terminal voltage
and torque can be computed. However in practice a motor
is operated at fixed terminal voltage and loaded with a
specific torque. To simulate this condition a model 1is
required in which the torque and terminal voltage form the
input. The output from this practical model would be the
stator current, power factor, efficiency, and load angle.
To achieve this using finite element analysis alone 1is
difficult and the practical model is better accomplished
by using a per- phase equivalent circuit in which the pa-
rameters have been determined using the finite element

method.

In this chapter the analysis of per- phase equivalent
circuit model is discussed and its performance is tested.
The six- pole machine equivalent circuit parameters needed
in the model have been determined in the previous chapter.
It will be shown however that to solve the equivalent
circuit with inputs of torque and voltage requires complex
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mathematical iteration. Therefore for convenience in the
initial testing a model which has a direct mathematical
solution is applied in which the current, terminal voltége
and the load angle form the input data and torque pred-
ictions from the output are compared with test results.
The three separate approaches of the finite element anal-
ysis, the practical model, and the direct convenient model
are summarised in block diagram form in Fig.7.1.

7.2 Simplified torque equation

The steady state performance of the machine is described
using a set of equations derived from the phasor diagram,
(51,72). These equations are set by appropriate
projections of various quantities of the circuit on the
direct and quadrature axes. The phasor diagram of a sa-
lient pole machine operating at lagging power factor is

shown in Fig.7.2.a.

It has been shown in the previous chapter that for PM
machines the quadrature synchronous reactance X; 1is
greater than the direct value Xg4. To discuss the conse-
quences of this relation we refer to the phasor diagram
of Fig.7.2 from which the equation for the developed power

is given by:

P==Ithcosé-—Ithsin6 _ (7.1)
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Neglecting the armature resistance and lumping leakage
reactance into Xg4 and X4, as shown in Fig.7.2.b, gives the

following expressions:

Ig%q

Ve

sind =

from which

so that

Vtcosé—-EO
Ig= X, (7.2)

Substituting into eq.(7.1) gives:

EgV, sins V2
+
Xy 2

1 1
( X, X, ySmed (7.3)

from which the approximate torque per 3 phases would be:

. 2
_ 3  EqVgsins Vi 1 )
T =—( X, +— (Xq—xd)81n2<5) (7.4)
(a) (b)

This torque equation is the basis for design and modelling
because it describes the dependence of the output torque

on both the machine and the supply parameters.
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The first term in the torque expression (a) represents
the normal synchronous torque whereas the second term (b)
represents a component of the torque due to the saliency
of the rotor known as the reluctance torque, (89,96). The
consequences of the relation X4; > X4 on the torque equation
are:

1- The value of the synchronous torque in term (a) is
increased due to the smaller value of Xy . The value of
siné is on the other hand, decreasing but not at the same
rate.

2- The reluctance torque of term (b) is reversed in
sign leading to a torque- vs- load angle characteristic
as shown in Fig.7.3. The no- load operating point of the
machine is at siné=sindg instead of at siné=0. This
means that at the no- load condition neither axis is in
alignment with the axis of the maximum armature current.
That is because the reluctance torque tends to align the
rotor quadrature axis, being the axis of minimum reluc-
tance, whereas the magnet flux tends to align the direct
axis with the armature current.

3- The addition of these two torques will result in
maximum torque occurring at load angle greater than 90°

giving the machine better working capability.
7.3 Mathematical modelling of permanent magnet machine

The two- axis theory (77,88) is often used in building
models that describe the machine synchronous performance.

In most of these the load angle is required as an input
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to the model thus involving the use of shaft sensing
equipment. In the approach described in this section the
model avoids any such equipment since the measured ﬁaram-
eters are sufficient to solve the equations of the model.
The key factor for this approach to be possible is the
segregation of the leakage reactance from the total value
of the synchronous reactance. This model also takes into
account the effect of the core loss on the machine per-

formance.

Initially it was found convenient in order to test the
model to use a direct analysis model which is supplied
with test values of terminal voltage, stator current and
power factor to estimate the corresponding torque deliv-
ered by the machine. This is described in sections 7.3.1
and 7.3.2. In section 7.3.3 the practical application of
the model, where the reverse of the above is required, is
discussed. That is given a torque value and supply voltage
it is required to find at what stator current, power fac-
tor, efficiency and load angle will the machine operate.

7.3.1 Determination of the induced voltage

The first step in building a complete model is to cal-
culate the voltage 'E;' induced in the winding under dif-
ferent load conditions for operations with both leading
and lagging power factor. This voltage is calculated by
the vector subtraction of the leakage and resistive volt-
age drop from the terminal voltage as shown in the phasor

diagrams of Fig.7.4 where:
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E; =/(V2 - 2I,V,(R, cos 6 + X; sin 6) + 12X + I2R2)  (7.5)
and the angle between the terminal voltage and the induced
voltage is:

I,R,sinf - I,X; cos¥d
Vt——IaRacoso-—IaxlsinB

« = Atan( ) (7 .6)
Power factor angle ' 0 ' and Iy are positive for lagging
operation and negative for leading. Unity power factor
operation is a special case that could be derived from
either of the above cases by substituting 6 =0

7.3.2 Direct model equations considering core loss

With E; being calculated the next step is to derive from
the phasor diagram a set of equations which would directly
determine the unknown currents and load angles within the
machine with core loss being presented by shunt resistor

R. across the induced voltage such that:

E7
RC

W, = IZR, = (7.7)

The armature current is the vector sum of the core current

and the current that crosses the air gap, hence:
I,=1+1I, (7.8)

The model equations to calculate machine values are:

2 2+2 2
X, Eg + XgI° - Ej E%Xﬁ

2 2 2 2 2 2.2
X7 - Xg Xz - X3 Xg — X3

I;=Eg (7.9)
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2 2
I, =I°-15 (7.10)

IX

5;=Asin(— L) (7.11)

E;

I Xy + LagXs — I4qRg
Vt

5 = Asin( ) (7.12)

and the torque is found from:

. 2
_ 3 EOE_i Sln&l- E.i 1 _ 1 .
T=—-( X, + 7 ( X Xg )sin 24)) (7.13)

It should be noted that in the modified equivalent
circuit stator current 'I,;' flows through the armature
winding and the leakage reactance while only current 'I'
passes through synchronous reactance components. Since I,
is in phase with E; as shown in Fig.7.4 then the power
factor angle of the current I differs to that of I,.

Over the range of currents drawn by the machine up to a
value of 1.1 A it can be seen with reference to Fig.7.5
that Xy remains relatively constant whereas X; has a lin-

ear characteristic of the form:

X, = X4 — kI, . (7.14)

7.3.3 Practical approach

The analysis, to be discussed in this section, meets
the practical requirements in the normal motor operation

where for a specific load torque, frequency, and voltage
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it is required to predict the current that will flow in
the stator winding, its power factor, the load angle, and
the machine efficiency. 1In this case there is no direct
solution to the equivalent circuit equations and instead

an iterative procedure needs to be adopted.

From the torque equation the following expression is

implied:

. 2
EpE; sin §; E?
T 0t 1 i i 1 1 -
= + ( - )sin 26; (7.15)
3 Xy 2 Xq X4 1
and from the phasor diagram:
IX
. 99
siné; = E; (7.16)
Eo+IdXd
cos ‘51'=__E'._— (7.17)

1

substituting equations 7.16 and 7.17 back into 7.15 gives:

1
X

E
wT X o)
=3 = Tg¥ql +( 7

1
: % -5, (Eo + TaXa) (7.18)

Rearranging and solving for I; gives:

T 1
I, == 7.19
9773 E,+ L%y -X) (7. 19)

The iteration procedure is started with Equation (7.19)
by setting an initial value for Iy chosen here to be zero,
(I = 0). The following calculations are then performed
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in order. These equations have been derived by resolving
the voltages and currents of the equivalent circuit as

shown in Fig.7.2 along the d- and q- axis respectively.

Xg=Xgo — kI, (7.20)
Eg + 14X
R
Icq=——RC—— (7.21)
IX
979
Ieqg = R, (7.22)
[12 2
Ic=VIcg+1cq (7.23)
Tag=1q+ 1Icqg (7.24)
Toa =14 Icq (7.25)

th = Iqxq + IaqX] - IdRa (7.26)

2 2
Veg =~ Ve~ Via (7.27)

) (7.28)

The value of Iy determined by Equation (7.28) is substi-
tuted back to Equation (7.19) and the calculation is re-
peated until Iy converges to within a specific accuracy.
In general convergence occurs well within 10 iterations.

7.4 Model performance

Initially the model is tested using the direct analysis

previously described in section 7.3.2 by comparing its
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torque predictions with test results of the six- pole ma-
chine at different frequencies and excitations. The re-
sults of this comparison are shown in Fig.7.6 to 7.8. 1In
particular in Fig.7.6 the model has been solved with and
without the core loss term (R.). From this figure it is
evident that inclusion of core loss in the model leads to
more accurate estimation of the machine performance.
Again in Fig.7.7 and 7.8 with the core loss being included
the estimated values of the torque are very close to the

test results.

The results for the practical analysis where the ter-
minal voltage and torque are the only input to the model
are shown in Fig.7.9 to 7.11l. The characteristics of the
machine frequency and power factor are plotted against the
torque for different voltage levels as shown in Fig.7.9
and 7.10 respectively. In these two figures the values
obtained by the model are slightly underestimated at
leading power factor. This is contributed to the fact that
the direct- axis reactance has been considered constant
whereas actually it has a relatively higher value when the
machine 1is overexcited and operating at leading power
factor. The estimated values of both, the load angle and
the internal load angle, with the current as calculated
by the model are presented in Fig.7.1ll. The low values of
the load angle is due to the high field produced by the

rare earth magnets as explained in Chapter 4.
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7.5 Sensitivity analysis of the model

To analyse the sensitivity of the developed model, the
variation of the output torque with the change of each of
the equivalent circuit parameters is investigated.

7.5.1 Influence of machine parameters on the output

The sensitivity of the torque predictions of the model
to changes in the equivalent circuit parameters is ana-
lysed with the machine operating at rated current and each
of three conditions of excitation corresponding to lead-
ing, lagging and unity power factors. The PM machine used
operates normally at power factor close to unity. For the
purpose of this analysis a lower power factor (cos ) has
been chosen in order to make the difference between lead-
ing and operation more significant. In the following, the
effects of changing Xj, Ry, X4, Xg and Ego by a percentage
up to + 10 7 are discussed and the results are presented
in Tables 7.1 - 7.5.

a- Increasing X; has the effect of slightly increasing
the estimated torque at both leading and lagging power
factors. As expected at unity power factor changing X; has
no effect. As Fig.7.4.a indicates, at leading power fac-
tor any increase in X; at a fixed terminal voltage leads
to an increase in E;. The machine is then operating closer
to the unity power factor point and the torque therefore
increases. For lagging power factor operation when the
machine is underexcited an increase in X; will tend to
reduce E; and consequently again the torque will improve
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as shown in Fig.7.4.b. In both cases torque changes are
small as shown in Table 7.1 thus confirming that leakage
reactance has little influence on the output. Moreover,
due to the signs of X; in equation (7.5), torque variation
is more significant for leading because both terms of the
leakage are added to the total value whereas in lagging
operation the two terms of X; have different signs.

b- Sensitivity analysis of the variation of the winding
resistance is similar to that of X;. However there is a
difference at at leading power factor where the machine
is overexcited since increasing R; would add to this
overexcitation and hence the power factor and output would
drop as shown in Table 7.2. At lagging operation where
terminal voltage is greater than Ep, increasing Ryz would
reduce the difference between the two voltages, as a re-
sult power factor would be closer to unity and torque
would increase.

c- As Xz increases, synchronous torque presented by term
(a) of equation (7.4) decreases while reluctance torque
of term (b) is on the other hand increasing 1in higher
rate. As a result total torque increases slightly with
larger Xg for both leading and lagging operations.

d- Variation of X depends to a great extent on the ma-
chine saturation and therefore X; has an important influ-
ence on the machine performance. However, in this analysis
the variation of parameters is limited to only 107% of the
rated value which is somewhat lower than the change in Xq
from zero to full saturation. For an increase in X; the
reluctance torque drops slightly but the synchronous
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torque increases at greater rate leading to a small over-
all increase in torque as shown in Table 7.4.

e- Of all the machine parameters the variation of Eo has
the most significant effect. As indicated in table 7.5 a
variation in Egp of only a few percent can lead to consid-
erable changes in the estimated torque. Care therefore
must be taken in ensuring a correct value of Eg is used

in the model.

7.5.2 Influence of I on the magnets

Demagnetisation of the magnetic material is one of the
problems associated with PM machines. The direct- axis
component of the stator current can have either a
magnetising or a demagnetising effect. It has been pre-
sented in the model by Equation (7.9). However, it could

be expressed as:
Id=Isinﬁ (7.2.9)

where f is the difference between the power factor angle

and the load angle, that is:
p=0-5

I has a magnetising effect when the above equation is
positive. This corresponds to the condition where the
current is lagging behind the magnet's Eg as shown in
Fig.7.12.a.

The demagnetisation occurs when Iy is negative and the
current is leading Eg as illustrated in Fig.7.12.b. The
demagnetisation current under these conditions is maximum
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at the instant of the pull- out torque where the admissi-

ble value Iy equal to I and:
E; = Eg — I;Xy— IX; (7.30)

There is a range where Iy is difficult to determine. This
is the range when f is changing from positive to negative
and with it Ig4 1is changing from magnetising to
demagnetising. Although it has been assumed that the
value of Xy is unaffected by saturation, from Fig.7.5 it
can be observed that Xy changes in both magnetising and
demagnetising conditions.

7.6 Conclusion

A modified equivalent circuit, in which the core loss
is represented by a shunt resistor across the induced
voltage, is described. A mathematical model derived from
this modified circuit has two main features. First, it
avoids the need for shaft sensing equipment to determine
some of the necessary parameters. Secondly, it takes into
account the non- linearity of the machine analysis mainly
by considering the effect of saturation on the values of
Xq and X, and by representing the core loss in the equiv-
alent circuit by a shunt resistor across the induced

voltage. This model permits the simulation of the machine

at steady state condition.

The results obtained from this new model are found to
be very close to those obtained form the experimental
measurements and finite element computation. Sensitivity
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analysis has shown that leakage reactance, winding re-
sistance, and the direct- axis reactance have little in-
fluence on the results obtained from the proposed ﬁodel.
On the other hand quadrature- axis reactance could be very
influential if the rate of change is higher. The effect

of the induced voltage is proved to be the most signif-

icant.
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X7 calculated torque
lead lag unity
% value % value % value % value
-10 5.4 -0. 8.69 | -0.2 9.69 0 9.727
-5 5.7 -0. 8.73 | -0.07 9.70 0 9.727
0 6 0 8.77 0 9.71 0 9.727
5 6.3 0. 8.80 0.1 9.72 0 9.727
10 6. 0. 8.84 0.17 9.73 0 9.727
Table 7.1 Influence of the leakage reactance on the
output torque.
Ra calculated torque
lead lag unity
% value % value % value % value
-10 22 4, 9.17 | -1.7 9.55 | -2 9.54
-5 23.3 2. 8.97 | -0.7 9.65 | -0.7 9.66
0 24.5 0 8.77 0 9.71 0 9.727
5 25.7 -2. 8.53 0.4 9.75 .3 9.76
10 26.9 -5. 8.27 0.6 9.77 .4 9.77
Table 7.2 Influence of the winding resistance on the

output torque.
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Xq calculated torque
lead lag unity
% value % value % value % value
-10 19 -2.3 8.56 | -0.2 9.69 0.15 |9.71
-5 20 -1 8.67 | -0.1 9.7 0.06 |9.721
0 21 0 8.77 0 9.71 0 9.727
5 22 0.9 8.85 0.1 9.72 0.05 |{9.732
10 23 1.7 8.92 0.2 9.73 0.1 9.737
Table 7.3 Influence of the direct- axis reactance on
the output torque.
Xq calculated torque
lead lag unity
% value % value % value % value
-10 24.3 0.06] 8.774| -0.04 9.71 } -0.04 |9.723
-5 25.6 0.04, 8.772(-0.02 9.71 | -0.02 | 9.725
0 27 0 8.77 0 9.71 0 9.727
5 28.3 0.05( 8.76 0.03 9.71 g.02 (9.73
10 29.7 -0.1 8.757| 0.06 9.72 0.04 [9.32

Table 7.4 Influence of the quadrature- axis reactance
on the output torque.
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Eg calculated torque

lead lag unity
% value % value % value % value
-2 304 6. 9.4 -8.5 8.88 | -8 8.94
-1 307 4, 9.18 | -3.3 9.39 | -3 9.42
0 310 0 8.77 0 9.71 0 9.72
1 313 -7. 8.13 1.5 9.86 1.4 9.86
2 316 -18 7.2 1.4 9.85 [-0.1 9.71

Table 7.5 Influence of the induced voltage on the

output torque.
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CHAPTER EIGHT

CONCLUSIONS

8.1 Applications of PM machines with high- energy magnets

The development in high- energy magnetic materials and
power electronics as well as in CAD packages will lead to
major improvements in PM machine drives. The new materials
offer the opportunity for best designs in areas where
light weight, quick response, and large continuous torque
are required. Some of the major fields for such applica-
tions are:

a- Aerospace: PM machines with maximum power- to- weight
ratio can be very attractive for the aerospace industry
where high speed and low weight are required. Conventional
synchronous machines with rotor fields supplied by d.c
windings might not be practical for high- speed operations
due to the brush wear. This problem is avoided when
brushless PM machines are employed. Reports (59,64) have
indicated that in such application the performance of the
optimised rotor is not limited by the magnet capability
but rather by losses in the stator winding.

b- Robotics: The optimised performance of general pur-
pose robots requires light weight slim arms to achieve
good accessibility in limited spaces with higher acceler-
ation and speed, (104). The application of PM machines in
robotics promises good results provided that suitable
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control strategies and suitable design parameters such as
magnet skewing are used to limit torque pulsation.

c- Traction drives: In traction drives, such as ground
transportation, and other industrial applications it is
required to operate in a power limited region, (34,89)
where the torque can be inversely proportional to the
speed of the drive. This aim is traditionally achieved by
reducing the field current of a d.c drive as the speed is
increased. In PM machines where field excitation is con-
stant the same result can be obtained by varying the cur-
rent angle which is the spatial anglé between the armature
mmf and the magnet flux. This field weakening strategy
controls the net flux of the air gap thus providing torque
reduction at increased speed.

d- Machines using high- energy magnets can be appropri-
ate for large electrical applications in industrial drives
with fixed or adjustable speeds such as pumps,
compressors, mills, fans, etc... In building these ma-
chines the potential problems of assembling large magnets
in adjacent poles can be serious but sometimes minimised
by 'in situ' magnetising procedures, (101,105,107).

8.2 Conclusions

Interest in PM machines for particular industrial ap-
plications is rapidly increasing due to the superior ad-
vantages that these machines posses over commercial
alternatives in the same range. PM machines are gaining
increasing popularity due to the introduction of new high

energy low cost NdFeB magnets. This new rare earth mag-
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netic material has in many aspects better properties than
other already existing magnets. The achievable value of
energy product for NdFeB is of the order of 210 KJmﬁ.'This
is 7 times the value achieved by ferrite magnets and 5
times that of alnico. The cost of the new material is
still much higher than that of ferrites and comparable to
that of cobalt magnets, (2 - 3 times lower), but this is
expected to drop with the increasing demand. Character-
istics of NdFeB fill the the gap between the powerful, but
expensive, samarium cobalt and the low remanence cheap
ferrites. Their wide applications, however, in electric
machines is still limited because of the low Curie tem-
perature, and the coercivity of the magnet falls progres-
sively with increasing temperature. An updating of the
techniques to improve the magnetic properties of neodymium
has been discussed. The addition of non- magnetic metals
such as Al could result in higher Curie temperature with

larger coercivity.

The rapid development of CAD/CAA, particularly the fi-
nite element solution technique also has a significant
effect on the popularity of PM machines. These packages
are used to improve the performance prediction at the de-
sign stage with the aim of achieving economical and energy
efficient devices. A new generation of computer software,
which contains specific conditions under which the param-
eters become unacceptable, can assist the designer in the
design phase with the choice of these parameters. The in-
volvement of computers in machine design as well as in
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other fields has lead to a change in the cost effective-
ness curve. The peak of the cost is now concentrated in

the design phase which includes the cost of CAD facilities

and computing time.

There exists already a great number of computer programs
that solve the electromagnetic field of electric machines
using the finite element method. Two programs have been
used in this work and their characteristics are discussed.
Basically both programs have the same analysis program
that solves the electromagnetic field. Whilst the PE2D
package offers a more general solution for different
analysis problems, MOTORCAD is focused mainly on solving
the steady- state equations of electric machines. Its fa-
cilities, particularly the post- processor, have been up-

dated to meet the requirements of this research.

The finite element analysis is not used only to explain
the electromagnetic field during the machine operation but
also to determine those parameters that significantly af-
fect the whole performance of the machine. Methods have
been applied to compute the slot 1leakage, the internal
load angle, and the direct- and quadrature- axis
reactances of salient pole PM machine. In each of the
these cases saturation, which is very significant in high-
field machines, has been included in the analysis. Compu-
tation of the open- circuit generated voltage and syn-
chronous torque is wuseful in predicting the machine
performance and characteristics. Accurate methods for
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calculating these values are discussed with emphasis on
the importance of the regular and uniform mesh generation.
In general the computed results give a slightly overesti-
mated value for the torque of the machine. This is ex-
pected since the 2D- analysis of the non- 1linear
magnetostatic field does not take into account all loss
mechanisms such as eddy current loss, end- winding loss,
and bearing and friction loss; though the later is ex-

pected to be very small compared to the output power of

the machine.

A comparison of the power capability and performance
characteristics of NdFeB magnets related to SmCos and
ferrite magnets are discussed. A typical high- field 4-
pole machine with buried magnets has been tested using
each of the three magnets. The use of rare earth magnet
material leads to a drive system with higher output- to-
weight ratio than any other practical alternative. Many
important synchronous characteristic curves are calcu-
lated and presented. From these results it is evident that
the NdFeB magnets give the best performance but the work-
ing temperature is limited. The preferred geometry of PM
machines uses buried magnets, (54,56) because this type,
compared to rotors with peripheral magnets, provides a
robust machine mechanically capable of operating at high
speeds. Also saturation of the pole above the magnets
protects them from any demagnetising forces during tran-
sient or short- circuit conditions.
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New design aspects and their influence on the machine
performance and output are discussed. A prototype rotor
has been built with some parameters, such as magnef di-
mensions, being optimised using the finite element analy-
sis. The aim is to produce a very cheap rotor. It has been
shown that skewing the magnets along the axial length of
the rotor rids the generated voltage waveform of most of
the tooth ripples and reduces harmonics. The skew factor,
which expresses the reduction in the field values such as
induced voltage, has been calculated both analytically and
numerically. The analytical expression is derived from
that generally used for stator slots skewing. The numer-
ical derivation is carried out and as the number of subd-
ivisions is increased the value of skew factor converges

towards the analytically calculated one.

Another important design parameter is the width of the
iron bridge which has a direct effect on the machine
field. Another feature of the prototype is enclosing the
rotor in a non- magnetic can thus allowing the machine to
operate at high speeds without risking the disintegration
of the rotor parts. The influence of this can has been
examined by testing the machine before and after intro-
ducing the can. Test results of the prototype have shown
that a PM machine with skewed magnets and canned rotor is
capable of operating at high speed and with high effi-
ciency. Further computation has been conducted to examine
the consequences of using a ferromagnetic ,solid steel,
can. The results have indicated that the ferromagnetic can
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provides the machine virtually with a smaller air gap thus
giving higher field and higher torque in the air gap. The
thin path above the magnets is inevitably saturated hence
the field drop due to this flux leakage is almost negli-

gible.

Due to the unique methods of excitation by permanent
magnets, traditional methods to determine their important
characteristics such as synchronous reactance are not al-
ways applicable. Modified experimental methods to measure
the direct- and quadrature- axis reactances are being
proposed. Results have shown that the direct- axis
reactance remains relatively constant with load variation
because of the high reluctance in the direct axis due to
the low, nearly unity, permeability of the neodymium mag-
nets. A significant variation of the quadrature- axis
reactance with load has been revealed as a result of the
magnetic saturation on the quadrature axis core. The ratio
of Xq to X; depends to a great extent on the rotor
saliency, thickness of the magnets, and on state of satu-
ration. For PM machines X; is greater than Xg; the effects
of this relation on the resultant torque characteristic
has been discussed. In high- field machines the effect of
saturation is significant and therefore must be taken into
consideration in predicting the machine performance and
estimating the equivalent circuit parameters. Measurement
of the machine losses has been conducted. Measurement of
other parameters, namely the induced voltage and winding
resistance, have also been carried out.
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The machine parameters, as determined both numerically
and experimentally, are used to develop an equivalent
circuit model which has two advantages over tradifional
linear models. First it avoids the need for shaft sensing
equipment because in this model the load angle is calcu-
lated from the measured parameters. Secondly, it takes
into account the effects of saturation in the quadrature
axis. Core loss is also included in the equivalent cir-
cuit. A comparison of the results obtained from the mod-
els with test indicates clearly that the inclusion of core
loss in the equivalent circuit enhances the accuracy of
the model. A sensitivity analysis has been carried out to
show the influence of each of the equivalent circuit pa-
rameters on the machine performance. Results have shown
that the induced voltage plays the most significant role
in determining the machine behaviour.

8.3 Suggestions for further work

Interest in PM machines development is still gaining
more momentum. More research to accompany this development
can be done in computer software related to machine design
and in experimental analysis of the machine itself.

1- Computer software (numerically)

a- The performance of NdFeB machines depends to a great
extent on its operating temperature. In finite element
analysis this effect has been considered by introducing a
suitable BH curve for each temperature. A more realistic
approach is to include thermal analysis in the modelling.
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Computation of the machine losses, as described in this
work, and air flow dynamics could lead to determination
of the actual operating temperature and hence define the

operating point of the magnets at any loading condition.

b- The addition of the mathematical model, used to
predict the machine performance with core loss being in-
cluded, to the finite element post- processor could enable
the designer to predict, besides the usual field values,
the core loss, loss current, and direct and quadrature

components of the current and the synchronous reactance.

c- Further analysis could be conducted to evaluate the
cogging torque, produced by the interaction between the
stator teeth and the rotor poles, which is wusually re-
sponsible for producing noise and vibration during the
running of the machine.

2- Experimentally

Various design aspects of the canned rotor with skewed
magnets are already discussed. However more research can

be carried out mainly the following:

a- Fitting a ferromagnetic, solid steel, can around the
rotor would virtually provide the machine with a smaller
air gap. This may give rise to the field flux hence lead-

ing to a reduction of the magnet volume required.
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b- In order to exploit the full potential of this rotor
to operate at high speeds, an investigation of its syn-
chronous performance could be conducted with speciél em-
phasis on the efficiency and eddy current values at such

high speeds.

c- In the process of fully understanding the behaviour
of PM machines it is important to study and analyse their

transient performance.

oL
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APPENDIX A

Slot Leakage Determination

The permeance oh the whole slot is the sum of of the
permeance of the trapezoidal part (41) and that of the

semi- circular bottom of the slot (42).

b,
bO
h.?
hi
h1
i bs
Fig.a.l

The semi- closed trapezoidal part as shown in Fig.a.l
is divided into three parts of heights h;, hy and hj. The

permeance of this part, as derived in (48,50), is:

2h, 2h, hy
rol + + )
3(b1 + bs) 3(b1 + bo) bo

A=
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The determination of the semi- circular bottom leakage

starts from the geometry of Fig.a.2 where:

giving y=Rsin —;——

similarly x =R cos %

2
x 2R sin—;-Rcos——;—
Area of triangle OAB = Zy = 5
Area of sector OACB = J%?L
0]
A
|
R /& X
2 |
]
]
! Y
! ]
'l C
y »
Fig.a.2

This implies that the area of the part of the circle re-

lated to height x is:

R2
2

(x — sin a)

The ratio of this area to the area of the semi circle will

be

« — Sina
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The permeance is found by integrating this ratio from

a=0 to a=m.

. 2
T — SsS1in
/12 = #0_[0 ( (= T a) ) (Za

which after rearranging and integrating yields:

3
:02 (—”3——27r+%)=0.14y0
T

).2=

The permeance of the whole slot will therefore be:

2h, 2h,

A b3 4 0.14
=+ 35+ b +9-29

s)

The inductance is:
L=4zx10772.82.1.p

and the leakage reactance is: Xj=olL .
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APPENDIX B

Electrical Parameters Of Various Types Of Machines

Used Throughout This Thesis

1- Dimensions of the four- pole machines with different

magnetic material as discussed in chapter four.

ROTOR PARAMETERS (mm)

shaft diameter

rotor diameter

rotor length excluding end- rings
pole arc (°)

cage bar diameter

magnet width

magnet length

machine single air gap

A...rotor with ferrite magnets
B...rotor with SmCo, magnets

C...rotor with NdFeB magnets

STATOR PARAMETERS

number of poles
number of phases

rated current (A)

appendix B

15.87
93.14
82.75
39

4.7

10

36
0.2575

19.9
93.02
82.75
50
3.968

37.76
0.318

23.8
92.94
82.75
51

10.5

45.5
0.3556
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rated voltage (V) 230

outside diameter (mm) 161.9
inside diameter (mm) 93.75
turns in series per phase 204
winding resistance per phase (Q) 4
axial length (mm) 93.66
rated power (KW) 0.55

2- Electrical parameters of the six- pole machine

used in chapters five, six, and seven.

STATOR PARAMETERS IS2 IS3
number of poles 6 6
number of phases 3 3
rated current (A) 2.1 10.6
rated voltage (V) 320 65
outside diameter (mm) 120.5 120.5
inside diameter (mm) 69.9 69.9
number of slots 36 36
turns in series per phase 108 15
winding resistance per phase (Q) 24.5 0.5
rated power (KW) 0.55 0.37
axial length (mm) 82.55 82.55
winding layers 1 1

IS2 is the stator used in the tests provided for

modelling purposes, chapter six.
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IS3 is used with both high- field rotors, the buried

as well as the skewed one.

ROTOR PARAMETERS (mm)

shaft diameter 25.4
ventilation hole diameter . 6.35
pole arc (°) 41
magnetic material NdFeB
magnet width 5.5
magnet length 26
rotor diameter 69.5
rotor length excluding end- rings 91.44
iron bridge width 2.145
single air gap 0.2
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Specific Total Loss Characteristic of The Stator

Core as Supplied by The Manufacturer (GEC)-

Specific Total Loss SO Hz

APPENDIX C

Avietienga,

Newcor 1000 65
T D 6s
7850.:

Peak Magnetic Flux Density
0.5 1-0

8 teska

Specific Total Less  W/kg

appendix C

Peok Mognetic Flux Density

B tesla

By/m 5501 [oio) dadg
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interest in permanent magnet machines for drive systems
~vas almost non-existent fifteen to twenty years ago.
Alnicc magnets were used, for example in exciters,

ard still are. Ferrite magnets were found in automobile
equipment like windscreen washer motors. Research
was being carried out and patents applied for in the
area of drive systems but only a small handful of people
~ere involved (1) (2) (3).

It was only when samarium cobalt magnets with their
hign stored energy became available that Industry
recognised that permanent magnet machines were nct
:=.wcly .o~ power spec:3l devices of minimal commerzial
.Tpcreance.

Zortracts were piace? (o ceseicp prcictype macnires ‘er
3 variety of applications. [t was gdermonstrably clear
that the magnet could be used to up-rate conventional
zystems, (4) including those using induction and
reluctance motors, but the cost of the magnets was
Jenerally found to be too high for widespread use.

Many designs were proposed in which the expensive
~—aterial was under utilised.

‘n 1953 two firms, one in the USA ard the otrer in
lzpan, anrounced the development of neodymium-iron-
porcn magnets and in the short interval since then

~any other magnet producers have deveicped and
croduced these magnets. The cost is currently comearable
~ith zamarium-cobalt but it is hoped that the cost will
fail ultimately by a factor of about four. There are
~ary claims about the grcwth in the use of Ne Fe B,
but these are mainly made by non-experts who have been
Jivorced from the task of designing machines for

~hich the working temperature has to be kept low in
tme regicn containing the magnet.

I~ the light of the characteristics of three materials,
ferrite, samarium-cobalt and necdymium-iron-boron, a
cc~carison of achievable performance is made. A
searetry witn hign performance potential (5) s used for
tne ccmparison since it makes possible a high air-gap
fiald and hence 3 high torque to machine volure.

Fiz. | shows a cross section of the machine which can
cperate as line start synchronous motor or as a so-called
‘brushed d.c. machine' if position sensing is incorporated.
“ne performance capability of this machine has already (6)
been discussed but in this paper the @esign has been
cpotimised for each of the three materials. For a

)
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comparison to be warthwhile the dimensions have to be
chosen ta maximise performance for a given magnet.

Table | shows some of the important characteristics of
the 3 materials chosen. Note the progressive increase in
remanence and coercivity from the relative low values for
the anisotropic ferrite to the much higher values for
samarium cobalt and neodymium. However, the ferrites
are, of course, relatively very cheap. The maximum
operating temperature is most important for electrical
machines and here neadymium magnets have a significant
limitation. The temperature coefficient indicating a
revers.ble ioss of enmergy with temperature rise ug to the
mMaximum of operatirg point shows ferrite as the most
ramcersture dependent.

tsing finite element software (7) the rotor is designed
for a given stator. The stator is that of a standard
induction motor having a four-pole winding. The three
rotars have been constructed and tested for synchronous
performance in the same stator, the winding of which was
rated at BA.

EXPERIMENTAL RESULTS

The measured torgue for three voltage levels is shown in
Fig. 2 as a function of load current for a 50 Hz mains
supply. The unit of voitage is that induced in the
winding when the machine is run as a generator. With
this type of high field machine and SmCO< magnets
there is little to be gained in torque by using a voltage
higher than the generated emf. NeFeB magnets on the
other hand have a higher flux carrying capacity. The
torgque is higher for a given current and operation at
higher voltage gives a benefit, see Fig. 3.

The ferrite magnet rotor has a totally different
characteristic and has to be operated well beyond the
generated voltage in a regime where reluctance action

is significant. The test rig had quite a high minimal
torgue and pull out prescribed the upper limit, see Fig.4.

A torque comparison for the three materials using rated
voltages as defined, gives a clear comparison of output,
see Fig 5.

The efficiency is an important parameter and a comparison
for the three materials at the rated voltages is presented
in Fig. 6.

Table 1. Msgnetic_and Physical Properties of the Permanent Magnets Used.

Magnetic Material Residual Incicticn Coercive Force Peak Max. Operating Reversible
Er, Tesla - Hc, KA/m Erergy Density, temperature temp. coeff

8.Hmax, KJ/m oC % per °C

Ferrite 0.4 247 29 350 -0.20

SmCOg 0.82 597 122 250 -0.04

Nd Fe B { 0.97 493 178 140 0.12

1.03 772 205 100 -0.12

CTHER MATERIALS FCR PERMAMNEMT MAGMNE™ MACHINES



T-e ferrite rotor is relatively low whilst the other two
majnet materials are comparable in efficiency. The
necdymium magnets have the advantage at higher outputs.
The powar factor is irmportant particularly for inverter
fed operation. Both rare earth rotors r2tain a power
factor close to unity. The SmZog rotor has a cower
factar which changes from leading te lagging as the
output increases. For the ferrite rotor it imoroves with
load out is much lower in cornparison.

COMPUTATIONAL RESULTS

Fig. 8 shows a computed field distribution at 6A load
showing the flux lings for a repeatable section of the
machine. [t is clear that the flux density in the air
gap over the region of one pole is much higher than
that in the magnet, a feature of this configuration.

The flux emerging from each pole of the rotor is also
greater than the flux from each magnet because some of
the air gap flux from the rotor passes through two
magnets. The magnet dimensions are chosen so as to
produce a high air gap flux without undue saturation.

As explained earlier the different geometries for the 3
rotors were obtained by using computer software which
gives torque, flux densities -etc. as well as field maps,
the latter serving mainly as an aid to understanding and
presentation.

DISCUSSION

The comparison of power capability and performance
characteristics such as efficiency and power factor is
clearly brought out in the results. One must, however,
bear in mind the cost comparison for the magnets. In
a total drive system the cost of ferrite magnets is less
than one percent. But for the rare earth magnets the
cost is 50 per cent or more of the total motor cost.

On the other hand the use of rare earth magnets can
lead to a drive system with a higher torque/weight
ratio than any other practical altermnative. The high
efficiency and near unity power factor are exactly what
is required for the ideal inverter fed system. There is
no doubt that the neodymium magnets give the best
performance but the working temperature is limited.

Tests have been carried out which confirm that the

ferrite magnets can be magnetised easily without a

special rig, simply making use of the stator winding.

These tests will be extended to cover the magnetisation

of rare earth magnets. This technique has enormous
advantages in that the machine assembly is made much
simpler by using unmagnetised material in the construction.
The use of elevated temperatures to ease magnetisation

of temperature dependent rare earths has an important
role to play.

In conclusion, the characteristics of the motor for thé
three important types of magnet have been demonstrated.
The cost effectiveness of the use of telatively expensive
magnets can be assessed. )

Fig. I: Configuration of a high-field permanent magnet
synchronous machine.
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"I'HE, RELATIVE MERITS OF RARE EARTH PERMANENT MACNET MATERIALS FOR USE IN THE EXCITATION

OF PERMANENT MACNET MACHINES.®

INTRODUCTION

Interest in permanent magnet machines for drive
systems was almost non-existent fifteen to twenty
ye rs ago. Alnico magnets were used, for example
in exciters, and still are. Ferrite magnets were
found in automobile equipment like windscreen
washer motors. Research was being carried out
and patents applied for in the area of drive systems
but only a small handful of peopte were invoived

(1) (2) (3).

It was unly when samarium cobait magnets with
their high stored energy became available that
industry recognised that permanent magnet machines
were not simply low power special devices of
minimal commercial importance.

Contracts were placed to develop prototype machines
for a variety of applications. [t was demonstrably
clear that the magnet could be used to up-rate
conventional systems, (4) including those using
induction and reluctance motors, but the cost of the
magnets was generally found to be too high for
widespread use. Many designs were proposed in
which the expensive material was under utilised.

In 1983 two firms, one in the USA and one in
Japan, announced the development of neodymium-
iron-boron magnets and in the short interval since
then many other magnet producers have developed
and produced these magnets. The cost is currently
comparable with samarium-cobalt but is is hoped
that the cost will fall ultimately by a factor of
abour four.

Table 1: Magnetic and Physical
Properties of the Two Permanent
Magnets Used

Magnetic SmCo5 NdFeB
Material

Residual
Induction 0.82 0.97 1.03
Br, Tesla

Caercive
Force 597 493 772
-Hc, KA/m

Peak Energy
Density

3 122 178 205
(BH)max; KJI/m

Max. Operating
Temperature, C 250 140 100

Reversible TesP-
Coeffjicient, -0.04 -0.12 -0.12
] per°c

There are many claims about the growth in the use
of NdFeB, but these are mainly made by non-experts
who have been divarced from the task of designing
machines for which the working temperature has to
be kept low in the region containing the magnert.

Fig. 1: 3-dimensional representation of a
typicul 4-pole machine

In the light of the characteristics of two materials
samarium-cobalt and neodymium-iron-boton, a
compdrison of achievable performance is made. A
geometry with high performance potential (5) is used
(see Fig. 1) for the comparison since it makes
possible a high air-gap field and hence a high torque
to machine volume. Fig. 2 shows the flux
distribution in a cross section of the machine.

The performance capability of this machine has
already (6) been discussed but in this paper the
design has been optimised for each of the twao
materials. For a comparison to be worthwhile the
dimensions have to be chosen to maximise
performance for a given magnet. The machine can
operate as a line start or inverter-fed synchronnus
motor or as a so~called brushless d.c. machine if
position sensing is incorporated.

Table 1 shows some of the important characteristics
of the materials chosen. The max operating temp.
is most important for electrical machines and here
neodymium magnets have a significant limitation.

Using finite element software (7) the rotor is
designed for a given stator. The stator is that of a
standard induction motor having a four-pole winding.
The rotors have been constructed and tested for
synchronous performance in the same stator, the
winding of which was rated at 8A.
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Fig. 2: Flux distribution in a 4-pole machine
at full load

EXPERIMENTAL RESULTS

The measured torque for three voltage levels is shown
in Fig. 3 as a function of load current for a 50 He
mains supply. The unit of voltage is that of an
open-circuited generator. With this type of high
field machine and SmCos magnets there is little to
be gained in torque by using a voltage higher than
the generated emf. NdFeB magnets on the other
hand have a higher flux carrying capacity. The
torque is higher for a given current and operation

at a higher voltage gives a benefit, see Fig. 4.

A torque comparison for the two materals using
rated voltages as defined, gives a clear comparison
of output, see Fig. 5. The neodymium machine has
a significantly higher torque. This is due to the
higher Br and partially because more magnet is used
to minimise temperature rise in the magnet.

The efficiency is an important parameter and a
comparison at the rated voltage is presented in Fig.
6. The neodymium magnets have the advantage at
higher outputs. The power factor is important
particularly for inverter fed operation. Both rare
earth rotors retain a power factor close to unity.
The SmCog rotor has a power factor which changes
from leading to lagging as the output increases.
Tables 2(a) and 2(b) show the measured performance
at 40 Hz of the 4-pole samarium cobalt and
neodymium-iron-boron ¥otors. Their operation close
to unity power factoris clear and the higher torque
of the neodymium rotor is evident. Similar
characreristics are obrained at a frequency of 60 Ha.

RESULTS FOR THE 6-POLE MACHINE

Fig. 8 shows a computed field distribution on no-load
for a 6 pole machine. It is clear that the flux
density in the air gap over the region of one pole

is higher than that in the the magnet, a feature of
this configuration. The magnet dimensions are chosen
so as to produce a high air gap flux without undue
saturation. The holes in the rotor lamination are for
ventilation purposes. Derailed analysis of this design
will be discussed in future publications.
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As expiained earnier the dirferent geometries for the
rotors were obtamned by using computer sottware
which gives torque, flux densities etc. as well as
field maps, the latter serving mainly d4s an aid to
understanding and presentation. The measured
toryue of a 6 pole machine making use of
neodymium machines is shown in Fig. 9 for several
frequencies. The voltage applied in each case is
proportional to frequency. The torque increases with
current in each case but is slightly less than
proportional.

EFFiciency

>
(27
~
1

Q.22

P 4 g8 1z 16 za
Torque Nuom

X ... NdFeB machine Q... SmCog machine
V =1 pu.
Fig. 6: Efficiency-torque charactenstics for
the two 4-pole machines

DISCUSSION

The comparison of power capability and performance
characteristics such as efficiency and power factor is
clearly brought out in the results. The use of rare
earth magnets can lead to a drive system with a
higher torque/weight ratio than any other practical
alternative. The high efficiency and near unity
power factor are exactly what is required for the
1deal inverter fed system. There is no doubt that
the neocdymium magnets give the best performance
but the working temperature is limited.

CONCLUSION

The characteristics of the motor in terms of the
torque, efficiency and power factor for the two
types of magnet have been demonstrated. The cost
effectiveness of the use of relatively expensive
magnets can be assessed.

|.0a. lead ) lag

Power Foclor
—1

1502 2400 320
Outfut W
0..- SmCus
V =1 pu.
Fig. 7: Power factor - output characteristics
for the two machines used.

P 200

X ... Nd¥FeB

Table 2.a: Measured synchronous performance of the

SmCog machine at nominal rated voltage at 40 He

Torque Ourput Efficiency Power Efficiency x

N.m. w 2 Factor Power Factor
4.1 515 72.56 0.923 lead 0.66%9

5.7 716 79.58 0.936 lead 0.745

8 1005 81.33 0.964 lead 0.7843

10.1 1269 82.1 0.965 lead 0.7923

12 1508 81.7 0.966 lag 0.7891
13.5 1696 78.08 0.96 lag 0.7553

149 1872 78 0.936 lag 0.7304

Table 2.b: Measured synchronous performance of the

NdFeB machine at nominal rared voltage at 30 Hz

Torque Output Efficiency Power Efficiency x

N.m. w b 4 Factor Power Factor
3.75 471 65.45 0.854iead 0.5588
6.43 810 72 0.904 lead 0.6512

9.1 1131 76.4 0.949 lead 0.7255
11.85 1489 79.21 0.962 lead 0.7618
144 1810 79.37 0974 lead 0.7731
17.1 2149 80.78 0.976 lead 0.7885

19.35 2431 80 0.978 lead 0.7824
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A CANNED SOLID ROTOR PERMANENT MAGNET MACHINE WITH SKEWED-RADIAL NEODYMIUM-IRON-BORON MAGNETS

k. J. BINNS, A. A, K. HAMEED, AND F. B. CHAABAN

UNIVERSITY .OF LIVERPOOL, U.K.

INTRONDUCTION

Permanent magnet machines have found much greater
acceptance in drive systems than was thought likely even
5 years ago. This is because of their performance
advantages over the commercial alternatives. Many
designs of permanent magnet field configurations are
available, but only those involving excitation from an
internal rotor [1 - 5] are relevant to this investigation.

A machine has been constructed which consist of a solid
steel rotor with 6 magncts which are mounted radially
but skewed, see Figure 1. This type of machine has
been discussed in reference [6] except that the rotor
magnets are skewed with respect to the stator slots. In
addition, the rotor is surrounded by a non-magnetic
conducting can made of inconel. This strengthens the
totor which otherwise has significant speed limitations
due to centrifugal force. The machine rotor is
designed to take 6 neodymium iron boron magnets
having a characteristic shown in Figure 2.

EFFECTS OF SKEWING THE MAGNETS

It is unusual to skew a permanent magnet field system
but it can result in a reduction of unwanted field
harmonics. The rotor of this machine makes use of
magnets embedded in slots which are skewed relative
to the rotor axis. This has shown to have significant
advantages in reduction of torque harmonics and noise
produced by flux pulsation. The effect on the
fundamental field is relatively <small compared with the
reduction of undesirable harmonic effects.

Skewing the magnets results in a phase shift along the
axis of the machine and hence a reduction in the
induced emf particularly that due to harmonic field
components. This reduction is represented in the
calculations by-a skew factor which is related to the
angle of inclination of the magnets. The analytical
derivation is provided in Ref. 7 and gives a fundamental
skewing factor expressed by:

where a is the skew angle in electrical degrees.

The values of the skew factor for different skew angles
are shown in Table 1.

Figure 3 shows the effect of skew in achieving a
significant reduction in the tooth ripple effects in the
waveform of the open-circuit generated voltage. It has

also been observed that the machine is quiet. Skewed
magnets are also advantageous in reducing the pulsation of
the starting current and torque because the rotor, even
with powerful rare-earth magnets, is not locked at any pole
position before starting. In the 2D-finite element

analysis the effect of skewing can only be accounted for

oy the introduction of the skewing factor to the results
obtained.

Table 1: Results of the analytical determination of
fundamental skewing factor.

a© 15 30 45 60 75 90

ksk 0.997 0.988 0.974 0.955 0.930 0.9

INFLUENCE OF THE ROTOR CAN

For high-speed applications the design of the permanent
magnet machine has to take into account the effects of
the centrifugal forces which could cause the rotor to
disintegrate. The rotor can be strengthened by

enclosing it in a non-magnetic can, but to allow for the
can to be fitted around the rotor the air gap has to be
increased. Consideration will be given to the use of both

a non-magnetic can and magnetic can surrounding the
rotor.

a) The use of a non-magnetic can:

The rotor can was fitted and is made of inconel. This
material has the advantage of mechanical strength and is
non-magnetic. Its conducting properties could be
advantageous in this application. In the initial design

an air gap width of 0.2 mm was chosen. The
introduction of the inconel can requires an increase in the
air gap width to 0.8 mm so the reluctance of the air gap
increases with a corresponding reduction in the gap
density and therefore core saturation. Smaller iron losses
is an obvious result of the reduced saturation. These
losses are slightly higher for the canned rotor due to
excess harmonic losses of around 4% in the can

as indicated in Figure 4. The canned rotor is
mechanically capable of operating at high speeds. The
results in this paper, however, relate to a maximum
operating speed of 5000 rpm.

b) Ferromagnetic can:

Computation has been carried out to examine the
influence of a ferromagnetic can on the machine
performance. The model used for this purpose differs
irom the original one (with air gap g = 0.2 mm) by the
thin path between the magnet and the air gap at the
rotor saliency. Computation results are shown in Table 2.
From these results it is evident that the change from the
inconel to the ferromagnetic can would increase the rotor
field due to the drop in the total reluctance of the
magnetic circuit. The fundamental air gap density would
increase by 11% while the torque would rise by 13%. The
internal load angle would drop by 36%. With ferromagnedc
can the machine performance is almost the same as that
obtained with the narrow air gap (g = 0.2 mm). The
thin path becomes inevitably saturated and hence does not
affect the overall performance of the machine. In Figure
5 the flux leakage across the saturated path is less than



5% of the 1otal magnet flux.

EXPERIMENTAL MEASUREMENTS

Ihe prototype rotor is fitted into a standard low-cost

six pole stator with a three-phase single-layer winding.
'hie rotor is initially made oversize and subsequently
turned down and finally shrunk into the non-magnetic can.
To summarise the air gaps are as follows:

Stage 1 0.2 mm
Stage 2 0.8 mm
Stage 3 0.8 mm including the can thickness.

For each of these stages the machine performance is
tested at different load conditions for various applied
voltages and frequency levels. These voltages are chosen
such that the machine operares around unity power factor,
that is possibly at both leading and lagging power factor
as the load varies. The level of the applied voltage also
determines the pull-out torque and plays an important role
since the magnet excitation cannot be controlled. Constant
current tests are carried out to determine the maximum
output torque of the machine. This value of the torque is
used to compare the experimental results with those of
the computation. The characteristics in Figure 6 show
that the terminal voltage corresponding to the maximum
torque increases with the load cusrent which is not
surprising. The synchronous performance of this

prototype has been tested with different load conditions

at frequencies of 30, 50, and 75 Hz. The obtained results
indicate that the synchronous characteristics of this
prototype are very similar to those of a high-field rotor.
Except for the rotor leakage both machines show the same
trend in operating at almost unity power factor and with
high efficiency.

EFFECT OF A NON-MAGNETIC ROTOR SHAFT

The iron bridge between the magnets and a non-magnetic
shalt, affects the mechanical strength of the machine.
Since the six pole rotor, whose parameters are under
investigation, is designed for possible high-speed
applications, the mechanical strength becomes an
important factor in determining the maximum speed at
which the machine can be operated. With a smalle: iron
bridge the flux leakage around the magnet edges is
reduced and as a result more flux is driven across the air
gap. To give an idea of the changes in the flux levels
inside the machine, computation is carried out for .
different values of the diameter of a non-magnetic shaft.
Figure 7 shows the flux plotat full load where the magnets
are attached to the non-magnetic shaft hence eliminating
the leakage entirely while in Figure 8 the flux leakage
under the magnets is illustrated very clearly. A
comparison of these two figures indicates that though the
operating point of the magnets has not changed

(0.4< B <0.8), the flux density inside the machine with the
non-magnetic shaft has risen significantly and the
fundamental air gap flux density has.increased by 22%.

The graph in Figure 9 represents the variation in the
computed synchronous torque with the gradual reduction
of the iron bridge. With maximum iron bridge width the
saturated paths under the magnets have already formed a
certain zone at the rotor centre where no flux is passing.
The reduction in the iron-bridge, therefore, does not
affect the torque values as long as the non-magnetic
shaft diameter does not exceed this zone. Beyond this
point any increase in the shalt diameter results in
greater synchronous torque. The total increase of the
torque is found to be around 23%.

B (T)

H ) 1 . 0
(KA/m} 1000 800 600 400 200
Field intensity

a ... ferrites
b ... SmCog
c ... NdFeB
Figure 1: Characteristics of NdFeB compared to
samarium cobalt and ferrite magnets.
Figure 2: 3D-configuration of solid steel rotor with

skewed magnets.

Table 2: Influence of the canning material on the
machine performance.

Flux density

g=0.2mm g=0.8mm g=0.8mm
inconel ferromag.
can can
fundamental gap 1.27 1.09 1.24
flux density
internal load 7.9 13.4 8.2

angle

synch. rorque 10.2




CONCIUSIONS

A prototype rotor of solid steel construcrion has been
butlt and rested. The effect of skewing the rotor
magnets is to reduce torque harmonics and noise -
producing flux components,  The effect of the rotor can
i< beneficial, in addition to increasing the operating speoed
of the machine.  The solid canned rotor is very stable
ind easy o manufacture.
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